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Abstract

To be the fittest is central to proliferation in evolutionary games. Individuals thus adopt the strategies of better performing
players in the hope of successful reproduction. In structured populations the array of those that are eligible to act ag
strategy sources is bounded to the immediate neighbors of each individual. But which one of these strategy sources shoul
potentially be copied? Previous research dealt with this question either by selecting the fittest or by selecting one playe
uniformly at random. Here we introduce a parameteu that interpolates between these two extreme options. Setting
equal to zero returns the random selection of the opponent, while positiva favor the fitter players. In addition, we divide
the population into two groups. Players from groupA select their opponents as dictated by the parameteu, while players
from group B do so randomly irrespective ofu. We denote the fraction of players contained in groupé and B by v and

1{ v, respectively. The two parameters and v allow us to analyze in detail how aspirations in the context of the prisoner’s
dilemma game influence the evolution of cooperation. We find that for sufficiently positive values othere exist a robust
intermediate v& 0:5 for which cooperation thrives best. The robustness of this observation is tested against different leveld
of uncertainty in the strategy adoption proces¥K and for different interaction networks. We also provide complete phase
diagrams depicting the dependence of the impact olu and v for different values ofK, and contrast the validity of our
conclusions by means of an alternative model where individual aspiration levels are subject to evolution as well. Our study
indicates that heterogeneity in aspirations may be key for the sustainability of cooperation in structured populations.
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achieve what would be impossitdg means of isolated efforts.
Mechanisms supporting coopei@t identified thus far include
kin selection [20] as well as many others [6,21-23], and there is
progress in place aimed at uyifig some of these approaches
[24,25].

Probably the most vibrant of all in recent years have been
advances building on the seminal paper by Nowak and May [26],
who showed that spatial structure may sustain cooperation without
the aid of additional mechanisms or strategic complexity.
Although in part anticipated by Hamilton’s comments on viscous
populations [20], it was fascinating to discover that structured
populations, Including complex and social networks [27-29],
provide an optimal playground for the pursuit of cooperation.
Notably, a simple rule for the evolution of cooperation on graphs
and social networks is that natural selection favors cooperation if
b=cw k, whereb is the benefit of the altruistic aat,is its cost,
whilek is the average number of neighbors [30]. This is similar to
Hamilton’s rule stating thatc=b should be larger than the
coefficient of genetic relatedness between individuals [20]. In fact,
on graphs and social networks the evolution of altruism can thus
be fully explained by the inclusive fithess theory since the
population is structured such that interactions are between genetic
relatives on average [25,31,32].
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Figure 2. Promotion of cooperation due to heterogenous aspirations on the square lattice. Left panel depicts the density of cooperators

pc in dependence on the fraction of typeA playersv for different values of the aspiration parameten. Right panel depicts the critical cost-to-benefit
ratio r~ r¢ at which cooperators die out,.e.pc~ 0, in dependence onv for different values ofu. Results in both panels convey the message that low
values ofu require a high fraction of typeA players for cooperation to flourish. Conversely, higher values wsustain cooperation optimally if only
half (v& 0:5) of the players aspires to their most fittest neighbors while the rest chooses whom to potentially imitate uniformly at random. Optimal
conditions for the evolution of cooperation thus requireu and v to be fine-tuned jointly. Depicted results in both panels were obtained for~ 0:02
and K~ 0:1.

doi:10.1371/journal.pone.0015117.9002

Obtained results are presented in Fig. 4. Notably, the phasémportantly though, this phenomenon can only be observed on
diagram presented in the top left panel of Fig. 4 is well-knownjnteraction topologies lacking overlapping triangles [63,64].
implying the existence of an optimal level of uncertainty for thelnterestingly, increasing from 0:25 (top row) to1:0 (bottom
evolution of cooperation, as was previously reported in [42,59]. Irrow) completely eradicates (as do interaction networks incorpo-
particular, note that thed—Cz D transition line is bell shaped, rating overlapping triangles) the existence of an optkadnd in
indicating that K& 0:38 is the optimal temperature at which fact qualitatively reverses the dependence. The-»Cz D
cooperators are able to survive at the highest valuer.of transition line has an inverted bell-shaped outlay, indicating the
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Figure 3. Promotion of cooperation due to heterogenous aspirations on the random regular graph (RRG) and the small-world (SW)

network. Left panel depicts the density of cooperatorg in dependence on the fraction of typeA playersv for different values of the aspiration
parameteru for the RRG. Right panel depicis. in dependence onv for different values ofu for the Watts-Strogatz SW network with the fraction of
rewired links equalling0:1. These results are in agreement with those presented in Fig. 2, supporting the conclusion that the impact of heterogenous
aspirations on the evolution of cooperation is robust against alterations of the interaction network. As on the square lattice, low, but also
intermediate, values ofu require v~ 1:0 for cooperation to thrive, while higher values ol sustain cooperation optimally only ifv& 0:6. Depicted
results in both panels were obtained for~ 0:02 and K~ 0:1.

doi:10.1371/journal.pone.0015117.g003
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Figure 4. Full r{ K phase diagrams for the square lattice. = Top row depicts results for the aspiration parametar~ 0:25 while the bottom row
features results foru~ 1:0. In both rows the fraction of typeA playersv is 0:05, 0:5 and 1:0 from left to right. The outline of panels thus corresponds
to the snapshots presented in Fig. 1. Thin blue and thick red lines mark the border between stationary pGrend D phases and the mixedCz D
phase, respectively. In agreement with previous works [42,63], it can be observed thatufer0:25 and v~ 0:05 (top left) there exists an intermediate
uncertainty in the strategy adoption process (an intermediate value &) for which the survivability of cooperators is optimali.e.r. is maximal.
Conversely, while the borderline separating the pur€ and the mixedCz D phase for all the other combinations ofu and v exhibits a qualitatively
identical outlay as for theu~ 0:25and v~ 0:05 case, theD«—Cz D transition is qualitatively different and very much dependent on the particularities
players’ aspirations. Note that in all the bottom panels there exist an intermediate value Kffor which r¢ is minimal rather than maximal, while
towards the largeK limit r. increases, saturating only foKw 4 (not shown). In the top middle and right panel, on the other hand, the bell-shaped
outlay of the D«Cz D transition gives way to a monotonically increasing curve, again saturating only 6w 4. It can thus be concluded that, while
the aspiration based promotion of cooperation is largely independent df, the details of phase transition are very much affected, which can be
attributed to an effective alterations of the interaction network due to preferred strategy sources (see also main text for details).
doi:10.1371/journal.pone.0015117.9g004

existence of the worst rather than an optimal temperatréor mixed Cz D regions for different pairs of the two parameters, we
the evolution of cooperation. The qualitative changes are lessan observe that for small valueuqfop panels in Fig. 4) it is best
profound ifu is kept constant a®:25 (top row) andv increases if all the playersj.e. v~ 1, aspire to their slightly (note thatis
(from left to right). Still, however, the bell-shaped outlay of thesmall) fitter neighbors, while for larggbottom panels in Fig. 4) it
D—Cz D transition gives way to a monotonically increasingis best if only approximately half of the players,v& 0:5, aspire
curve, saturating only for higk. These qualitative changes in the to their most fittest neighbors. The same conclusions were stated
phase diagrams imply that increasing the aspiration parameter already upon the inspection of results presented in Figs. 2 and 3,
or the fraction of players abiding to it (typg effectively alters the and with this we now affirm that not only is the promotion of
interaction network. While the square lattice obviously lackscooperation via heterogeneous aspirations robust against differ-
overlapping triangles and thus enables the observation of amnces in the interaction networks, but also against variations in the
optimal K for small enough values afand v (or a combination  uncertainty by strategy adoptions.
thereof, as is the case in the top left panels), trimming the It remains of interest to elucidate why then cooperative
likelihood of who will act as a strategy source and how manybehavior is in fact promoted by positive valuesucdnd v. To
players will actually aspire to their fittest neighbors seems tprovide answers, we show in Fig. 5 time courses. dor different
effectively enhance linkage among essentially disconnected triplefisaracteristic combination of the two main parameters that we
and thus precludes the same observation. It is instructive to noteave used throughout this work. What should attract the attention
that a similar phenomenon was observed recently in public goodss the fact that in the most early stages of the evolutionary process
games, where the joint membership in large groups was also four(dote that values gf; were recorded also in-between full iteration
to alter the effective interaction network and thus the impact ofsteps) it appears as if defectors would actually fare better than
uncertainly on the evolution of cooperation [64]. cooperators. This is actually what one would expect, given that
In terms of the facilitation of cooperation, however, it can be defectors are, as individuals, more successful than cooperators and
concluded that the promotive impact of positive values afd v will thus be chosen more likely as potential strategy donarssif
prevails irrespective ¢f. By comparing the extend of puf@ and positive. This should in turn amplify their chances of spreading
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1.0 population on players of typ& and B, and initially assign to every
] — e player a valuewy that is drawn randomly from a Gaussian
o9~ S'i% 05 s 1‘2‘0 sl distribution with a given meap and standard deviatioa. Then if
1 e | v=05 playerx adopts the strategy from playgralsowy, becomes equal
0.8+ v=1.0 v=1.0 to w, (see Methods for details). Results obtained with this
0 7_’ alternative coevolutionary model are presented in Fig. 6. It can
o be observed that the initial Gaussian distribution sharpens fast
0.64 around an intermediate value @f which then gradually becomes
N | more and more frequent in the population as the natural selection
0.54- spontaneously eliminates the less favorable values that warrant a
1 lower individual fitness. The final state is a population where
0.4 virtually all players have an identical aspiration lewgt w, and
1 accordingly, the outcome in terms of the stationary density of
0.3+ cooperators is equal to that obtained with the original model
0 2_' having v~ 1 and u~ w. In this sense the preceding results are
] validated and their generality extended by means of a bottom-up
0.1 : approach entailing a spontaneous coevolution towards an
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intermediate individually optimal aspiration level. We note,
however, that with this simple coevolutionary model the result
that heterogeneous aspirations promote cooperation is not exactly
Figure 5. Time courses of the density of cooperators on the reproduced. Further studies on more sophisticated models
square lattice. Results are presented for the aspiration parameters incorporating coevolving aspirations are required to arrive
u~ 0:25 (solid lines) andu~ 1:0 (dashed lines), each for three different  spontaneously at a heterogeneous distribution of individual

fractions of type A playersv, as depicted on the figure. The crucial  5qpiration levels. Inspirations for this can be found in the recent
feature of all time courses is the initial temporary downfall of

cooperators, which sets in for all depicted combinations afi and v.
Quite remarkably, what appears to become an ever faster extinction
eventually becomes a rise to, at least in some cases, near-dominance. 054 = T L
Note that the horizontal axis is logarithmic and that values i were 1.2 rrproprmmgremppmrmr————— . :
recorded also in-between full iteration steps to ensure a proper 1 1 1
resolution. Depicted results were obtained for~ 0:02 and K~ 0:1.
doi:10.1371/journal.pone.0015117.g005 0.4

and ultimately result in the decimation of cooperators (indeed

only between 20—-30% survive). Quite surprisingly though, the tide 0.3
changes fairly fast, and as one can observe from the presented tir
courses, frequently the more so the deeper the initial downfall ¢
cooperators. We argue that for positive valuasaridv a negative
feedback effect occurs, which halts and eventually reverts whi
appears to be a march of defectors toward dominance. Namely, il
the very early stages of the game defectors are able to plunder ve 0.1+
efficiently, which quickly results in a state where there are hardl

any cooperators left to exploit. Consequently, the few remaining
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clusters of cooperators start recovering lost ground again: 0.0 ' . : . . oy
weakened defectors. Crucial thereby is the fact that the clustel 0.0 0.2 04 0.6 0.8 1.0 1.2
formed by cooperators are impervious to defector attacks even i w

high values of because of the positive selection towards the fittest

neighbors acting as strategy sources (occurringvid). In a sea  Figure 6. Spontaneous fixation towards an intermediate

of cooperators this is practically always another cooperator rathe®spiration level by means of natural selection. Presented results
than a defector trying to penetrate into the cluster. This newlyVe'e obtained with the alternative model where players are not divided
identified hani timatel lts in fairl id d|nto two groups and initially every player is assigned a random
identifie . mechanism ulumately results in tairly widesprea aspiration levelwy drawn from a Gaussian distribution with the mean
cooperation that goes beyond what can be warranted by the 0.5 and standard deviations~ 0:167. The main panel depicts the
spatial reciprocity alone (seg. [6]), and this irrespective of the distributions W(w) of individual aspiration levels as recorded at (solid
underlying interaction network and uncertainty by strategy black line),32 (dashed red line) and256 (dotted green line) full itg{ation
adoptions. steps. The fixation towards a dominant average value- L{ 2°  w,

b oo . - . due to natural selection is evident since the interval ofv values still
Finally, it is instructive to examine whether an optimal present in the population becomes more and more narrow as time

intermediate value ofwy, determining the aspiration level of rogresses. The inset shows the convergence of(solid gray line) and
player x, can emerge spontaneously from an initial array of . (dotted blue line). The initial temporary downfall of cooperators,
normally distributed values. This would imply that natural followed by the rise to near-dominance, is well-expressed also in the
selection indeed favors individuals with a specific aspiration levegoevolutionary setup, and the stationary density agrees well with the
which would in turn extend the credibility of thus far presented "esults obtained by means of the original model wittv~ 1:0 and u~ 1.0

Its that btained pri iy i ton-d b (compare with the dashed cyan line in Fig. 5). Note that in the inset the
results that were obtained primarily in a top-down manner [ Y horizontal axis is logarithmic and that values af and pc were recorded

optimizing a population-level property (cooperation) by means Oiso in-between full iteration steps to ensure a proper resolution.
an appropriate selection of parameters determining the aspiratiomepicted results were obtained for~ 0:02 and K~ 0:1.
level of individuals]. For this purpose we omit the division of thedoi:10.1371/journal.pone.0015117.g006
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comprising 100 100 to 40Q 400 individuals, whereby the

fraction of cooperatorg; was determined withia0® full iteration
steps after sufficiently long transients were discarded. Moreov
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