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Investissement optimal dans les signaux sociaux

Cette étude vise a déterminer le niveau d’investissement que les individus doivent consacrer a la
communication sociale, en fonction du type de relations qu’ils peuvent former. Deux modeles
simples sont présentés. Dans les deux modeéles, les individus émettent des signaux codteux pour
afficher leur « qualité » en tant qu’amis potentiels. Les relations peuvent é&tre symétriques ou
asymeétriques. Dans le cas asymétrique (premier modele), on observe que les individus dans la
zone de qualité basse sont découragés de signaler. Dans le cas symétrique (second modeéle), tous
les individus investissent dans la communication. Dans les deux modéles, les individus de qualité
élevée (« élite ») ne sont pas en concurrence et signalent de maniere uniforme. Le niveau de ce
signal uniforme et la taille de « I’élite » sont fonctions de la précision des signaux. Les deux
modéles peuvent étre pertinents pour plusieurs aspects de la communication animale et humaine.



How much should you invest to advertise yourself as a potential friend? If you must spend time with your
friends, the answer is: just enough to reveal your true value. Using a theoretical approach, we show that
social competition leads friends to be matched according to quality. The model may be applied to
situations of social bonding in birds and in primates, including humans.
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This study is an attempt to determine how much individuals should invest in social communication, depending on the
type of relationships they may form. Two simple models of social relationships are considered. In both models,
individuals emit costly signals to advertise their “quality” as potential friends. Relationships are asymmetrical or
symmetrical. In the asymmetrical condition (first model), we observe that low-quality individuals are discouraged
from signaling. In the symmetrical condition (second model), all individuals invest in communication. In both
models, high-quality individuals (“elite”) do not compete and signal uniformly. The level of this uniform signal and
the size of the “elite” turn out to be controlled by the accuracy of signals. The two models may be relevant to several

aspects of animal and human social communication.

Keywords: signaling, social selection, honest communication, friendship, social behavior.

Social signaling

Social signaling is understood here as any signaling behavior that correlates with the establishment and
maintenance of social bonds, such as friendship or supportive alliances. This definition applies to several
important aspects of animal and human societies (Dunbar, 1996). Social bonds differ however from some
other forms of social interactions such as dominance relationships or cooperation. Social bonds can be
many-to-one or many-to-many, they can be symmetrical and they are based on an elective process, in

which individuals choose their social partners freely. This choice is supposed to be based on social signals
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that any individual may emit. Social signals are not supposed to be tailored to specific partners, but are
broadcast signals available to all. Social bonding therefore presupposes a dual competition: signalers
compete to attract social mates, while observers may be in competition to get acquainted with the same

individuals.

The issue addressed in this paper is whether individuals are ready to invest in social signals in a context in
which attracting friends gives an advantage. More precisely, we want to know how much individuals will

invest in the social signaling competition and determine if their investment can be evolutionarily stable.

In recent years, various aspects of animal behavior have been presented as social signals. For instance, it
has been proposed that predator mobbing in birds could be a bravery display directed at group mates
(Zahavi & Zahavi, 1997, p. 144; Maklakov, 2002). According to Zahavi, animals would engage in costly
displays to increase their “prestige” in the group, and therefore to get a higher social status. According to
Maklakov, mobbing behavior by Arabian babblers (Turdoides squamiceps) is more intensely performed
by subordinate individuals than by dominant breeders. This difference would be more consistent with a
signaling, rather than protective, function of mobbing (Maklakov, 2002; but see: Ostreiher, 2003). It
could result from the fact that subordinates are more likely to disperse and thus must choose each other to
form new coalitions (Maklakov, 2002). Similarly, grooming behavior in primates is known to be
correlated with the formation of alliances (Dunbar, 1996; Silk et al. 2006; Mitani, 2009). It is analyzed as
a way of signaling the groomer’s readiness to form an alliance with the groomee rather than as a mere
favor exchange (Dunbar, 1996; Silk et al. 2006). In some hunter-gatherers cultures, sharing meat after a
successful hunt may be a social signal (Hawkes, 1991; Bliege Bird & Smith, 2005). Hunting behavior
patterns have been shown to be more consistent with signaling than with reciprocal cooperation. Hunters
devote more time to hunting overly large preys, despite the lower average calorie return of their strategy,
because big catches offer them opportunities to show-off their hunting skills. Signaling behavior has been
invoked to explain other aspects of human behavior, including ritual (Knight, 1998; Palmer & Pomianek,

2007) and language (Knight, 1998).

Explanations of social behavior in terms of social signaling are not incompatible with cooperation
scenarios. Signaling may even make reciprocal cooperation stable (Nesse, 2007; Barclay, 2011).

However, the scope of social signaling is potentially much broader, as it does not require delayed



reciprocity. Any social interaction presupposes the existence of a social game, with its benefits and losses.
In cooperative games, formally defined as iterated prisoner’s dilemmas, roles are symmetrical. When
players cooperate, both parties get tangible immediate benefits that are identical in nature. In signaling
games, there is no such requirement. For example, the potential benefits and losses of a mobbing
individual (status, injuries) and of the audience (choice of the best allies) differ in kind (Maklakov, 2002).
Emitters and recipients have different purposes, and there is no requirement that roles be exchanged.

Social signaling is asymmetrical in principle (even if it turns out to be sometimes symmetrical in fact).

The Costly Signaling framework (Zahavi, 1975; Grafen, 1990; Zahavi & Zahavi, 1997; Szamad6, 1999;
Gintis et al., 2001) provides various models that can be applied to social signals. This collection of
models includes cases in which signals need not even be costly to be stable (Hurd, 1995; Lachmann et al.,
2001; Szamado, 2011). The present study can be understood as an instantiation of some of these abstract
models. Social signals, however, have their own peculiarities. For instance, basic assumptions that are
made to account for other kinds of signals, such as courtship signals (Grafen, 1990) are not
straightforward in the case of social signaling. In particular, Grafen’s model presupposes that more
intense signals lead to greater benefits for signalers. This is not necessarily true for social signals, as will
be illustrated here. Moreover, the collective nature of social networking leads to particular phenomena
that may be absent from other signaling systems, such as the coexistence of qualitatively different

signaling strategies in a population.

The main problem with social signaling is that it is likely to produce segregation, with a clear separation
between signalers and non-signalers. The present study has been motivated by the necessity of finding a
plausible context in which all individuals invest in costly social signaling. The hope is to build a
framework that may then be instantiated to explain behaviors such as primate grooming or human
language (Dunbar, 1996), and possibly many other situations that do not obviously appear as
evolutionarily stable, such as alarm calls directed at non-kin (Zuberbdihler, 2006) or food calls (Chapman

& Lefebvre, 1990).

Two simple models will be presented. In each of them, individuals emit costly signals to attract followers,
and they benefit from being followed. The first model is a basic recruitment model, probably one of the

simplest one may think of. By signaling, individuals may attract a variable number of followers, in a way



that is reminiscent of some Web-mediated social networks (Kwak et al., 2010). The model predicts a
situation in which only top-quality individuals do send a signal, which is identical for all signalers,
whereas all other individuals refrain from signaling. This predicted separation between signalers and non-
signalers is systematically observed when simulating a basic recruitment scenario in a population of

artifical agents.

Though this first basic model and its binary outcome may correctly represent certain situations in which
social signaling is performed only by a minority, it proves inadequate to account for situations in which
virtually all individuals in a species invest in social communication. We found that adding a symmetry
constraint on social bonds proved sufficient to produce general signaling. The second model, in which all
social links are symmetrical, generates stable states in which all individuals, even the lowest-quality ones,
do invest in social communication. This effect is due to the fact that social competition is now

“decentralized”.

The present study suggests that social signals differ from what we may expect form standard accounts of
signal evolution. In particular, social signals will be shown to be only partially competitive. The next
section will briefly present some models of signal evolution and its application to social signals. Then the
two models (with asymmetrical and symmetrical social links respectively) will be presented in turn. We
will also consider an augmented version of the second model, based on the “time-sharing constraint”, to
allow for more realistic social networking. In a further section, a phenomenon that will be called “the
banker’s suit paradox” will be analyzed. Finally, the relevance of these findings to some particular cases

of social signaling will be discussed.

Social signals

The problem addressed in this paper is to examine whether social signals can be evolutionarily stable, and
how. In the narrow sense adopted in this paper, social signals are part of a social selection process (Nesse,
2007; 2009), as they are used to form or to maintain social bonds. Several models have been proposed in
which sending signals may be advantageous to the emitter, even when there is a temptation to “lie” with
those signals (Grafen, 1990; Szamadd, 1999; Lachmann et al., 2001; Szamadd, 2011). The general

problem is to explain how signals can evolve to be honest indicators of some unobservable qualities of



the emitter (physical strength, health, social status, attacking determination, bravery, commitment,
trustworthiness...) that receivers are interested in. In some models, cost is sufficient to guarantee honesty:
each individual signals at a definite level where marginal benefit variation and marginal cost variation
balance each other (Grafen, 1990). Under reasonable conditions, these optimal signals are an increasing
function of quality. They are therefore honest, as the signaler’s true quality can be recovered from them.
At equilibrium, sending exaggerated signals, for each quality level, would involve a dissuading load for
potential cheaters. Under different assumptions, honest signals may remain cheap, because they are costly
to fake (Hurd, 1995; Szamado6, 1999; Lachmann et al., 2001; Szdmad6, 2011). Mobbing, if considered as
a social signal, would be an example of costly behavior; grooming is costly as well, by the considerable
amount of time it requires (Dunbar, 1996); badges of status may be costless but costly when faked

(Johnston & Norris, 1993).

The framework adopted here makes hypotheses similar to those generally adopted in the above models. In

particular:

- Individuals are supposed to differ by some unobservable quality.
- They may reveal this quality by sending a signal. Their signaling strategy is supposed to be a
function of their sole quality.

- Signaling is supposed to be costly in the two models studied here.

However, due to its collective nature, the social signaling game differs from other forms of

communication such as courtship displays. In particular:

- Anyindividual in the population plays both roles, emitter and receiver.
- Sending no signal is an option.
- The return on social signaling investment is indirect, delayed and may be highly non-linear

(unlike what one can imagine for simple action-response games).

The second property means that contrary to courtship, the social game is supposed to be optional. In the
two models presented below, individuals merely attempt to maximize their benefit. They are not
eliminated if they perform poorly. As a consequence, if the probability of attracting friends does not

compensate for the cost of the signal, it is in the interest of individuals to remain silent.



The third property is essential for the originality of the present study. Individuals’ fitness emerges from a
population-level game. There are no assumptions concerning the properties of the fitness function
(continuity, monotony). Applying standard models to social signals is therefore not straightforward. For
instance, Grafen’s model requires that the signaler’s benefit be an increasing function of the emitted
signal (Grafen, 1990). This hypothesis provides the necessary incentive for signalers to bear the cost of
signaling. When signals are used to recruit social partners, however, this assumption is not necessarily
valid, due to population-level competition. While some individuals may attract many friends, some others
may end up alone and get no social profit whatsoever, even if they send non-zero signals. Social bonding
is a constant-sum game at the population level. If the best signalers attract many followers, those who
cannot match their signals will be followed by no one and will get a zero benefit, whatever the signal they

emit.

First model: Asymmetrical bonds

The model described in this section is a basic recruitment model. It is one of the simplest implementations
that can be designed to represent social signal evolution. It is a continuous version of Gintis et al.’s
(2001) discrete social choice model. Individuals send costly signals to attract followers. When they play
the receiver role, they pick the best signalers to follow. Agents are characterized by their quality g.
Quality is a private trait. It is only revealed if agents choose to display it by emitting a signal. Let’s call
s(g) the signal sent by an individual with quality g, and c(q) the associated cost. Agents who are

successful in attracting followers get profit P, for each of them.

In classical models of social choice (e.g. Spence, 1973; Gintis et al., 2001), both quality and signal are
binary quantities. Whenever honest signaling emerges, followers can distinguish g* (high quality)
individuals, who emit signal so, from g~ (low quality) ones, who remain silent. If honest signaling does
not emerge, followers choose whom they follow randomly and no one has any incentive to signal. Gintis
et al. (2001) showed that the honest signaling condition is met if the proportion p of g* individuals

remains within limits:

Po/c(q7) < p < Polc(q’). @



Under the assumption that signals are more costly for low quality individuals: c(q?) > c(q™), there is a
range for p in which honest signals are stable: high quality individuals signal their quality, whereas low

quality individuals are deterred from signaling.

The purpose of the model described in this section is to show that Gintis et al.’s discrete scenario
describes a situation that is expected to emerge anyway, even when all quantities, including qualities,
vary in a continuum. Let’s suppose that the qualities present in the population are evenly distributed over
the segment [0,1]. The signal sent by an agent is a continuous function of its quality g. Let’s consider the

simplest case in which it is a mere proportionality:

s(q) = g(a) a, 2

where g(q) represents the individual’s investment in communication. This signal can be understood as a
“broadcast” signal, as it does not depend on the receiver. A reasonable assumption consists in associating
cost, not to signals per se, but to investment in signaling. Let’s consider the simplest relation and suppose

that signalers pay a proportional cost c(q):
c(a) = Cg(a), @)

where C is a constant. This cost represents the burden (in energy, resources, risk or time) required to set
up and emit the signal. With this assumption, it is more costly for low quality individuals to send the same
signal as high quality ones, as they have to invest more effort to do so. Since c(q) = Cs(qg)/q, this
expression of cost leaves open the possibility that signals evolve to be honest without being increasingly
costly (Hurd, 1995; Szdmadd, 1999; Lachmann et al., 2001; Szdmado, 2011). All quantities, g, s(q), 9(q),

c(q) are supposed to be in the segment [0,1].

By sending s(q), signalers benefit from attracting allies: they get P, per follower. We suppose that
followers pick the strongest signal when choosing whom they will follow. The problem is to show that

g(q) evolves to a definite value for each quality g, so that g is evolutionarily stable.

If there is no restriction on the number of followers per signaler, the whole group follows a handful of top
quality individuals. As these individuals are in competition to win the prize of becoming the unique
celebrity in the group, they send the maximum signal, provided that (N-1)P, > C, where N is the size of

the group.



One (somewhat artificial) way to avoid this winner-take-all outcome is to impose the condition that an
individual can have no more than k followers. The consequence is not really different: a fraction 1/k of the
population gets k followers, whereas individuals of lesser quality get none. Low quality individuals have
therefore no incentive to signal. Let 7 designate the threshold above which individuals send a signal.
Evolution is expected to lead to a situation in which all signalers get their k followers. At this point, they
have no incentive to emit more intense signals. If qualities are uniformly distributed, then we must have
s(q) = so for g > 7 = 1-1/k. Below that threshold, individuals have no incentive to send non-zero signals,

as it would not bring them any follower. The benefit of signalers is:

B(q) = kPy — Cso/q. 4

Lowest quality signalers (@ = 7) must send the maximal signal allowed by (2) to avoid being
outperformed by worse individuals. Therefore, g(77) = 1 and s, = 7. The corresponding benefit is B(7) =
kPo — C. If kP > C, any individual who is able to reach s, (even for g = 7) gets a positive benefit from
emitting it. The signal stabilizes at a level that only 1/k individuals can reach. The common signal

depends only on k and not on benefits and costs.

So= 5= 1-1/k. )

As we can see, the continuous case recreates the binary state that was postulated in (Gintis et al., 2001).
The population splits up into two groups: higher-quality ones who send the same signal sy, and lower-
quality ones who send no signal. Even in the less ideal case in which signals are blurred or can be
misperceived, the situation still leads to an all-or-nothing signaling behavior. The only difference is that s,

has a lower value which is likely to be in the following interval (see Supporting material 1).

1-2/k < 59 < 1-1/k. (6)

Figure 1 shows a typical simulation result for this first social recruitment model. Signal values s(q) are
shown in Figure 1A and social links (sociogram) in Figure 1B. As expected, the population splits up into
two parts: a silent group (g < #) and a signaling “elite” (n < q < 1). This is an example of a pooling
equilibrium, i.e. a situation in which several groups specialize in emitting different signal levels

(Lachmann & Bergstrom, 1998). By making quality binary, models of social choice such as (Gintis et al.,



2001) merely postulate the existence of “elite” (q*) individuals. In the present model, the fact that only
top-quality individuals climb onto the stage is an emergent phenomenon. It occurs despite the fact that
qualities and signals take their values from continuous segments. Of course, the segregation in two groups
is indirectly due to the artificial limitation to k followers per individual, but the competition among
signalers is essential to produce the effect. Its persistence in the presence of noise (see Supporting
material 1) is also non trivial. Moreover, as we will see, the decision to signal is no longer a binary one in

the second model detailed below, even when the number of followers is artificially limited.

The segregation of top-quality signalers, who benefit from signaling, from lower quality individuals, who
are certain to be outcompeted and have no interest in bearing the cost of useless signaling, may be
relevant to some contexts (Johnston, 1994; Broom & Ruxton, 2011). It may for instance correctly
describe some situations such as dominance displays (Johnston & Norris, 1993) or various forms of
cultural signaling in Homo sapiens (Bourdieu, 1979). However, this first model and any other recruitment
scenario built on the same principle exclude situations of social signaling in which graded signals would

be observed. The next model shows that gradually increasing social signals are theoretically possible.

Second model: Symmetrical bonds

The main motivation of this study was to find a simple scenario of social signaling that does not lead to
an all-or-nothing signaling behavior, as basic recruitment models (such as the preceding one) inevitably
do. Social signals are not always the prerogative of “elite” individuals. For instance, in primate species
such as chimpanzees or baboons, virtually all individuals spend a significant amount of time grooming
other individuals of the group, a behavior that has been linked to alliance formation (Dunbar, 1996; Silk
et al., 2006; Mitani, 2009). Most human beings advertise their social status and various other qualities by
investing in clothing well beyond what is required by purely functional needs (Zahavi & Zahavi, 1997).
Most humans devote considerable time to conversational exchange (Mehl et al., 2007), a fact that makes
sense if language is involved in coalition formation (Dunbar, 1996). These behaviors, as far as they have
a signaling function, are at odds with the model described above, since low-quality individuals are not
discouraged from entering the signaling competition. The purpose of the present section is to show that

generalized social signaling may be evolutionarily stable.
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The problem comes from the “stardom” phenomenon by which a few individuals catch the support of the
crowd (Figure 1B). By limiting the number of social relationships an individual can have, as proposed in
the preceding section, one merely lowers the signaling threshold, but does not eliminate it. Excluding
signaling “leks” where signalers can be compared, e.g. by considering that encounters are rare, is no
solution either. It does not eliminate the transition between signalers and non-signalers, but merely blurs

it, as lower-quality individuals increase their chances of attracting partners by chance.

The simplest solution that could be found to avoid a signaling threshold involves enforcing symmetry in
social relationships. The second model differs from the first one in that partners decide to bind together
on a symmetrical basis after having assessed each other’s signaling performance. They become
acquainted only if they find each other attractive, i.e. if they perform better than what the partner’s current

friend (if any) did.

Let’s first consider the simple case in which individuals can make only one friend. When negotiating
friendship, individuals do not know each other’s quality. They only see the signals displayed by potential
partners. Friends may therefore significantly differ in quality, especially at the beginning of the social
game when only a few encounters have occurred. After a while, however, individuals have encountered
each other several times, and friends end up matched by quality, as shown in Figure 2A. All individuals
now have an incentive to invest in signaling, a fact that simulation confirms (Figure 2B). Even low-
quality individuals benefit from investing in signaling to attract friends of similar quality. Though
individuals would rather have friends of better quality than their own, competition forces them to make do
with fellows like them; and by doing so, they leave little chance to individuals of lower quality to rise

above their station.

This social assortativeness allows us to make the following assumption: the profit P an individual with
quality g gets from being acquainted with a friend of similar quality is a function P(q). The benefit

provided by assortative bonding is:

B(a) = P(q) - C s(g)/q. (7

As in the first model, both the signal s(q) = g(g)g and the signaling cost c(q) = Cg(q) are supposed to be
proportional to the investment in signaling g(g). To be an evolutionarily stable strategy (ESS),

competitive signaling must be robust to invasion by different strategies. Suppose that a mutant with
11



quality g sends the signal normally sent with quality g+dq. The recruitment of better partners provides
P(g+dq), by dint of an augmented cost C s(g+dq)/g. The benefit variation dB. = P’(g) dq — C s'(g) dq /q

must be zero for the equilibrium to be stable, which gives:

s'(@)=qP'(q)/C. (8)

If the profit derivative P’(q) is strictly positive, i.e. if friend’ quality q is relevant, there is no threshold for
signaling (in contrast with the first model): all individuals, including those in the lower quality range,
benefit from communicating. In this ESS, individuals emit a competitive signal s, that can be deduced

from (8) by integrating by parts:
q
s:(0) = [aP(a) -] P(x) dx]/C. )

This assortative and competitive situation corresponds to the increasing part of the curves in Figure 2
(details are given in Supporting material 2). In the simulations of Figure 2, the profit function is a mere
proportionality: P(q) = Kg, and we expect signals to be a parabolic function of quality. We can see on
Figure 2 that there is an excellent match between the model and the simulation. Comparison with Figure 1
shows a major difference, which is that low-quality individuals are now investing in costly social

communication.

The time-sharing constraint

One may legitimately consider that a situation in which individuals can make only one friend is somewhat
artificial. If, however, individuals are allowed to have many friends without any restriction, everyone
ends up to be acquainted with everyone and signals drop down to zero. A natural way to avoid these two
extreme cases (being acquainted with only one or with anyone) consists in supposing that friends have a
limited amount of time to spend together. This time-sharing constraint has symmetry as obvious
consequence: if A shares time with B, then B shares equal time with A (social time is supposed to be

actively shared, in an exclusive way).

According to the time-sharing assumption, the profit one gets from social bonds depends not only on
partners’ qualities, but also on the amount of time spent with them. Let’s suppose that an individual A
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gets acquainted with several friends B;. Friends are ranked by importance, from best friend to mere
acquaintance. For the sake of simplicity, the amount of time that A spends with the i" friend (i > 1) is
supposed to be Ar' (with 0 < r < 1). When negotiating possible friendship, partners therefore are given
only limited latitude to adjust the amount of time spent together. The constant r measures the equality of
friends. For small values of r, significantly more time is allotted to best friends (i small) than to friends
that are farther down the contact list. The constant A is chosen so that the total amount of time that an
individual can devote to social relations is bound by AZr' < 1. The profit P that A gets from these

acquaintances is an increasing function of each g;r', where q; is the i friend’s quality.

To represent the amount of time that they might share together, two potential partners A and B negotiate a
rank i in their friendship hierarchy. Signal and time combine to constitute a social offer. A’s social offer
to B amounts to 45(qa) r', where s(qa) is the signal displayed by A, i is B’s rank offered by A in A’s

friendship list and Ar' is the amount of time offered by A to B.

Since friendship is decided based on social offer, two individuals A and B of unequal quality may become
acquainted. One possibility is that the less qualified one, B, invests more in signaling than A, so that the
signal they emit is similar. Another possibility is that B offers more time than any other more qualified
individual C that A has previously encountered and thus comes before C in A’s contact list. The ranks i
and ig that A and B offer to each other are bound to be equal, to implement the idea that Ar' represents the

amount of time A and B will spend together.

In a situation of competition, however, two individuals of unequal quality would get acquainted only
thanks to imperfections on the friendship ‘market’. When agents are offered the possibility of comparing
all would-be friends, i.e. when competition is perfect, friends get eventually matched by quality for each
friendship level: best friends, second-best friends, and so on. They end up linked to partners with similar
social offer and therefore, at equilibrium, with similar quality, as in Figure 2A. Thanks to the time-sharing
constraint that limits the availability of high-quality individuals, competition puts lower-quality
individuals in a position to form alliances with one another. Anyone who invests in communication can

make a profit by attracting friends of comparable quality.

With the time-sharing assumption, the model reproduces the social assortment that was observed when

only one friend was allowed. The profit an agent with quality q gets from making several friends of

13



similar quality as its own is still a function P(q) of g, and equations (7)—(9) still hold. Figure 3 illustrates
the fact that when individuals are allowed to establish several symmetrical bonds under the time-sharing
assumption, we still observe that all individuals, even the lowest-quality ones, invest in costly

communication.

The preceding reasoning correctly explains the rising part of the curves of Figures 2-3. One can notice,
however, that “elite” individuals spare themselves the trouble of competing with each other. This

phenomenon, that we may call “the banker’s suit paradox”, is described now.

The banker’s suit paradox

An unexpected finding of the second model has been that competitive signaling, where s(q) is increasing,
is only a partial ESS, which concerns lower quality individuals: g € [0, #]. This competitive strategy
coexists with another partial ESS, where s(q) is constant. We can observe that individuals above a certain
quality threshold 7 all send roughly the same signal s, for a given cost coefficient (Figures 2-3). In
contrast to the competitive case, social bonding is no longer assortative, as individuals in the “elite club”
(7 < g <1) cannot distinguish from each other. Their profit is therefore P(z) on average, where z is some
definite value close to the center of the interval [#, 1]. This uniform signal mode is, understandably, an
ESS in this quality range. Individuals who unilaterally signal above s, pay an additional cost with no
profit, since their partners will be random members of the “elite club” anyway. Those who signal slightly
below s, make a slight economy but their profit P(7) is dramatically smaller than the normally expected

P(2).

This phenomenon can be dubbed “the banker’s suit paradox”. As the story goes, all rich bankers wear
similar suits, despite the fact that most of them are rich enough to afford magnificent costumes, made of
golden threads. At this level of income, it seems that competition stops after having reached a definite
level of elegance. This metaphor can be used to represent natural contexts in which signaling does not
produce extravagant signals and arms race seems to stop at a definite signal level. The time-sharing model
may help understand how evolution can produce moderate signals. We must imagine that in the banker’s
story, the way individuals dress has an effect on their social relations. The banker’s suit corresponds to

the plateau observed in Figures 2-3. The profitable moderation in signaling does not result from some sort
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of union agreement. It is expected from the existence of a non-competitive ESS in the upper quality

range.

In this idealized description, there is no way to determine the couple (7, o). All values of s, theoretically
lead to an ESS for q € [, 1]. In other words, it does not say why bankers would wear dreary suits while
aristocrats in the 18" century used to dress magnificently. To understand the phenomenon, one must take
into account the fact that signals are error-prone. Errors may be due to the production or to the perception
of signals (Grafen & Johnstone, 1993; Johnstone, 1994). In the present study, production errors are the
inevitable consequence of the fact that agents must learn their optimal investment in communication, and
therefore explore alternative values for g(q). As shown in Supporting material 3, the value of the uniform
signal s, is controlled by the amplitude of the uncertainty affecting signals: the smaller the uncertainty,
the more intense the competition. When noise affects signals, the cost required to distinguish oneself from

other members of the “elite” just offsets the risk of being confounded with individuals of lesser quality.

The “banker’s suit” paradox is another instance of pooling equilibrium, since a whole class of individuals
is sending the same signal (Lachmann & Bergstrom, 1998). In the present model, the uniform signal
emerges despite the fact that all quantities (signals, qualities, investments, costs) are gradual. Calculations
in Supporting material 3 show that, contrary to results obtained in other signaling contexts (Grafen &
Johnstone, 1993), the presence of noise does not discourage low-quality individuals from signaling. Noise

has no effect on the competitive signaling strategy. It only affects signaling behavior in the “elite”.

The consequence of this analysis is that purely competitive social displays require perfect signals. As
soon as displayers do not have perfect control of the signal they emit or as soon as receivers do not have a
perfect reading of signal intensities, the “banker’s suit” phenomenon is expected to occur. Signals reach a
plateau where competition is replaced by leveling. The effect of noise is to dissuade top-quality
individuals from investing into efforts that will produce imperceptible social distinctions. Note that signal
noise is inevitable. It may come from imprecision in signal production or in signal reading. But more
importantly, noise is generated by the necessary exploration that any adaptive system requires to achieve
optimization. In the implementation used here (see Supporting material 1), exploration noise is due to
learning. In previous implementations of the same experiment using genetic algorithms, exploration noise

was generated by mutations. In natural species, each of these four sources of noise: production errors,
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reading imprecision, learning exploration and genetic mutations can be sufficient causes for producing the

“banker’s suit” phenomenon.

Note that although uniform signaling in the “elite” (17 < q < 1) is observed in the two models of this study,
the reason for its existence in both cases is different. In the asymmetrical model, the uniform signal was
due to an artificial limitation of the number of followers per signaler. In the time-sharing model, a
genuine “elite club” emerges. Its members form social relationships among themselves exclusively. In the
first model, all individuals that were able to reach the elite signal did emit it. In the second model, many
individuals in the lower quality range could signal at the elite level, but are dissuaded from doing so
because the net benefit does not compensate for the added cost. The difference comes from the fact that

thanks to assortativeness, individuals can benefit from the social system without being part of the “elite”.

Discussion

In the two models presented here, costly signals are displayed to recruit friends. The first model is a
continuous version of a basic recruitment model (Gintis et al., 2001). The main achievement of this study
is to show that under minimal assumptions (symmetrical links), we can observe a situation in which all
individuals invest in social communication. A basic implementation of Costly Signaling principles (first
model) produces a binary outcome, in which individuals choose to signal or not to signal depending on
their quality. Just by adding a symmetry constraint based on time-sharing (second model), we can observe
that low-quality individuals benefit from spending resource in communication. This phenomenon is due
to the emergence of social assortment in the second model. Social assortment is itself the indirect
consequence of the time-sharing assumption, which limits the social availability of top-quality
individuals. The time-sharing constraint has been introduced as a natural way of enforcing symmetry in
social relationships. It requires that friends spend time together on a symmetrical basis. Its main
consequence is that individuals in the lower quality range now have some hope of finding available

friends. Social signaling is no longer hopeless for them as it was in the first model.

The social assortment predicted by the second model can be observed in various contexts. It is observed
among grooming female baboons, where unrelated grooming partners tend to have similar ranks in the

hierarchy, despite the fact that females prefer high-ranking partners and attempt to groom with them (Silk
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et al., 2006). A hypothesis, mentioned by these authors, is that competition restricts females’ access to
high-ranking partners, and forces them to settle for partners who are close to their own rank. A similar
pattern is observed in Homo sapiens, where friends show strong bias toward similarity in social
characteristics such as education or occupational prestige (Verbrugge, 1977). It is interesting to note that
the time-sharing assumption is verified, both for baboon grooming and for human relationships (Dunbar,

1996): in both species, stronger relationships suppose more time spent together.

An important restriction of the time-sharing assumption is that time is supposed to be shared actively, not
through passive tolerance. This means that the amount of time devoted by A to B is the same as the
amount of time devoted by B to A. One possible mechanism for active time sharing is offered by the
fission-fusion process (Kummer, 1997; Sueur et al., 2011). In a fission-fusion schema, individuals must
choose with which other individuals they will spend time next, at various time scales ranging from hours
to months. The reasons for splitting are generally related to subsistence constraints, for instance when
food or water is available in small patches that cannot sustain large groups. On the other hand, there may
be several reasons why individuals must be careful about selecting their company when the large group
splits. One of them is the possibility of pooling information, as a way to take better collective decisions
(Kummer, 1997; Sueur et al., 2011). Another one is protection: by spending time with strong or alert
companions, individuals may avoid being harmed by predators or by conspecifics. When the large group
splits, it is crucial for individuals who want to benefit from information pooling or from protection to

select the best available companions.

To implement the social advantage of sharing time with competent individuals, we consider that when
two individuals become acquainted, each of them benefits from the competence of the other, but only in
proportion of the time shared. This translates into to the following profit function, which was used in the

simulations of the time-sharing model.

P=1-TI (1 -K r'gy). (10)

K is a constant smaller than 1. The product IT; (1 — K r'q;) is computed over all of the individual’s friends.
In the fission-fusion schema, the product represents the probability of taking bad decisions or of getting

harmed. The presence of the i" friend during a fraction r' of the time contributes by K r'g; to reducing this
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probability. We can see that profit P is an increasing function of the friends’ competence and of the time

spent with them. The simulations of the time-sharing model (Figures 2-3) use this expression of P.

A major result of the time-sharing model is the coexistence of two partial ESS that emerge below and
above the cut-off quality . Below 7, signals are competitive and gradual. They reveal the true quality of
performers. In the first model, signaling evolved to be binary (either zero or a constant sg). By contrast, in
the time-sharing model, gradual signals emerge as a natural consequence of signaling competition. The
second partial ESS, which corresponds to what we called the banker’s suit paradox, is observed above 7.
There, individuals are no longer competing. They all send the same signal, which means that the highest
quality individuals spare on signaling. This phenomenon, in contrast with other signaling scenarios (e.g.
Lachmann & Bergstrom, 1998; Broom & Ruxton, 2011), is not the consequence of any discreteness that
would preexist either on the sender’s or on the receiver’s side. The threshold 7, above which individuals
stop competing, emerges despite the fact that all quantities take continuous values. The phenomenon is
due to the fact that above a certain signal level, distinguishing oneself from some other less competent
individuals is no longer profitable. In the presence of noise, the cost of distinction exceeds the cost of
being misjudged. It is more profitable for individuals above # to spare the cost of competition, even if the
price to pay is to get acquainted with individuals of lesser quality. Interestingly, the transition 7 between
the two partial ESS could be, in principle, located anywhere. Its precise location is controlled by the
amplitude of the noise which, by blurring signals, determines the risk faced by uniform signalers (see
Supporting material 3). A corollary of this result is that high precision in signals leads to fierce

competition in the “elite”.

Conclusions

This study is an attempt to determine how much individuals should invest in social communication,
depending on the type of relationships they may form. Individuals advertise their quality by displaying
signals, and choose their friends based on those signals. In the first, unrestricted model, in which social
links can be asymmetrical, the population splits up into two groups, the signalers and the non-signalers.

Only top-quality individuals benefit from climbing onto the stage that emerges from the signaling game.
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This model extends known results about the stability of honest social communication (Gintis et al., 2001)

to the continuous case.

A second model has been designed to avoid the binary segregation between signalers and non-signalers.
In this second model, social links are made symmetrical in a natural way: friends are supposed to spend
time together. Under this time-sharing assumption, friends choose each other not only according to
signals, but also by considering the amount of time they are ready to share together. With this simple
assumption, two new phenomena occur. First, contrary to what is observed in the unrestricted model, all
individuals in the time-sharing model invest in signaling. This competition leads to honest signals, from
which true quality can be inferred. Second, we observe that above a certain quality threshold, individuals
stop competing and uniformly send the same signal. The competitive strategy and the uniform strategy

are both evolutionarily stable.

The time-sharing model is developed theoretically and is implemented in a simulation program. We
observe from the simulation that both competitive signaling and uniform signaling systematically emerge
and match the predictions of the idealized model. The model predicts observations in the competitive
mode with no free parameter. Concerning the uniform mode, all relations between the cost coefficient,
the learning exploration, the maximum number of friends and the signal level are predicted with only one
free coefficient (see Supporting material 3). The model indicates that maximal signals are determined, not

only by cost and profit, but also by signal precision (in production or perception).

The phenomena highlighted by the time-sharing model are robust and are observed for a wide range of
parameter values. In particular, the introduction of a bottom quality or of overlap in the time shares
devoted to friends does not affect the main results of this study. The model should nevertheless be
adapted to reflect specific situations, for instance by modifying the profit function or by introducing
additional parameters. Some contexts may for instance require additional costs associated with social time
(Bergstrom, Kerr & Lachmann, 2006; Barclay, 2011) or with the number of friends (Dunbar, 1996; Sueur

etal., 2011).

The time-sharing model offers a new theoretical tool that may be used to explain some behaviors
observed in nature. It may be relevant to any context in which signaling is necessarily associated with

shared time. Grooming among primates is obviously a good candidate (Dunbar, 1996; Silk et al. 2006;
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Mitani, 2009). Aspects of human conversation may also be potentially explained using the time-sharing
model (Dunbar, 1996). The model may also shed new light on some seemingly altruistic signals, such as

alarm calls directed at non-kin (Zuberbuhler, 2006) or food calls (Chapman & Lefebvre, 1990).

Though the present study has been conceived to represent how social links such as friendship are formed,
it may provide insight into other types of relationships such as mating. Figures 1 and 2 illustrate situations
in which followers can choose only one followee. With slight modifications, the model could represent
mating choices of signaling males by females. The first model would illustrate the case in which a male
can breed with k females, whereas the second model would be relevant to situations in which both
genders invest in signaling and must spend equal time on breeding. A conjecture, inspired by the second
model, would be that couples in the second case would be matched according to quality. As already
mentioned, however, the models should be modified to cover these situations, by introducing gender

distinction and by imposing a strong penalty on lonely individuals.

The time-sharing model may also provide new insight into various human forms of social signaling. We
mentioned hunting, clothing and language. The model may be relevant to the analysis of Web
communities, such as open source software development communities (Stewart & Gosain, 2001),
Wikipedia developers (Auray, Poudat & Pons, 2008) or social networks (Kwak et al., 2010), for which
costly signaling accounts have been proposed (Donath, 2007). As far as affiliations or references are
bilateral on these networks, the model may contribute to explaining contributors’ general altruism, in

relation with the construction of online reputation.
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Supporting material 1

Asymmetrical relations

The first model implements social relationships in the simplest way by representing them with

unidirectional social links, as in (Gintis et al., 2001).

N agents differing by their quality g € [0,1] interact and establish social links. Each agent emits a signal
s(q) = g(g)qg and bears the corresponding cost Cg(q), where g(q) e [0,1] represents the agent’s investment
in signaling (note: all non-discrete quantities belong to the segment [0,1]; in figures, they are displayed in
percentages, between 0 and 100). An agent gets reward P, for each attracted follower. Each agent can
accept a maximum of k followers. In the absence of noise, the best N/k individuals are followed by the
whole population. In the presence of noise, the quality threshold 7 above which individuals are likely to
be followed is smaller that (1-1/k). For individuals in the “elite group” (above 7), displaying the same
signal sy is an ESS, whereas it is in the interest of low-quality individuals (below 7) to send no signal. To

understand why, we must consider how learning is implemented.

Learning

Agents learn g(g) through trial and error by exploring around the current value and the best value
encountered so far. The mechanism used is a basic exploration/exploitation method. The learning agent

adopts a new value for g(q) that realizes a compromise between three terms:

- The past value of g(q) that provided the highest benefit. Memory span is limited to M past

learning episodes.

- An additive perturbation of g(q) of amplitude L. The value of the exploration term L decreases
linearly until the agent reaches ‘adulthood’, where it stays at a bottom value L.
- 0(q") for neighboring abilities q".

Agents “‘die” when they reach a maximum age. They are replaced by another agent with same quality g
but with a random value for g(q). After a definite number of steps, the overall shape of g is supposedly

21



reached. All new agents are now born adult (i.e. their learning exploration equals Lo), as a way to lower

the temperature of the learning system.

Five parameters determine the values of M and Lo, the relative contribution of the best memorized
solution, the influence of neighbors, and the age of adulthood. In the first model (asymmetrical links), the
influence of neighbors is set to a small value and individuals never reach adulthood. This makes

convergence slower, but it allows the system to evolve a sharp discontinuity in g(7).

Uniform signaling with asymmetrical relations

The optimal investment g(q) for an individual A with quality g corresponds to the lowest signal s, that
proved sufficient to attract k followers at least once in the M past trials. On average, A will emit s if the
probability of getting k followers with s, is larger than 1/M. We can conclude that s, is independent of g.
If kPy > C, the benefit given by (4) is positive. All individuals that can reach sy will emit it. It constitutes

therefore an ESS.

This reasoning does not determine the value of so. In the absence of noise, s, = 77 = 1-1/k. In the presence
of learning noise, no individual is certain to get followers. If the average amplitude of the learning noise
for g(q) is Ly, = aly, then the probability of attracting k followers when sending signal s decreases from 1
for s = sptalg to 0 for s = s—alo. Let’s consider a uniform approximation of the probability density of s

for each quality q:
S=5y+ paloq with p e [-1, 1]. (11)
The individuals that successfully attract k followers are the N/k individuals that happen to emit the highest

signals. Their signals are located in the upper part of the trapezoid defined by (11) whenq € [, 1]. Let s~

be the minimum signal required to belong to the N/k successful signalers. As can be easily verified®:

s = 8o+ (1+77)alo (112 - L(k(1-7))). (12)

1 Expression (12) is only valid if s~ < sy + nal,.
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Individual with quality close to 7, the smallest quality that allows to reach sy, will maximally invest in
signaling: g(77) =1 and s(7) =n = S,. For them to have a chance to be followed, we must have s~ < s, and

therefore:

5> 1-2/k. (13)

This is the condition announced in (6). Note however that the preceding reasoning concerns very few
individuals, located near 7. The real value of n may therefore significantly fluctuate above the lower
bound given by (13). If the learning excursion al, is not too small, 7-individuals may forget about s,.
They will stop signaling, and 7 will increase. The converse situation is controlled by the probability of the
“mutation” from 0 to sy, which itself depends on al,. Even when M, L,y and the ratio of ‘children’ are
fixed, 7 is expected to vary due to the occurrence of accidental events, when individuals below the
current value of 7 happen to attract followers and remember their success during M time steps. sp and 7
may then diminish for a time due to these lucky events. Simulations indeed show that 7 is well-

determined at each point in time, but significantly fluctuates above 1-2/k through time.

Simulations

A population of N = 100 agents, with qualities uniformly distributed over [0, 1], plays the social game a
number of times. Agents learn to optimize their investment in signaling g(q) (agents make typically 100
encounters on average per learning step). Individuals last for 200 time steps, before being reinitialized
with the same quality. When playing the social game, agent A is allowed to compare 5 randomly chosen
individuals. The one with the strongest signal is compared with A’s former champion, and A chooses
which individual to follow. Individuals memorize their best success during M = 10 time steps. When
learning the new value of g(q), the current value is attracted in the ratio 40:60 by neighboring values (only
immediate neighbors are considered). Then a random positive or negative value (exploration) is added. Its
maximal amplitude decreases from 1 for newborns to Ly = 0.03 for adults (values of g(q) are brought
back to [0,1] if necessary). Then the modified value is attracted again by the initial value in a ratio 5/95.

Infancy lasts for 20% of lifetime.
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Supporting material 2

Time-sharing

The time-sharing model differs from the unrestricted model in the way social links are established. At
each step, a pair (A,B) of agents is selected and negotiates a possible friendship, according to the
following rule. Agent A (with quality qa) makes a social offer As(qa) r', where i > 1 is the rank offered by
A to B in its friendship shortlist (with 0 < r < 1). Agent A starts by offering the most favorable rank i=0,
but A may then increase i if B’s return offer is smaller than what A’s current friend at rank i offered in a
previous encounter. B follows the same rule, but never offers a rank i that is lower (i.e. better) than the
rank previously offered by the partner. If A and B come to an agreement, their mutual social time offer
corresponds to the same i'" place (which is the maximum, i.e. the worst, of the two offered ranks) in their

contact list.

Agents compute the benefit P obtained from having friends. The following function has been used to

compute the social profit that an agent gets from being acquainted with friends with abilities q;:

P=(1-TI(1-Kr'g)). (14)

This function, which has a probabilistic interpretation (see discussion), increases linearly for small values
of the q;, and saturates, if r is not too small, when the qualities of close friends (first values of rank i) get

close to 1.

Competitive Signaling

Below threshold 7, competition for entering others’ “contact list” leads to assortativeness. If the number k

of friends per agent is limited, we get the following polynomial functions:

k =1: s(q) = K g /(2C). (15)
k =2: s(q) = (-2K%r g*/3 + K g°(1+r) 12) /C. (16)
k=3: s(q) = (K(1+r+r?) g2 - 2Kr(1+r+r?) q%3 + 3K3r* g*/4 )IC. 17)
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The parabolic shape predicted by (15) can be seen on Figure 2B.

Benefit in the competitive mode depends on the profit function, but not on the cost coefficient C:

B. = qu P(x) dx / q. (18)

In other words, signal levels adapt to guarantee a constant distribution of benefits to individuals,

regardless of the cost.

Simulations

Since continuous curves are expected, learning coefficients differ from their values in the first model.
Neighboring values are taken into account in the ratio 70:30, and the modified value is pushed back
toward the former one in a ratio 20:80. After 60% of the total simulation time, renewed individuals are
born “adult’, i.e. their maximal learning exploration is L. Agents make some 500 individual encounters

before each learning event. Each point of the curves in Figures 2-3 is the average of 30 simulation runs.

Supporting material 3

Uniform signaling in the time-sharing model

In the uniform mode of the time-sharing model, all individuals above quality 7 send the same signal s,.
Since they cannot distinguish from each other based on their performance, they get acquainted with a
random member of the [, 1] “elite club”. On average, their profit is P(z). If we use a linear
approximation of P, then r~ (1+7)/2. The benefit B, of elite individuals depends on their quality q and on

the cost coefficient C.

B,=P(7)-Cs/q. (19)

Signaling above s, increases cost without providing any additional profit, since the better signaler will get
paired with an elite individual anyway. Signaling below s, allows to spare on the cost, but profit drops

down from P(7) to P(#). Based on this reasoning, one can see that s, is an ESS for q e [, 1], whatever its
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value. Simulations, however, always converge to a definite value of s,. To explain the phenomenon, we

must take into account the inevitable blurring of s, introduced by learning.

The variability of the signal emitted by agents with ability q depends on the amplitude aloq of learning,
where L, is the maximum variation of g(q) (for ‘adults’) in one learning step, starting from the best
previously encountered value. The constant « is introduced to approximate the effects of cumulative
exploration through several learning steps. An agent in the “elite club” [#, 1] emits (So+paloq), where p
e [-1, 1]. Its probability of getting acquainted with another agent of the same quality range, and thus of
getting social profit P(z) on average, decreases from 1 for p =1 to 0 for p = -1, where it gets P(#) instead

of P(7). A linear approximation gives the following expression for the benefit:
Bu(p) = (1+p) P(9)/2 + (1-p) P(1)/2 = C (so*paloq) /9. (20)

dB./dp must be zero, otherwise s, would not be stable. We get:

dBu/dp = P(7)/2 — P(7)/2 — Caly, (21)
P(7) - P(n) = 2Cal,. (22)

This relation defines threshold 7. This value of 7 corresponds to the limit between the competitive mode

and the uniform mode. We can write that B, and B are equal in 7.
n
(P(2) + P()/2 - Csolnp = JO P(q) dq /7. (23)

This relation defines sp.

Figure 4 shows the observed and computed values of the uniform signal s, depending on noise amplitude
Lo in (A) and on the equality factor r in (B-C). The only free parameter of the model, «, has been set to
1.2. The model’s predictions are nearly perfect in (A) and (B). One should note that the uniform signal
level s, decreases when the uncertainty about signals (alo) increases (Figure 4A). This indicates that

harsh competition in the “elite” [, 1] requires precision, and is pointless otherwise.

When the maximum number of friends per individual is not limited or has a significant value (k = 10 in
Figure 4C), signaling only exists when friends are given unequal amount of time (equality factor r < 0.6).
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The model predicts the decrease, but not the sudden drop that can be seen on Figure 4C. The difference
with experimental values comes from the imperfection of the friendship market. When r is close to one,
individuals have to select the best 10 partners they can claim. The limited number of encounters does not
allow them to achieve this and many bonds are due to chance. Spending energy in signaling becomes

useless if one is likely to be selected anyway.

Note that the preceding calculus of s, presupposes its constancy. We can observe on Figures 2 and 3 that
signals in the “elite” [, 1] are slightly increasing. This makes sense, as in our implementation, the signal
excursion +palqq is wider for top-quality individuals. Both the probability and the amplitude of the risk

of being misjudged are larger for them. They must slightly increase their signal to compensate for that

risk.

Competitive—Uniform transition

We would expect a sharp transition in 7 between s, and the competitive signal s.. Such a transition is not
to be observed, however, as individuals having their quality in some interval [6, ] (with 6 < 77) will
adopt yet another strategy. This intermediary ESS consists in uniformly emitting signal (So— o). The

benefit on this new partial ESS is:

Bu(p) = (1+p) P(n)/2 + (1-p) P((0+n)/2)/2 = C (So— 6 + palo 0)/ Q. (24)

By making dB,/dp = 0, we get:

(P(n) - P((6+n)/2)) = 2C al,. (25)

This gives a minimum value for 6, given the constraint that B, > B, in €. In Figures 2 and 3, transitions in
the model’s predictions (dotted lines) are located in 6. The preceding reasoning can be iterated for various
couples (o5, &), which explains the smooth transition that can be observed between the competitive and

the uniform mode.
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Figure legends

Figure 1. Continuous version of the social costly signaling model. Agents choose which other agent they follow; the
number of followers per agent is limited to 6. (A) shows a snapshot of a single run. Red dots represent ‘infants’ that
are still learning. (B) shows the corresponding sociogram. Individuals are located twice, on the lower and upper

horizontal axes, depending on their quality. Social links are represented by lines from the lower to the upper axis.

Figure 2. Simulation of the time-sharing model. Individuals follow only one other individual, for comparison with
Figure 1. (A) shows a siociogram and (B) shows signal levels depending on quality and cost coefficient. Dotted lines
represent model predictions. The model does not include the transition between the two ESS (see Supporting

material).

Figure 3. Signal level (A) and investment in communication (B) in the time-sharing scenario. The
number of friends per individual is limited to 3, for application of formula (17). Parameters are r = 0.6,
K=1, Ly=0.05.

Figure 4. Uniform signal values. The figure shows s, depending on the amplitude of learning exploration (A) and on

the friend equality factor (B-C). Dotted lines show model predictions. The number of friends per individual is limited

tok=2in(A-B)andtok=101in(C). (K=1;b=0; «=1.2; r=0.6 in (A) and L, = 0.05 in (B) and (C)).

30



Figures

————————————————————————

Signal (%)

100
't..g”ﬂ'“"l.ﬁ'
. L ] . 4
L]
|
*»
._ .
L )
ataaae savebes Phvsioeasatts at 3Vboans & ¥ Passhuetons ! 100
Quality (%)
(Figure 1A)

Quality (%)

(Figure 1B)

31



________________________

________________________

60 -

Signal (%)

40

20 A

[T
A‘ YN m Ml i

Signaling Cost (%0)
40
= = = 40 (Model)
— G0
= = = .60 (Model)
— 80
= = = .80 (Model)
100

= = -100 (Model)

__________

100

80

40 60
Quality (%)

(Figure 2B)

32



Signal (%)

Investment (%)

100

Signaling Cost (%)
60
= = = .60 (Model)

80 -

60 - — 180
= = = .80 (Model)
100

40 1 . . . 100 (Model) f

0 20 40 60 80 100
Quality (%0)
(Figure 3A)
100 4 ) .
Signaling Cost (%) Y
60 DN
80 1 ---.60Model) . /N
—0 ,
60| T B0 (Mode)
— 100 :
- - - 100 (Model)
40 +
20
O L T T T T 1
0 20 40 60 80 100
Quality (%)
(Figure 3B)

33



100

Friend equality factor (r) (%0)

90
3 80 Signalling
S 10 Cost (%)
| ]
k2 ——40
& - -o- -40(M)
(=2}
‘D ——l— )
£ - —im =80 (M)
L
'c
-]
10
0 ; ‘ ‘ ‘ ‘
2 4 6 8 10 12
Leaning exploration (L o) (%)
(Figure 4A)
100
90 +
3 80 1 Signalling
£ 70 Cost (%0)
| ]
= 60 —t—60
c = =0- =60 (M)
D> 50 4
‘D ——— )
E 404 - -a- =80 (M)
ég 30 4
[
D 20
10
0 ‘ ‘ ‘ ‘ ‘
20 40 60 80 100 120
Friend equality factor (r) (%0)
(Figure 4B)
100
90
. 80
<] o R
S 0 Signalling
& Cost (%)
©
c —— 40
> 50
‘B - -e- -40(M)
E 404 R
B .
30 2
£ "
DO 20 ..
10 ®
0 ; ; ; N
0 20 40 60 80 100

(Figure 4C)

34



Dépdt légal : 2013 — 4éme trimestre
Imprimé a Télécom ParisTech — Paris
ISSN 0751-1337 ENST C (Paris) (France 1983-9999)



Télécom ParisTech
Institut Mines - Télécom - membre de ParisTech
46, rue Barrault - 75634 Paris Cedex 13 - Tél. + 33 (0)1 4581 77 77 - www.telecom-paristech.frfr
Département INFRES

© Institut Mines - Télécom, Télécom ParisTech 2013



