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Evolutionary Simulation Models:
On their character, and application to problems
concerning the evolution of natural signalling systems

Seth Gwydion Bullock

Abstract

Evolutionary simulation modelling is presented as a methagly involving the application of
modelling techniques developed within the artificial scesito evolutionary problems. Although
modelling work employing this methodology has a long anérnesting history, it has remained,
until recently, a relatively underdeveloped practicekiag a unifying theoretical framework.

Within this thesis, evolutionary simulation modelling ik defined as the use of simulations,
constructed under constraints imposed by evolutionamribs, to explore the adequacy of these
theories, through the modelling of an adaptive system’sargevolution.

Evolutionary simulation models may be considered to lidmithe field of artificial life, since
its concerns include theories of life, evolution, dynarhgystems, and the relationship between ar-
tificial and natural adaptive systems. Simultaneoushyigianary simulation modelling should be
regarded as distinct from, yet complementing, existindwianary modelling techniques within
the biological sciences.

The ambit of evolutionary simulation modelling includessk systems towards which one is
able to take thevolutionary perspectivée., systems comprising agents which change over time
through the action of some adaptive process. This persgeistibroad, allowing evolutionary
simulation models to address linguistic models of gloseetie change, anthropological models of
cultural development, and models of economic learning,elsas models of biological evolution.

Once this methodology has been defined, it is applied to apgodbproblems current within
theoretical biology, concerning the evolution of natuighsilling systems.

The ubiquity of natural communication is a well attestedrgimaenon. However, recently the
utility of such communication within a world populated byoaBarwinian selfish individuals has
been questioned. Theoretical models proposed to accautigfexistence of signalling within the
animal kingdom are reviewed, and evolutionary simulatiaxdeis are constructed in an attempt
to assess these theories. Specifically, models of the éolat complex symmetry, and models
of the evolution of honesty, are addressed.
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Chapter 1

Introduction

In 1837, twenty-two years before the publication of Dansi@h the Origin of Speciesand over

a century before the advent of the first modern computer, eepié speculative work was pub-

lished as an uninvitetllinth Bridgewater Treatise The previous eight works in the series had
been sponsored by the will of Francis Henry Egerton, Earlidddewater, and a member of the
English clergy. The will's instructions were to make monegiéable to commission and publish

an encyclopedia of natural theology concerning “the PoWésdom, and Goodness of God, as
manifested in the Creation” (Brock, 1966; Robson, 1990).

The ninth publication in this series is noteworthy in thatlike its eight forerunners, it neither
sought to draw attention to miraculous states of affairsvk unlikely to have come about by
chance, and thus thought to be the work of a divine hand (gg.length of the terrestrial day,
which seems miraculously suited to the habits of man and aifienals), nor did it seek to recon-
cile scientific findings with a literal reading of the Old Tastent (e.g., disputing evidence which
suggested an alarmingly ancient earth, accounting fortistemce of dinosaur bones, or promot-
ing evidence for the occurrence of the great flood, etc.) olmtrast to these apologetic efforts, the
author of the ninth Bridgewater treatise produced whatoisny knowledge, the first instance of
anevolutionary simulation model

Since this thesis will address the topic of evolutionaryidation modelling it seems appropri-
ate to begin with a brief account of this model. This will alan introduction of the two concerns
with which this thesis will be occupied. The first of these twamcerns involves the definition of
evolutionary simulation modelling. Chapters 2 and 3 wiltlsgbs the relative position that evo-
lutionary simulation modelling occupies, contrasting ithwwork within the field of artificial life
and the evolutionary sciences in an attempt to provide areohé¢heoretical framework within
which to embed the modelling practice.

The second concern will be to provide prototypical exampliethe use of evolutionary sim-
ulation modelling to test scientific theories. The evolat@f natural signalling systems will be
chosen as a research area amenable to such an approachll &edsviewed in Chapter 5, whilst
Chapters 6 and 7 will offer specific models designed to agsms$isular theories within this field.
The intervening Chapter 4 will serve as an interlude of ieséto those who wish to turn evolu-
tionary simulation modelling to more practical purposes.



cliaptel L. uoaucuori 2

As can be seen from the synopsis presented above, both ¢oatepd empirical issues will
be addressed within this thesis. In addition, throughoistttiesis, an historical perspective will
frequently be adopted in an attempt to provide a coheretugof the relationship between the
work presented here and the studies which preceded it.

1.1 The Ninth Bridgewater Treatise & The First Evolutionary Simulation Model

The author of theNinth Bridgewater Treatis&vas Charles Babbage, the designer of the differ-
ence engine and analytical engine (the first automatic tzlog devices, and thus precursors to
the modern computer). Indeed, in 1837 he was one of perhapsdfui of scientists capable of
carrying out research involving both evolution and compatel modelling. Even so, Babbage’s
model takes the form of a thought experiment, since neitedifference engine nor the more
complex analytical engine were fully constructed untieafBabbage’s death in 1871. Further-
more, the notion of evolution employed by Babbage is digifnenderdeveloped compared with
either that presented by Darwin over two decades later,@ewolutionary notions existing at the
time of Babbage’s writing (e.g., Lamarck, 1809). Despitestntwo hindrances, the model stands
as a usefully simple case study with which to approach theacker of evolutionary simulation
modelling.

Babbage’s (1837) model (see also Babbage, 1864, ChapteX XMiracles” for a rather
whimsical account of the model’s development) was situai#itin what was then a controversial
debate. It addressed the geological dispute betweenrgihists and uniformitarians.

Prima facie this debate was internal to geology, since itteamed the geological record’s
potential to show evidence of divine intervention (priradlp in the form of support for the Old
Testament accounts of the Creation and the Deluge). Caphssis argued for an interventionist
interpretation of geological evidence, taking disconities in the record to be indicators of the
occurrence of miracles (violations of laws of nature). Imirast, uniformitarians insisted that in
order to carry out scientific enquiry, the entire geologrealord must be assumed to be the result
of unchanging processes. Allowing a role for divine miraclie uniformitarians claimed, would
render competing explanations equally valid. No theonjabe claimed to be more parsimonious
or coherent than a competing theory which invokedessarily inexplicablexogenous influences
in its account of the phenomena at issue.

The ramifications of this debate for empirical science wéa@np For as long as discontinuities
could not be accounted for in uniformitarian terms, catgshists could justify the postulation of
unaccountable external influences, and scientists inest@s accounting for phenomena empiri-
cally would find such influences unpalatable as they rendseishtific explanation impotent.

Although this dispute had already been dealt something afadhdblow with Lyell’s (1830)
publication of hisPrinciples of Geologythe publication of the Bridgewater treatises and works
like them evidences its slow demise. Only subsequent todhp de gracerovided by Darwin’s
work on evolution did natural theology texts finally ceasdégpublished (Brock, 1966).

Babbage’s response to the catastrophist position was &ircmhwhat can now be recognised
as a simple evolutionary simulation model. He proposeddhaititably programmed difference
engine could be made to output a series of numbers accomisgme law (e.g., the integers, in
order, from O onwards), but then at some pre-defined poigt (E00000), to begin to output a
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series of numbers according to some different law (e.g.jritegers, in order, from 200000 on-
wards). Although theutputof such a difference engine (an analogue of the geologicalrd@
would feature a discontinuity (in our example the jump fro@0Q00 to 200000), thenderlying
processresponsible for this output had been constant (i.e., themgétaw, or program, that the
machine was obeying had not changed). The discontinuitytivasesult of the naturally un-
folding mechanical (and computational) process. No exieinkering analogous to the assumed
intervention of a providential deity had taken place.

Babbage thus tried to show that what might appear to be disctoties were not necessarily
the result of meddling, but could be the natural result ofhamging processes. In doing this
he cultivated the image of God as a programmer, engineendusirialist, capable of setting
a process in motion that would accomplish His intention$iait Him intervening repeatedly.
In Victorian Britain, the notion of God as draughtsman of antomatic’ universe, one which
would run unassisted, without individual acts of creatidestruction, etc., proved attractive. This
conception was subsequently reiterated by several otlieraighilosophers (e.g., Darwin, Lyell,
and Chambers) who argued that it impliedde@nderview of the Creator — One who operated
by general laws” (Young, 1985, p.148).

For the purposes of this introduction, what is of interesehis not the theological implica-
tions of Babbage’s work, nor the effect it had on the catgstist/uniformitarian debate, but the
manner in which Babbage mobilised his computational resesuto attack a theoretical position.
Babbage’s computational system was a simple analogue dusahaystem (the geology of the
planet) implemented mechanically. Babbage did not seelptuce the complexity of real geol-
ogy in his system. Indeed the analogy between the differengéne’s program and geological
processes is a crude one. However, the formal resemblamwedrethe computing machine and
the geological process is sufficient to enable a point alt@uetter system’s dynamics to be made.
Babbage’s computing machine is thus clearly being emplagaainodel

For now | shall award it the status of amolutionary simulation modsince it is implemented
as an unfolding computational process. The necessanetigig of this notion will be deferred
until the next chapter, but, for the moment, a few brief obggons will serve to give a flavour of
what is intended by the phrase.

First, that Babbage’s model is an unfolding computatiomatess sets it apart from work
in which models of dynamic change are constructed as matimharoofs and are thus not
evolutionary simulations. For example, Thomas Malthug98) work on population dynamics, in
which he demonstrated that population growth would oyishrat of agriculture, was constructed
using paper and pencil.

However, it is not merely the computational nature of Balmgnodel which ensures its
status as an evolutionary simulation model. His relianceh@nongoing dynamic behaviour of
his computational model, rather than on any end result ithipgoduce, distinguishes it from
modelling work which, although involving computationabpesses, uses computers as tools for
solving what would otherwise prove to be intractable mathtral problems. For example the use
of computers to discover digits of pi, or to iteratively selhe differential equations which might
comprise a model of population dynamics will not counteaslutionarysimulation modelling
since the computational processes involved are merely dammof reaching a particular solution.
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In contrast, the substantive element of Babbage’s modetiewolutionary aspect of the simulation
(i.e., the manner in which it changes over time). For the ¢imwexperiment which Babbage
considers, his suitably programmed difference engine imifprinciple, run forever. Its calculation

is not intended to produce some end product, but rather theiong calculation is itself the object

of interest.

1.2 Evolutionary Simulation Models

In Chapter 2 of this thesis, the class of evolutionary simoitamodels, which includes Babbage’s
system as its oldest member, will be outlined. In order tongefhis class, attention will be paid
to two issues. First, what characteristics must a piece ofuéonary simulation work have to
possess for it to bemode] and secondly what characteristics must a model have t@psbgfore

it can be termed aevolutionary simulatiomodel. Dealing with these questions will require some
preliminary groundwork.

Before criteria for membership of the class of evolutionsirpulation models can be ascer-
tained, some attention to the general constitution of eidifiife, and to the scientific status of
models will be necessary. To this end, Chapter 2 will begitihwai brief (and selective) sketch
of the field of artificial life. Subsequently, the scientifiasis of artificial life research will be
discussed, and a typology with which to classify artificitd Work will be introduced. Within this
typology, the class of artificial life work which will be of og&ral importance for the remainder of
the thesis, evolutionary simulation models, will be defirauad criteria governing the constraints
on such models will be outlined.

At this point, although a workable definition of a certainlstgf modelling will have been
achieved, the factors constraining the applicability a$ timodelling approach to viable subject
matter remain undetermined. Although Babbage’s systenetaah abstract geological process,
the majority of extant modelling work in this vein addressésiogical subject matter. Should
evolutionary simulation modelling be limited to problemihin biology? What are the prospects
for evolutionary simulation models which address linggistconomic, or psychological subject
matter? Discussion of the scope of application of evolwigrsimulation modelling techniques
will be necessary before such concerns can be properlysesses

1.3 The Evolutionary Perspective

Chapter 3 will introduce the notion of thevolutionary perspectivea perspective which can be
taken towards any system which comprises agents which ehawer time through the action
of some adaptive process. It will be noted that any systemardswhich one is able to take the
evolutionary perspective is a system which may be validlgelied using evolutionary simulation
modelling techniques.

The appeal of the evolutionary perspective is very strongweéler, a brief discussion will
demonstrate that the factors responsible for its appeat msome instances been fallacious.
Primary among these misconceptions is the, sometimes noat&dged, notion of an inexorable
progress inherent in the evolutionary process.

The ‘arguments from Design’ employed throughout naturabtbgy (e.g., Paley, 1802; Dawkins,
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1986), and presented by the authors of the Bridgewateri$esads supporting the existence of
God are founded on the observation that many aspects of thehaorld seem to be wonderfully
complex, robust, economical, attractive, and generaliteduo the existence and habits of man
and other living creatures. That this is so is taken to be dication of the existence of some
coherent, conscious, benevolent, designer.

Subsequent to Darwin’s formulation of an evolutionary asdof natural history and the re-
sulting gradual demise of natural theology, the very sansenifations of a well-adapted natural
order, coupled with a naive appreciation of the evolutignamocess as involving some direc-
tional element, have lead to a different, yet equally telgial, lay interpretation of the evolved
world. The features of natural forms considered attractiven an anthropocentric perspective
(e.g., beauty, economy, complexity, robustness, etc.jciwivere once thought to demand an ex-
planation in terms of a creation myth, are now accountedyahb ‘invisible hand’ of evolutionary
selection. Over evolutionary time, natural selection, atiter evolutionary forces are assumed to
change organisms from simple, fragile protozoa, into ntejesomplex primates, cunningly fash-
ioned insects, etc.; from lonely, blind, dumb, automatasdoial, vocal, intellectual triumphs of
evolutionary progress.

An account of this pervasive misconception (which affliatelationary scientists as well as
lay persons and academics from non-evolutionary disaghwill be presented as both a caution-
ary point concerning (mis)application of the evolutionparspective, and a useful context from
which to approach the practice of artificial evolutionargide.

1.4 Prospects for Artificial Co-Evolutionary Design

One field in which the evolutionary perspective is curreetijoying a fashionable notoriety could
be termedartificial evolutionary designChapter 4 will address the tension between the resolutely
directional nature of the manual design process and thértespdirectionless character of natural
selection. If, as has been argued in the previous sectioiyt@mn has no overarching progressive
tendency, how can practitioners of artificial evolutiondesign rely on artificial evolution to pro-
duce satisfactory solutions to design problems in readeraabounts of time? Indeed, why would
engineers expect evolution to be a powerful search prodgss@rprisingly the seeds of the attrac-
tion in viewing evolution as a directed search process stem the same fallacious perspective
described in the previous chapter, and ultimately, as waioreed above, from a germ-line which
stretches back to the apologism of natural theology.

As an instance of this mis-application of the evolutionagygpective, the notion of artificial
co-evolutionary design will be introduced, its attractmutlined, and its actual utility assessed. It
will be concluded that although there is a role for artifi@ablution in designing artefacts, that
role is a much more limited one than is typically imagined.

Rather than considering artificial evolutionary design ¢éohlarnessing the creative power of
natural selection (or sexual selection, or other forms of natural@vonary process), it will be
proposed that artificial evolutionary design be considered form ofartificial selection. By this
I mean to compare artificial evolution as it is practiced bgige engineers to artificial selection
as it is practiced within animal husbandry. This change o§pective affords a more realistic
conception of the limitations inherent in artificial evatnary design, and neatly avoids the prob-
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lems of the teleological fallacy outlined above by placing tlesigner centrally with respect to the
evolutionary process, and entrusting her with the burdettiretcting it, rather than leaving this to
some propitious ‘invisible hand'.

1.5 The Evolution of Natural Signalling Systems

For the remainder of the thesis, attention will be turnedaimha class of animal behaviour to which
the evolutionary perspective may lawfully be taken. Siinglbehaviour is abundant throughout
the animal kingdom (see Hauser, 1996, for a recent reviewebtological signalling literature).
The diversity of communication systems is huge, and styfesignalling vary along many di-
mensions. Some signalling systems involve relatively eoretive signals, e.g., the intracellular
signals which regulate cell behaviour, or the signals offulbintent used by many juvenile an-
imals to ensure that their actions are interpreted as plag\weur rather than attempts at attack
or copulation. In contrast, some signalling systems ineaklatively extravagant signals, e.g.,
signals of aggressive intent, mating displays, signalswphiatability, etc. In addition to these un-
contentious examples, some signalling systems seem ragghstorwardly communicative, e.g.,
camouflage and crypsis. Finally, the unique phenomenon wianuanguage, so central to our
everyday notions of communication, seems very far remox@d finy of the comparatively crude
semaphores with which the rest of the animal kingdom make do.

Biologists faced with this profusion of differing systemadently have their work cut out
accounting for the particular character of each. Howewati] tecently workers in this area were
at least assured of the adaptive value of such signallinguetrs and thus had no cause to
question the evolutionary function of communication. Cammication between members of a
group of animals with some confluence of interest was consitibeneficial in as much as it
beneficially co-ordinated the behaviour of the group. Suzioiination was reasoned to confer
advantages, in terms of efficient resource allocation, Wigioups of non-signalling, less well
co-ordinated animals would not enjoy. Hence signallingugowould proliferate at the expense
of their taciturn competitors.

Such group-selectionist accounts of co-operative beliadédl into disrepute during the mid-
sixties as the result of the observation that what was bealdfic an individual was not necessarily
beneficial for the group it belonged to (Williams, 1966; Hiom, 1964). Adaptive explanations at
the level of the individual or gene were proposed as more pgohend parsimonious than those at
the level of the group, and group selectionist thought wasatterised as “sloppy” (Sober, 1994,
p.xii). These were the beginnings of a more individualipgespective on evolutionary change (as
popularized in DawkinsThe Selfish Genavhich would not tolerate accounts of communication
as adaptive merely at the group level.

If signallers act selfishly, it was mooted, why should thensi anything other than manipula-
tive lies, and conversely, if observers act selfishly, whyudtl they bother to pay attention to such
unreliable signals. However, although it was feared thatsifish actions of individuals might
compromise the stability of natural signalling systemgfssystems, as noted above, appeared to
be the frequent products of evolution. Evolutionary thetsriwere thus left with an explanatory
vacuum to fill. It is the theories which stepped into this lsteahich form the subject matter of
the empirical portion of this thesis.
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If signalling systems exist to promote the needs of the iidial (or the needs of individual
genes), one might expect the signals involved to be expilatas evolutionary success can only
be achieved at the expense of others. In a pair of seminakrgapawkins and Krebs (1978;
Krebs and Dawkins, 1984) proposed that signallers and thereérs of signals might experience a
conflict of interest in that they may want different thingsrfr the signals they exchange. Signallers
benefit from signals which manipulate their receiver in séastéiion advantageous to the signaller.
In contrast, receivers of signals benefit from a source a@veeit, veridical, information which
would otherwise be unavailable. The authors propose tlmttnflict results in an evolutionary
struggle, or arms race (Dawkins & Krebs, 1979).

From this perspective, although the signalling systems b&eve throughout the natural
world seem intricately balanced, signallers wholehedyteslling, warning, informing, etc., whilst
receivers attend, and respond, this stability is illusdDyer evolutionary time periods the one-
upmanship predicted by Krebs and Dawkins would become appar

For example, propositioned mates might discover, and gapntidn to, some indicator which
predicts the characteristics of a potential mate of intai@shem (perhaps the colour of a male
bird’s ruff is a good indicator of the male’s virility). Thadicator (particular coloured ruff) might
become a compelling signal which reliably elicits matingpogunities. As a result mating dis-
plays which feature this indicator will gradually prolitge in the male population. But this pro-
liferation might occur at the expense of the indicator'sdicéve power (the coloured ruff is now
sported by all manner of males including, perhaps, impataitors). The ubiquity of such a sig-
nal reduces its informative content (the presence of aqudati coloured ruff ceases to be a strong
indicator of virility), forcing the choosy mates to abandbm favour of some further method of
eliciting the information they require (perhaps the sizéhafruff is better correlated with virility),
and the cycle starts again.

Such signals have been termed conventional (Dawkins & @uiJf1991) in that their utility
relies on the maintenance of a convention. Such signalsib&amation only arbitrarily, and
are sensitive to the effects of signallers that break withabnvention, and thus degrade their
informational content.

Conventional signalling models propose that dishonesviddals will remain at a low fre-
guency in the signalling population, parasitic upon thedsiy of others. If the conventional rela-
tionship between the signals and relevant states of affaixsmpromised to too great an extent the
signalling system may collapse. However, negative feddiaitin the signalling system acts to
prevent this through increasingly degrading the signafigivas it is increasingly abused, and thus
both discourages the increasing proliferation of dishbsiategists, and encourages signallers to
establish alternative conventional signalling systems.

For example, a conventional account of the evolution of epagism (emetic unpalatabil-
ity) and mimicry (merely resembling an unpalatable preyetypthout investing in unpalatability
itself) might claim that a strong conventional associati@tween a particular appearance (e.g.,
red spots on black wings) and unpalatability would have istgxior to the success of deceitful
mimetic adaptations. Further, as the strength of the cdiorempon which the success of the
mimic depends is itself dependent on the degree to whichdaheention is observed, the success
of the mimetic strategy will decrease as mimics prolifesaithin the population. Thus conven-
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tional signalling models predict a low level of cheating,imained by an evolutionary negative
feedback.

The implications and further details of this position wi# hddressed in Chapter 5. For the
time being it will suffice to present this conventional acebas establishing a foundation upon
which two further developments have been built. The firsbines the role of sensory and motor
biases in signalling systems (e.g., Ryan, 1990).

1.6 Biases and Signal Evolution

Since animals typically utilise their sensory and motoripment for all manner of activities, it
has been proposed that certain biases or predispositiongxist within those systems prior to
their becoming used to effect or detect signals. For exanipdevisual system of an animal which
uses sight to find prospective mates, might also be usedagddor food. In order that the animal
forages effectively, some adaptation of the visual systemhis task might have occurred over
evolutionary time. Such an adaptation may be ripe for exalimin. For example, a tendency of
females to orient toward stimuli of a certain colour, whicstevolved as a foraging adaptation,
might be exploited by suitors during mating displays.

This situation is similar, but subtly different from the e@mtional situation described above
in that, unlike the response strategy within a conventisigalalling system, the signal recipient’s
response is not as free to adapt under selective pressuteuyh exploitation of the observer’s
sensory bias by signallers might promote the exaptatiohebtas (i.e., signaller behaviour might
exert a selective pressure, which, in a conventional sigigasystem, would tend to result in a
change of response behaviour on the part of the signal egeite role of the receiver’s sensory
bias as a useful adaptation in an alternative context mayrerts persistence in the population.
Consider again the previous example in which a sensory biishwauses females to attend to
areas of the visual field which are a certain colour is expbbiby male suitors in order to gain
female attention. Although this exploitation might reswh average, in females mating with
lower quality males, the sensory bias may persist due tdiltg/in prey detection.

Furthermore, as this example illustrates, for signalliygtems founded on sensory biases, the
relationship between signal and informational contentasarbitrary, but is constrained by the
nature of the pre-existing bias within the system. Whereawentional signals are considered
to carry information arbitrarily (e.g., that red means stapd green means go, is not taken from
scripture, but is settled upon through some more caprigiwasess), the sensory bias described
in the above example could not be exploited by signallensguain arbitrarily coloured display.
Rather the form and function of the signal are intimatelated to that of the receiver’s disposi-
tions.

Chapter 6 will present an evolutionary simulation model ebhaissesses a hypothesis which
proposes the evolution of symmetry as an exploitation odikes bias (Enquist & Arak, 1994).
The authors of the hypothesis claim that the complex symnwtmany displays in the natural
world are the result of evolutionary pressures to exploiiga imherent in all visual systems which
favours signals which are invariant under many transfolenat Such signals, it is claimed, are
easier to discriminate from irrelevant stimuli. | presentevolutionary simulation model which
examines how this hypothetical bias might operate, and ubsexjuent findings, which suggest



cliaptelr L. uoaucuort 9

that rather than promoting complex symmetry, in reality lbiees promotes simple homogeneity.

This chapter will also assess some of the methodologiaaéssevolved in evolutionary sim-
ulation modelling in an attempt to discover why Enquist anmdkA(1994) failed to discover the
true nature of the bias they were exploring.

1.7 Honesty and Signal Evolution

Until now, the post-group-selectionist account of signadletion which | have described has
involved the potential for cheating. From the perspectiadined above, signalling systems
are considered to be inherently prone to dishonesty. Howewe theory which has been under
development for the past 20 years, and has attracted a grahoflattention from evolutionary

theorists, proposes that many, if not all, signalling systeare inherently honest (Zahavi, 1975,
1977a,1977b, 1987, 1993).

Zahavi suggests that the cost that signallers inevitabhip@roducing a signal stabilises its
honesty. This notion, which has been dubbed the ‘handidapipte’, is subtle, and attempts to
formalise it have occupied many evolutionary theoristsrdiie last few decades (e.g., Enquist,
1985; Grafen, 1990a, 1990b; Maynard Smith, 1976, 1991). tiléel exposition of its many
facets must be postponed until Chapter 5. However, a bregthkof the main thrust of Zahavi's
argument will be attempted here.

Those that stand to gain most from bluffing, cheating, treachetc., are those that cannot
afford to make good their claim. They fear being put to thé tEsey claim to be healthy, wealthy,
hungry, strong, agile, knowledgeable, trustworthy, diat,do not wish to demonstrate these qual-
ities prior to gaining copulation, food, security, admsireprieve, or whatever resource it is that
they are begging for. Since the production of an arbitragegéive signal is cheaper than obtain-
ing the quality it dishonestly advertises, such individuaill be tempted to cheat, bluff, or lie. As
noted above, conventional models of such signalling ptgdst such cheating, maintained at a
low level by an evolutionary negative feedback mechanism.

In contrast Zahavi's contention is that the very act of silymgis a test to which dishonest
individuals are being put. Not only this, but itis a test ttheg dishonest signaller must surely fail.

This contention is underwritten by the following obseraati Those thaare healthy, wealthy,
etc., can more easily afford to make signals to that effeart those which are not. Since this is the
case, over evolutionary periods of time, the forces of digekection (Zahavi, 1987) will ensure
that signals come to vary in proportion to the quality thaytladvertise, and that a signal’s form
will not be arbitrarily related to the information it cargebut will be significantly influenced by
it.

An example may help to clarify this notion. In scenarios inethone individual’s wealth is a
deciding factor in another’s decision making (as some wabalee it be in human mate selection,
for example), it pays the decision maker to exploit any aatiindicator of wealth. According to
the handicap principle, such an indicator would be the gagance of the individual's spending.
Since only the wealthy can afford to waste money, a wantaegésd for expenditure can be taken
as an indicator of wealth (Zahavi, 1987). Signals demotesttee ability of an individual to bear
a handicap. As such they are honest indicators of the degmhith the signaller possesses the
resource which it is willing to waste through signalling.
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Zahavi's position is that the honesty of many signallingegss typically considered to be of
a conventional nature is in fact maintained by some form ofi@ap effect. He lists intracellular
signals, ritualised movements, vocal signals, coloulgpast, mimicry, and altruistic acts as honest
signals stabilised by their cost (Zahavi, 1977b, 1987)nayeing so far as to suggest that the
widening of the eyes which he claims occurs when humans gaaelaved one is an honest
indicator of affection maintained by the handicap of desegbacuity during such bouts of wide-
eyedness (Zahavi, 1987, p.317). Thus Zahavi clearly féxelsthe handicap principle is of near
universal applicability. This position appears to motevais enthusiastic suggestion that “as a
method, the assumption that a signal is involved with chegatisually leads to a dead end while
the search for the honest meaning may lead one to excitingliseaveries” (Zahavi, 1987, p.317).

In Chapter 7 a series of evolutionary simulation models idlpresented in an attempt to
clarify the still problematic notion of the handicap priplg. The points of departure for these
models will be the work of Grafen (1990b) and Hurd (1995) hoaftwhom attempt to demonstrate
the integrity of the handicap principle analytically.

First Hurd’s (1995) discrete action-response model willdxéended and subsequently ren-
dered as an evolutionary simulation model in order to shawttie benefits accrued by signallers
from their signalling behaviour are as important as thesosturred. This model will also serve
to demonstrate the compatibility of conventional sigmajlaccounts with those couched in terms
of the handicap principle.

Subsequently an analogous extension to Grafen’s (1990tincmus model of the handicap
principle in the context of sexual selection will be undketa. This model will demonstrate the ex-
tent to which the findings of the discrete model can be geiseto models involving continuous
variables. It will be shown that the implications of thesed®ls demand a recasting of Zahavi’s
handicap principle in cost-benefit terms. This recastint) g some way towards reconciling
the differences between conventional and handicap treard will also enable the conditions
favourable to each to be determined.

1.8 Summary

This thesis will establish a framework within which the dymia behaviour of natural systems,
comprised of agents subject to some adaptive process, qaondelled as ongoing activity. Such
modelling will be termed evolutionary simulation modegiisince the simulation of a system’s
evolution will be central to any such modelling.

Thus described such modelling can be contrasted with ceiovert models of adaptive be-
haviour, e.g., game theoretic models within economics (feamann & Morgenstern, 1944), and
biology (Maynard Smith, 1982), in which the transient bebav of models prior to the achieve-
ment of some stable state, if it is considered at all, is @ihijaconsidered to be secondary to the
nature of the possible stable states admitted by the model.

In addition, such evolutionary simulation modelling mayifiably be compared with cur-
rent movements towards dynamic, or evolutionary, persypeciithin many traditionally non-
evolutionary disciplines, e.g., evolutionary linguisti(Pinker, 1994), evolutionary economics
(Dosi & Nelson, 1994), and developmental psychology (Tiné&leéSmith, 1994).

Subsequent to the establishment of a framework capablgpbsting evolutionary simulation
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modelling, the validity of theories concerning the evadatiof natural signalling systems will be
addressed through the construction of such models. Sphifimodels will be constructed in
order to test hypotheses concerning the role of biasesmaiignalling systems, and problems of
honesty within such systems.

The role of evolutionary simulation modelling, as outlingithin this thesis, is to enable the
assessment of a wide range of theories which purport to atéouthe behaviour of various nat-
ural systems. Since it is the case that such systems aredtioda large extent independently by
specialised groups of academics, each with its own metloggpphilosophy and ideology, evo-
lutionary simulation modelling, like other general purpaaodelling techniques, is by its nature
inherently interdisciplinary. In addition to performinige standard duties of a concluding passage,
Chapter 8 will close with some thoughts on the nature of diseiplinary work.

Charles Babbage’s (1837) unsolicited attempt to alleyaattin problems within geology, the
work with which this introduction opened, in many ways exdfigs the precarious, interdisci-
plinary role of evolutionary simulation modelling. His usétools which were perceived to be
ill-suited to the job (Brock, 1966) earned his model litttedence (Young, 1985). Progress in this
respect seems imperative if evolutionary simulation miagis to develop successfully.



Chapter 2

Evolutionary Simulation Models

The title of this chapter is not intended to be a neologisnithée ‘evolutionary simulation mod-
elling’, nor ‘evolutionary simulation model(s)’, will beapitalised or abbreviated within this thesis
since each is intended to be a descriptive phrase, refestinghtforwardly to the use of computer
simulations as evolutionary models of adaptive systemsveyer, these phrases do have a neol-
ogistic flavour, since they are necessarily shorthands. \Byuéonary simulation modelling, |
do not wish to refer to jusany use of computer modelling within evolutionary biology, reory
evolutionary simulation design within artificial life. Ha@wer, subject to certain provisos to be
detailed within this chapter, certain pieces of work witkither of these two practices might be
legitimately classified as evolutionary simulation moufegj!

As a crude first approximation, the phrase can be thought cfjpiiring the notion that some
simulations may be used as models of adaptive processesyuahérmore, that it is thevolution
of those simulations (i.e., the manner in which those sitiwria change over time) which is their
substantive element. Itis tldgnamic behaviouof such simulations which may be used to dispute
or uphold the validity of evolutionary theories.

Such a characterisation of evolutionary simulation madgltlearly accommodates a style
of computer simulation which could be employed by theogttiiologists. Simultaneously, the
same characterisation of evolutionary simulation modgljust as clearly accommodates the use
of artificial life techniques as evolutionamyodellingtools. However, as this chapter unfolds, much
of computer simulation within biology will be found to be ofdifferent style to that motivated
under the nascent auspices of evolutionary simulation ffingewhilst much of the evolutionary
simulation carried out within artificial life will be foundbitfail to achieve the status of scientific
modelling.

In an effort to clearly specify whatis meant by these statgs)ehe body of this chapter stands
as a longhand exposition of its title, seeking to define afarlevolutionary simulation modelling
which accounts for the influence of both artificial life anakionary biology.

A Naive Assumption

Mutually supporting arguments are often difficult to consty each one requiring the others to
be firmly in place before it can be securely presented. A gi@olution to such a dilemma is to
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initially provide some scaffolding with which to supporetiwhole construction. Once the thesis
has been presented in its entirety, it sSimply remains to destnate that it can survive the gradual
removal of the supporting material.

In contrast, the arguments presented within this chapteatbn to be mutuallgefeatingsince
the character of evolutionary modelling within biology iem presented ioppositionto that of
evolutionary simulation within artificial life. Before isipossible to show that these two practices
have, as Bonabeau and Theraulaz (1996) put it, a “non-emfggsiection”, and furthermore that
this intersection defines a scientific tool with which prabgewithin many diverse evolutionary
fields may be addressed, some equivalent scaffolding mustdiace, in order to separate the two
antagonistic arguments.

This separating scaffolding takes the form of one naiveragsion, namely, that evolutionary
simulation modelling does not take place, and has neventpleee, within biology, but is prop-
erly considered to be a practice lying exclusively withia ffeld of artificial life. This assumption
is patently incorrect, and potentially incoherent, sirfoe dverlap between artificial life and biol-
ogy is considerable. Although computer modelling withinlbgy has typically been of a style
different to that motivated within this thesis, there haeedoubt been instances of what could be
classified as evolutionary simulation modelling withinloigy. Some of this work predates arti-
ficial life (e.g., Babbage, 1837), whilst some has been meecent (e.g., Krakauer & Johnstone,
1995).

However, for the time being the assumption that evolutipsanulation modelling is specific
to artificial life will allow a clear account of its makeup te lzonstructed without requiring the
constant qualification of statements, or the developmeatadforate inter-related accounts com-
paring and contrasting approaches within biology with eéhaghin artificial life.

2.1 Chapter Outline

Evolutionary simulation modelling clearly stands in soraektionship to botkevolutionary mod-
elling within biology, andevolutionary simulatioras it is practiced within artificial life. This
chapter will clarify the nature of these two relationshif&nce the former relationship is most
straightforward (primarily as a result of the relative nrétuof evolutionary modelling within
biology), most of this chapter will deal with the relationghetween evolutionary simulation
modelling and artificial life. The argument presented witttiis chapter is that whilst evolution-
ary simulation modelling has benefited enormously from ttheeat of artificial life modelling
techniquesit has been hamstrung by artificial life rhetoric, dogmal ande-eyed over-ambition.

Since the development of new modelling techniques withiifical life has often been as-
sociated with the development of new perspectives on whiagiisg modelled (e.g., Kauffman,
1993), arguments in favour of the adoption of such modeligaipniques have often been accom-
panied by, and confused with, arguments motivating the tolopf new philosophical positions,
or conceptual schemes (e.g., Ray, 1994). Since evoluii@iaulation modelling, although bear-
ing strong resemblance to the practices carried out withireial research programmes within
artificial life, shares few of the ideological tenets whiale aspoused by their authors, particular
care will be taken to outline the differences between evohary simulation modelling and other
research programmes within artificial life.
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This will be achieved though a protracted process of elitidma The repeated application
of increasingly fine-grained methods of systematicallyidgishing between different classes of
artificial life practice will be used to identify the necegsand sufficient conditions for a piece of
research to count as evolutionary simulation modelling.

This process of elimination will proceed as follows. Fitlsétstrong/weak dichotomy some-
times used to distinguish between research agendas withicial life (and artificial intelligence)
will be dismissed as too blunt an instrument for the purpagetis chapter. Subsequently, a
three-way distinction between aspects of artificial lifeiethmay be roughly characterised as
philosophical, scientific, and engineering, will be preasein This will enable evolutionary simula-
tion modelling, and other artificial life modelling work, tee distinguished from, on the one hand,
the exploration of conceptual schemes within artificiad libnd, on the other, the exploration of
new design techniques within artificial life. To the extemittdisciplines other than artificial life
involve these three aspects, they too may be arranged vetsiimilar hierarchy.

Amongst those researchers interested in employing aifité techniques as scientific tools,
one can identify an axis which promotes the usewflutionary simulationas models with which
to examine evolutionary phenomena. The multiple argumierfsvour of this practice, although
similar, may be discriminated between on the basis of the egblutionary simulations are pro-
posed to play with respect to (i) the natural sciences caomcewith the relevant evolutionary
phenomena, and relatedly (ii) the existing techniques wtiich they are modelled.

The various positions of these proponents can crudely beacteised as ranging from (a) the
advocation of a&onservativause of simulation models as an (often-claimed inferiogralative
to existing evolutionary modelling techniques, to (b) theacation of aadical use of simulation
models to explore aspects of evolutionary processes whechklaimed to be necessarily opaque
to existing modelling techniques.

Evolutionary simulation modelling, as it is presented witthis thesis, is neutral with respect
to this conservative/radical axis. However, whilst the sEmative use of evolutionary simulation
modelling is relatively uncontentious, proponents at theical pole of this continuum risk the
same conflation of modelling technique with philosophiaaigon which dogs much of would-be
artificial life modelling. For example, the role of simulais which involve notions of emergence,
self-organisation, complexity, etc., will only be resalves and when the theoretical utility of these
notions becomes clearer.

By comparison, clear methodological differences betweetugionary simulation models and
closely related evolutionary modelling techniques insgiby the application of game theory to
evolutionary phenomena (Maynard Smith, 1982) have equédlgr implications for modelling
practices employing each technique. In order to assessfteesdces in perspective which each
affords, the naive assumption which has been in place thmuighe chapter will be relaxed, and
simulation modelling as it is practiced within the biologynemunity will be discussed.

2.2 Atrtificial Life

Between the publication of Babbage'’s (1837) evolutionamyusation model of geological dis-
continuities, with which the previous chapter opened, dreddmergence of artificial life in the
late nineteen-eighties, very few pieces of what couldpsgectively, be classed as evolutionary
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simulation modelling were published.

For the greater part of this period computing machinery wasllly more advanced than the
machines designed by Babbage in the first half of the 19thucgriiut with the post-world-war
development of the first modern electronic digital compsitsrme a surge of research into com-
putational theory, some of which addressed biological phena.

Seminal work by mathematicians such as Turing (1952) orticzadiffusion models of mor-
phogenesis, von Neumann and Burks (1966) on automata thadrgelf-replication, McCulloch
and Pitts (1943) on the logic of neural circuitry, Hollan®@{5) on the formal properties of adap-
tation, and Walter (1963) and Ashby (1956) on cybernetiogolived the application of logic,
mathematics, robotics, and control theory to essentiadiipyical problems.

The above-cited pieces of research (with the exception bbBge) are now recognised as the
intellectual precursors to the field which has come to be knawvartificial life. Although, more
proximally, artificial life can be considered to be the ofigg of artificial intelligence (see Brooks,
1991, and Steels, 1994, for accounts of artificial life’ateinship to artificial intelligence), it is
becoming increasingly apparent that the work publisheeutie artificial life rubric (e.g., models
of morphogenesis, cellular automata models, behaviowdiabotics, the simulation of adaptive
behaviour, etc.) has inherited much of its method, and somddwsay madness, either directly,
or circuitously, from these mid-century pioneers.

Of these original and inspirational pieces of researchrigpies for implementing adaptive
processes within computers have had the most direct impettieodevelopment of evolutionary
simulation modelling. Most important of these techniques@mputer algorithms which imple-
ment some analogue of evolutionary adaptation.

Here, genetic algorithms (Holland, 1975) will be taken astqiypical of such adaptive algo-
rithms, but several alternatives have been developedygweohry strategies, Rechenberg, 1973;
genetic programming, Koza, 1993), and analogous work imptging ontogenetic, rather than
phylogenetic, adaptation (i.e., learning) have also haatalel influence within modelling paradigms
concerned with development, rather than evolution (Ruarek McClelland, 1986; McClelland
& Rumelhart, 1986).

Genetic algorithms (GAs) were developed by Holland durhmg@0s, and 70s, as an abstract
model of evolutionary adaptation in natural systems. Taeérwas initially limited, but has grown
rapidly during the last decade or so, resulting in the reeam¢rgence of a wide variety of work
within the genetic algorithm community (see chapter 4 forendetails, and Mitchell, 1996, for a
recent review of the subject).

A healthy proportion of genetic algorithm work within artifal life involves harnessing this
artificial evolutionary process in order to automaticalgstyn artefacts (e.g., Hillis, 1990, applied
GAs to the task of designing efficient sorting algorithms;sHands, 1993, applied GAs to the
problem of producing efficient schedules for productiompdaHarvey, Husbands, & Cliff, 1994,
applied GAs to the design of control architectures for melbdbots; Thompson, 1996, applied
GAs to the task of evolving reconfigurable electronic citstid perform a variety of tasks). How-
ever, its role within evolutionary simulation modellingnsore in line with that for which it was
initially intended, i.e., as a model of natural evolutionadaptation.

Before an attempt is made to locate evolutionary simulatiodelling within artificial life, a
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prototypical example of the application of this style of reithg to a biological problem will be
presented.

In 1987, Hinton and Nowlan employed a genetic algorithm iregploration of the Baldwin
effect. This effect was hypothesized by Baldwin (1896) wéase the efficiency of natural selec-
tion through the effect of individual learning by organisrhat did not require the inheritance of
acquired characteristics for this increase in efficienciate place.

Hinton and Nowlan’s (1987) study of the Baldwin effect tobk form of a computer simula-
tion which implemented a period of artificial evolution in igh a population of artificial agents
underwent reproduction with variation and heredity, andensubsequently selected for on the
basis of an artificial criterion of fitness. In many respehts artificial evolutionary paradigm was
similar to thein vitro evolutionary experiments carried out in many evolutionziglogy labora-
tories. However, Hinton and Nowlan were able to explore tifieces of varying the conditions
under which their agents evolved in a manner which would @neery hard to implement in the
laboratory.

The authors attempted to demonstrate that the strengthleardater of the Baldwin effect
could be ascertained through the implementation and exipbor of a genetic algorithm simula-
tion.

The scenario considered by Hinton and Nowlan was, by their admission, both extreme
and simple. An artificial organism which possessed a ph@eotpnsisting of 20 traits was en-
visaged. The absence or presence of each trait was codey éorebof 20 genes. One patrticular
combination of the presence and absence of these 20 trastspeaified to confer a reproductive
advantage upon such an organism. The remaining combisatigpresent and absent traits were
all specified to confer an equal but lower rate of reprodurctidn evolutionary process faced with
such a scenario can do no better, on average, than randoch selawever, evolution coupled with
an organism’s learning ability should discover the fitteepbtype more efficiently, if Baldwin’s
proposed evolutionary factor is effective.

The algorithm designed to test this hypothesis consistadwimber of elements. First, a pop-
ulation of artificial organisms was constructed. The gepetyf each artificial organism consisted
of a string of twenty characters (genes), each of which wasdifrom an alphabet of three sym-
bols (alleles) denoted, 1, 0, and ?. A particular allele aargiqular location (loci) on the genome
indicated the innate presence (1), innate absence (0) spiegified status (?) of the trait coded for
at that loci. Innately specified traits were static througitem organism’s lifetime, whereas traits
with an unspecified status were subject to a learning algorduring an organism’s lifetime.

Learning was a simple affair. Each organism was allowed aiimax of 1000 attempts to
learn the beneficial combination of traits. Each attempsiad of each unspecified trait being
randomly determined as either present or absent. If thisassignment resulted in an organism
with the combination of present and absent traits which heehlspecified to confer upon it a
reproductive advantage, the organism was awarded onefpoieery remaining attempt (i.e., if
an organism achieved the beneficial combination of traitke@#00th attempt it would score 599
points).

A population of organisms was reproduced by choosing papam@ntal organisms and mixing
their genotypes in order to create an offspring genotypekvshared some characteristics with
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each of its parents. Parent organisms were chosen at ranitbra Wwias towards those with the
highest scores, i.e., those which had spent most of thetirie with the correct specification of
traits. Those organisms who had never possessed this ageanis combination were the least
likely to be chosen. Conversely, those organisms possggsiscombination of traits from birth
were the most likely to be chosen.

Thus, the fitness of an organism was dependent on two fackirst, a genotype with an
‘incorrectly’ specified innate trait would never enjoy artiease in fithess. Secondly, organisms
with no incorrectly specified traits, would benefit from leing to the extent that they had fewer
unspecified traits. These two factors can be thought of agrieigsthat learning superimposes
a gradient on a fitness landscape which otherwise would haga Hat save for a sharp peak
representing the combination of traits which enjoyed iaseal fithess. This gradient allowed
evolution to gradually, but unproblematically, proceaahirany genotype featuring no incorrectly
specified innate traits to the genotype featuring the coembination of genetically specified
innate traits.

Hinton and Nowlan’s simulation did indeed result in congrge upon the optimal genotype
at a rate much faster than could be achieved without learailtigough a low level of unspecified
genes remained in the population, see Harvey, 1993, for plamation of this phenomenon in
terms of genetic drift). Further work in the same vein as Biinand Nowlan (1987) has gone
some way towards identifying aspects of evolutionary laages which impact on the efficiency
of the Baldwin effect. Issues such as the correlation betvwgemotype space and phenotype space
(i.e., the degree to which something which is easily leaiisemiso something which can easily
be genetically assimilated), the role of detrimental fitnefects due to learning, and the effect of
differences in the character of the fitness landscape priting effects of learning, are all being
explored (see, e.g., Mayley, 1996, and additional papetisdrspecial issue of thévolutionary
Computationjournal on Evolution, Learning, and Instinct: 100 Yearsla# Baldwin Effect, edited
by Turney, Whitley & Anderson).

As mentioned above, throughout the following discussiothef role of evolutionary simu-
lation modelling within artificial life, Hinton and Nowlas’(1987) study of the Baldwin effect
should be keptin mind as a prototypical piece of such rekearc

2.3 Strong vs. Weak Atrtificial Life

A distinction between strong and weak artificial life hasrbesade by Sober (1996) and Pattee
(1996) in an analogous move to the distinction made by S€h8180) between strong and weak
artificial intelligence. For these authors, the terms gjrand weak distinguish between research
concerning artificial systems which are claimedpmssess quality (intelligence or life), and
artificial systems which claim to increase our understagdiha quality (intelligence or life)
through some systematamilarity with the natural systems which possess it.

2.3.1 Artificial Intelligence

The distinction between strong and weak artificial intelige arose as a result of the adoption
of a new analogy for the mind — the computational metaphor.iAdnit was claimed, could be
considered as a complex machine, receiving inputs, prowegsse inputs (perhaps storing them
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or retrieving stored information during this processinggfore outputting the information in the
form of action.

The power of this metaphor was very strong. Whereas previmggels of mind (e.g., Plato’s
comparison of the mind to a wax tablet), had been usef@xplicatingmental phenomena, it
had never been suggested that they cextiibitmental phenomena. With the formulation of the
Physical Symbol System Hypothesis (Newell & Simon, 1976h)edhe possibility that, rather
than resembling the mind in some abstract manner, a compaiidat actuallybe a mind.

This hypothesis characterised cognition as symbol praegsg/hat minds were doing could
be viewed as structure-sensitive computational procease#pulating complex symbolic entities
constructed systematically from primitive symbolic eiest By analogy with natural languages
and computational languages, cognition could be said whimva “language of thought” (Fodor,
1975).

2.3.2 Artificial Life

The analogous move made within artificial life is less clearesented in the literature, but takes
the form of various functionalist claims about the naturdifef(e.g., Bedau, 1996). If life, like
mind, can be claimed to be an abstract property of certaiarasgtions, then life can be realised
within media other than carbon-based chemistry. Howevéistaf consensually agreed-upon
criteria with which to distinguish the class of living orgaations from the class of non-living
organisations has yet to be compiled. In addition, debateerming candidate criteria has a long
history and is still controversial (Boden, 1996b).

Partly as a result of this lack of consensus regarding theegatrof life, much work within ar-
tificial life is hard to place with respect to the strong vs akelichotomy. Some research concerns
systems which are neither claimed to be alive, nor claimedffer any advance over previous
notions of what it is to be alive. For example, evolutionasiaticists strive to produce robots
which are robust solutions to difficult design constraiht®tigh the harnessing of some artificial
evolutionary design process (e.g., Cliff, Harvey, & Hustbe1993). Such work is a central aspect
of artificial life, yet is hard to square with the strong/wedigtinction. In contrast, some artificial
life work seems to fall across the strong/weak divide. Famegle, “synthetic biologists” (Ray,
1994) and “synthetic ethologists” (MacLennan, 1991) bethlise,and study, artificial systems
which are claimed to potentially be alive (contingent upaeitsatisfying “formal criteria for life”
MacLennan, 1991, p.638). Such researchers insist thatrtbeulation’ of life into the medium
of a digital computer (strong artificial life) is itself a tegique with which to elucidate the nature
of life (weak artificial life), i.e., for such researchersmstg and weak artificial life merge into one
pursuit.

Thus, whilst the strong/weak distinction may be useful asreceptual grindstone on which
to sharpen philosophical theories of life (as its progerhtts been useful within cognitive philos-
ophy), it offers little methodological insight with whicb guide the development of artificial life
research. Since artificial life appears to be replete witifogbphical cant, yet bereft of method-
ological rigour (Elton, 1994; Miller, 1995), an alternagiclassification system will be presented
within which evolutionary simulation modelling can be loed with respect to other scientific,
philosophical, and engineering practices within artifitie.
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2.4 A Class System for Atrtificial Life

The tripartite class system presented below is a rough ficteya It is not intended to provide
hard and fast categories. Research programmes, and in smee individual pieces of artificial
life research, will sometimes reach outside these threeseky and will frequently fall across the
boundaries between classes. However, this system willrbetsted enough to provide a clear
home for evolutionary simulation modelling.

Each class will be described and prototypical researcéalithin its remit will be detailed.
Subsequently, constraints which govern the work withirheaass will be presented.

2.4.1 High Class Artificial Life

Research within this class of artificial life concerns itsgth the development and exploration of
conceptual schemes. As such it is most naturally undersieqahilosophy. Indeed, much of the
work which exists within this class is published under a lpsophy of artificial life’ rubric (e.g.,
Boden, 1996b).

Just as artificial intelligence supported computationabaats of cognitive philosophy (e.g.,
Churchland, 1984), High Class artificial life impacts oreatttive schools of philosophy. Non-
Cartesian philosophical positions which advocate theraétytof notions such as embodiment and
situatedness, originally due to continental philosoplseich as Heidegger (1926), have proved
amenable to treatment within High Class artificial life (e@/heeler, 1995; Hendriks-Jansen,
1996), as have reinterpretations of other philosophicaltmms in the light of artificial life re-
search (e.g., Aristotle’s position on the nature of life,tMaws, 1996; Spencer and Dewey on the
concepts of life and mind, Godfrey-Smith, 1996).

Additionally, philosophical debate concerning concemstral to artificial life as a whole,
such as agency, autonomy, complexity, emergence, sedfgggtion, life-as-it-could-be, and life
itself, are situated within High Class atrtificial life. Sudbbates have often predated the emergence
of artificial life, and have been subject to many differegtest of enquiry (e.g., on the meaning of
autonomy see Boden, 1996a). However, with the advent diciatilife technologies, formalisms,
and models, new kinds of thought experiment are taking fllaaegton, 1996; Ray, 1994; Kauff-
man, 1993). In much the same way that philosophers were @affiderhulate new kinds of thought
experiment with the help of artificial intelligence (Sea®80; Churchland, 1984; Clark, 1989),
cellular automata, digital ecosystems, NK fitness landssagtc., provide arenas within which the
utility of conceptual schemes may be explored.

Unfortunately, these automated thought experiments des afoing double duty, providing,
on the one hand, interesting proofs of concept, and philnisafly stimulating artefacts, and on
the other attempting to explain things about the real waréd, to do science. Although their
worth in terms of conceptual analysis is becoming increggiapparent, stimulating much de-
bate within various philosophical disciplines, and evepagcting on discourses as distant from
computer science as social histériheir utility as scientific models has yet to be demonstrated

1For example, in a recent radio discussion programme Jonafiiker, medical doctor and self-styled Renaissance
man, has appealed to the powers of self-organization intamat to resolve the apparent paradox presented by, on the
one hand, the discovery of Hitler's indolence, and, on tihenthe intensely structured order of the third Reich. @il
quoted recent evidence from atrtificial life suggesting twahplex order may arise from simple local interactiond)eat
than requiring global co-ordination from some central exee.
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unequivocally (di Paolo, 1996b; Noble, 1997; Miller, 1995)

A central problem for High Class atrtificial life concerns thefinition of ‘life-as-it-could-be’.
Until this notion is clearly defined (a process which will peibly require the prior definition of
life itself), work addressing it will be inherently philophical. Bringing the results of such work
to bear on natural phenomena (e.g., Ray’s, 1994, explorafiparasitism in a digital ecosystem;
Kauffman’s, 1989, NK fitness landscape formalism as a moddleoCambrian explosion; Lang-
ton’s, 1991, characterisation of “life at the edge of chdds’problematic, since without a prin-
cipled understanding of the relationship between artifeyatems and their natural counterparts,
the similarities and differences between prospective @tasnof life-as-it-could-be and life-as-
we-know-it are hard to assess (see, for example, Jongé&®e®, for a critique of Kauffman’s NK
fithess landscape as a model of the Cambrian radiation).

For example, the similarities between Ray’s (1994) artfieicological system, Tierra, and
the natural ecosystems he has studied may merely be suglerfitiereas the differences may
be telling. Ray has noted that, when comparing the obserebdviour of his artificial ecolo-
gies to the known behaviour of natural ecologies, “It sedmas what we see is what we know”
(Ray, 1992, p.21), i.e., that natural phenomena (e.g.spgea) may be observed within digital
ecologies. However, without an established theory of lifeal specifies the grounds upon which
comparisons between artificial and natural life may be méde,interpretation of such digital
ecologies as exhibiting life-like behaviours might redtdim what researchers “know” influenc-
ing what they “see”, i.e., that trivial resemblances betwasdificial and natural systems might
lead to bogus inferences from from one class of system totties.o

2.4.2 Model Class Atrtificial Life

Research within this class of artificial life concerns itsdth the validity of scientific theory. As
such it is most naturally understood as science. In muchahesvay that artificial intelligence
provided a modelling paradigm which supported the cogaisigiences, artificial life provides a
modelling paradigm capable of supporting the biologicasces.

Evolutionary simulation models clearly lie within this skof artificial life. Additional ex-
amples include computational neuroethology (Cliff, 19B&gr, 1990), ethological experiments
using robots (e.g., Webb, 1994; Franceshini, Pichon, & &ar1992), experiments with virtual
ecologies (e.g., Colasanti & Hunt, 1997), and models of imogenesis (e.g., Kitano, Hamahasni,
Kitazawa, Takao, & Imai, 1997).

Within this class, there is little room for purely explorag@cientific research undertaken with
little notion of a theoretical framework capable of suppagtit. Whilst such innovative work
makes a potentially valuable contribution to the developingd a scientific discipline through
discovering new perspectives on old problems, uncoverew problems within existing frame-
works, or exploring novel scientific tools, it must be apjpaged for what it is, namely speculative,
pre-theoretical inquiry. As such, although purely exptorg research may be ultimately intended
to contribute directly to scientific endeavour, it is mordgurally thought of as philosophy until
such time as it is integrated within a scientific theoretfcainework.

Scientific pursuit within artificial life will be dubbed Moti€lass research in an attempt to
distinguish this undertaking from some kind of empiricadearch concerning artificial systems.
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Although natural sciences have an empirical element intewidio any theoretical or modelling el-
ement, within the artificial sciences there is no straighttrd equivalent to the collection of field
data. Newell and Simon (1976) attempted to underwrite ‘cat@pscience as empirical enquiry’
with their ‘Physical Symbol Systems Hypothesis’. The ektenwhich they were successful is
debatable, but, as yet, within artificial life, no compagafshmework has been forthcoming. Indi-
vidual artificial life practitioners have proposed vari@ehemes analogous to that of Newell and
Simon, but currently no one position is capable of suppgrémpirical enquiry within artificial
life.

For example, Langton (1991) has proposed an informatieostic account of life. Langton
claims that “in living systems, a dynamics of informatiorstgsined control over the dynamics of
energy, which determines the behavior of most non-livingteyns” (Langton, 1991, p.41). Such
a notion potentially offers a theoretical framework withialinto assess the relationship between
life-as-we-know-it and life in general, i.e., to undenwriartificial life as empirical enquiry’. How-
ever, Langton’s notions are, as yet, impoverished in coraparto the framework, erected over
Newell and Simon’s foundations, which attempts the sanieftasartificial intelligence. Further-
more, even the more established framework of artificiallligience cannot be claimed to have
unproblematically achieved this task (Dreyfus, 1979; ed980; Winograd & Flores, 1986).

Until artificial life possesses a mature framework of thisdithe only valid scientific data
within artificial life will be ‘experimental data’, i.e. ‘da’ derived from models with a view to
testing theory rather than exploring some virtual reality.

In contrast to this position, artificial life computer simtibns are sometimes presented as
worthy of investigation for their own sake, since naturakpbmena have been observed within
them; “Communication evolved within this world”, “Differg classes of parasite evolved within
this world”, “Mean fitness increased within this populatiwhen tools were introduced”. Such
“digital naturalism” (Fontana, Wagner, & Buss, 1994) claito advance understanding of the
natural phenomena which are mirrored within the artificiarlds being explored through the
collection of ‘empirical data’.

However, the ‘creator’ of such ‘artificial worlds’ is confed if she feels that she validly mimics
the naturalist in simply observing her subject matter underous conditions. True naturalism
takes place within an overarching theoretical frameworkyshalling observations in order to
support, or challenge, current biological theory. In castrthe observations made of an artificial
world constructed within no such framework can neither igmae, nor support, any theory with
application wider than the artificial world itself. Such epgtions can serve no theoretician whose
interests reach further than a full understanding of a $jeemitificial world. The extent to which
the facts revealed by such observations constitute new lletige is simply the extent to which
the creator of an artificial world initially failed to undessd it.

In baldly comparing and contrasting an artificial world witie real thing, the creators of
such artificial worlds are attempting to both have their cakd eat it. However, there is no cake
to be had in any appeal to ‘interesting’ similarities betwélee artificial world and the natural
world, nor is there any cake to be eaten in drawing attentioimteresting’ contrasts between
them. Unless such parallels were previously hypothessedist, and can be understood within
some theoretical framework, they are either merely ac¢al€and thus not interesting), or merely
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purposed (and thus not interesting).

Within experimental scientific paradigms, no project isdigiundertaken without an explicit
hypothesis in mind; an explicit hypothesis requiring a tlegioal framework within which to em-
bed it, a reasonably rigorous vocabulary with which to egpiig etc., etc. Under such a paradigm,
theory precedes experiment, informing and validating expental design. Simulation becomes
a means of testing hypotheses, of exploring the conseqsaidbeories, of revealing the im-
plications of a scientific position. The gathering of obsgians ceases to be an aimless whim,
becoming a process with a goal wider than merely understgralispecific simulation. For an
experimental scientist, the collection of observationaads valuable in and of itself, as certain
simulation designers would seem to have us believe, butlyswatuable with respect to hypothe-
ses within a theoretical framework.

Attempting to reconcile the findings of digital naturalistgh those of natural naturalists is,
in one sense, doomed to succeed, since the systems whitdl daguralists explore amesigned
to resemble natural systemslowever, the chances of these resemblances being thegbrofdu
systematic, theory-embedded, parallels between thealand the artificial are, almost certainly,
vanishingly small.

Attempting to discover the nature of life (or some other b@gtal phenomenon) through digi-
tal naturalism is analogous to attempting to discover tivs kaf aerodynamics which govern flight
through drawing many different pictures of imaginary birasaginary flying insects, etc. Some
pictures are of steel birds, some of birds with their beakside down, or back-to-front, some of
birds without wings, some of birds whose legs are detachad their bodies, etc. Once many
such pictures of ‘flight-as-it-could-be’ have been rende@ne might spend years searching for
principles which reveal the nature of flight. Without somedkhetical framework within which
to locate this enterprise, some framework which takes ieggheory concerning ‘flight-as-we-
know-it’ as a bedrock on which to base the drawings whichtintbought experiment, constitute
‘artificial flight’, the chances of stumbling across somelwd ftundamental principles of aviation
are remote in the extreme.

2.4.3 Working Class Artificial Life

Research within this class of artificial life concerns itseth the production of useful artefacts.
As such it is most naturally understood as engineering. Thduzts of this class of research are
not claimed to be instances of life, or to elucidate the reatfrlife; rather they are intended to
have practical utility as a result of possessing some ike-dualities (e.g., their utility is a result
of their adaptive, evolved, co-operative, self-reguigtimnpredictable, etc., properties).

Research programmes within this class include evolutioravotics (Harvey, Husbands, &
Cliff, 1993), hardware evolution (Sanchez & Tomassini, @9%volutionary chemistry or di-
rected molecular evolution (e.g., Bartel & Szostak, 1988} the development of software agents
(Reynolds, 1987), artificial-life-based entertainmerftwsare (e.g., Grand, Cliff, & Malhorta, in
press), and artificial-life-inspired art (e.g., Sims, 19@&tzler, Gortais, & Drogul, 1997).

Although scientific theory will often inform the developmef these products, and, recipro-
cally, their development may well have implications forestific theory, from the perspective of
working class artificial life such theory is a means to an eather than an end in itself.
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This class of artificial life research has proved to be thetrsascessful so far. Measured
by its own (commercial) criteria, working class artificiéfel has had a considerable impact (e.g.,
Creatures a piece of entertainment software in which users interaitt hife-like artificial agents,
was, at the time of its release, the fastest selling gamefevd?Cs running Windows 95) and,
if it continues to develop analogously to artificial intgkince could enjoy considerable success
despite failing to realise its initial grand claims (Bropk991).

2.4.4 Fluidity and Constraints

Individual pieces of research within artificial life may siftaneously involve philosophical, sci-
entific, and engineering aspects. Thus class membershipids #ind often individual pieces of
research will move rapidly between one class and another.

For example, Tim Smithers is primarily a Working Class rabist, interested in designing
robot architectures and controllers which enable, amoatsdr things, autonomous locomotion
in uncertain environments, yet he finds it necessary to it conceptual space in terms of
control theory and cybernetics within which he feels congble describing his work (Smithers,
1992). In this respect Smithers’ research involves bothhHitass and Working Class activity.
Similarly, although Webb’s (1994) robot model of a cricketa Model Class piece of research
which has served to challenge previous theories of crickenptaxis, as it involves a physical
robot, many Working Class issues had to be faced before tlieheould be constructed.

What differs between these classes of artificial life redeare the constraints imposed upon
the practitioners operating within them.

The constraints under which High Class artificial life resbds produced are, at first glance,
constraints of coherence, parsimony, etc. Thereforepatih work within this class is sensitive
to findings within the lower classes of research, it is judgeaessentially internalist criteria, i.e.,
is it intelligible? Secondarily, the conceptual framewsskhich are the product of High Class
artificial life stand or fall on their ability to direct resesdn within the lower classes of artificial
life research, and to accommodate the results of such mseard perhaps research from outside
artificial life. Within High Class artificial life there thuexists a dialectic between internally and
externally imposed constraints.

A Model Class scientist must design a model that is constthbyy a scientific theory. The
model may then be used to test the theory in much the same waythexperiment may be
used to test a theory. The construction of a good model, lige@d experiment, involves no
design decision that is not motivated by theory. Any extoarseeffects must be controlled for,
irrelevancies must be counterbalanced, and artefactsaltsamust be guarded against.

In contrast a Working Class engineer is constrained by noryh@lthough she may be moti-
vated by theory). Instead, reality itself constrains theigie process. The design of Working Class
systems must be such that they function adequately in thevoetd.

Thus, although individual pieces of artificial life resdaray involve elements from all three
classes, the constraints on work within each class diffed&mentally. In order to ensure the
validity of such research care must be taken to guaranteeximple, that the design of Model

2Witness the recent defeat of chess grandmaster Garry Kasgethe *hands’ of IBM’s supercomputer, Deep Blue.
The artificial chess player is claimed to neither possesdignce, nor reveal anything about intelligence, it imsly
very good at something which is typically thought of as reiqgi intelligence.
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Class systems is not constrained by reality, but by thedat the conclusions drawn from High
Class research are not considered to be scientific finding&® results of conceptual exploration;
and that the examination of Working Class artefacts is ri@rido be a scientific undertaking, but
an engineering one. That is, care must be taken to ensuréhehabrrect constraints are applied
to each element of the research.

Many atrtificial life researchers refer to the systems thegigte almost interchangeably as
simulations, or artificial worlds, or models. The differeneetween the latter term and the former
two terms is that to be a model an artificial system must reteatdme other system systematically
in some theoretically motivated ways, whereas an artifigiatld, or simulation, merely has to
resemble the real world in more arbitrary ways — perhapsatioperhaps hardly at all, perhaps
within practical limits, perhaps within limits imposed bgsthetic, or market forces. Such systems
may be constrained by internal factors (does it make sensefal-world factors (will it sell?).
Only once such systems are constrained by theoreticalriafdoes it test a theory?), do they
become models.

In summary, as regards evolutionary simulation modellithg,class system presented above
stipulates that such a practice must be theory led. Ratlaer diesigning simulations to merely
emulate natural phenomena (e.g. MacLennan, 1991; Werney&, 0991), allowing reality to
constrain one’s simulation design, and subsequently exgichese simulations as though they
were ‘artificial worlds’ (i.e., digital naturalism, Fontaret al., 1994), models must be designed
to capture the assumptions made by specific theories. Oratersadels have been designed,
theories can be tested. All that can be achieved throughatiigaturalism is the collection of
many different, detailed accounts of carefully designeefacts (in both senses of the word).

2.5 Arguments Supporting the use of Atrtificial Life Simulation
as a Theoretical Tool

A simulation is a model that unfolds over time. Rather thanstaucting static representations
of the process under examination, such as flow charts or ieqsaand relying on human inter-
preters to simulate the passage of time, or determine theaftthe system at some arbitrary time
analytically, the simulation designer captures the dyrani the original process by specifying
dynamic mechanisms which govern how the system changediower The character of such a
simulation’s dynamics is determined experimentally, tiylo allowing the simulation to unfold
over time.

A common practice in scientific modelling involves resagtito numerical, iterative, or ap-
proximate solution techniques in situations that do notiadfranalytic solutions. When an equa-
tion, or set of equations, cannot be solved analyticallytemative algorithm is implemented that
must be repeatedly called in order to determine how the syb&haves. The state of the system
at some arbitrary point cannot be determined in a manner t¢ila@ iterating the model for the
required period of time.

Recently, there have been a number of papers publishednwiitei artificial life literature
advocating the application of artificial life simulatiors problems within evolutionary biology
(e.g., Bonabeau & Theraulaz, 1996; Ray, 1994; Taylor & Jeffie, 1994; Miller, 1995; di Paolo,
1996b; Sober, 1996; Noble, 1997). Within these papers, tinegpy advantage of a simulation-
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based approach to evolutionary modelling is identified asféict that the design of simulations
is often more tractable than the construction of more forraahlytic models (e.g., the coupled
differential equations comprising game theoretic modéfsaddition to this claim, the authors of
these papers raise many further points, and make many fuxdhgparisons in favour of simulation
modelling. Some of these points and comparisons are madeahy authors, some by only a few.
This section attempts to organise and assess these varipumsents.

2.5.1 Equations vs. Simulations

The arguments favouring the use of simulation models tyjyicantrast this approach, which is
sometimes characterised as properly situated exclusivigiyn artificial life, with what have been
dubbed ‘equational models’ (Taylor & Jefferson, 1994), ethare sometimes characterised as
typical of modelling approaches within evolutionary bigjo

Some authors claim that these two modelling practices cadidtmguished on the basis of
clarity, explicitness, and inter-subjectivity. For exdmiller (1995) claims that simulations are
more explicit models than those built from differential atjons, since, during simulation design,
the processes which govern the evolution of the system nrisefidered as particular pieces
of code. Miller also claims that simulations may be passeilyebetween researchers allowing
more effective peer-validation of simulations than of @guaal models. Similar claims are made
by Taylor and Jefferson (1994) who state that the “explicéiresentation of behaviour within
a simulation compares favourably with the “implicit” repantation of an organism’s behaviour
within equational models as “the solution to equations Whitwist be integrated”. The authors
also maintain that simulations are a more direct “encodofdiehaviour, and that this facilitates
their design, use, and modification, to such an extent tlestiprocesses are necessatrily easier to
carry out for simulations than equational models.

These unqualified claims are misleading. For example, ifjisaly admissible to claim of
equational models that they capture theoretical assumgrtioreexplicitly than simulations since
they do not involve extraneous processes which are negessarder to implement the model
as an unfolding, automated process, but which are not spokiey the theory being tested, and
are thus the source of potential artefacts. Similarly, théthat simulations can be exchanged
by modellers in order for their validity to be checked, camtede more forcefully for equational
models, which can be presented in their entirety within aadamic paper, rather than requiring
an additional exchange of computer code.

In general, unqualified claims of the superiority of onesiyl modelling over another are not
compelling. Clarity, ease of design, ease of presentagiwn, will vary from model to model to a
greater extent than they vary from modelling style to madglstyle.

2.5.2 Conservative Simulation

Rather than assert the superiority of simulation-basealdigms, some authors have characterised
them as useful aids to theorists interested in problemsiwhare poorly suited to exploration
through equational models.

Sober (1996) proposes that simulations are useful in ematilieoreticians to “get a feel for the
model’s dynamics” in cases for which the model proves to muiiad to analytic methods. Sim-
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ilarly, Bonabeau and Theraulaz (1996), whilst advocativgwidespread use of simulation tech-
niques as useful tools for scientific enquiry, charactesiggh simulations as “inspiring metaphors”
rather than fully functioning models.

When are simulations likely to prove more useful than mor@it approaches? Sober sug-
gests that when computer simulation is “realistic enough thie results of computer simulation
surprising enough, no one can deny the pay-off” (Sober, 1pHE52). More explicitly, several
authors (Taylor & Jefferson, 1994; Miller, 1995; di Paol896a) identify characteristics of equa-
tional models which simulation-based models improve upod, on the basis of these character-
istics, propose a more influential role for simulation thiaattof mere thumb-nail sketch, namely
that of a fully-fledged modelling technique with which to papt of refute hypotheses.

Miller (1995), and Taylor and Jefferson (1994), state treatain mathematical assumptions
which are made in the construction of tractable equatiomaets may be relaxed under a simulation-
based regime. The infinite, random-mating, unstructurgrufasions often assumed within evo-
lutionary models based upon differential equations mayepéaced with finite, structured pop-
ulations in order to highlight effects of genetic drift, igency dependent selection, extinction,
and other evolutionary phenomena. In addition, the diffieslfaced by equational models fea-
turing non-linearities, or increasingly complex interp@@dencies between the actions of agents,
are largely absent from simulation-based models. Furtharacteristics of natural phenomena
which prove difficult to incorporate within equational méslenclude the representation of spa-
tially distributed phenotypes, and repeated interactimtgeen individuals (Nowak & May, 1992;
Lindgren & Nordahl, 1994).

The difficulty in constructing equational models of manybadrarguments is highlighted by
Miller (1995) and di Paolo (1996a). Both suggest that sittiottemodels of such arguments might
prove easier to construct.

The suggestion that simulations might profitably be empdapehe augmentation of existing
evolutionary modelling will be termecbnservativsimulation modelling. As Sober (1996, p.362)
notes “Population geneticists have used computers in thissince the 1960s ... | see nothing
controversial about this use of computers. By their frualsje know them.”

2.5.3 Radical Simulation

In addition to the conservative position outlined above, @emadical use for simulation mod-
els has also been proposed. di Paolo (1996a) expresseadidalrapproach as the contention
that simulations may be designed to test theories whichraeepressible within the paradigm
associated with existing evolutionary models, rather tmenely to reimplement formal analytic
models.

There are two aspects to this radicalism. The first aspecives the wide spread notion
that simulation models are able to address emergent, oogglhising phenomena as a result of
their ‘synthetic’ nature (as opposed to the supposed rezhist nature of equational models). It
is claimed that since simulations are built from low-levedahanisms (e.g., artificial organisms)
which instantiate low-level behaviours (e.g., locomojidhey have the potential to explore the
nature of phenomena which although not explicitly strivenldy (or coded within) the low-level
mechanisms, are nonetheless robust aspects of their éwgh-aggregate behaviour (e.g., flock-
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ing). This intuition underlies the assertion by Miller (E)9Bonabeau and Theraulaz (1996), and
Taylor and Jefferson (1994), that the strength of artifiifalsimulation models lies in their ability
to model natural phenomena which are highly complex, andiplysemergent, or self-organising,
and that it is through such modelling that artificial life silations will prove to be most useful
since these phenomena are hard to model using analyticiters— “analytic approaches are
certainly doomed” (Bonabeau & Theraulaz, 1996, p.315).

However, the danger of associating the utility of this méidgltechnique exclusively with a
specific set of problems (e.g., the role of self-organissaitioevolution), the importance of which
have yet to be ascertained, seems potentially limiting.s Tenflation of modelling techniques
with philosophical positions was addressed in section Bove.

A more considered kind of radicalism is presented by di Péb®®6a). The author suggests
that simulation modelling may present an opportunity toneixee the philosophical assumptions
which are associated with existing evolutionary modelliaghniques, and to explore their con-
sequences. This line of enquiry will be pursued in sectighbzlow in which the perspective
on evolutionary phenomena afforded by evolutionary modets/ed from economic game theory
will be contrasted with that afforded by evolutionary si@mithn models.

2.5.4 Simulations as Sources of Empirical Data

Within the literature discussed above can be found one iadditclass of argument in favour of
the construction of evolutionary simulations. Many auth(Bonabeau & Theraulaz, 1996; Ray,
1994; Taylor & Jefferson, 1994; Miller, 1995) claim that &wtonary biologists face a problem
in that they possess scant evidence with which to recortgtraevolution of life on earth. Such
evidence includes the fossil record, aindvitro evolutionary experiments carried out in the lab-
oratory. Compounding this claimed paucity of raw data, théhars point out that any evidence
that biologists do possess can only be the result of one #wphAry sequence, since life has (pre-
sumably) only evolved once on earth. From these obsengtioginates the claim that, with only
terrestrial life to draw upon in constructing theories tpkn phenomena associated with life, bi-
ologists are unable to distinguish between aspects of hiehvare contingent upon the particular
historical development of life on earth, and those aspehistware fundamental to life in general.

Artificial life simulations are presented as an alternativerce of empirical data with which
to settle disputes over the contingent vs. fundamentalsait characteristics of living systems.
The collection of data from simulations offers many advgataover the collection of data through
traditional field experiments, or naturalistic observati®@imulations are repeatable, and manip-
ulable; they are easily observed, offering complete actessevant variables, and involving no
danger of observer presence interfering with observed\eba In addition, elementary sta-
tistical analysis of the data which simulations provide nb@yautomatically carried out by the
simulations themselves.

Although all these characteristics may be useful propgdfesimulation models, they fail to
adequately compensate for the fact that empirical datactdrengathered from simulations in or-
der to augment that collected from the natural world (seé@e2.4.2 above). A simulation model
which purports to offer new empirical data concerning, feample, the Cambrian explosion, or
an ‘artificial radiation’ which is claimed to be similar togtCambrian explosion in some important
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respects, cannot be claimed to be providamgpiricaldata in the same way that the fossil record
does. Itis merely a model of a major speciation event whicbompetently constructed, might
make some predictions about speciation, the creation biesicor associated phenomena, which
could be falsified by subsequent empirical discoveries hig iespect, such a simulation model
is no different to an equational model of the same phenomé@xohle, 1997, provides a similar
argument).

2.5.5 Problems with the Simulation Approach

In a nutshell, the primary problem with simulation moddiis its relative under-development.
Whereas equational models benefit from the maturity of difféal calculus and associated math-
ematical tools used in their construction and analysispkition models suffer from a lack of
such tools, and the relatively underdeveloped state ofethasls which do exist (e.g., statistics,
cluster analysis, dynamical systems theory). In additidrereas the mathematical skills required
by theorists are taught as a matter of course throughoutaheal sciences, the analogous skills
of use in the design of simulations are not taught as a uniflealev For the most part such skills
are poorly understood by modellers, and must typically belped independently by each. Fur-
thermore, typical simulation components such as genegioridhms, artificial neural networks,
cellular automata, etc., are themselves, as yet, not fuldietstood, and their application to scien-
tific problems is in its infancy.

This lack of a coherent, unified body of practical knowledgghwhich to guide the design
and analysis of simulation models typically manifestslitas an inability to construct simula-
tions which adequately guard against artefactual resuttd an associated inability to thoroughly
account for the observed behaviour of simulations.

For example, compare the results of an imaginary equationdkl with those of a simulation
model of the same evolutionary phenomenon. The solutiorsad af differential equations which
constitute an equational model of some evolutionary systeght describe the conditions under
which a particular class of equilibria exist. For examples inequalitya < b might define a class
of systems in which a certain strategy is evolutionarilybta This solution is informative. It
captures a relationship between two variabkesndb. Presumably these variables have some
understandable role to play within the model as a whole,aesh stands for ‘weight of female at
onset of oestrus’, whildi stands for ‘weight of male at onset of female oestrus’.

In contrast, a simulation designed to explore the same yteesthe equational model described
above, might result in several sets of data points whichrid@ssome aspects of the system as it
varies over evolutionary time, and over the space of posgiatameterisations of the model, and
with the initial conditions from which the system evolvet;.eUpon analysis, these data points
should reveal the same relationship as that discoveredighrthe construction and analysis of
the equational model, but the move from ‘raw solution’ (dptants) to ‘informative solution’
(relationships) is more involved than the straightforwarocess described for the equational case
outlined above.

Some effort must be made to reconstruct idlationships between classést mathematical
models utilisein explaining the behaviour of analyticalgrived models, from thieastancesvhich
the simulation model generates.
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Thus, although, under certain conditions (see sectiontib@ey, the construction of simulation
models might prove more tractable than the constructionnalagous equational models, the
analysis of such simulation models often requires an amiti effort which threatens to more
than compensate for any increased ease of design. Thisigitdes been dubbed the ‘law of
uphill analysis and downhill invention’ (Braitenberg, ¥98and has been given a more thorough
exposition by Clark (1990), in terms of a distinction betwesutomatic design processes and
manual design processes.

Clark argues that manually designed systems are easy tpliatdecause the processes in-
volved in their creation provide a natural way of decompgghem into intelligible sub-systems.
For example, a machine manually designed to catch a thrawrgtéall might comprise various
sub-systems charged with effectively carrying out parthef ball-catching problem. Upon com-
pletion of the ball-catching system, an analysis of the rmaimwhich it achieves its task is trivial
(for the system’s designer) since the manual design praoegled specifying precisely this.

In contrast, a system designed by an engineer using an atitaiaaign process (e.g., harness-
ing some kind of artificial evolutionary process in order gsn the tennis-ball catching system)
is not so amenable to analysis. Although the engineer spddifie problem, and the resources
upon which the solution might draw (e.g., the general aechiitre of the system), she had no say
in the manner in which the automatic process saw fit to expih@se resources, i.e., she had no
part in constructing the algorithm which the automatic dagirocess settled upon.

In the language of Peacocke’s (1986) extension to Marr's {)}@haracterisation of design
and explanation within artificial intelligence, the enggtnemploying an automatic design process
has no input beyond level 1.5 of the three-stage “classastade” which design and explanation
typically involve.

Within Marr’s original account, level 1 of his three-stagerarchy consists of specifying the
problem (e.g., the system must be able to catch balls of &pkat size, thrown from a particular
range of positions, within a particular range of velocitiefs.). Marr termed this th@omputational
level since, in order to be solved through the design of sorfemation processing system, the
problem must be expressed in a language amenable to impiatioeras a computer program.

Level 2 involves specifying aalgorithmcapable of solving the problem (e.g., one algorithm
might calculate the future trajectory of the ball using Nemiin mechanics, and on the basis of the
ball’s projected flight, calculate an intercept trajecttwy the catching limb). Marr (1977) gives
the example of Fourier analysis which may be calculatedyssity one of a number of algorithms.

Finally, level 3 is anmplementatiorof this algorithm (e.g, a particular LISP program, or a
particular circuit board, or a particular system of meclkahdevices). Marr’s system of levels is
hierarchical since many level-3 implementations mighttespany individual level-2 algorithm.
and, likewise, many level-2 algorithms might solve any wndisal level-1 problem.

The account of Marr's system offered here concentratesisikaly on problems which have
what he terms a Type-1 theory. Such problems can be solvednanmer which allows insights
into the nature of the problem to be gained, i.e., Type-lries@re explanations. For example,
in solving a problem presented by the pattern of inheritaavidenced by peas, Mendel achieved
some insight into the particulate nature of genetics. Imgsio Mendel moved towards arpla-
nationof inheritance, rather than a medescriptionof it.
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In contrast, problems which only have a Type-2 theory maphages be solved, but such so-
lutions will not throw light upon the nature of the probleng.j Type-2 theories are descriptions.
Marr offers protein folding as an example of a problem whictychas a Type-2 solution, since
this problem “is solved by the simultaneous action of a cd&sible number of processeg)ose
interaction is its own simplest descriptidfp.134, Marr’s italics). | will ignore the possibility tha
artificial life may be addressing problems which only adnfifTgpe-2 theories, at least for the
moment, since such theories cannot underwrite explarstibproblems, but merely descriptions
of them.3

As an addition to Marr’s original scheme, Peacocke’s levBlifivolves specifying slightly
more than a description of the problem, but slightly lessithdull solution algorithm. At level
1.5, the designer must decide upon what Clark (1989) teresngpetence theorypy which is
meant a characterisation of the problem which is “more tharety descriptivé of the solution
to be discovered, but is alsatiggestivef the processing structure of a class of mechanisms
within which the solution is to be searched for (Clark, 198285). For Clark (1989, p.285), “A
competence theory, then, leads a double life. It both spsdifie function to be computeand
it specifies the body of knowledge or information which isdi®y some class of algorithms.”
Level-1.5 descriptions are thus intended to specify thgeasf resources upon which the solution
may draw (e.g., the space of mechanical devices from witliithvthe tennis-ball catcher must
be selected).

For the manual designer, there is little difference betweeel 1.5 and level 2. The resources
upon which the solution algorithm may draw are intimatelywected with the design of the
solution algorithm itself. However, for those engineersploying automatic design processes
(e.g., genetic algorithms, or artificial neural networkrteag algorithms), level 1.5 is as far down
the classical cascade as it is necessary to descend.

By this stage an engineer employing an artificial neural nétiearning algorithm will have
decided upon the number of nodes in her network, the clagsaafiing algorithm to be employed,
the format of the input to, and output from, the network, ;eém engineer employing a genetic
algorithm will have specified a mapping from genotype to mtgpe, and settled upon styles of
fithess appraisal, reproduction, etc. These preliminarghimations specify the resources upon
which the solution may draw; they define a space of possililgiens which, it is hoped, (a)
contains a viable solution, and (b) is not so complex as to/bdyexpensive to search.

Once this has been accomplished the system will proceedh exexution, to automatically
generate a solution. The modeller has thus moved from legeditectly to level 3, and is in
possession of a working implementation (e.g., a systemiwtao catch tennis balls).

For the engineer, this by-passing of level 2, which is wheostof the design work takes
place, is a boon. For the scientist in search of an explamatidiow the system works, it is a
mixed blessing as the manual move from level 1 to level 2 is alsere most of the insight that
fuels explanation is gained. The scientistin possessian alutomatically designed model is only
half-way home. She must proceed to work backwards from Ivet-&implementation to a level-
2 understanding of how the system actually works (e.g.,dazéh a working tennis-ball catcher

which is implemented as an artificial neural network, efisrtequired in order to discover how

3Thanks to Mike Wheeler for alerting me to this complication.
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the network achieves the task).

This characterisation of the difference between manuabamaimatic design offered by Clark
(1990), in his terms a “methodological inversion”, is remgent of the ‘no free lunch’ maxim.
What one gains in ease of design, one loses in ease of exiplanat

For our current purposes, the argument seems equally appgito a characterisation of the
difference between equational and simulation modellingh@ugh simulations may sometimes
be easier to build than equational models, they require raffoget in analysis than their analytic
cousins.

Under this reading, at level 1 both equational and simutatiodellers must characterise their
hypothesis in an adequately rigorous manner. Each modaker proceeds to outline the style
of hypothesis testing she envisages. Here the two modgltscompany. For the equational
modeller, this level-1.5 account is in terms of the charaotéhe relevant variables and their inter-
relations, whilst, for the simulation builder, it is in tesnof the mechanisms governing system
evolution.

The equational modeller then proceeds to struggle with xstiesn of differential equations,
until, through cunning and scholarly hard work, she arriges solution. In contrast, her sim-
ulation building companion merely unleashes her autonsatitilation process, and waits for it
to collate the (typically massive) set of data points whiohstitute her solution. However, upon
its discovery, the equational solution is straightforwsridterpretable in terms of its components,
consisting as it does of intelligible relationships betwegeaningful sub-parts. In contrast, the set
of data-points facing the simulation-based modeller igrfam straightforward to analyse, requir-
ing considerable scholarly effort in the form of statisti@aalysis, etc., before the implications of
the data for the theory being explored are clear.

The difficulties involved in such analysis can be overcomenio ways. Keeping simulations
simple ensures that the analytic tools available can beieppbkefully. Ensuring that simula-
tions are models of theories ensures that, during analysisheories can be used to unpick the
simulations.

Much of the research which has repeatedly been distingdisben evolutionary simulation
modelling within this chapter (e.g. MacLennan, 1991; We#®yer, 1991) can be characterised
as modelling work which proceeds from a poorly specifiedlidveroblem (e.g., can communica-
tion evolve in a particular artificial world?), to a well spiged, but atheoretical level-1.5 specifica-
tion of the resources upon which an automatic process may (@+g., a certain genetic algorithm).
From this competence level description, the modellers nainextly to a level-3 implementation
of a system which exhibits behaviour with superficial simiias to natural phenomena (e.g., com-
munication). What is missing from this research is a movenftbis level-3 system to a level-2
understanding of the implications of the model for the tlyabwas testing.

The reason this final move is missing is because, lacking athggis (within a theoretical
framework) to test, such research has no need for it. Unfiately, this lack of theoretical rigour
is typically disguised by claims that the problem has, infdaerminology, no Type-1 theory, but
merely admits of Type-2 theories, by which | mean that redesas are often satisfied with the raw
solution to a problem, an existence proof, believing thataenprincipled understanding of the
nature of the problem is made impossible by its emergengtahaon-linear, or context sensitive
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nature. Although some problems no doubt are of this typeemassuming that this is the nature
of the beast is an unproductive strategy.

Marr has this to say on the subject (whilst he is addressisgareh within artificial intelli-
gence, his comments seem equally applicable to researbmaitificial life). . .

“The principal difficulty in artificial intelligence is thabtne can never be quite sure
whether a problem has a Type-1 theory. If one is found, wedl @mod; but failure
to find one does not mean that it does not exist. Most artifintalligence programs
have hitherto amounted to Type-2 theories, and the dandkrswch theories is that
they bury crucial decisions, that in the end provide the kegdrrect Type-1 decom-
positions of the problem, beneath the mound of small adinétige decisions that
are inevitable whenever a concrete program is designeds fiienomenon makes
research in artificial intelligence difficult to pursue antfidult to judge. ...

With any candidate for a Type-2 theory, much greater impmeas attached to the
performance of the program. Since its only possible virtightibe that it works, it is
interesting only if it does. Often a piece of artificial ifigence research has resulted
in a large program without much of a theory, which commiteiatType-2 result, but
that program either performs too poorly to be impressivenarée still) has not even
been implemented. Such pieces of research have to be jugéggtiarshly, because
their lasting contribution is negligible.” (Marr, 1977 135).

2.6 Evolutionary Simulation Models and Game Theoretic Models

In this section the assumption that evolutionary simutatimdelling does not belong within evo-
lutionary biology, an assumption under which this chap&s heen labouring until now, is dis-
carded. A brief account of simulation modelling within ewtdbnary biology is offered, and dif-
ferences between this practice and evolutionary simuiatiodelling as it is conceived of within
this thesis are discussed.

In principle a modelling paradigm with the flavour of evoluriary simulation modelling, as
it has so far been described, could be located at the fringevatutionary modelling within
biology, or game-theoretic modelling within economicghea than within artificial life. Indeed,
as this chapter has unfolded it has become apparent thattikewkich | am describing has a great
deal in common with the simulation work undertaken by sonregtheorists. More specifically,
such work is redolent of “replicator dynamics” studies witkeconomic game theory (Binmore,
1991), and simulation work used to support the findings ofg#moretic models of evolutionary
or developmental dynamics within biology (e.g., MaynarditBi982, Chapter 5, “Learning the
ESS”).

However, although there are many similarities between wianiary simulation modelling
and these rather recent developments within various benohgame theory, the style of mod-
elling presented here has fundamental differences fromeghgoretic models as they are typically
utilised.

These differences can be crudely characterised by disshing between game theoretic mod-
els and evolutionary simulation models on the basis of thepaetive each takes towards the dy-
namics of adaptation. Whereas evolutionary simulationefgdind artificial life in general, are
concerned with dynamic change, game theoretic models areipally concerned with stasis.
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2.6.1 A Dynamic Perspective on Adaptive Systems

Artificial life is almost exclusively concerned with systemvhich change over time, and, further-
more, themannerin which such systems change over time. Whether the systeanda#ular
automaton “game of life”, an autonomous robot designed vogaée an extra-terrestrial terrain,
or a model of “complexity at the edge of chaos”, it is consadlas a time-varying system with a
certain dynamic character. It is this character which isntéiiest to the artificial life practitioner.
Will the dynamic character of the cellular automaton adriftumiversal computation™? Will the
dynamic character of the autonomous robot result in robaditing behaviour? Will the dynamic
character of the model exhibit “complexity at the edge ofodia

Despite being similarly concerned with systems which cleamger time (economies, individ-
ual economic agents, ecologies, populations of creatindijidual creatures, etc.), game theo-
retic accounts of adaptive phenomena typically assumethieagystems under consideration are
at, or near, equilibria. Once this assumption is in place gdame theorist is faced with the task of
specifying a model which admits of stable equilibria withreacter which matches that of the
observed system’s behaviour.

For example, neo-classical economic theory asserts theg #he economic ageritpmo eco-
nomicusis an ideal maximiser of expected utility, such agents gldhr a market at the equilib-
rium price. There is thus no sense in asking what behavioutdwesult from a system comprised
of agents who cannot maximise expected utility. Such a sysdar from equilibrium, and thus
not likely to be found to reflect real economic situations ihieh markets are either at or near
equilibria. Since, from this perspective, economic agemsassumed to be optimal players, one
merely needs to identify the equilibrium price analytigatl order to describe the behaviour of
the market, as this is the price which will be settled uporieAtion to the global dynamics of the
model is not necessary since the system will not spend tinfedia equilibrium.

Whilst these assumptions are, for the most part, emineatiganable, there are scenarios in
which the conditions in which real economic agents find theaes result in their inability to find
the equilibrium price, e.g., sellers at an auction who areywéthe existence of cartels amongst
their fellow bidders. In order to model these systems, apgiies which take into account a richer
pallet of dynamic behaviour are necessary (see e.g., Bieymid87, 1988, for critiques of the
traditional axiomatic approach to game-theoretic ecoanodelling).

A similar perspective is evident within game theoretic asus of evolution. Maynard Smith
identifies this problem at the outset of his bo&kplution and the Theory of Games

“An obvious weakness of the game-theoretic approach tougenl is that it places
great emphasis on equilibrium states, whereas evolutiarpicess of continuous,
or at least periodic change. The same criticism can be Edelt the emphasis on
equilibria in population genetics. It is of course mathdoadly easier to analyse
equilibria than trajectories of change” (Maynard Smith8298).

Although it is perhaps even more reasonable to expect thealaystems we see around us
to be at stable equilibria given the evolutionary timess@hwolved, there are situations in which
evolutionary systems may consistently fail to reach efytdi or in which the equilibria which
evolutionary systems do reach are more complicated thart ptiractors. For example, Maynard
Smith follows the passage quoted above with the predidtattyclicattractors will be discovered
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to characterise much of the behaviour exhibited by playarslved in asymmetric games. This
prediction has been vindicated by the discovery of a speéikzard which occurs in three distinct

morphs, each of which dominates one other morph, and is daedrby the remaining morph.

Such a system is analogous to the parlour game scissors-gtape, in which playing one move

consistently will never be a lasting strategy since any sichtegy can be defeated (Sinervo &
Lively, 1996; Maynard Smith, 1996).

In addition, there are reasons to believe that the “trajgzsoof change” might be useful in
distinguishing between theories attempting to accounetmtutionary phenomena, even if these
phenomena are characterised as equilibria within a system.

As has been pointed out by Ryan (1990), differing evolutigtiaeories often make the same
predictions concerning current states of affairs. Thisdsduse current states of affairs are re-
flected in the existing data which the theories attempt toactfor. However, differing theories
may make differing predictions concerning the prior stateaffairs which lead to these current
states of affairs.

Ryan (1990) attempts to distinguish between theories wtachpete to account for the char-
acter of sensory systems and signalling behaviour extatitématural world, by constructing
phylogenetic histories for several species of frog. Froim ttypothetical history of speciation
events Ryan attempts to discount certain theories whoskgtioms do not match the historical
account he has constructed.

Evolutionary simulation modelling can contribute to thigls of hypothesis testing in a way
in which modelling methodologies which exclusively atténdequilibria cannot. An evolution-
ary simulation model provides an account of not only the beha of a system at equilibrium,
but also the behaviour which that system passed throughégfieeached this equilibrium. Such
accounts of the trajectories followed by evolving popwas prior to (potentially) achieving equi-
libria might be used to distinguish between competing tiesor

This is not to say that data from simulations will simply awgrmdata from phylogenetic
reconstructions (see section 2.5.4 for a discussion offéliscious position), but that the impli-
cations of evolutionary theories for the character of etiohary trajectories, might be clarified
through evolutionary simulation modelling. The prediasgoresulting from such a clarification
could then be compared to empirical data in the usual manner.

Despite both the predicted existence of scenarios in whietbehaviour of the system under
consideration is inherently dynamic, and the acknowledgerthat attention to the evolutionary
dynamics predicted by evolutionary theories might enadetists to distinguish between them,
game theorists typically eschew the study of dynamic chambes eschewal accounts for the ac-
cent placed on the fixed points of a model (whether they beugeolary stable strategies in biol-
ogy, or Nash equilibria in economics), rather than the gardynamic behaviour of such models.
This is of course not to say that game theory cannot toleraiedets of a higher order than con-
stant trajectories, or has no consideration of initial adads or transient behaviours. However,
such matters are regarded within game theory as speciad edseh require additional analytic
techniques if they are to be addressed at all (e.g., MaynauithS1982, devotes an appendix to
dealing with cyclic trajectories).

In contrast, evolutionary simulation modelling will pripally concern itself with theharac-
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ter of a model’s evolutionary dynamics rather than some “endpet’ of these dynamics, whether
it be within a population of learning economic agents, a paian of evolving creatures, or a pop-
ulation supporting a developing culture or language. Frhim inherently dynamic perspective,
cyclic limit sets and start-up transients, are on an equatirig with game theory’s cardinal limit
set, the point attractor.

2.6.2 Biological Simulation

The equilibrium-centred perspective which dominatesyi@amodelling within biology and eco-
nomics also influences the relatively infrequent use madénadlation models by game theorists.
Such models, when theyre constructed, are typically iterative numerical modelsdusesolve
differential equations which prove intractable under gtiakechniques in an effort to discover the
equilibria within a model, or to verify that equilibria sugsfed by analytic treatment of the model
do indeed exist. As was mentioned above, biologists have csmputers in this way for some
considerable time.

For example, lwasa, Pomiankowski, and Nee (1991) constmuaquational model of the
handicap principle (see chapter 5 herein) and demonstratexistence and character of various
equilibria using a simple iterative simulation to solve tliference equations which govern the
manner in which their system evolves. Similarly, many exEsf simulation models used to
explore the evolution of learning algorithms are presemedaynard Smith (1982, p.54-67).

An earlier model of animal conflict presented by Maynard $naimd Price (1973) was sim-
ilarly implemented as a computer simulation. A conflict atian was modelled as a series of
alternate moves on the part of two opponents. Each opporesinedelled in terms of a strategy
which governed the probabilities with which it played eachhoee moves, a conventional move
(e.g., athreat display involving little danger), a dangesrmove (e.g., an attack likely to injure the
attacker’s opponent), or a retreat (at which point the camtfition ceases). For certain strategies,
these probabilities were dependent on the move played byphenent on the previous move.

For example, the Retaliator strategy starts by playing aeoional move, and will continue
to play such a move for as long as its opponent similarly pagenventional move (after a pre-
specified number of such moves have been made Retaliatdnetsdat). Should it's opponent
play a dangerous move at any point during the confrontatfwere is a high probability that Re-
taliator's will respond with a similar dangerous move. A &gttor strategist thus bears a strong
similarity to a tit-for-tat strategist within the prisonedilemma game (Axelrod & Hamilton, 1981;
Axelrod, 1984).

Five such strategies were defined and each strategy’s pefme against itself, and the other
four, was assessed through simulating 2000 confrontalietveeen opponents playing the relevant
strategies. The resulting mean fitness scores for eaclegyras. each other strategy demonstrated
that “limited war” strategies (i.e., strategies in whichmgentional moves were employed) were
evolutionarily stable, but total war strategies (i.e.agtgies in which no conventional moves were
employed) were not evolutionarily stable.

Although this model involves computer simulation and addes the evolutionary stability of
different classes of behaviour, it is not an evolutionangudiation model. In commentary on this
model, Gale and Eaves (1975) point out that although thedohwar ESS identified by Maynard
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Smith and Price (1973) exists, an alternative ESS existeifidrm of a frequency dependent mix-
ture of total war strategists, and further demonstrategiainery simple evolutionary simulation
mode, that from some initial conditions, total war equili(rather than limited war equilibria)

will be reached by a population of opponents reproducinguedty at rates proportional to their

average weighted payoffs. The initial conditions whichdl¢a total war include situations in

which limited war strategists are rare, and situations ifclithe vast majority of the population
never play dangerous moves.

These findings involve the evolutionary trajectories, artsup transients, of the model, rather
than any results solely concerning the potential end-gahsuch evolutionary trajectories (i.e.,
evolutionary equilibria).

More recent evolutionary simulation models include Krakaand Johnston’s (1995) model
of the evolution of honest signalling. The authors applyesigionary algorithm to a population
of artificial neural networks, which are employed as modélsignallers and receivers playing
a simple communication game. They pay considerable adtekdithe evolutionary dynamics of
their system. For example, they identify oscillations gfrsiller and receiver fitness which are in
antiphase, and interpret this as evidence of an evolutyomans race featuring a ““Red Queen’
dynamic” (p.358), in which gains made by one population asglenat the expense of the other,
and are necessarily shortlived.

Additional evolutionary simulation models include a seri papers by Arak and Enquist
which explore the evolution of sensory biases (e.g. Enduiarak, 1994, and chapters 5 and
6 herein). No doubt many other examples of this style of modgmay be found within the
evolutionary biology literature (see Fraser, 1957a, 19%dvicelli, 1957, for early examples of
the application of evolutionary algorithms to biologichlgmomena).

Recently, models equivalent to those dubbed herein ewolaty simulation models, have been
promoted within ecology, where they are termed individo@ased models, or I-state models (Hus-
ton, DeAngelis, & Post, 1988; DeAngelis & Gross, 1992).

McCauley, Wilson, and de Roos (1993) provide an exampleisfdtyle of ecological mod-
elling, applying an individual-based modelling methodpldo the dynamics of predator prey in-
teractions in a spatially structured population. They ¢as a model in which individual agents
are governed by rules for growth, reproduction, mortaétg,, and demonstrate first that the model
is in agreement with an equational model, or what they ternoraiinary differential equation
(ODE) model, of predator-prey dynamics when populatioescansidered to be spatially homo-
geneous.

Subsequently, the authors investigate the effects ofdoizimg heterogeneity into the popula-
tion in the form of spatial distribution, age structure,.eWithin this more complex model, the
conditions governing the stability of various foraging girédatory strategies (e.g., sit-and-wait,
or cruising) are explored.

A precursor to this style of modelling can be found in Mayn8rdith and Reichert’s (1984)
use of a simulation model to explore the behaviour preditted particular model of spider
antagonism. This model allows predictions made by the mimdeé compared to data collected
from real spiders through instantiating the behaviouratiel@s an iterative computer program
which simulated individual spiders engaging in antaganisbuts.
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Interestingly, within the burgeoning literature addregsl-state models, a debate concern-
ing the utility of this modelling technique has emerged vishic many ways parallels the issues
discussed within this chapter. Whilst some authors haveneld that these models will “unify
ecological theory” (Huston et al., 1988), others are moepskal (Metz & de Roos, 1992; Mur-
doch, McCauley, Nisbet, Gurney, & de Roos, 1992), pointmthe lack of scientific generality
possessed by the models, and raising the possibility timafesions drawn from individual-based
models might be the result of artefacts, rather than valaeullying principles.

Issues which divide the I-state modelling community in€lude ability of individual-based
models to substantiate general scientific hypothesesrritha merely accurately simulate spe-
cific ecologies. Judson (1994b, 1994a), in her review of teetbpment of individual-based
modelling, quotes Maynard Smith’s (1974a) position regaydhe utility of ecological simula-
tions. Maynard Smith maintains that the difference betweedels and simulations is that mod-
els strive for a minimum of detail, whereas simulationsvstifior a maximum. This Dichotomy
frustrates I-state modellers who wish to use simulataswmodels, and thus demand a degree of
generality from their simulations.

An additional bone of contention within the individual-kdsnodelling community concerns
the degree to which this modelling methodology is weddedttmpophical positionsregarding the
nature of the systems being modelled. Whereas Judson (5884jts that, amongst ecologists,
a growing awareness that ecosystems may be chaotic systmredud directly to the adoption
of I-state modelling practices which are more able to capthe complexities of such systems,
James Bullock (1994) has responded by suggesting that taugepe utility of these modelling
technigues is in no way dependent on accepting this pergpect ecosystems. He suggests that
individual-based modelling can profitably address a muatiewrange of phenomena which are
typically addressed by more traditional modelling teclueis

From the perspective of this chapter, the first of these despun directly analogous to the
issues raised in section 2.4 concerning the role of simaratas modelling tools, whilst the second
debate is similarly analogous to the problems identifiedughout this chapter in distinguishing
evolutionary simulation modelling as a methodology, frdm philosophical claims concerning
the nature of life, etc., which often accompany it.

2.6.3 The Role of Evolutionary Simulation Modelling

The preceding argument has attempted to present a congpelise for the utility of evolution-
ary simulation modelling within the biological scienceshi§ case is made on the basis of two
points. The first is that an equilibrium-centred perspecii«dominant within game-theoretic, and
population genetic modelling. The second is that thereeasans to believe that such a perspec-
tive precludes the appreciation of several important evahary phenomena. These points, taken
in tandem, justify a role for evolutionary simulation molde as an additional theoretical tool
to those already in the possession of theoretical biolsgiBivolutionary simulation modelling
should thus be regarded as augmenting rather than repjawicallenging, orthodox modelling
techniques, enabling systematic modelling approachesvieral interesting areas within biology
to be undertaken.
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2.7 Summary

Throughout this chapter, two distinctions have repeatbdgn made, and, relatedly, two compar-
isons. First, evolutionary simulation modelling has beeéstinguishedrom much evolutionary
simulation research within artificial life on grounds of exaiific rigour. However, evolutionary
simulation modelling has beeilied to much of this work on the grounds of a shared perspective
on evolutionary systems as primarilynamicsystems. Second, evolutionary simulation mod-
elling has beermparalleledwith the rigorous evolutionary modelling practice withimodutionary
biology, butdiscriminatedfrom this practice on the grounds of a difference of perdpeavith
regard to the dynamic character of evolutionary modelling.

Furthermore, care has been taken to distinguish this dyspenspective on evolutionary mod-
elling from the immature philosophical positions to whictfsioften affiliated within artificial life.
Similar care has been taken to distinguish between the &spktheoretical biology which result
in its scientific rigour, and those which result in its adoptof an equilibrium-centred perspective
on evolutionary modelling.

With these distinctions in hand, the spectrum of subjectenathich may be validly addressed
by evolutionary simulation modelling may be defined. Theédwing chapter will consider this
matter.



Chapter 3

The Evolutionary Perspective

“Without the methods of Copernicus, Kepler, Galileo, aneitsuccessors in astron-
omy, physics, and chemistry, Darwin would have been hedpleshe organic sci-
ences. But prior to Darwin the impact of the new scientificmoetupon, life, mind,
and politics, had been arrested, because between theberidearal interests and the
inorganic world intervened the kingdom of plants and angndlhe gates of the gar-
den of life were barred to the new ideas; and only throughgaiden was there access
to mind and politics. The influence of Darwin upon philosopésides in his having
conquered the phenomena of life for the principle of traosjtand thereby freed the
new logic for application to mind and morals and life”, (Dew&909, 24-25).

Possibly in allusion to Dewey’s (1909) above-quoted esshg, Influence of Darwinism on
Philosophy Freud famously described the theory of evolution by natseéection as the second
of three strikes against man’s anthropocentric view oftexise. Freud identified the first of these
strikes as the Copernican revolution, and, modestly, ting #s his own theory of the unconscious.
Under this rain of blows, Freud maintained, humanity hacheglished its claims to centrality
within the universe, supremacy within nature, and, finadlythority over the human mind and
body themselves.

This chapter will explore the possibility that the Darwinigevolution did not just intervene
chronologically between physical and psychological retiohs, but, as Dewey suggests above,
that it intervenes logically between them.

Does Darwinian thought have implications beyond the bimlalgsciences? The notion that an
evolutionary perspective might be applied to areas of iyguithin the social and human sciences,
as well as aspects of the life sciences, and potentially sirtiee physical sciences, is seductive,
but politically charged. This notion has attracted manyoadtes, both recently and historically,
but has often been accompanied by controversy. Attemptddceas psychological phenomena
from an evolutionary perspective have been particularhytentious, inviting accusations of prej-
udice and bigotry (see Lewontin, Rose, & Kamin, 1984, fonde).

Before addressing the possibility of using evolutionargdiation models to address theories
external to biology, this chapter will attempt to justifyethpplication of evolutionary frameworks
outside the biological sciences by arguing that the evohatiy perspective, when adopted legiti-
mately, stands in direct opposition to the notions of a fixatlral order which underly the posi-
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tions of authors who attempt to utilise biological deterisim and Darwinian theory as a means of
justifying racial, or sexual, intolerance (e.g., Herrimsi® Murray, 1994).

Two themes which have impacted on the attraction of the ¢ewlary perspective will be
explored in order to assess the validity of the applicatibewwlutionary perspectives beyond
biology. The first theme addresses the need to provide dealbgical accounts of natural systems
which, although appearing to demand explanation in termpsigdose, intention and design, might
more profitably be described in terms of contingent histdritevelopment under some adaptive
pressure. Thistheme stresses the utility of the evolutigmerspective in providing such accounts.

The second theme addresses the presence of teleology wieh@volutionary perspective it-
self. Might the language and imagery of evolutionary theoreven the mechanisms of evolution
themselves, be inherently teleological? If this were fotole the case, might not the adoption of
the evolutionary perspective outside biology typicallgut from the attractiveness of teleological
accounts, rather than the utility of the Darwinian method.

Once these two themes have been identified and assessedicaarly accounts within various
disciplines will be considered, before a definition of theletionary perspective which delimits
the range of subject matter that may be legitimately expldargough evolutionary simulation
modelling is offered.

3.1 The Potential for an Evolutionary Perspective within Scientific Enayiry

Dewey (1909) provides a fleshing-out of the three blows idiedtby Freud, through an account
of what he terms a “transfer of interest from the permanenh¢ochanging” (p.24). For Dewey,
the Darwinian revolution was more than a biological revigf it was the leading edge of a slow
wave of philosophical change which had rolled over the ptaisiciences during the Renaissance
and the Enlightenment, and, as a result of evolutionankth@ had proceeded to similarly sweep
across the biological sciences during the last half of timeteienth century. Moreover, Dewey,
at the outset of the twentieth century, could envisage thmesmovement engulfing the social
sciences, and lapping at the toes of religious and moralgthiou

The philosophical position which fell beneath this risinggtof dynamic thought was that of
the ancient Greeks. Platonic and Aristotelian notions ol order which was harmonious,
resisted change, and was under-written by a metaphysidwvdppealed to purpose, intention,
and design was gradually replaced by an altogether diffaretion of nature as an inherently
meaningless system; undirected, yet law governed.

It is in this respect that the quoted passage from Dewey witichvthis chapter opens likens
the Darwinian revolution to the Copernican — both struckiagaa philosophy which reified a
transcendental, fixed natural order.

Copernicus’ heliocentric model denied the divinely ordairneavenly order promoted by the
orthodox geocentric model. Subsequent development of taehby, for example, Kepler com-
plicated Copernicus’ model in ways which increasingly seeto deny that a creator’s hand could
be seen to have been at work in the organisation of the heabexlies. For example, celestial
motion had, prior to Kepler, always been conceived of asutare since the circle was “the most
perfect form, and hence the only shape suitable for the mstidthe heavenly bodies” (Wertheim,
1997, 74). Kepler's eventual rejection of circular orbitsfavour of elliptical ones, despite his
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own firm conviction that “the work of such a perfect Creatooshl be of the greatest beauty”
(Wertheim, 1997, 71), represents a triumph of empiricisraraogma. However, Kepler could
only reconcile his empirical findings with his religious aactions by maintaining that the ellip-

tical forms which orbits took were poor approximations te fferfect circular trajectories which

should ideally obtain. That they were only approximatiogsutted from the impure influence of
the material world in which they resided; i.e., they wer&elthe shadows on Plato’s cave wall,
merely reflections of more perfect forms to which they weee thy (divine) purpose and intention.

For Dewey, however, despite the inability of Kepler and rostemporaries to completely
shrug off the overcoat of teleology and don the smoking jackenaterialism, this and related
empirical work revealed the first cracks in a philosophytstiing back to the ancient Greeks, and
was eventually to succeed in banishing purpose and intefroon the physical world. With the
publication of DescartedDiscourse on Methodame a direct expression of the contention that
no characteristic of a physical system could be legitinyagsiplained through an appeal to the
system’s possession of purposive spiritual tendenciestwingendered a striving toward some
pre-specified aim, arelos whether such tendencies were “real essences, hidden forheccult
faculties” (Dewey, 1909, 24).

As Dewey notes, this revolution came as “something of a shimckstronomy, physics, and
chemistry, but was prevented from sweeping all before ith®y almost palpable fidelity of the
argument from design as applied to the realm of living thiny¢hereas stars and sand might
be subjugate to the impersonal laws of motion, starfish andvwgarms, lowly though they were,
could still be considered (ignoring the mechanistic exataons provided by Descartes) to exem-
plify the notion ofspeciesieveloped by the Greeks.

Under an Aristotelean philosophy which had reigned for the millennia prior to Darwin, a
species was a guiding hand (an invisible hand in the sensdaiSmith), which governed many
imperfect manifestations of a true type, holding them ireJimaintaining their uniformity of
appearance, behaviour and function. This guidance was atetrial, but transcendental, ensuring
that instances of these types resisted any “disturbing@gjrén order that they achieve some final
purposed end. For example, acorns distant from one anetlpace and time, and thus physically
unconnected, each endure wind and cold, yet obstinatetydae@lops into an oak, save those that
are thwarted by some interfering influence.

Under such a reading of the concept of species, an accouheofarigin, of the manner
in which speciesdapt to their environmerdver evolutionary time, is tautological. Species, as
transcendental “first and final causes”, influencing natuteout fear of reproach, do not change
as the result of some materialistic process.

As Dewey recounts,

“The Darwinian principle of natural selection cut straiginider this philosophy. If all

organic adaptations are due simply to constant variatiahtiae elimination of those
variations which are harmful in the struggle for existenattis brought about by
excessive reproduction, there is no call for a prior ingght causal force to plan or
preordain them”,ipid, p.26).

For Dewey, writing at the turn of this century, the successhag “new logic”, within first
the physical, and then biological sciences, boded well ftange in perspective throughout the
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philosophies of mind, politics, and religion. This changgerspective would involve a rejection
of the notion of a natural order in which stasis and fixity welevated to the status of fundamental
principles; in which change is regarded as a mere pertutfaictgr, resisted by legitimate predis-
positions which maintain true form. In its place would behiasied a notion of natural order in
which change was fundamental, non-teleological, and lavemed, moving from antecedents to
consequents in a manner sensitive to “specific conditiogepnération” (p.30). That is, a philoso-
phy based on the notion of an ultimately directionless, gftdmable, process, rather than notions
of speciesandtelos

Veblen (1898) , in his papai/hy is economics not an evolutionary scienaeaches similar
conclusions to those of Dewey. Veblen points out that biisksghad benefited from dispensing
with a teleological notion of adaptation. However, in @éfly describing the practice of contem-
porary economists, Veblen opines that “a sequence — andedageaental process especially —
must be apprehended in terms of a consistent propensitynigna some spiritually legitimate
end. When facts and events have been reduced to these tefumslamental truth and have been
made to square with the requirements of definitive normgaility investigator rests his case. Any
causal sequence which is apprehended to traverse the idyaggensity in events is a ‘disturbing
factor.” (p.220).

Veblen assesses the degree to which a sea-change withiamiosn analogous to that ex-
perienced within biology during the Darwinian revolutianight lead to an improved economic
science. He characterises the move as one from a taxoncamework, in which data is col-
lected and arranged according to some coherent, yet eslégatbitrary, organising principles, to
a genetic framework, in which data is collected and accalfdeas the result of some unfold-
ing economic life process. The advantage of the latter aggbra@ver the former, more “dismal”
science lies in its ability to address the concerns of thotsested in predicting, or explaining,
extant economic phenomena, rather than merely arrangesgetphenomena within some pre-
given scheme of norms, and accounting for irregularitieseasiting from the presence of some
“disturbing factor”.

Veblen considered that, given his impression of the themneatitrends within economics,
“it is only a question of time when that (substantially arsiig) habit of mind which proceeds
on the notion of definitive normality shall be displaced ie field of economic inquiry by that
(substantially materialistic) habit of mind which seeksoanprehension of the facts in terms of a
cumulative sequence.” (p.240)

Thus, at the turn of the century, both Dewey and Veblen weegireement as to the utility of
the application of an evolutionary perspective both withiology and the humanities. However,
both authors point out that the acceptance of a cumulativegss of adaptive change (i.e., the
adoption of an evolutionary perspective), may be accongubloy a teleological hangover in much
the same way that the dogmatic flavour of Platonic forms ¢aliktepler's empirical triumph.

Dewey identifies Asa Gray as one who, in attempting to red¢emtural selection with the
argument from design, was tempted to propose a guiding hatiihvwthe evolutionary process
itself. For Gray, rather than individual species takingecaf their own through the exertion of
some piloting influence, natural selection took the role wfppsive designer, steering a stream
of variations such that a final end (the natural order whiahosunds us) would be achieved, and



cliaptlel 5. 11e cvoluuoflialy rFrelfspetClves

maintained.

Veblen identifies a similar intermediate position in whiah @tempt is made to reconcile
evolutionary processes with the notion of a progressivean@nt towards, and subsequent main-
tenance of, some natural order.

“There is no abrupt transition from the pre-evolutionaryte post-evolutionary stand-
point. Even in those natural sciences which deal with thegsses of life and the
evolutionary sequence of events the concept of dispadsi@umulative causation
has often and effectively been helped out by the notion tiexetis in all this some

sort of a meliorative trend that exercises a constraininigance over the course of
cause and effects. The faith in this meliorative trend aswaept useful to the science
has gradually weakened, and it has repeatedly been disdybweit can scarcely be

said to have yet disappeared from the field” (Veblen, 1898).22

3.2 Meliorative Trends

Ironically, students of the Darwinian revolution have neite pointed out that the seeds of this
teleological fallacy exist within Darwin’s own work, andribermore, seem positively exacerbated
by the arguments presented by Darwin and associated evoisits.

In discussing the role played by the idealised norms, anebinedted propensities within the-
ories of economic behaviour, Veblen considers the podsiliilat their status is merely metaphor-
ical; that such terms are glosses on underlying, non-tefgcdl processes, which, at root, are
those responsible for the outward manifestations of oycErbnomic behaviour (e.g., might Adam
Smith’s “great wheel of circulation” be best considered &igarative reference to more proximal
financial processes?).

His conclusion, that such “metaphors are effective, bothéir homiletical use and as a labour
saving device — more effective than their user designs tlodme't (p.225—-226), is echoed by Beer
(1983). In her appraisal of the purposive rhetorical deviemployed within Darwin’s work, she
extends Veblen’s aside, suggesting that “the unused, @niratled, elements in metaphors such
as ‘the struggle for existence’ take on a life of their owneyIsurpass their status in the text and
generate further ideas and ideologies. They include ‘ntoma the maker of them knew'.”

In developing this argument, Beer is amongst a group of copteary historians, and philoso-
phers of science, who reject the notion that the success nfiba theory can be entirely ac-
counted for on the basis of its scientific merit (e.g., Mort@884; Young, 1985; Ruse, 1988;
Bowler, 1989).

In attempting to unravel the tendency within lay folk andderaics alike to read a progressive
disposition into the evolutionary process, such reseasabigen fret over the confusion created by
several of the terms and phrases most central to Darwin@oryh They worry over the threat of
tautology presented by Spencer’s ‘survival of the fittei® purposive implications of Darwin’s
‘natural selection’ and ‘struggle for existence’, the tdtmical uses to which the word ‘evolution’
was put prior to its adoption by adaptationfsstc.

1For example, Beer (1983, 15) draws attention to the fact ‘thating the eighteenth century, when the word
[evolution] was used, it meant the stages through whichiadibeing passes in the course of its development from egg
to adult”, i.e., a phenomenon loaded with direction and paep
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In addition, such authors concern themselves with attergt identify Darwin’s own posi-
tion with respect to the possibility of progressive evadutiweighing his explicit rejection of the
notion, which may be found repeatedly within his privaterespondence and professional writ-
ings, against the famous caveat, withheld until the las$qges of theOrigin of Speciesin which
he paints, with one sentence, a rosy picture of natural sefeas a benevolent natural process
bringing about increasingly harmonious accord, contahsiith the rather less bountiful laws of
physics.

“There is a grandeur in this view of life, . .. that, whilsts$tplanet has gone cycling on
according to the fixed law of gravity, from so simple a begimnéndless forms most
beautiful and most wonderful have been, and are being edgl¢@arwin, 1859).

Although Darwin is typically found to be on the side of thearand the good with respect
to his private notion of non-progressive evolution, he isused of muddying the waters with
his imagery, and confusing the issue with his turn of phraderton (1984) neatly summarises
this position using a distinction between the ‘Darwiniantahe merely ‘Darwinistic’, which he
attributes to Morse Peckham. Darwinistic arguments, wipilsporting to be under-written by
Darwinian evolution, retain a teleological account of eM@mnary progress which is incommen-
surable with Darwin’s true theory. “In such a terminology’bkion claims, “a good proportion of
Darwin’s own work ... would have to be condemned as Darwimisther than Darwinian” (p.62).

A general conclusion which has been reached within this afeanquiry is that Darwin’s
account of evolution admits of many interpretations, ofetia non-progressive picture of adaptive
change is only one. For Morton (1984), “the question at omesgnts itself whether any account
of nature rooted in empirical observation could really pithis range of interpretation and retain
its integrity” (p. 62). However, some researchers withiis tiield identify this very multiplicity
of meaning within Darwinian (and Darwinistic) writing wiits subsequent success (Beer, 1983;
Young, 1985).

For Beer (1983, 114), “Darwin’s theories ... containeihin themopposing stories ... His
theory could be extrapolated to suggest a random disorgéagaf forces, or it could be made to
yield the assurance of irreversible upward growth (his omage of théree emphasised vertical-
ity) ... The multiplicity of stories implicit in evolution asin itselfan element in its power over
cultural imagination: what mattered was not only the spestiries it told, but the fact that it told
many and diverse ones.”

Within biology itself, this plurality of meaning within Daiinian theory has manifested itself
as a debate concerning the possibility of placing an arroevotutionary change (Maynard Smith,
1970; Nitecki, 1988). Although the consensus of opiniorhwmitthe debate is currently that no
such temporal polarity can be placed on evolutionary chawg@in contemporary biology as a
whole there is much allusion, or explicit reference, to aimate directionality within evolutionary
adaptation

For example, Dawkins and Krebs (1979) conclude their dsionof “escalating co-evolutionary
arms races” with the speculative suggestion that such angsmmay account for the appearance
of a trend towards ever more complex organisms within natliteis discussion proceeds with
a dismissal of the available empirical evidence (Gould,7)9@nd theoretical argument (May-
nard Smith, 1970), both of which resist the “commonsensknigéhat there is temporal polarity
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in evolution” (Dawkins & Krebs, 1979, 508), before assagtihat, due to the fact that organisms
adapt to their biotic environment in addition to any abi@iwironment, evolutionary adaptation
will be progressive, at least in the short term.

In fact the notion that arms races necessarily escalatsfgest; since co-evolution s as likely
to lead to cyclic trends with no progressive element, ordesin which one side achieves ultimate
dominance over the other, or trends in which both sides reante compromise. Additionally, any
period of directional change which might occur during a goletionary episode is not guaranteed
to be ‘progressive’ by our standards, but could conceivamlplve an increasingeductionin
complexity on the part of both co-evolving populations, fas,example, each is selected for on
the basis of its ability to be more stupid, or smaller, or liesgervated or encephalised, than the
other. Furthermore the assumption that there is a trendaéasing complexity evidenced by
the fossil record, which must be accounted for by evolutigtizeory, is also regarded as suspect
(Gould, 1989).

The ability of evolutionary theory to account for a multiidf possible adaptive histories is
its strength. In a sense this strength results in the ingldidirectly test evolutionary theory with
observations from nature. The fact that a certain creatists or that a certain creature does not
exist, or that a certain creature has never existed can atbemmodated by the broad sweep of
evolutionary theory, although such facts may have impleet for specific accounts of particular
evolutionary phenomena.

This strength also results in an inability to place an arrovewolutionary change. Raup (1988)
encapsulates this argument when he considers whether $b# flecord might contain clues as
to evolution’s ultimate directionality. After reviewingselutionary accounts of the fossil record
which invoke evolutionary phenomena as diverse as the-feraerching tree of life’, the ‘winnow-
ing of less well-adapted forms’, the ‘rapid proliferatiohn@w niches following extinction events’,
and the ‘parallel convergent trends experienced by diffelireages as they settle upon analogous
solutions to some evolutionary problem’, Raup asks “If tigtdrical record were inverted, would
we recognize it as being in conflict with theory?” (p.301).

With such a panoply of selective metaphors from which to slepo@ach legitimised by evo-
lutionary theory, each suggestive of differing trajeatgrthrough evolutionary space, Raup con-
cludes that almosiny proposed history of adaptations could be accounted fotlleg&hether a
hypothetical evolutionary history primarily involves peds of diversification, or periods of con-
vergence, or is characterised by any intervening ratio efttto, metaphors for adaptation (and
the associated underlying evolutionary processes whicktautiate these metaphors) exist which
are able to account for the fossil record that such a histayld/produce.

From this conclusion it appears clear that evolutiorthsorydoes nofprescribeany partic-
ular directionality upon adaptation. However, as the dis@n presented by Dawkins and Krebs
(1979) reveals, biological observation does seem to stiggel a directionality. However, Gould
(1996) has recently presented a compelling argument stiggéisat the appearance of the evolu-
tionary process as purposive, teleological, and progressiay be explained through a combina-
tion of three simple factors.

First, as humans we have a human-centred perspective orepand therefore afford the
presence or absence of human-sized, human-tempo, cieatore weight than that of lifeforms
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more alien to us, e.g., bacteria. Secondly, the planet’sainodjanism, the bacterium, has not
increased in complexity since its arrival, and has been thdainorganism since very near the
beginning of life on earth. Although thmeancomplexity of life on eartthasincreased gradually,
this is merely a statistical artefact resulting from the that only the upper tail of the complexity
distribution is free to expand. Thirdly, humanity is arrogaself-serving, and, to paraphrase
Huxley's reply to Archbishop Wilberforce, would rather ram ignorant than stomach unpalatable
truths.

Of these, the statistical factor is perhaps the most sutdgtanf evolution is inherently pro-
gressive, or even progressive ‘on the average’, Gould agkg,are increases in complexity so
infrequent? (See Maynard Smith & Szathmary, 1995, for aoawt of the major increases in
complexity which have ocurred during the course of terrakévolution.)

3.3 Evolutionary Perspectives Entertained Within the Non-EvolutionarySciences

To summarise the position outlined above, evolutionarygi offers a powerful new perspective
from which to assess many aspects of the natural world. Thes®f this power lies in the pre-
sentation of a mechanism which, although itself directss| is capable of shaping systems over
time such that they give the appearance of deliberativegdesiowever, the power of the evolu-
tionary perspective is offset by a tendency to view evoluis involving some meliorative trend,
some beneficial tendency towards promoting what to our ey@s iappropriate state of affairs.
These two themes account for the prevalence of evoluticmapyoaches within non-evolutionary
sciences, such as linguistics, economics, psychologyr@mblogy, and even cosmology.

The following sections provide brief reviews of work withion-evolutionary sciences which
nevertheless possess an evolutionary flavour. Subseguetisub-classes of this work will be
discussed — the application of biological evolution to ptreena typically regarded as external
to biology (e.g., evolutionary explanations for phobiasyiher psychological traits), and the invo-
cation of non-biological evolutionary explanations folagtive change within systems of agents
(e.g., explaining the character of the universe througbking some cosmological analogue of
natural selection).

Once this discussion has been presented, an attempt willdoe mo provide some criteria
with which to assess the validity of taking the evolutionpeyspective on some natural system,
and relatedly the validity of applying evolutionary modedj techniques to test theories concerning
such a natural system.

3.3.1 Evolutionary Economics

Despite Veblen’s (1898) enthusiastic prediction, at theb@rthe last century, that the inception of
an evolutionary economics was imminent, the rate at whictugionary ideas have been adopted
by economists has been relatively slow, especially whenpeawed to the extent that economic
notions have influenced evolutionary biology (e.g., Magamith, 1982).

In place of evolutionary accounts of economic dynamicssigative models of economic sys-
tems have tended to be the vogue. A stereotypical examplecbfasmodel is the Philips Machine.
This machine was a physical implementation of a model of mnat economy realised as a hy-
drological system of flasks and tubes, pumps and valves.imatich a model, fluid represented
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currency, which could flow between various reservoirs whigpresented public spending, na-
tional reserves, etc. Increasing interest rates might Imeaiged of as increasing the pressure
within a certain vessel which might have ramifications tlyioout the system. However, the dissi-
pative nature of the model ensured that the system tendegstahilise after such a perturbation.
Only if radical interference pushed the system far from Blguum would it not return to a stable
state.

Thus, the Philips Machine includes no notion of continuesheenic change. The economy
is conceived of as a fixed system resisting perturbationshnais Aristotle conceived of species.
Enquiring of the Philips Machine how industrial innovationpositive feedback within futures
markets might influence the national economy is thus a &sstiactivity. The model has no room
for processes other than those which are homeostatic.

However, recently a journal devoted to evolutionary ecoiegrhas been established (e.g., Dosi
& Nelson, 1994), and several texts stressing the utilityroEaolutionary approach to economic
phenomena have been published (e.g., Nelson & Winter, 108&er, 1989; Epstein & Axtell,
1996). Specifically, notions of positive feedback remiersioof Fisher’'s runaway sexual selection
mechanism, and of the role of innovation, and the conceptai@mic niches have played a large
part in this burgeoning literature.

Accompanying this growing interest in evolutionary acctsust economic change, contempo-
rary authors have stressed the persistent spectre of #w@dgical fallacy within this work (e.g.,
Hodgson, 1991), vindicating Veblen’s contention that msipe accounts of economic change
were endemic within the economics community.

In addition to economic work which employs evolutionary inas as a useful conceptual
framework within which to explore orthodox economic modelg., Nelson & Winter, 1974, com-
pare neoclassical theories of economic growth with a nadfoeconomic development couched
in evolutionary terms), several studies of adaptation ivigtonomic systems have involved the
construction of evolutionary simulation models (e.g.,hAnt 1993; Gode & Sunder, 1993; Dawid,
1996).

In particular, Binmore (1987, 1988, 1994) has pioneeredwaugonary framework within
which to model the adaptation of economic behaviour witrarious games, markets, and auc-
tions. His models are presented within the game-theoretiadg)gm, and often involve the im-
plementation of simulations in which “replicator dynaniigovern the evolution of the system
through economic strategy spaces. These spaces typieatlyr& multiple Nash equilibria. In or-
der to generate predictions concerning equilibrium s@eci.e., to determine the likely eventual
outcome of a period of evolution, Binmore models the behavad these systems over various
time scales, and subject to various mutation regimes, iitiaddo deriving the number and char-
acter of the available equilibria analytically where pbési

3.3.2 Evolutionary Linguistics

A recent interest in evolutionary accounts of languageinsigand language development may
be identified within the linguistics, psycholinguisticedaneurolinguistics literature (Bickerton,

1990; Pinker, 1994; Jackendoff, 1993). This interest indpdilelled, in part, by genetic studies
demonstrating that certain language disorders may be ifededirectly by certain genes (Gopnik,
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1994). Distinct from these studies concerning the evolutiblanguage are models of language
change.

For example, Kirby and Hurford (1997) demonstrate, using\aiutionary simulation model
of the interaction between language learning and languagkitéon inspired by Hinton and
Nowlan’s (1987) exploration of the Baldwin effect, that tlguages spoken by communities
in which language structure is innately specified will naaiefe over time.

Their model is motivated by the observation that the langgaghich are spoken across the
globe today are not a representative sample of logicallgiptslanguages. In contrast, extant lan-
guages tend to be of a certain kind. It has been proposedhdigtribution of spoken languages
might be explained through some appeal to the increasedkeffic of these languages over other
logically possible languages. For such differences iniefficy to impact upon the distribution of
language structure evidenced by contemporary living laggs, a selective mechanism capable
of favouring the existence of more effective language stmés must be demonstrated. That is,
some selective process must have ensured that certairdgegproliferated at the expense of less
well-adapted alternatives.

With the formulation of this theory, we see the beginningafevolutionary account of lan-
guage change, not at the resolution of phylogenetic chamyegntogenetic change, but some-
where in between, at a level which has been dubbed glosssig€ké@by & Hurford, 1997). The
model provided by Kirby and Hurford (1997) explores the rat#ion between adaptation at each
of these levels, in an attempt to derive some conditions lwhiast be met in order that adaptive
glossogenetic change might occur.

Within the model, language users are converged upon a céaguage structure, and their
ability to speak and understand languages of this strubaseémplications for their fithess. Under
conditions in which this language structure is innatelycsjied, mutant language users will suffer
a loss of fithess, since they cannot speak or understandtipedge of their contemporaries. Such
mutants will experience this loss of fithess despite any tianal superiority that their mutant
language might enjoy in terms of, for example, its reducedaleds on short term memory.

However, allowing language parameters to be learnt dunmigdividual language user’'s de-
velopment introduces the ability of a language user to ba both a different innate language
structure, yet still to be able to converse with other memldrits language-wielding commu-
nity. Within such scenarios, a mutant language user withréglist genetically specified language
structure, which enjoys a functional superiority over taaguage structure of its conspecifics,
might enjoy anincreasein fitness resulting in the transmission of its language patars at the
expense of the less well-adapted language with which itnspsging.

For example, a mutant language-user for whom a parameteitdftmnspecifics must learn is
genetically specified may enjoy an increased ability torléhe language spoken within its com-
munity. The fitness increase enjoyed by such a mutant reauhs proliferation of the gene spec-
ifying this parameter, at the expense of genes which sp#u#lythis parameter must be learned.
Over evolutionary time canalization, or genetic assinolatwill result in populations fixated at
the locus of this gene such that the parameter coded forsatatis is specified to be that of the
mutant.

In contrast, mutant individuals whose grammar, subsequestdme critical learning period,
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generates sentences that are easier to parse than thosst@eihg its conspecifics will also enjoy
an associated increase in fithess. Furthermore, subsegpregrations of language learners will be
exposed to these more easily parsed sentences, and thusamayriore efficient grammars. This
adaptive language change is what Kirby and Hurford (199€) te as “glossogenetic change”.

The authors’ finding is clearly related to the Baldwin eff@ctthat their simulation model
explores the interaction between language learning arglikge evolution. Crudely, their conclu-
sion can be cast as a claim that without a learnt element gukge no mutant language user can
make themselves understood, and thus language cannotchdagtively. With a learnt element
to language structure (i.e., grammar), the twin effects exfadic assimilation (i.e., the Baldwin
effect) and glossogenetic change, are opposed.

A similar, but more complex model, involving closer attemtito linguistic theory has been
presented by Briscoe (1997). Such models of adaptive layjegaaange are clearly evolutionary
simulation models despite their focus on linguistic setect

3.3.3 Evolutionary Psychology and Social Anthropology

Psychology and evolution have enjoyed a complex and ietatad history which | do not claim to
be any particular authority on. However, an evolutionarspective on human behaviour seems
to be the logical consequence of (i) the application of etohary thought to the animal kingdom,
coupled with (ii) the fact that man is a member of the animagkiom. Despite this apparent solid
basis for inquiry, the pursuit of evolutionary accounts afrtan behaviour has been surprisingly
unstable.

Darwin famously included very little mention of humanityhis Origin of Speciesreserving
his account of human evolution for a subsequent book (Dart#71). Darwin’s protegé, Ro-
manes (1883, 1888) explored the notion of psychologicatioaity between man and beast in
his Animal IntelligenceandMental Evolution in Mapan exploration which is being pursued by,
amongst others, Griffin (1976, 1984, 1992) under the ausmit€ognitive Ethology (see Ristau,
1991, for a review of this field).

More direct application of evolutionary theory to human &ébur has been given many names
including comparative psychology, sociobiology (Wilsd9,75), and more recently evolutionary
anthropology (Boyd & Richerson, 1985), and evolutionarygh®logy (Barkow, Cosmides, &
Tooby, 1992). Research within these fields attempts to geoadaptive explanations for the char-
acter of human culture and the human psyche.

Unfortunately, such accounts are often characteriseddiydpponents as ‘just-so-stories’ (for
a discussion of sociobiology in this light, see Ruse, 1988 have already seen how different
selective mechanisms may be invoked to provide diverseustsmf evolutionary trajectories
(see section 3.2). The root of the repeated objections tluwnary accounts of the origin and
character of human behaviour seem to be fuelled by the appareitrariness of these accounts,
and their tendency to support rather crude pictures of husnaietal order. Such objections persist
despite the most recent evolutionary psychology distanitgelf from what was perceived as the
crude genetic reductionism of sociobiology.

Researchers within these disciplines have scant meanstofgeheir verbal arguments, and
little inclination to do so. As a result there have been onfgva attempts to model the evolution
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of psychological systems (although see Miller & Todd, 1996¢d & Miller, 1991a, 1991b, for
evolutionary simulation models of various learning preesy.

The relationship between developmental psychology andystdgy, on the one hand, and
evolutionary biology on the other is perhaps more intimaie eomplex than any other psychol-
ogy/biology relationship (e.g., Butterworth, RutkowskaScaife, 1985% Costall (1985) dis-
cusses the widespread use of developmental evidencedoitalkly support phylogenetic gradu-
alism in the wake of the publication of the Darwin’s works amlkation (what he terms a “lazy
man'’s palaeontology”, p.35), and the subsequent rejedifidtaeckel’s (1874) overly simple no-
tion of ontogeny recapitulating phylogeny in favour of deyemental theories with no evolution-
ary element. Piagetian genetic epistemology (Piaget, 198@med to revitalise a relationship
between phylogenetic and ontogenetic change, but, Cestafitains, involved confusions as to
the relationship between organism and environment ovelogleyetic and ontogenetic time.

Current progress in evolutionary theory has enabled dewveémtal psychologists to move for-
ward from Haeckel's (1874) simplistic recapitulation thgoln its place a notion of ontogenetic
development is being constructed which, in addition to geianstrained by both genetic influ-
ences and environmental structures, and in contrast taigonary development, is conceived of
as a directed process, in the sense that there is an aduitismgavhichshouldarise from an
embryo, not merely one thatill arise.

This dynamic, adaptationist account of development hadg/éle adequately captured by
theory, but several initial moves in this direction haverbe®ede (e.g., Thelen & Smith, 1994).

Dawkins (1976) has suggested that ideas may themselvegegompeting for the limited re-
sources of (human) memory and attention. Although the detdimimetic evolution are sketchy,
the notion has had considerable appeal, and recently addrape been made to analyse the de-
velopment of discourses in terms of memetic competitiog. (8Best, 1997). However, until the
details of memetic reproduction, and heritability, selactetc., have been determined such mod-
els appear to be at best premature.

These particular intersections of evolutionary theorylwgbcial and psychological sciences
may be regarded as analogous to the intersection of evoaridheory and linguistic develop-
ment described above, in that, rather than involving arré@stein the biological evolution of hu-
man linguistic or developmental features, researchersinvihese intersections attempt to apply
evolutionary, adaptive, and dynamical notions to theodieshange within a non-phylogenetic
timescale.

3.3.4 Evolutionary Cosmology

I have included a discussion of “evolutionary cosmology’aasexample of an area of scientific
enquiry within which the adoption of an evolutionary persippes seems less well-advised. This
discussion draws primarily upon a short commentary reggniblished by Maynard Smith and
Szathmary (1996).

Several physicists have proposed that the structure of nherse we inhabit seems almost
miraculously suited to our needs as human beings. This hdstame to propose that our existence
now has somehow influenced the manner in which the univevedvied’ way back when (e.g.,

2As mentioned in a previous footnote, the term evolution witiily used to refer to ontogenetic development.
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Barrow & Tipler, 1986; Smolin, 1997). The disposition of suauthors to account for what
they consider to be a comfortable natural order through sappeal to the necessity of this state
of affairs smacks of a teleological foundation, and, totleegdit, authors such as Barrow and
Tipler (1986) pay some considerable attention to the rol¢etdfology within their ‘anthropic
cosmological principle’.

One rendering of the notion that human life within the costisas likely, or even necessary,
product of the way physics works has been presented by Sifid#v). Smolin proposes that our
universe is the product of cosmological evolutionary peses which select for certain kinds of
physical laws, laws which just happen to be able to suppartulife. However, Maynard Smith
and Szathmary (1996) have pointed out that one of the imgméxirequired by an evolutionary
account is missing from this notion of cosmological evaluati

In order that some form of selection over possible worldsdsgible, these possible worlds
must compete for some limited resource. Although this $aifon does not require that evolving
systems come into direct physical contact with one anoiheiges require that the increasing
success of one system necessarily results in the decresisaugss of others. Since multiple
universes may be infinite in number, there seems no equivadethe limited resources which
terrestrial organisms compete for (although Gribbin, 1986 suggested that these universes are
“jostling for spacetime elbow room within superspace”, weheuperspace contains all possible
causally isolated universes). Without this analogue, ipleluniverses are free to develop in any
manner; they are free from the constraining hand of seledtvces. As Maynard Smith and
Szathmary (1996) point out, although one may predict ttesraf reproduction of these possible
worlds, one cannot claim that particular possible worldi exist at the expense of others.

3.3.5 Evolutionary Computation and Evolutionary Design

The application of evolutionary principles to the optintiea of man-made systems (e.g., max-
imising the through-put of a production plant through ewdvefficient production schedules,
Husbands, 1993) necessarily involves an end-directedmofiselection. Engineers implement-
ing evolutionary search algorithms do so with a purpose.yTheve a goal to which they hope
evolution will lead them. However, although, as discusdsal/a, imputing an inherent progres-
sive tendency to natural evolution is contentious, as ameegng practice, a reliance on artificial
selection as an optimisation technique is perfectly valid.

Whereas natural selection does not strive toward any goil,gossible, through judicious
interference with natural evolution, autificially steer evolutionary change in a certain direction.
Artificial selection as practiced by animal breeders is #yahis judicious interference. Since the
breeder is able to steer the evolutionary process througb$ing a selective breeding regime on
her stock, goals (such as a strain of animals with a particuik yield) may be achieved over
evolutionary time. Indeed, the example of directed chaegelting from artificial selection led
Darwin to propose the term natural selection as an analogwuos with which to describe the
undirected equivalent which takes place in the wild.

Many researchers implementing evolutionary algorithmsanisation processes appreciate
that the closest analogy to their work is to be found withitifiaral selection paradigms, rather
than evolution in the raw (e.g., Husbands, 1992). Howevighimthe evolutionary computation
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field there is a tendency to attribute the power of evolutigridesign’ (which engineers wish
to harness, and turn to their own ends) to various featuremtfral selection which are absent
from artificial selection. This tendency is probably deiéefes Natural selection has demonstrated
its ability to evolve man from monad, whereas artificial sdten upon a particular breed seems
limited to varying but a few crude characteristics, and eem only within certain bounds.

The limits of artificial selection are accepted by some ‘atioinary engineers’. For example,
Harvey et al. (1993), in a paper promoting the use of artifevalution as a technique capable of
designing controllers for autonomous robots, maintain ‘then using the evolution of animals
as a source of ideas for the evolution of [robot controlleve]utionary algorithms] should be used
as a method for searching the space of possible adaptati@msexisting [robot controller], not
as a search through the complete space of [robot contr3l(er865). This engineering approach
based on animal breeding should perhaps be termed arttigsddandry in order to distinguish it
from artificial selection as it is practiced by animal breesdge., natural husbandry).

Although features of evolution in nature such as co-evohlytspeciation, etc., are indubitably
responsible for the extended ability of natural selectwith) this extended ability comes a feature
of natural selection which should be anathema to ‘evol@igengineers’ — its directionlessness.

Although many papers on co-evolutionary design have bebhghed within the evolutionary
computation field (e.g., Hillis, 1990; Reynolds, 1994; B&e1995; Sims, 1995; Cliff & Miller,
1996; Pollack, Blair, & Land, 1996), as yet no technique focumventing the purposelessness
of co-evolutionary change has been developed. Authors tieveloped techniques for judging
the presence, rate, and extent of evolutionary progredsirwgo-evolutionary design regimes
(e.g., Cliff & Miller, 1995), and have speculated as to tharelcter of problems which will prove
amenable to co-evolutionary styles of automatic design,(€ollack et al., 1996), but these con-
siderations are rare. For the most part, the literature neagharacterised as resulting from an
optimistic belief in the ability of co-evolution to producemplex, robust solutions to difficult de-
sign problems, coupled with a grudging acceptance thatvobsgonary design may need special
‘kludges’ designed to ensure continual progress in somfeeal directior?

Such kludges have typically been arrived at in an unprirecigind atheoretic manner. It seems
reasonable to suggest that a more profitable approach migtat derive techniques for encour-
aging directional evolutionary change from theory withuokeitionary biology. Such techniques
may notguaranteecontinual progressive evolution toward some specified,dnglmay increase
the likelihood of directed evolutionary change, at leastifoited periods. This topic is explored
further in chapter 4.

3.4 Evolutionary Models of Non-Evolutionary Phenomena

The research sketched above may be divided into two cagsyoFirst, some work applies the
theory of biological evolution to phenomena which, althbagtural and at root biological, are not
typically addressed by biologists. Such research atteto@tscount for the origin and subsequent
development of such phenomena from a biological evolutipparspective. Examples of this

3For example, both Rosin (1997) and Cliff and Miller (19963es that co-evolutionary design is assisted if current
solutions are assessed with respect to both thairentco-evolutionary partners and the best of thamiicestralco-
evolutionary partners, i.e., a population of ancestr&shvhich is maintained artificially over evolutionary time
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class of research include discussions of the origins, aaldigan, of language, and psychological
phenomena.

Such research is problematic in that verbal arguments coimgethe evolution of complex
traits, sometimes specific to humans, are hard to formatistear models.

The second category of research involving the adoption efatutionary perspective involves
attempting to explain the dynamic characteristics of systerhich may be non-biological through
an appeal to some adaptive mechanism which, although nloigiacal evolution, bears some re-
semblance to it. Such work includes models of glossogeoktinge, memetic evolution, cultural
evolution, and potentially cosmological evolution.

Before such research can be carried out successfully, teatef the analogy between biolog-
ical evolution and the ‘evolutionary’ process posited aggplanation of dynamic change within
the target system must be described. This description ndgseas many issues, including the
nature of heritability within the target system, a charastgion of the units of selection within
the system, the resources for which the agents within thiesyare competing, etc.

For example, might memetic evolution involve Lamarckiahdritance? Should economic
learning be characterised as evolutionary change driverobpetition for goods, money, or ‘util-
ity’? Might glossogenetic change involve both genes and e¥hWhen considering evolutionary
cosmology, might the ‘genes’ which code for the laws of oné&ense behave analogously to
biological genes when that universe spawns another (eeticplate inheritance), or might such
‘genes’ mix together in some continuous fashion (i.e., Bieg inheritance)?

Differing answers to questions such as these will have piradceffects on the evolutionary
dynamics of the systems at issue. For example, if mutant meares distributed around their
parents in a directed manner, i.e., if new memes tended tafteeedit from their parents in a
direction which tends to increase their fitness, the rasgikivolution would be radically different
to that of biological organisms.

As Maynard Smith points out in hiSvolution and the Theory of Gamemme theoretic mod-
elling techniques are capable of capturing the dynamicsibfial evolution and developmental
evolution, in addition to biological evolution. Similarlgvolutionary simulation models are suit-
able tools for approaching both of the categories of re$edescribed above. However, before
such modelling can be achieved profitably, the mechanismergimg evolutionary change must
be clearly specified.

The use of evolutionary inspiration in the creation of auaitimdesign processes fits neither of
the two categories outlined above since both are scientiferprises, whilst artificial evolutionary
design is an engineering practice. As such, researchenested in evolutionary design are free
to explore any possible answer to the kind of questions pabede. The only constraint on
these decisions is that they result in effective evolutipdasign. For example, researchers within
this area have explored Lamarckian inheritance (Sasaki Bofim 1997), sexual reproduction
involving more than two partners (Coker & Winter, 1997), sakselection (Miller, 1994), and the
Baldwin effect (Mayley, 1997), with a view to increasing &féciency of evolutionary design.
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3.5 The Evolutionary Perspective and Evolutionary Simulation Modelling

In this chapter, the evolutionary perspective was first dieed in terms of a rejection of animist
Greek philosophy, a philosophy steeped in teleology. Sylesatly, the degree to which Darwinian
thought actually constitutes emancipation from this tielgizal position was discussed, before a
review of evolutionary perspectives in the non-biolog&egknces was presented.

It should by now be clear that in order for the evolutionarygpective to be validly adopted
toward some system, it must be the case that the system c@ms@gents competing for some
resource. Furthermore, such agents must reproduce andrépedduction must include some
element of heredity. Such a system will evolve over time axtuilgt a propensity to adapt to
changing circumstances in a manner which tends to incréasadaptive fit of the agents to their
environment. A system to which one may validly adopt an ewohary perspective is one which
may profitably be explored using evolutionary simulatiordeiing.



Chapter 4

Prospects for Artificial Co-Evolutionary Design

Genetic Algorithms (GAs) typically work on static fithesaéiscapes. In contrast, natural evo-
lution works on fitness landscapes that change over evolatytime as a result of (amongst
other things) co-evolution. The attractions of co-evalntiry design techniques are discussed,
and attempts to utilise co-evolution in the use of GAs asgiesiols are reviewed, before the
implications of natural predator-prey co-evolution aresioered. Utilising strict definitions
of trueanddiffuseco-evolution provided by Janzen (1980), a distinction &xdr between two
styles of evolutionary niche, Predator and Parasite. Thadoniche is robust with respect to
environmental change and features systems that have hati®evolutionary problems in
ways that reveal general purpose design principles, wihigshature of the latter is such that,
despite being fragile and unsatisfactory in these respié@sanevertheless evolutionarily suc-
cessful. Itis contested that if co-evolutionary desigmiprovide systems that solve problems
in ways that reveal general purpose design principlestagrovide robust styles of solution,
true co-evolution must be abandoned in favour of diffuseweolutionary design regimes.

4.1 Introduction

This chapter will act as an interlude, dividing the largehjlpsophical material which precedes it
from the largely theoretical material which follows it. Wih this chapter the engineering practice
of artificial co-evolutionary design will be described arssessed from the perspective developed
in the last chapter. This discussion will also serve to idtrce the notion of a Genetic Algo-
rithm (GA), a computational algorithm which captures thgital structure of evolution. Such
algorithms will feature heavily in the evolutionary simtitm models developed in chapters 6 and
7.

The attraction of artificial evolutionary design technigties in the undisputed majesty of nat-
urally evolved systems. That the organisms which populeevorld — complex, economical, and
robust solutions to evolutionary problems — were genertdiszligh a process of replication with
variation is a supremely encouraging discovery. The dgraknt of man-made design processes
fashioned in evolution’s likeness offers us the chance tadss and direct some of the creative
power of evolution.

However, the most representative products of evolutiomatenecessarily the organisms that
catch the evolutionary roboticist’s eye. For example, etioh does not of necessity strive for
complexity. This is attested to by the multitude of simplgaisms prevalent on this planet.
Similarly, although economy is the norm amongst evolveditnes, there exist selective pressures
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which are capable of producing energetic, opulent andgegttavagance (Fisher, 1930; Zahavi,
1975, 1977a). Further, although the vast majority of theitsmhs to life’s trials arrived at via
the evolutionary procesare robust systems towards which, as a designer, one mightt dinecs
admiration, there is evidence to suggest that evolutiomisky capable of generating systems
which should fail to satisfy the evolutionary roboticigti®ject.

Consider the problem encountered by Clever Hans, the augihtirse. Hans was required
to tap his foot a number of times to indicate the answers tinmums. Hans arrived at a
solution to this problem that | will term ‘fragile’. Rathenan actually performing the calculation,
Hans merely tapped his foot until his trainer gave a slighintentional signal. As Hans’ trainer
always gave this signal when Hans had tapped the correct etuofitimes, Hans always got the
answer right. This solution is fragile because trivial opes in the problem which should not
affect Hans’ performance, such as removing the trainer fidans’ line of sight, will destroy
Hans’ ‘mathematical’ ability. Note that Hans’ solution idllgobust under a fairly wide range of
circumstances including changes in the weather, the clgtbi his trainer, etc. Fragility is thus
context-dependent, and a matter of degree.

Evolution appears to have weeded out fragile solutionsnigademanded of its creations that
they satisfy reproductive demands in a wide variety of hestinpredictable situations, and indeed
this is, on the whole, the case. However, such robustnesstia product of theevolutionary
processso much as theelective pressurender which most of natural evolution’s subjects have
toiled. In exceptional cases, evolution can produce systenfragile as Hans’ claims to numeracy.

If such systems exist in nature (and | will attempt to showt thay do), how are we to avoid
generating them in our attempts to evolve systems whichauisns to design problems? How
can an evolutionary roboticist guarantee robust solufoits answering these questions it will
be useful to consider evolutionary biology’s notion of aedition and how artificial evolution
measures up to it.

4.2 Co-evolutionary Design

Genetic Algorithms (GAs) are a design/optimisation tegeiinspired by natural evolution (Hol-

land, 1975; Goldberg, 1989). The bare essentials of ewnlaty theory (selection, reproduction,
variation, fitness, etc.) are idealised and applied to eidifgenetic material in an attempt to evolve
solutions to problems.

A genetic algorithm works on a group of potential solutioostproblem, termed a popula-
tion. Each solution takes the form of a string (chromosonfdgtters (genes) from an alphabet
(typically consisting of the binary digit§0,1}). The algorithm first assesses these ‘genotypes’
allocating a fitness value to each, dependent on the degredith its associated ‘phenotype’
solves the problem (e.g., how well the parameters specifieddhromosome optimize a function,
or characterise a useful bridge, or pack a lorry, etc.).

Once this has been carried out, a new population of genotygebe created by breeding the
current population. Parent chromosomes are chosen with bdams towards those that are most fit.
Reproduction may be asexual, in which case a parent genityperely copied to its offspring,
or sexual, in which case each parent contributes some gemeterial to their offspring. This
is typically achieved through some form of cross-over oferavhich takes two chromosomes
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and produces two more by swapping a randomly chosen porfithhe@enome from each parent.
During reproduction there is a small chance that mutatioyp ocaur resulting in a less than perfect
copy of genetic material. The role of mutation in the reprtthn process is to introduce some
variation within the population. The cycle then repeatdagiffspring generation is assessed, and
bred, etc.

Genetic algorithms, like other optimisation techniques,aiten thought of as traversing land-
scapes. A potential solution is represented as a point ih adandscape, the height of which
corresponds to its ‘fitness’ — the extent to which it solvesgihoblem. Fitness can either increase
with height or increase with depth. For the remainder of thiapter | will adopt the former
convention.

Genetic algorithms typically work with a population of stans scattered across the fitness
landscape which gradually converge on one of the fitnessmeaxi he fitness landscape is fixed
by the designer of the GA when she decides how she will ashesgdtential solutions in the
population. For example, if evolving a bridge design, the @signer may specify fithess as
being a function of some measure of safety, a measure ottcHfiacity, and a measure of cost.
As such a function does not change throughout the evolutioress, the fithess landscape can be
regarded as static, i.e., a potential solution with fitnes#| always have fithess independent of
its peers or the passing of time. Indeed almost all optinaeaechniques traverse static fitness
landscapes.

A fundamental problem for the designer of genetic algorghisnspecifying the problem that
is to be solved, in terms of a fitness function, in a mannerdhatvs incremental steps towards a
solution to be rewarded. If the fitness function, a metricehhis used to assess the degree to which
a solution solves the problem, is not so constructed, thetgealgorithm may spend periods
of time on plateaux with no method of discriminating betweempeting solutions, or favour
solutions which are evolutionary blind alleys leading teadbmaxima from which it is hard to
escape, or suffer from excessively ‘noisy’ fithess landssaphich are prohibitive of incremental
progress.

In contrast to these static landscapes, natural evolutamaswon a dynamic fitness landscape
(Bullock, 1995b). Over evolutionary time the fitness of a pbtype (solution) may change rad-
ically. What was a winning strategy (e.g., eating flora ofetyf) becomes ‘out of date’ as
conspecifics, predators, resources, etc., change thrdweghawn evolution. The resultingo-
evolution the evolution of systems in response to each other, cardogkit of as ensuring that an
organism’s evolutionary goal-posts (maxima in the fithesslscape) move. Rather than working
towards the solution of some fixed problem, organisms arstemtly adapting (over evolutionary
time) to each other, their surroundings, etc., which aretdelves adapting in response.

The possibility of artificial co-evolutionary design tedtjues offers the opportunity to cir-
cumvent the problems associated with static fitness lapeésday automatically moving the GA's
evolutionary ‘goal-posts’, gradually changing the prablas the population moves over a dynam-
ically changing fitness landscape. What are the prospectifth an automatic co-evolutionary
approach? Initial work in this area is thin on the ground,dart be divided into two camps.

First, artificial co-evolutionary paradigms concernedhwitodelling natural phenomena such
as communication include seminal work by Werner and Dye®{)9in which male and female
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animats co-evolved signal production and signal integtieh protocols in a simple animat-world,
allowing immobile females to attract blind males. Althougsearch paradigms involving such
idealised worlds are fraught with difficulties (Cliff & Budtk, 1993), studies such as this laid the
groundwork for subsequent, more theoretical, co-evoharg studies of parental imprinting (Todd
& Miller, 1993), aggressive signalling (de Bourcier & Whegl1994), predator-prey co-evolution
(Miller & CIiff, 1994), sexual selection (Miller, 1994), ahco-evolutionary analysis tools (Cliff &
Miller, 1995).

Although such work is theoretical in flavour, as the naturamificial co-evolution is uncov-
ered, and the intricacies of natural co-evolution are agipted, implications of a more practical
nature, particularly in the field of evolutionary roboticgem inevitable. However, it is to the
second group of research efforts that this chapter is pifyraadressed.

This second embryonic research programme is concernedtiliging artificial, co-evolutionary
paradigms in the design of useful systems. In contrast tthéwretical drive of the co-evolutionary
simulations mentioned above, these research projectsacéqal, pragmatic attempts to engineer
solutions to real-world problems. In the terminology irtuzed in chapter 2, the distinction being
made here is one of Model class vs. Working class artificialresearch. Initial work in this area
includes research by Hillis (1990) and Robbins (1994), ifciviparasites are used to increase the
performance of artificial agents, Husbands (1993), in witehco-evolution of shop-floor sched-
ules was explored, and (Pollack et al., 1996) in which backgan players were designed through
a co-evolutionary process. Such work, however, is in itariafy.

In addition, the incremental approach of Harvey et al. ()99h be seen as an attempt to
use co-evolution in the design of autonomous agents. Thetsge/olved initially face a simple
sensory-motor problem, which is incrementally made mof#cdit in an effort to coax complex
behaviour from systems which could not be evolved from strabuch scaffolding techniques are
reminiscent of the parent-child interactions that faatktinfant development (Rutkowska, 1994).

However, the hand-cranked nature of such scaffolding requhe presence of a human de-
signer ‘in the loop’ and, potentially, the tasks of specitythe incremental goals that allow evo-
lution to reach solutions to complex problems could itseltdime as problematic as designing
the agents manually. However, a more general problem maghszént in such co-evolutionary
approaches. Before describing this problem in more deteélnatural co-evolution of predators
and their prey will be considered.

4.3 Predator-Prey Co-evolution

Predator-prey evolutionary dynamics exhibit what behasabecologists have termed ‘evolution-
ary arms races’ (Dawkins & Krebs, 1979). For example, thestiggment of higher acuity in a
predator may be countered by the evolution of camouflage ireg; gieeth and claws provoke
carapaces and scales; toxins demand antidotes, etc.

It is suspected that such arms races may result in highlyloleed behavioural skills and com-
plicated morphology. This complexity is the result of thergasing demands placed on organisms
by their environment (including their conspecifics, predlsf prey, etc.). The hunting skill and
speed of the peregrine falcon, for example, would not hawéved without the concurrent evolu-
tion of the perceptual capacity and escape capabilitiets qirey.
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Does any kind of co-adaptation qualify as co-evolutionZzéar(1980) distinguishes between
true co-evolution and what he terms “diffuse” co-evolutidgte defines the former as continued,
specifi¢ reciprocal, evolutionary change, i.e., continued evohdry change in one specific trait
of one population in response to the continued, recipramadjutionary change of one specific
trait possessed by another population. In contrast, diftiesevolution is continueaon-specific
reciprocal, evolutionary change, in which a trait of one plagion changes over evolutionary
time in response to groupof traits possessed by another population (which may cosereral
species).

For example, the evolution of egg-mimicry and egg-disaniation in species of bird that re-
spectively perpetrate and suffer the dumping of eggs inidoreests is an example of true co-
evolution in that the traits involved have evolved specifictr the purpose of brood-parasitism
and defeating brood-parasitism respectively. Experiatgo shows that species beyond the nor-
mal range of host-parasites show less strong egg-disaitinimthan those which routinely suffer
egg-dumping, whilst species not subjected to such pasasghow little discriminatory ability at
all (Davies, Bourke, & de L. Brooke, 1989). Furthermore, igye within a species of parasite
which differ genetically may evolve mimetic egg patternsdfic to different hosts.

Conversely, although the hard, ridged shells of many cogstas are the result of the contin-
ued, evolutionary escalation of shell breaching mechasismployed by their predators, these
impregnability traits have evolved in response to a groupaifs in a number of predatory species
(a variety of shell piercing/crushing techniques), rattiam one specific trait (e.g., pincers) and
are thus examples of diffuse co-evolution (see Endler, 1&8Turther examples).

In fact, under Janzen’s definitions, it is hard to femalyinstances of co-adapted predator-prey
traits that can be classed as the produdtwé co-evolution. For example, the speed and strength
of feline predators did not evolve solely in response to teape tactics of their prey, but under
a more general, “diffuse” selective pressure that favodaster and stronger cats for a variety of
reasons. Similarly, the discriminatory abilities of préata tend to be general ones rather than the
egg-specialised systems of cuckoldry sufferers.

In contrast, there is evidence to suggest that much patas#ieco-evolution isrue co-evolution.
In addition to the egg-dumping research mentioned abovesaony parasitism by alien queens,
and mammalian ectoparasites all feature co-evolved {faitdler, 1991).

Endler explores a number of reasons to account for the diffa¥s between predator-prey and
parasitic arms races. Firstly, whilst predators typicabploit many prey species, most parasites
are host-specific. This ensures that specialisation bygpoeslis difficult whilst parasites experi-
ence a “more consistent and simpler selection pressurg9%, allowing the genesis of specific
adaptations to their host species to occur more easily. aRvegipracticing apostatic selection,
preferentially over-exploiting the more frequent preyeégpand switching between preferred prey-
types as prey densities change, will also experience lésstse pressure for specialised traits.
As parasites Kill their prey more rarely, and thus spend nesdutionary time concentrating on
one species, apostatic effects are a less significant peessu

Predators encounter generalised defences more frequkatiyspecialised ones as they typi-
cally occur earlier in the predation sequence — the serietagfes that must be passed through
before a predator consumes a prey item. The predator museguofrom Encounter, through
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Detection, ldentification, Approach, and Subjugation ton€amption of the prey, and will be
confronted with various defences along the way. For examaleéhe level of Encounter, hid-
ing, alertness, and acuity are typical defences utilisedhbapy prey types, but at the Subjuga-
tion/Consumption end of the sequence defences are typgadcific to prey types (e.g., emetic
unpalatability causing vomiting, spines, dispensibleybpdrts, mobbing, etc.). This implies that
adaptation to general defences may be more profitable faiapwes than evolving to defeat more
specialised traits, but does not generalise to parasgéedoenarios.

The life/dinner principle (Dawkins & Krebs, 1979) suggebtat the selective pressure on prey
is much stronger than on predators. If a predator fails taigea prey item it has lost its lunch, but
if a prey item fails to avoid being secured by a predator, & loat its life. As Dawkins and Krebs
point out “A fox may reproduce after losing a race againstdiia No rabbit has ever reproduced
after losing a race against a fox” (p.59). Again this effesaveakened in the parasite-host situation
as the hostis killed less frequently.

Finally, prey species benefit in their struggle with predafoom their superior numbers and,
typically, their shorter breeding cycle. Both these fas@itow faster evolution of prey than preda-
tors. As parasite numbers may equal and in many cases exoesel of their hosts, and their
breeding cycles are not necessarily longer than those oftibsts, parasite evolution may pro-
ceeded at rates equal to or greater than those of their hdkis.ensures that host adaptations
may be matched blow for blow by parasites and in some casefodaiily ‘out-evolved’ by fast-
breeding, numerous, parasitic organisms.

4.4 Implications

The differences between the evolutionary niches of thegimed and parasites described above,
and the resultant differences in both their behaviour angpimaogy hold a lesson for evolutionary
robotics. Simplifying the findings described in the pre\d@ection, one can construct two ide-
alised, stereotypical niche styles, Predator and Parasfist Predators cope with environmental
change through recourse to flexible, general-purposessk#irasites have settled into niches that
allow them the luxury of specialised, brittle life-stylda.the terminology of Section 1, Parasites
are fragile solutions to the trials of life whilst Predat@glutions are robust
What is wrong with the Parasitic lifestyle? In what sense Isrittle or fragile? It is evolu-

tionarily successful, admirably economic, and at timeathrakingly complex. Granted, from the
point of view of the behavioural ecologist the Parasite isvaose than any other style of niche.
However, | would assert that evolutionary robotics is aignior Predatory solutions to the prob-
lems it addresses rather than Parasitic ones. Parasitesesli;m a manner that is inadmissible
from the point of view of evolutionary robotics. As we saw Iretprevious section, they succeed

it must be reiterated here that the notions involved in tigsussion are not dichotomies. They are graduated. No
evolved systemis truly general purpose. For example, aghehe vision system possessed by humansis a very flexible
and general mechanism, it has limits, and may throw no lighthe design principles of some extra-terrestrial vision
system consisting of a tri-focal, x-ray-sensitive deviémilarly, no naturally evolved system is completely pé#ias
Even Clever Hans' fragile foot-tapping displays a certaggmee of flexibility. Further, judgements of fragility and
robustness are context-dependentin that they are madeasjtlect to some pre-given task or domain. If one is evolving
discriminatory abilities as part of a limited-scope eggegnition system, one may be convinced of the robustness of
a quite simple, egg-specific visual system. However, if desyds evolved as part of an endeavour to design a more
general visual mechanism, more of it might be required leeiflsrrobustness may be asserted.
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through superior reproductive advantage and relativehpse selective pressure.

These two factors allow Parasites to eschew general-parpalsitions to the problems con-
fronting them, in favour of specialised solutions that cachanged at a rate comparable to that
of their hosts’ counter-solutions.

Imagine a Parasitic bridge design. It has evolved spedifitalexploit the river it spans, and
the traffic that crosses it. If one challenges such a Parasiteenvironmental change within
its lifetime it will most likely fail. Such a bridge will not @apt to span a different river. “So
what?”, one may retort, “It was evolved to carry Traffic X oWiver Y.” Further, if one examines
such a Parasite in order to discover some general desigaipenone will most likely be left
dissatisfied. The characteristics of such a bridge whiclritmrie to it being a good bridge will be
indistinguishable from the characteristics which make goad Bridge-Over-The-River-Y-With-
Traffic-X.

Such solutions are analogous to that of Clever Hans. Wleistaps being adequate, they will
not reveal general purpose principles because they do nogéed through the adoption of general-
purpose principles. If artificial co-evolutionary designto avoid generating solutions analogous
to the parasites discussed above, care must be taken tosoemdrios in which artificial agents
are subjected to selective pressures which promote tigbtigdapted solutions at the expense of
robustness.

Although it may be impossible to ensure that co-evolutignigsign regimes always lead to ro-
bust solutions, steps can be taken to improve the frequeitbywhich such designs are achieved.
Taking a cue from natural systems, evolutionary robotsaisight eschew co-evolutionary regimes
in which the solution population is pitted against a singduation of co-evolving adversaries.
As mentioned above, such a true co-evolutionary situagoid$ to lead to Parasitic solutions.
There is more chance of generating Predatory solutions tolagm if a variety of selective pres-
sures are experienced by the solution population. This tiliglachieved if multiple populations
of co-evolutionary adversary are pitted against the sofupiopulation.

A degree of support for this position is provided by Kauffrisaf1993) observation of evo-
lution over coupled fitness landscapes. In Kauffman's NKReste, the fithess contribution of
genes within aN-gene genotype is mediated Kygenes within the same genotype d&denes
within the genotypes db other populations (i.eK controls the degree of epistasis within a geno-
type, whilstC controls the degree to which species are evolutionarilyt) andS controls the
extent of population coupling).

Kauffman maintains that the fithess maxima achieved by obsi;g populations are, on av-
erage, higher in the fitness landscape than those achievislayed populations, and that there
exist optimal values oK, C, andSfor any N, such that populations achieve high average fithess
maxima. These values prescribe scenarios in which popukatire coupled to a medium degree.
Kauffman characterises this medium degree of coupling@srdog near a phase transition which
divides systems which are too “static”, for those which @ ‘tcthaotic”. Robust solutions (i.e.,
optima which are high in the fithess landscape) are achieysg4iems which are at “the edge of
chaos”.

Whatever the value of the conceptual framework within wh@uffman works, for the pur-
poses of this chapter his research demonstrates that tleedefjcoupling experienced by co-
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evolving populations has an influence on the character diig@eoary optima achieved by a co-
evolving system. In the terminology introduced by Janze98(Q), systems with lov or C are
systems experiencirtgue co-evolution, whilst systems with higbior C are systems experiencing
diffuseco-evolution.

Kauffman’s results suggest that true co-evolution wildéa sub-optimal equilibria, whereas
overly diffuse co-evolution may not settle on optima at Egding to perpetual cycling of evo-
lutionary strategies. Attempting to discover a balancavieen these two extremes may enable
co-evolutionary design to achieve, on average, robustisolsito difficult design problems.

45 Conclusion

In conclusion, two broad claims have been made within théptdr. The firstis that co-evolutionary
design techniques are a useful way of dealing with the problassociated with static fithess
landscapes. The second is that co-evolution will only poedinagile solutions unless it is of a
relatively diffuse nature. | intend neither of these poiatde dogmatic as they are by no means
applicable to every research programme. For example, ifcanmeconstruct a good static fitness
landscape, one that allows a GA to move towards, and evénteach, an optimal solution, then
co-evolutionary techniques may be superfluous (although &vthis case they may accelerate the
optimization process). Similarly, if, for some reasongite solutions are acceptable, the demand
for diffuse selective pressure need not be met.

Indeed, in the case of the Parasitic Bridge described in tegqus section, it may well be
that a fragile solution is perfectly acceptable, as the grdesign principles underlying bridge
building are well known. No extrapolation from the ParasBBridge to further bridge building
efforts is necessary.

However, if one’s evolutionary design is in any way explorgf if one is working in a domain
which is little understood, in a domain in which early sucEssmust justify investment in the
similar procurement of later successes; if one thus wishiesake claims of solutions arrived at
through evolutionary design concerning the potential émhsevolutionary design, to make general
claims concerning classes of solution and the underlyimgjples that unify them, then one had
better be sure that the solutions upon which one bases saithschre not Parasitic. Because
Parasitic solutions admit of no such claims. Clever Hansmwedshe first step on some road to a
theory of animal addition.



Chapter 5

The Evolution of Natural Signalling Systems

Communication appears near ubiquitous throughout nat8ignals are used by animals (and
indeed plants) for a variety of purposes, and feature a lklewilg degree of variation in both
form, function, and character. Signals are passed throwtyrdifferent media, utilising many
different sensory modalities, and emanating from a varidtprgans. They are exchanged by
both kin and unrelated individuals, and are sent both wiginid between species. They may even
be transmitted within an organism, between organs (e.gssages from stomach to brain), or
cells. Signals may be co-operative or exploitative, extgant or restrained, directed or broadcast,
elaborate or simple.

Within this chapter, competing theories which attempt tocamt for the characteristics of
natural signalling will be presented, and problems in deictommunication which result from
these theories will be discussed.

5.1 Efficacy

Researchers concerned with natural signalling system$aaesl with the problem of account-
ing both for the diversity of communicative behaviour, ahé specific character of individual
signalling systems. Although this is a daunting task, abersible headway has been made in de-
scribing both general selective pressures which mightfgJor example, repetitiveness of display
(e.g., Wiley’s, 1983, account of redundancy within animghals), and the specific contingencies
of evolutionary history which could account for the chaeaaif individual systems (e.g., Webb’s,
1994, account of cricket phonotaxis in terms of the acoystiperties of the cricket’'s sensory
system).

Guilford and Dawkins (1991, 1993) have characterised tégarch effort as an attempt to
account for the design of signals in terms of thefilicacy The efficacy of a signalling system
concerns the degree to which its design enables the effgutoduction, transport, and consump-
tion of signals. Factors which influence efficacy will thenef often be specific to the particular
characteristics of the signaller, receivand the medium through which the signal passes.

Lin this chapter, and subsequentchapters, | shall use e teceiver, and observer, to refer interchangeably to the
recipient of a signal. Although many signals may not be okesiri.e, they are not visual signals, the term ‘observer’
serves to draw attention to the active element of signaipéce
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Under selective pressure for efficacy, sighals should becastapted to be optimal channels of
communication given the physical medium and environmenoitgh which they must travel, the
constraints on signaller morphology and behaviour, andémsory and psychological apparatus
of the intended receiver (and possible unintended recgive3ince the latter systems are them-
selves subject to selective pressure, one might expectdeéinsory organs which had been tuned
by evolution to be especially sensitive to the signals oériest to their possessors, and produc-
tion organs (e.g., the legs of the cricket, or peacock’siyraihich had been similarly adapted to
efficiently produce appropriate signals.

The various costs associated with being involved in a slgiggdystem, which militate against
efficacy, include production costs, vulnerability costs)d costs, and the risk that signals may
be degraded by environmental interference, or ignored bipients, or mistaken for alternative
signals, or overheard by eavesdroppers, etc. Selectigsyme for increased signal efficacy will
conflict with selective pressure for reduced signal costssuch situations it is predicted that a
balance between the two will be struck, i.e., signallingteys will tend to evolve to become
maximally efficient

Features of signals which have been identified as traitstegldor as a result of the increase
in efficacy they bring about include conspicuousness, rddnoy (both spatial and sequential),
stereotypy, and the presence of alerting components (Wig83).

5.2 Strategy

However, a recent change in evolutionary perspective (Hami1964), as naive group selec-
tionist accounts of evolved traits fell into disrepute, hed to a fundamental reappraisal of the
evolutionary utility of signalling in general. Prior to thleassessment of group selection during
the mid-sixties, the evolutionary function of signallingaviours could be explained in terms of
benefits to the signalling community as a whole. Such comtimsnivere thought to benefit from
signalling systems which efficiently co-ordinated theattiof the group. A community which
effectively co-ordinated the division of resources, foasple, would outperform a community
which divided resources through some less efficient meags, through fighting (see Sebeok,
1977; Smith, 1977, for examples of this more traditionalagption of signalling).

However, a perspective on evolutionary change which aéfdgtimacy to explanations pitched
at the level of the individual, or gene, could not toleratetsaccounts of signalling since the sta-
bility of such communication could be undermined by indivads able to prosper at the expense
of the group, e.g., cheats, bluffers, free-riders, minliess, and frauds.

This perspective was presented by Dawkins and Krebs (197&@)K& Dawkins 1984) in
a pair of seminal papers which suggested that in situatiomghich the interests of individuals
differed, communication could not be understood as the $togchange of information for the
greater good, but must be characterised as competitiveigatdbn. This exploitation could occur
in two forms. Signallers might exploit receivers, maniguig them with behaviour which re-
ceivers would incorrectly interprétConversely, observers might exploit signallers, “readimeir

2N.b., This use of the term ‘interpret’ should not be takenriply any particular cognitive ability on the part of
signal observers. Rather, an observer's interpretatiangignal should be read as shorthand for an observer’s respon
to a signal.
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minds” through paying attention to some inadvertent slipolvibetrays their intent (or some other
information of interest to observers).

The authors proposed that these twin factors might entwiramiescalating series of adapta-
tions on the part of signaller and observer, leading to evarerdevious forms of exploitation and
counter-exploitation — an evolutionary arms race (Dawlénsrebs, 1979).

From this perspective, organisms with no conflict of intecesild still be characterised in the
terms used by previous theorists. Such organisms are subjéte selective pressures favour-
ing efficiency described in the previous section. As sucly @re hypothesized to enjoy a co-
evolutionary trajectory which leads to ever more efficieighsllers and ever more attentive ob-
servers, as evolution adapts both to effectively exchang@mation in order to further some
joint project. Thus, co-operative scenarios are preditteldad to stable, quietly effective sys-
tems (“conspiratorial whispers”), whereas competitiversrios are predicted to lead to insecure,
stridently aggressive systems which threaten to collapaeysinstant.

Many natural signalling scenarios have been identified aslving the potential for con-
flicts of interest, including parent-offspring communioat (Godfray, 1995), predator-prey sig-
nalling (Endler, 1991), aggressive communication (Magn@mith, 1974b), and courtship dis-
plays (Trivers, 1972). Indeed, few signalling scenariastgme those involving eusocial insect
societies) can be classed as truly co-operative, i.e.Nimgno potential for a conflict of interests
between signaller and receiver. As a result, under the mgagliovided by Krebs and Dawkins,
most natural communication must be regarded as unstabig c®hclusion has led to deep prob-
lems with the conceptual vocabulary which had previousgrbemployed unproblematically in
the description of signalling behaviour.

For example, in situations in which observers exploit talé signs which inform them of
signaller characteristics, in what sense is the signatieradly signalling? Surely if a vulture spots
some carrion which is as yet undetected by its conspecifiite (whom it competes for food), and
descends from the sky to devour said carrion, the act of deliwg, as seen by other vultures,
cannot be taken as a signal from the first vulture to its contgstto the effect that ‘there is some
food to be eaten over here’? In what sense would one want$s the first vulture as a signaller
in this scenario®

Similarly, if a signaller exploits an observer’s sensorgdjiin what sense can the observer be
said to have ‘observed a signal’. For example, consider eisp®f aquatic bacteria indigenous
to the waters of the northern hemisphere, for which oxygeoxg. Magnetosomes within these
bacteria pull them towards magnetic north in order to diteeim away from the surface of the
water, thus away from oxygen. If a certain aquatic predat®aateria could generate an electro-
magnetic field about itself which exploited the directiosydtem within its prey such that it steered
them towards it, in what sense is this magnetic field acting signal?

The root of this conceptual morass has been identified aothef information within sig-
nalling systems (e.g., Markl, 1985; Hasson, 1994; Dawkir®85; Maynard Smith & Harper,
1995). The term information may be used in its technical sd®&hannon & Weaver, 1949) in
which it means a reduction in uncertainty on the part of aaligeceiver, or a more colloquial
sense in which it means something along the lines of an iseckability to effectively decide

3Thanks to Jason Noble for this example.



cliaptel o. 11e £vVOIUUOrll OF Natulal sigliaiily oysieliw

between courses of action, or simply an increase in reléuamiviedge. Information exchange,
in both of these senses, might not occur within animal comoation, given the characterisation
of signalling provided by Dawkins and Krebs (1978). Thisdedhem to suggest that, for the
purposes of describing animal communication, one shodridon the concept of information
altogether” (p.309).

In attempting to assess the role of information in the deé@iniof communication, theorists
run into a problem. If signals are defined as essentiallyimétive then lies, cheats, bluffs, etc.,
cannot be signals since, by definition, they are not infoneatHowever, if signals are defined
with no mention of their role as information carriers, miglot camouflage, crypsis, or even hiding
fall under the category of signalling behaviours? To see hus might be the case, consider
a definition of signalling which is prevalent in the literegule.g., Wiley, 1983; Endler, 1993;
Johnstone, 1997).

If signalling occurs when ‘the behaviour of one organismsemua change in the behaviour
of another organism which results in a fithess increase ®@fitht organism’, then the bacterial
predator alluded to above must clearly be classed as a Eg(ethough the vulture cannot since it
loses out to its competitors through giving away the locatiba valuable resource). Furthermore,
the avoidance of predation through camouflage, crypsisidamdy, all result in increases in fitness
due to the ‘manipulation’ of predator behaviour, and thuisralst be classed as communication
under such a definition.

In addition to the terminological problems engendered leyekploitative conception of sig-
nalling proposed by Dawkins and Krebs, the absence of a aoledridical information within
their account results in an attendant lack of evolutiongapitity within their portrayal of com-
municative systems. Maynard Smith and Harper (1995, p.8G8g this explicitly when they
contend that “there is a connection [between informatiah @rolutionary stability] because it is
not evolutionarily stable for the receiver to alter its beioar unless, on average the signal carries
information of value to it”.

In the remainder of this chapter, discussion will focus upuee conditions in which evolu-
tionary stability, or at least partial stability, are hypesised to arise despite the conflicting forces
identified by Krebs and Dawkins. The first of these conditi@ssilts in what will be termedon-
ventional signallingsince the stability of this class of signalling is maintairi®y the observation
of a convention. Subsequentiensory exploitationandhandicap signallingwill be presented
as developments of the notion of conventional signallinige Validity of these two hypothetical
classes of signalling will be assessed, and attention witltawn to aspects of the theory within
each class which will be addressed by models within chaptarsl 7, respectively. Subsequently,
a characterisation of signalling which draws heavily onlién’s (1984, 1993a) work within a
philosophical field she dulisleosemantioaill be presented in an effort to highlightthe difference
between the three classes of signalling presented herein.

5.3 Conventional Signalling

An example of a conventional signal is the use of a red ligimdicate to motorists that they are
required to stop, and a green light to indicate that they arejited to go; this is the convention
observed on British roads. The signal is conventional beeduere is an arbitrary but consistent



cliaptel o. 11e £vOluuorl OF Natulal sighriaiinyg systely

relationship between signal form and signal meaning. Algiothere may be some historical
reason for the assignment of red and green, such reasonsageantidental contingencies from
the perspective of the contemporary motorist. It is coradelie that the British road-traffic system
could have come to use green to mean stop and red to mean gutigmdering the convention
unworkable.

Conventions such as those observed by motorists are edfbyceociety through the applica-
tion of law. If there are conventional signalling system#wvi nature, how might they be policed?

First, co-operative signalling systems may be excludethftioe discussion. The bee dance,
a classic example of a natural signalling system, needs @l@ipg’, since there is no threat of
insurgent deception. The reproductive success of eachjifigdoee is coincident. Therefore any
advantage that one bee might contrive to achieve over anistheuntered by an equal disadvan-
tage through the reduced kin-selected element of its in@uiness (indeed, foraging bees have
no other component of inclusive fitness since they leave fspoiig themselves).

Signalling under such co-operative situations will be tednco-operative signalling The
characteristics of co-operative signals may well be ca#in, arbitrary, etc., but the term con-
ventional signalling will be reserved for signalling sysie which feature arbitrary signaland
demand some regulation to prevent the occurrence of clggatin

However, although co-operative systems are inherentlyesiprthey may provide the pre-
conditions for conventional signalling. For example, aguoatic prey which advertise their un-
palatability with gaudy colouration, or unpleasant smelfte involved in a co-operative signalling
venture with predators which attend to such signals ancepeafially predate prey items exhibit-
ing no such warnings. Both parties stand to gain from thistwe, and, as such, warning signals
and avoidance behaviour would remain stable but for theroecoe of mimics.

Mimics are best conceived of as third parties, parasitisimg-operative signalling system.
They exploit the selected-for tendency amongst predatoasaid prey with warning colouration
by adopting the signal without investing in unpalatabilityowever, although it is possible that
mimics might destabilise a co-operative signalling syst@megulatory pressure exists in the form
of negative feedback on the frequency of mimicry within tigmalling system. As the frequency
of mimics increases within a signalling system, the valudefwarning signal gradually degrades.
The correlation between signal and unpalatability weakéssghis occurs, the worth of avoidance
behaviour also degrades, promoting an increase in the dinfgsredatory strategies which ignore
warning signals. This in turn decreases the fitness of mimics

Thus as the frequency of mimicry increases the fitness ofthégegy decreases. Perhaps the
frequency of mimicry within a conventional signalling sgst will oscillate continually, or reach
a stable level at which a low proportion of mimics co-exisirajside a co-operative signalling
system, or perhaps mimics will repeatedly appear, incremaembers briefly, and subsequently
go extinct.

A fourth option exists in the possibility that as mimics iease in frequency, the co-operative
signalling system that they exploit will collapse, or adaptew, as yet unparasitised, convention
with which to signal aposematism. Andersson (1980) suggleat this possibility may account for
the high number of different threat displays utilised bywndual species. Evolutionary simulation
models of conventional signalling seem well suited to thek taf discovering the facts which
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govern the character of the co-evolutionary dynamics whiehinvolved within such signalling
systems.

An alternative, and complementary, mechanism which resaltonventional signalling aris-
ing from co-operative signalling scenarios involves theusion of a third party which exploits
the honessignaller, rather than receiver. This parasitic strategy might tédeeform of “eaves-
dropping” predators which orientate towards prey signals.

From this perspective conventional signalling may onlga®s the result of exploitation of a
prior co-operative signalling system. Indeed, a definitba conventional signalling scenario may
be stated as a co-operative signalling scenario suffesptpeation which is regulated through a
negative feedback process, where co-operative signadlidegfined as signalling between individ-
uals which experience no conflict of interest (i.e., induats which rank the possible outcomes of
a signalling interaction identically).

5.4 Sensory Exploitation

Although Krebs and Dawkins’ (1984) characterisation of ipalation and mind-reading accen-
tuates the unstable character of the signalling systemsharieisult from these two exploitative
processes, more recent authors have stressed that lirfattays may prevent the predicted arms
races from escalating unchecked.

Although some traits exploited in signallers or observeeyrhe free to evolve under the
selective pressure that this exploitation results in, tredwgion of other traits may be constrained
by factors external to the signalling context. Ryan (19987, Ryan & Rand 1993) suggests that
sensory biases within an observer which are being explbyesignallers may resist evolutionary
change for two reasons. First, such sensory biases may bexisteng adaptations selected for
in contexts other than that of the signalling scenario. Thdaptive value within these non-
signalling contexts may preclude their exaptation. Sebgradthough such sensory biases may
have no adaptive valyger se they may resist evolutionary change as a result of theind#ie
necessary side-effect of some associated adaptive tratdh a situation, the exploited trait may
be very hard to select out of the observer population. Fomgike, if, as Gould and Lewontin
(1979) contend, the human chin serves no purpose, but idyraetingent upon several facial
adaptations which indirectly influence its character, &@le pressure to alter the chin’s character
may prove ineffective since the changes in facial structiné&ch must necessarily accompany
such a change in chin characteristics might militate agaunsh evolutionary change.

An associated formulation of the sensory bias, or sensapy trypothesis is provided by Arak
and Enquist (1993) in terms of ‘hidden preferences’ whiah@wstulated to be inherent in many
sensory systems. The authors point out that the responss=nebry systems to supernormal
stimuli (i.e., stimuli which are not part of the selectivestury of the sensory system) are free to
drift and may exhibit a phenomenon known as ‘peak shift’ inalirstimuli outside the range of
normal experience elicit exaggerated responses. Suckhjoeferences are ripe for exploitation
by signallers.

However, during such a period of exploitation, as stimuliehhwould previously have been
classed as supernormal become frequent, the exaggerapeshee that they elicit may be selected
against. Without an independent selective pressure irufavbthe peak shift effect, over evolu-
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tionary time its strength will tend to reduce until it disagps, and with it the ‘hidden preference’
and the attendant exploitation.

Recent attempts to model the evolution of signalling systasthe exploitation of sensory
biases have included accounts of the evolution of complexsgtry, and the evolution of exag-
gerated traits, which rely on neural networks, and artifieielutionary algorithms (e.g., Arak &
Enquist, 1993, 1995a; Enquist & Arak, 1993, 1994; Johnst@884a; Hurd, Wachtmeister, &
Enquist, 1995).

One of these models (Enquist & Arak, 1994) will be explorethi@ next chapter. An attempt
will be made to demonstrate that the argument advanced r twaxplain the complex symmet-
rical form of many animal displays is flawed, and to explore thethodological problems with
the model which led to this flawed conclusion.

A complementary class of stable signalling scenarios magobstructed as a corollary of the
reasoning presented above in the form of signalling systelnish exploit persistent cues. In such
a system, observers exploit a behavioural regularity, otombias, in signaller behaviour which
allows observers to accurately derive some useful infolmat Signallers persist in providing
this cue, despite the selective pressure to resist exptmitthrough exaptation of this behavioural
correlate, due to the adaptive significance of the behavialternative contexts, or the difficulty
of selecting out the particular motor bias whilst maintaggeneral viability.

As a pair, the exploitation of sensory biases, and the etgilon of motor biases, will be
referred to asexploitative signalling It should be noted that whereas conventional signals are
typically described as being of arbitrary form, explowatisignals are constrained by the context
within which the bias which they exploit was originally setied for.

For example, if the visual system of a species has evolveddfenentially attend to areas
of the visual field which are a certain colour (e.g., red) sipcey items are typically red, this
bias might be exploited by suitors during courtship displayorder to gain the attention of the
selecting sex. If the colour of prey types changes over éwvwiary time, the predator’s associated
sensory bias may well adapt by tracking this change in prégucation. As a result, courtship
displays might track prey colouration in order to remain-egéching.

Although a similar conventional, or co-operative, signiahg the lines of ‘Look-at-me-I-am-
soliciting-a-copulative-episode!” might similarly expt a latent preference within the observer’s
sensory system initially, such signals are free to evolMessguently in an essentially arbitrary
manner (although this evolution may be constrained by theeaf the medium through which the
signal is passed, and the morphological and behaviourataints of both signaller and receiver).

Thus, within a signalling system in which a sensory bias iadpexploited (one that has sta-
bilised despite this exploitation for the reasons discdsggove) the form of the signal is less
arbitrary than those found within conventional, or co-@tiee, signalling systems, since the his-
torical contingencies which governed its inception adyiw®nstrain its subsequent form.

5.5 Handicaps

An alternative notion, dubbed the ‘handicap principle’,syaoposed by Zahavi (1975, 19773,
1977b) with the intention to provide a mechanism by whiclioditg might be enforced within
natural signalling systems. The thrust of Zahavi’'s arguniemneminiscent of the notion afon-
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spicuous consumptiatiscussed by Veblen (1899).

As part of his theory of the ‘leisure class’, Veblen contetiast over-indulgence in eating,
drinking, and consumption in general has become a sign eaésbstatus. One’s wealth or rank
can be ascertained by attending to the extent of one’s “wymtive consumption”, that is one’s
consumption above and beyond that necessary to sustaielbriedeed, Veblen goes so far as to
suggest that the root of this association is embedded in mdslevolutionary prehistory, in “the
beginnings of predatory life”.

The logic behind the use of conspicuous consumption as axiofisocial status turns on
the observation that those of lower social standing canfiotdato over-consume; their scant
resources are more than accounted for by the continual d#gsnahich must be met merely in
order to survive. High ranking socialites, on the other handy demonstrate their membership
of the leisure class through freely wasting resources orgedhich are expensive to procure, or
require prohibitive amounts of free time to enjoy. Furthere the extent of one’s wealth will
tend to be correlated with the degree of extravagance whietegidences, allowing conspicuous
consumption to distinguish, not merely between memberk@fmorking and leisure classes, but
also between members of the leisure class who differ in Wwealt

Zahavi has suggested that a similar mechanism is at worknwititural signalling systems,
ensuring that advertisements are costly and honest. Howelwereas Veblen clearly classes
the phenomenon of conspicuous consumption primarily aswaerdion maintained by elaborate
social customs, taboos, tacit understandings, and rulesrduct, Zahavi views the handicap
principle as a law, governing behaviour rather than merelycdbing it.

In his initial papers, Zahavi (1975, 1977a, 1977b) suggktstat honesty could be maintained
within a signalling scenario involving a potential conflidtinterest between signaller and receiver
as a result of the cost that signallers incurred in produaisgnal. Although Zahavi gave exam-
ples from many different classes of scenario (e.g., mat&ehparent-offspring conflict, warning
signals, threat displays, altruistic signalling, Zah&@7Ib), here the argument will be cast in terms
of sexual selection.

Zahavi maintained that the degree of cost experienced bytar sthen making a particular
signal might be negatively correlated with the viabilitytbé suitor. Since the viability of a poten-
tial mate is of interest to a choosy female, she should betsel¢o take advantage of any honest
indicator of this male trait. In such a situation, Zahaviirtiad, signallers would come to adver-
tise at a level which correlated with the information of et to observers. Such advertisements
would be honest, and could not be exploited by bluffers,esimdluffer (a signaller which pro-
duces a larger advertisement than an honest signaller vipoatilice under the same conditions),
could not afford to pay the increased cost that such a blutfidientail.

The cost of such signals was characterised by Zahavi as aitapi, since it is through
demonstrating its ability to bear such a handicap that aadigncan convince an observer that
it is telling the truth. He proposed that his ‘handicap pife’ could account for the extravagant
signals used in many signalling contexts. For example, &haXi, peacock trains (tail feathers)
— the quality of which is a factor governing female mate ckqjetrie, Halliday, & Saunders,
1991) — are handicaps. Peacocks bearing large trains srifagetic costs in producing and
maintaining such a train, costs in terms of an increasedfigkedation, etc. Only those peacocks
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with a higher than average viability will be able bear thets@ssociated with a more elaborate
than average train (see Petrie, 1994, for empirical datalviipports this claim). Thus peahens
can accurately gather veridical information concerningamaability by attending to the quality
of a male’s display.

As this verbal argument stands, it is hard to see clearly drdtandicaps can remain evo-
lutionarily stable. For example, if females select malethviigh viability on the basis of the
extravagance of their courtship display, might the fact thair offspring inherit both high vi-
ability and a costly handicap preclude the stability of such signaléggtems (Maynard Smith,
1976)?

Zahavi has subsequently developed the handicap principhstructing an elaborate and gen-
eral theory of what he termsignal selectiorwhich is intended to account for most, if not all,
signalling behaviour — from inter-cellular signals andoé#leding in avian social hierarchies, to
human suicide attempts and method acting (Zahavi, 198@,19B7).

Zahavi parallels his theory of signal selection with tho$@atural selection and sexual se-
lection, going so far as to suggest that signal selectionlsheplace sexual selection as an ex-
planatory mechanism capable of accounting for the phenamssociated with female choice and
exaggerated signalling (Zahavi, 1991).

Zahavi's intention is thus clearly to provide a near uniaérsechanism with which to account
for most features of signalling behaviour, both within saixcontexts, and alternative contexts
involving a conflict of interest between signaller and reeei Within chapter 7 herein the potential
for such ubiquity will be assessed.

However, here we shall concern ourselves solely with Zakhawiginal account of the hand-
icap principle, and subsequent attempts to formalise aptbexthe validity of this mechanism.
Zahavi’'s (1975, 1977a, 1977b) verbal argument was origjiraksented as a series of descrip-
tions of natural signalling scenarios, each cast as an deaofigthe handicap principle at work.
For each signalling system, signalling costs were diaghca®l links between these costs and the
quality being advertised were identified. Once this had mmmomplished, the signals could be
cast as handicaps, honestly revealing some informationtefést to observers. In constructing
this ‘argument by example’, the different types of signajlcost invoked, and the variety of ways
in which cost was linked to quality, provided theorists wittspectrum of interpretations of the
handicap mechanism, each of which demanded a formal treatme

5.5.1 Genetic Models of the Handicap Principle

As a result of the multiple possible interpretations of ZAalsaverbal arguments, theorists pro-
ceeded to formalise the handicap principle in a variety ofsva number of these early models
failed to support Zahavi's counter-intuitive notion thaasteful extravagance might make evolu-
tionary sense (e.g., Davis & O'Donald, 1976; Maynard Smit®76, 1978, 1985; Kirkpatrick,
1986). However, alternative models were constructed wpiokided some support for the notion
that at equilibrium signals might be both costly and honeg.( Eshel, 1978; Andersson, 1982;
Hamilton & Zuk, 1982; Nur & Hasson, 1984; Pomiankowski, 1287
With hindsight, this period appears to be one of graduabiewiand consolidation of compet-

ing interpretations of the handicap principle. Maynard ®n{1985) identifies three such contrast-
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ing interpretations.

The first account of the handicap principle, termed the ppigtasis account by Iwasa, Pomi-
ankowski, and Nee (1991), allows that a costly ornamentaesithe fithess of low quality males
to a much greater degree than that of high quality males.t i&gailibrium, low-quality males
do not possess the ornament, but high-quality males do fémegles choosing ornamented males
will mate more frequently with high-quality males than teas low quality.

Conditional handicap accounts (e.g., West-Eberhard, I9¥§gest that if whether an expres-
sion is expressed or not is dependent on signaller conditibith is itself correlated with a trait of
interest to observers, such observers might benefit frolising the ornament as an advertisement
of the relevant signaller trait.

Revealing handicaps (e.g., Hamilton & Zuk, 1982) are orn@sjehe condition of which dis-
plays some quality of interest to observers. For examplectimglition of male display plumage
might enable females to assess the parasite load of a iteiatie. However, females solicited by
a suitor without such special plumage would be unable togudg parasite load. In such circum-
stances females might be selected to accept only males isfilayg plumage, and to preferentially
select those within this group which were judged to have lavapite loads.

Genetic models of all three classes of account have prodvasthg results, but generally
appear to offer little support for the handicap principleicB models, after critical examination,
demonstrated that, even if handicap signalling were stéldeuld not be reached, over evolution-
ary time, by a population in which handicaps, and a preferdachandicaps were both initially
rare (see Maynard Smith, 1985, for a review of these earlyets)d

5.5.2 Game Theoretic Accounts of the Handicap Principle

The first attempt to model the handicap principle in terms 86Eheory was provided by Enquist
(1985). In an important paper, Enquist demonstrated thptads of aggressive intent could be
honest only if they were risky to make. This result is the farmer of a prolific and successful
literature which casts the handicap principle in terms@itegic signalling and its associated costs.
However, this model, and most of those which followed it imeadwo limiting assumptions.

First, Enquist’'s model assumed that the quality being atbegt by a signaller was environ-
mentally determined rather than inherited. Enquist spegifhat a population engaged in the
signalling game he defines always consists of equal prapwf weak and strong players. Suc-
cessful players will leave offspring which inherit theirrpats’ strategy, but not their parents’
quality. Second, Enquist’s model does not address the @mobf whether evolutionary trajecto-
ries exist which lead from populations which do not use hegya as honest signals to populations
which do use handicaps in this manner. Although a few of thssguent models do address these
issues (e.g., Yachi, 1995, explores the conditions undéctwhonest handicap signalling may
evolve from an initially non-signalling population) thegmain relatively under-investigated.

ESS models of aggressive contests had been constructedgpBaquist's model (e.g. May-
nard Smith & Price, 1973; Maynard Smith, 1974b; Maynard 8&iParker, 1976), and had been
the subject of debate concerning the degree to which suctelsmiaduld contribute to, and ac-
commodate, ethological studies of the same phenomenal(@aA9, 1981, 1982; Hinde, 1981).
However, Enquist’s result is rightly recognised as motivgie new perspective on the handicap
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principle which led to what is regarded as the first concles$ormal demonstration of the validity
of Zahavi’s handicap principle (Grafen, 1990a, 1990b).

Grafen cast the handicap principle in terms of sexual sSelectHe then proceeded to show
that in order that an advertisement of male quality be hgmstust be costly, and that the cost
of the advertisement must decrease as male quality inaedsat these two conditions must be
met in order that honest signalling can be evolutionaréypst is now recognised as the core claim
made by Zahavi in his original papers, although the extentrtich Zahavi himself recognised the
centrality of these two conditions is debatable (lwasa.ei891).

Subsequent to Grafen’s complex, continuous model, sesathbrs have provided corrobora-
tive models which seek to simplify or extend his work.

Maynard Smith (1991) provides a simplified, discrete mod&he handicap principle, termed
the Philip Sidney game, in which he demonstrates that tha#ligg of need between relatives may
be honest, and thus stable, only if the value of the resouffeegiwith need, and the production of
the begging signal is costly. A continuous version of thigleidas been provided which supports
its original findings (Johnstone & Grafen, 1992a)

Godfray (1991) provides a similar result to that of Maynandith (1991) in demonstrating that
the honest signalling of offspring need to parents, in otdeolicit parental resources, is stable if
(i) signals are costly, and (ii) the value of parental researincreases with offspring need.

Pomiankowski, Iwasa and Nee (1991; Iwasa et al., 1991) naosiginalling scenario in which,
unlike previous game theoretic models, the advertisedirdieritable. The authors demonstrate
that the paradox of the lek (Kirkpatrick & Ryan, 1991; Ponkiewvski & Mgller, 1995) can be
avoided if deleterious mutation events are biased suclthiegtmaintain variability in the adver-
tised trait. Under such conditions honest signalling ofenyng genetically specified viability
may be stable despite observers paying costs for choice.

The model is pitched in terms of an additive quantitativeggiermodel in which correlations
between traits are represented as additive genetic canaas. Although the model is admirably
concise, the assumption that certain co-variances renasitiye over evolutionary time appears
suspect (Andersson, 1982). Evolutionary simulation medelhich these postulates might be
allowed to vary (i.e., to become observable quantitieseratiian specified quantities) seem ideal
tools with which to address such concerns.

Johnstone and Grafen (1992b, 1993; Grafen & Johnstone 196Brnstone 1994) have ex-
plored the addition of noise to Grafen’s (1990b) error-fre@ntinuous model of honest signalling.
They demonstrate that uncertainty on the part of receivandead to stratification of the signalling
population into a series of discrete groups of signallexshelefined by a range of signaller quality,
emitting an identical signal, and emitting signals whicbrgase with the mean signaller quality
within the group. This stratification appears to result frdm fact that observers coping with
error-prone signallers tend to ignore small differencesignal strength, since such differences
may arise as the result of noise within the system. Sigrelidro might honestly signal just be-
low the thresholds imposed by observers gain no benefit figma#ling any stronger than those
slightly poorer than themselves, and will tend to adoptglsly attenuated signal as a result. This
process is sufficient to account for the bands of signall@tsimwhich, despite varying in quality,
signallers are selected to signal identically.
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Vega-Redondo and Hasson (1993) apply the handicap praniddredator-prey signalling in
which prey indicate their ability to outrun a predator. Theers relate their results to parameters
of their model, including herd size, the range of distingaisle signals available to prey, and
the distribution of prey quality. They conclude that the tii@ap principle can account for the
different signals given by prey to predators, with highaglity prey giving riskier signals than
their low-quality conspecifics.

Maynard Smith (1994) extends a result from his previousipP&idney game, which demon-
strated that cost-free signals could be stable if sigreded receivers ranked possible outcomes
in the same order (i.e., if signallers and receivers did npedence a conflict of interest). Here
the author extends this reasoning to a continuous game, rdgrating that the same result will
not hold if quality is distributed uniformly within both snglling, and receiving populations. Can-
didate distributions which do allow stable, cost-free sifing are presented, and the likelihood of
such distributions characterising natural signallingsyss is discussed.

Adams and Mesterton-Gibbons (1995) draw a distinction betwproduction handicaps, for
which handicap costs are paid in order to produce the signgl, (acoustic displays Burk, 1988),
and vulnerability handicaps, for which costs are only paicheats are probed (i.e., their bluff is
called). The authors point out that Grafen’s (1990a, 1990tjel, and models which follow it,
assume that the value of an observer response is equal figadllers, irrespective of signaller
quality, or that this value increases with signaller gyallthey contend that, although this may be
the case in some signalling scenarios, aggressive siggdlétween belligerents prior to combat
may involve benefits which are greater for weaker signatieas for their stronger competitors.
For example, the benefit of avoiding a violent battle is plp@reater for the weaker of a pair
of antagonists since the weaker of the pair is most likelyuifes a potentially life-threatening
wound should such a battle take place.

The authors proceed to model such contests, demonstrdiatguhder certain conditions
evolutionarily stable signalling may involve threatenisignals on the part of the weakest, and
strongest, individuals, and no signalling on the part ofvitthals of intermediate strength. The
degree of bluffing (weak individuals who threaten to eseatatontest) is related to the higher
benefits such individuals obtain when they are believedilaméact that they only pay a handicap
when probed. The authors note that if the handicap were riesblas a production cost, no such
ESS would exist. This is an interesting but complex modehila@r notions to those it addresses
will be explored in chapter 7 herein.

Hurd (1995, 1997) constructs a very simple, discrete, aet@sponse game featuring a sig-
naller and receiver who experience a conflict of intereste author demonstrates that Zahavi's
conditions for honesty are sufficient, but not necessaryh@mest signalling equilibria to exist,
and further points out that honest signalling may be stab&tuations within which high quality
signallers pay no costs for making an advertisement of tineatity (or even preferentially make
this advertisement rather than some other behaviour) asdeithe cost of such an advertisement
for low-quality signallers is prohibitively large. This rdel will be extended in chapter 7.

Krakauer and Johnstone (1995) provide a model which attemapteconcile the handicap
principle with conventional signalling. Employing artiit neural networks as models of simple
organisms involved in a signalling scenario, the authorsatestrate that handicap signallingis rel-
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atively stable, but is susceptible to occasional burstssffahesty. Such dishonesty is suppressed
through negative feedback interactions typical of coneerat signalling scenarios.

Krakauer and Pagel (1995) provide an evolutionary simotathodel based upon game theo-
retic considerations, in which they demonstrate that ai@latlistributed population of signallers
and receivers may pay no signalling costs, yet maintain a@negpable degree of honest commu-
nication for long periods of evolutionary time. Honesty talde as a result of the variation in
strategy densities which necessarily occurs across $igatistributed populations, which ensures
that in certain areas the frequency with which honest imtdigls encounter one another may be
higher than that with which they encounter deceivers, aad ttherefore islands of honesty may
exist for long periods within a sea of dishonesty.

Dawkins and Guilford (1991) have drawn attention to the pdégyed by receivers in signalling
systems. The authors highlight the effects of receiverscostthe stability of handicap signalling.
Receivers pay costs in terms of wasted time, increased oisgsedation, or infection. Within
signalling systems in which receivers and signallers a#ts roles (e.g., aggressive signalling by
stags Clutton-Brock & Albon, 1979) each must pay the coswgrialling in the current bout, in
order to gain information during the next bout. The autharggest that, for scenarios in which
costs are involved in the receipt of signals in addition titproduction, receivers may settle for
less than perfect honesty as a means of reducing the cosiates with their role within the
signalling system to a strategically acceptable level. é&@mple, if attending a lek in order to
distinguish between suitors of differing quality involvesisk of predation, or infection, females
may spend less time choosing between males than would besaggen order to ascertain their
quality beyond doubt. Females might spend just enough timeake a judgement which ensured
that thebenefitof mate selection balanced thestsinvolved in mate selection.

This brief review of handicap models is by no means exhagisbut serves to demonstrate
the variety of phenomena explored under the rubric of haplgignalling, and the potential for
elaboration, and extension which is inherent within thedigap mechanism.

The models and arguments sketched above may be divideddtggaries. The first category
contains those models which attempt to demonstrate thaakéy quality may only be adver-
tised honestly under the conditions specified by Zahavis Thtegory includes Enquist’s (1985)
discrete model, and Grafen’s (1990a, 1990b) continuousemobhe second category contains
those models which attempt to demonstrate that signaiedmay only be advertised honestly
under the conditions specified by Zahavi. This categoryidet Maynard Smith’s (1991) discrete
model, and Godfray’s (1991) continuous model.

Johnstone (1997) has described these two categories, bathich stipulate that signalling
must carry a cost for signallers, whereas observer resgomsest benefit signallers. The first
category of models have led theorists to conclude that thest@dvertisement of signaller quality
may only be evolutionarily stable if signalling costs diffeith quality such that higher quality
signallers pay less for any given advertisement than tlugirgr conspecifics. The second category
of models have led theorists to conclude that the honestéskment of signalleneedmay only
be evolutionarily stable if the benefits of observer respdies the signaller differ with signaller
need such that more needy signallers gain more from a giveareér response than their less
needy conspecifics.
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A third category of model involves the addition of some featio a model in which handicap
signalling has been shown to be stable. This additionalifealypically reduces the degree of
honesty within a system, but does not totally destabilisEat example, the addition of noise by
Johnstone and Grafen (1992b), or the addition of receivstsday Dawkins and Guilford (1991),
serve to inject a degree of deceit or misinformation into treowise honest signalling system.

In chapter 7, the distinction between the first two categon#l be challenged. Why should
signalling costs vary with quality but not with need? Why shithe benefits of observer response
vary with need, but not with quality?

5.6 Defining Communication

As was mentioned at the outset of this chapter, there have fbeguent attempts within the an-
imal signalling literature to define communication in a manwhich allows morphological and
behavioural traits that function as signals to be distisgad from those that do not (e.g., Hasson,
1994; Maynard Smith & Harper, 1995).

A brief discussion of a definition of signalling will be preged here with an aim of pro-
viding a consistent terminology with which to support thdigions of co-operative conven-
tional, exploitative andhandicapsignalling offered above. The construction of this ternhirgy
will closely follow Millikan’s (1984, 1993a) development an evolutionary-functional account
of mental content. The utility of Millikan’s conceptual srhe has been promoted within be-
havioural ecology (Bekoff & Allen, 1992), but has so far rieed little attention. Here, a very
minimal account of her distinction between signals (intamdl icons in her terminology) and tacit
suppositions will be used to distinguish the four classesigrialling defined above.

Consider a scenario, depicted schematically in figure B.tyhich there exists a certain state
of affairs,Q, to which a signallelS;, is privy, but which is unknown to an observeéx, Furthermore,
accurate knowledge @ would benefitO. Sis built such that it makes an actiof, wheneveiQ
obtains.O is similarly built such that it makes a responBewhenevelA obtains. Furthermore,
assume thaR andA have fitness implications f@andO, and that these fithess implications might
be dependent 0Q.

For example,S and O are engaged in a game of poker. A degree of escalated betisg h
occurred, and a considerable pot is at stake. Take indicate thatS possesses a high quality
hand. ActionA corresponds to a facial twitch on the part®fvhilst respons® corresponds t®
folding her hand.

Is this a communicative scenario? As yet we cannot be sure.

For many biologists the matter would turn on the charactetheffitness implications oA
and/orR for Sand/orO. As has been mentioned above, one definition of communicéiibley,
1983; Endler, 1993; Johnstone, 1997) demandsAmatist altertO’s behaviour such th&& enjoys
an increase in fitness. However, it has been pointed outtichtan increase in fithess might occur
fortuitously, or as the result of some consequence of thetitation of S, and/orO which was not
selected for (or which was selected-for outside the sigrgdontext). As discussed above, hiding
behaviour on the part db might increaseSs fitness as a result of its ‘effect’ o@’s behaviour.
However, hiding is not naturally understood as ‘signallingt one is not there’.

Some theorists (e.g., Maynard Smith & Harper, 1995) havegeised this problem, and have
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Figure 5.1: Schematic depictions of dyadic interactionsciipotentially constitute signalling
scenarios. Each depicts a state of affadgjn a window near the top of each frame), in which
a signaller,S always makes an actioA, to which an observe, always makes a responge,
BehavioursA andR have fitness consequences &andO which may depend 0. Solid arrows
intervene between actors and actions, dashed arrowsémehetween actions and recipients, arcs
indicate the relationship between an actor and the statéfafsa Q, whilst = and <« intervene
between a state of affairs and an actor which has been setliecéet in a certain way under that
state of affairs(a) The behaviours dbandO are unselected-for, or have been selected-for outside
the signalling context(b) O has been selected to expl&$ motor bias, i.e., mind-readingensu
Krebs and Dawkins (1984]c) Shas been selected to expl@is sensory bias, i.e., manipulation
sensuKrebs and Dawkins (1984)d) Shas been selected to produce behavidunder state of
affairsQ, and Ohas been selected to make respoRs&/hen in receipt of actioA.

demanded tha®'s behaviour change as a result 86 action such that botls, and O enjoy
an increase in fitness. For example, the dance performed bjuening bee which informs its
conspecifics of the location of nectar (when performed atiygresults in fitness benefits for all
bees concerned.

However, consider a situation in which a bee has discovesedigce of nectar and is returning
to the hive in order to advertise the location of this sourteectar. However, unbeknownst to
the returning bee, this nectar has been consumed, or mowedifierent location, during its hive-
bound fight. Under such conditions, the dance performed &éydturning bee results in a fithess
decrease for all bees concerned, yet it would seem chudidkrty that the bee was signalling in
such a case. Indeed the potential for bee dances to failidicedly describe the location of nectar
is identified by Maynard Smith and Harper (1995) as a primdvgracteristic of signals, when
they quote Eco’s (1976) description of semiotics (the stoidgigns) as “the discipline studying
everything that can be used in order to lie”.

Accordingly, Maynard Smith and Harper (1995) refine theifid&on to read something like
‘a signal is a morphological or behavioural trait which @B response in an observer that, on
average, increases the fitness of signaller and receiver’.

What is the meaning of ‘on average’ here? Fifty percent ofithe? Most of the time? Enough
of the time? Millikan (1993b) freely admits her ignoranceloé exact frequency with which bee
dances accurately map the location of nectar. She is unooetevith this exact frequency since



cliaptel o. 11e £vOIuuorl OF Natulal sighiaiily oysiellie

the rate at which such dances correspond accurately to tda¢ido of nectar merely has to be

sufficient to ensure a selective advantage in those hiveshadploy such dances. That a bee
dance behaviour is accurate enough of the time is evidencttetevolutionary success of such a
behaviour (i.e., the continued presence of dancing behawiihin a bee species).

This understanding of ‘on average’ seems to agree with tiré spwhich Maynard Smith
and Harper (1995) employ the term. In order that signalliagtable, there must be a selective
advantage in attending and responding to signals; simildmtre must be a selective advantage in
making them.

There are at least four different situations which might bealibed by the schematic scenario
involving Sand O as it has so far been cast. FirStand O might produce behaviour& and
R, respectively, under circumstanc€s as a result of some unselected-for side-effect of their
constitutions, or an aspect of their constitutions setetein a context other than poker playing
(see figure 5.1a). In such a caSs, tendency to twitch when holding a high quality hand, &1sl
tendency to fold her hand when in the presence of such a &@itiver non-adaptive spandrel-like
behaviours (Gould & Lewontin, 1979), or are, at the very {gasn-adaptive traits with respect to
the poker game.

Scenarios involving such traits cannot count as commuboitcatespite the facts that (i) in
these scenarios the presence of action A correlates pgrieith the presence of state-of-affairs
Q, and (ii) in some scenarios of this type the actions of ondviddal (S) affect the behaviour
of another Q) in a manner with positive fithess consequences for the Begneeceiver, or even
both. Although it may be the case that b&land Obenefit in fitness terms from their behaviour,
since these behaviours were selected for in alternativeegts) it seems unnatural to term them
‘signalling’ and ‘observing’, despite the fact that suclinbeiours are stable, and beneficial.

The second and third relevant situations are complementargach, the behaviour of one
member of the dyad has been selected for in the context ofrpdkgng, whilst the behaviour of
the remaining member has not. For example, figure 5.1b depistenario in which, whils$s
twitch is an unselected-for muscular spasm (or a muscubsm@dapted to some alternative con-
text), O’'s response has been selected for on the basis that anc@stvahich threw in their hand
when ancestrabs evidenced a facial twitch did better at poker than themnpetitors (ancestral
O's playing alternative strategies).

Similarly, figure 5.1c depicts a scenario in whi€hs response tdSs facial twitch is an
unselected-for side-effect @'s general psychology (or was selected for in a context iadtive
to poker playing), whilsSs twitch has been selected for on the basis that ancessramploying
such a twitch outperformed their competitors.

The former of these pair of complementary situations cpoesls to ‘mind-reading’ in the ter-
minology of Krebs and Dawkins (1984), whilst the latter esponds to ‘manipulation’ (Dawkins
& Krebs, 1978; Krebs & Dawkins, 1984). Similarly, the expédion of sensory biases (Ryan,
1990), and the reading of cues (the exploitation of motosésa fall under these two categories.

For Millikan, neither of these scenarios involves sigmgli The behaviour of one party is
merely adapted to exploit the character of the other. Mali{1993b) characterises such adap-
tations as involving “tacit suppositions”. For exampleghalugh the circadian rhythms of many
animals are clearly linked to the speed of the earth’s retatsuch rhythms do noepresenthe
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earth’s angular velocity. Similarly, although a chamele@kin matches the colour of its sur-
roundings the skin does nsignalanything.

Both the systems which govern circadian rhythms and theesystvhich govern chameleon
skin colour have been adapted by natural selection suchttieatproper functioning involves
suppositions about aspects of their environment. If théhelaad rotated faster, the circadian
rhythms would have had to have been similarly faster, if thangeleon had been sitting in a
different area, its skin would have had to have suitablyedéht coloration.

In contrast, for a system to represent something there nmeist tomplementary system to
which the something is being represented. Similarly for stesy to signal something there must
exist a complementary system to which the something is Beghal hese complementary systems
must not be mere passive puppets, but must actively put gigeals or representations to use
within their own evolved agenda. In Millikanian terms, repentation (or signalling) must involve
both a producerand a consumemwnhere each role has been selected for, rather than beirgjymer
a behavioural spandrel with respect to the signalling cdnte

The fourth relevant situation will be termed full-bloodedrsalling since it involves just such a
pair of complementary systems (see figure 5.1d). Both mesriifehe signalling dyad have been
adapted by natural selection such that their functionslrevthe production and consumption of
a signal which maps to some state of affairs. Perl&tpss evolved to give a twitch when holding
a high-quality handand Ohas evolved to respond &s twitches by folding her hand.

What is at issue here is tlienctionof the system withirs which produce#\ under condition
Q, and thefunctionof the system withirD which responds té\ with R. Although information
exchange, and fitness benefits are often associated wittvehatienary function of producing
a signal, or consuming a signal, they are not definitional,(necessary) characteristics of such
systems, but merelglispositionalkcharacteristics. That is, information daesdto be exchanged
during full-blooded signalling, and fitness benefitstdadto be accrued by signallers and ob-
servers within full-blooded signalling scenarios. Howeweere are instances of full-blooded
signalling in which information is not exchanged, and samyl instances in which fitness benefits
are not enjoyed by one, or either, member of a signalling dyad

The bee dance, performed in good faith, which misrepreskat®cation of a source of nectar
(as a result of the fact that this nectar was consumed or mduedg the dancing bees return
flight) is one such situation. Neither information exchanger fithess benefits, are involved in
this behaviour and the resulting response behaviours ohtickence. However, the bee’s mis-
informative dance is still a signal. This rather involvedioo can be captured in the insight that
signals sometimemiisrepresenteality. The capacity to misrepresent is a defining charatie
of intentional entities. Signals, as prototypical intengl entities, must have this capacity. Mil-
likan’s thesis is that accounts which stress the infornmaticontent of signals leave no room for
misrepresentation, and are therefore logically flawed.

Earlier it was mooted that without the notion that informoatexchange is central to signalling
there was the possibility that hiding or camouflage mightlaesed as signalling, and that such a

4Such a state of affairs would appear to be unstable. See Helaliscussion of the issues which this observation
raises.

5Compare — Hearts dendto pump blood. However, there are instances in which a heaytfail to pump blood.
Such a heart is still a heart, and as such its proper funcsiatili to pump blood. It has simply failed to perform this
function.
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classification would be erroneous. However, an evolutip#fianctional classification of signalling
allows one to exclude such behaviours on the grounds thah#&adanism which governs hiding
behaviour, for example, does not function as a signal preduc

By the term function Millikan intends nothing more than thehaviour for which a system
was selected (Millikan, 1989). If one selects a knife to opdrottle with, then the knife functions
as a bottle-opener. Similarly, the function of my heart hasrbestablished hyatural selection.
Its function is to pump blood around my body since it was tigfopumping blood around my
body that my heart’s predecessors came to effect their dejgt@on and thus the current existence,
and characteristics, of my heért.

For Millikan, the function of a system can thus be ascertime examining its adaptive his-
tory’. What kind of adaptive history must a system have in ordenuality for the function of
signal producer, or signal consumer? A producer has beentsdlto behave in a manner which
adapts a consumer to a state of affairs through generatirgnalsvhich maps with this state of
affairs. It was through adapting the consuming system t® state of affairs that the ancestors
of the producing system came to be reproduced and thus thairtiducing system came to be,
and came to possess the constitution it does. Similarlynawoer has been selected to behave in
a manner which utilises the producer’s signal as a meansayiten) itself to the state of affairs
represented by the signal.

These two functions are thus inter-twined; they implicaiereother. Immediately a problem
arises. How can such scenarios be achieved in situationsichwhere exists a conflict of interest
between producer and consum8iadO)?

Surely, given a conflict of interest betwe&andO, the selective pressures which drive sig-
naller evolution are in opposition to those which drive alseeevolution. This is the observation
which led Dawkins and Krebs (1978) to suggest that, in suclasons, both signaller and observer
would evolve to exploit pre-adaptations in each other, &adl such exploitation will continue as
a co-evolutionary arms race.

Situations in which, unlike poker, each half of a signalldygd has a co-operative interest in
the other do not appear to involve this problematic insigbilA classic example of such a com-
munication system is the bee dance language. Since thedggiice potential of foraging bees
completely coincide, there is no advantage to be gaineddeitdéds a result, bee communication
is stable, and can be interpreted under the scheme develgphtillikan. Dancing bees have
evolved to produce a dance which maps onto the location dédnigcorder to adapt the behaviour
of their audience. Watching bees have evolved to adaptlikeé@viour on the basis of such dances,
on the assumption that they map onto the location of nectar.

Thus, the signals passed betweeroperativesignallers appear to accord unproblematically
with Millikan’s definition of an intentional icon, and co-epative signalling scenarios may thus be

6N.b. The teleological flavour of this account is not damagiimge such claims do not seek to account for the
characteristics of my heart by claiming that they are thécllgesult of some unfolding process. Evolution does not
strive to enable my heart to pump blood. However, that my stocs’ hearts have historically pumped blood, and that
through this activity (rather than through being red, or mgla bumpety-bump noise) my ancestors’ hearts came to be
reproduced, does have ramifications for functional desorip of my heart (see Millikan, 1989, for a more developed
account of evolutionary function).

“Obviously this cannot be done in any detail for any naturailplved trait. However, the fact that there exists
a particular adaptive history for any such naturally evdlit implies that there is a corresponding particulae. .
determinate) function for which the system has been salecte



cliaptel o. 11e £vOIUuuOorl OF Natulal sigliaiilyg osysieliaad

counted as full-blooded signalling. However, situationghich there exists a potential conflict of

interest between signaller and receiver do not seem to deditih such a definition. Mechanisms

involved in the exploitation of sensory or motor biases (@riaading mechanisms and manipu-
lative mechanisms) do not appear to function as producersprmsumers of signals, under the
definition of these functional roles provided above.

However, recall the definition afonventionakignals offered in section 5.3. This definition
cast conventional signalling systems as systems comgrisio parts; a primary co-operative
signalling system involving signallers and observers fbiom there exist no conflict of interest,
and a parasitic third party. Under the scheme provided byikdi, such a characterisation of
conventional signalling involves a full-blooded signaglicomponent (those signals exchanged
within the co-operative part of the system), and a non-sligirgacomponent (the behaviour of
the parasitic third party) which relies on mere tacit suppmss concerning the character of the
co-operative partners.

Handicap signalling systems may also be considered tovavall-blooded signalling. Within
such systems, the character of extant signallers resaltstine success of ancestor signallers that
possessed a system which produced signals which mappedavith state of affairs such that
these signals were of use to some consuming system withenads (rather than producing sig-
nals which mapped that way for some adaptive reason exteriaé signalling context). These
consuming systems found such signals useful (i.e., weeetsel to adapt the behaviour of ob-
servers to these signals in beneficial ways) because thepedap the manner they did (rather
than for some adaptive reason external to the signallingezon Although there is potential for a
conflict of interest between signaller and receiver withantlicap scenarios, the costs and benefits
to both signaller and receiver result in a co-operative gobpeing strategically sound for each
partner. That is, for scenarios in which signalling is diabd by costs and benefits, such that
signallers are constrained to signal informatively, andesibers are selected to take advantage of
such information, it is true to claim thabnestys the best policy, rather than to maintain that such
a signalling strategy is only hondstidentally.

Note on the Use of Examples and Mathematical Notation

As a cognitive scientist by training my biological intuitis are of dubious value. As a result |
have frequently abstained from the use of examples of nlagigaalling except to occasionally
note examples drawn from biological review articles.

However, | realise that the practice of matching theorétesults with empirical observations
is extremely worthwhile. Indeed, within the biological sajling literature there are frequent
statements to the effect that theoretical findings are ngitd be empirically tested, or that the
construction of formal models of recent empirical findingsoverdue. Within the theoretical
literature there appears to be a degree of tension betweee theorists for whom observation is
the starting point for theory (e.g., Endler, 1991, 1993 hpes), and those for whom the logical
integrity of a theory is a first concern (e.g., Grafen, 1994®90b, perhaps).

Throughout the following two chapters | will adopt the latp®sition. Although it is debat-
able whether natural examples of the systems which will bdetied exist, for the meantime |
will concentrate on demonstrating the logical possibitifysystems with the characteristics con-
sidered. The import of such demonstrations will be pred@idain the fact that the models under
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examination have been published within the literature, iarat least one case (Grafen, 1990b),
have become theoretical flagships within their field. Howgtavill be left to others, better qual-
ified than myself, to debate the relevance of these findings.

Furthermore, all mathematical results will be derived wvitthe body of the text rather than
included separately in appendices. This strategy reswits my belief that what mathematics is
involved in the models is simple, and that postponing its@ntation merely disrupts the devel-
opment of any argument to which it is pertinent. Howevers #wrangement dose necessitate a
degree of repetition, in that equations may need to be atédrat some points. It is hoped that
the reader will tolerate such repetition, and the degreetihvproofs are presented as fully as
possible.



Chapter 6

The Evolution of Symmetrical Signals

Recently, within the biology literature, there has been santerest in exploring the evolu-
tionary function of animal displays through computer siatigdns of evolutionary processes.
This chapter provides a critique of an exploration of thelationary function of complex
symmetrical displays, investigating the hypothesis tloamhglex symmetrical signal form is
the product of a ‘hidden preference’ inherent in all sensystems (i.e., a universal sensory
bias). Through extending previous work and relaxing itsiagsions it is revealed that the
posited ‘hidden preference’ for complex symmetry is in itgah preference for homogene-
ity. The resulting implications for further accounts of téeolutionary function of complex
symmetrical patterning are considered.

6.1 Introduction

A small but rapidly increasing number of studies (e.g., A&lEnquist, 1993, 1995a; Enquist
& Arak, 1993, 1994; Johnstone, 1994a; Krakauer & Johnstt®885; Hurd et al., 1995) have
undertaken to explain evolutionary phenomena throughrttptementation of iterative computer
programs, designed to model biological systems. These Is.differ from more traditional iter-
ative numerical models in that they typically rely on moagltechniques pioneered within the
artificial sciences (e.g., artificial neural networks, genalgorithms, etc.). As such they may
be considered as (proto-)evolutionary simulation modalthough the authors of these models
typically consider them to be little different from traditial iterative numerical models.

Some debate has accompanied this work (Cook, 1995; Jolest85; Arak & Enquist,
1995b; Dawkins & Guilford, 1995) but attention to the metbladyy employed within it has been
cursory. This chapter replicates, discusses, and extenelsdutionary simulation model (Enquist
& Arak, 1994) concerned with the evolutionary function ofunally occurring symmetrical visual
displays (e.g., the complex symmetrical patterns foundhenwtings of many birds). First, a
brief account of Enquist and Arak’s (1994) argument adviagethe interpretation of symmetrical
signals as having evolved to exploit a universal sensory isipresented. This is followed by a
replication of their study and a discussion of its validity.

Subsequently an extension to their model will be introducekis extension is designed to
test the hypothesis that the networks evolved under theitonslemployed by Enquist and Arak
had preferences for structure (i.e., complex symmetryly orsofar as they were presented with
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patterns subjected to unnaturally structured sets of foamations during their evolution. The

extended model supports this hypothesis, and demonsthaitss different account of Enquist and
Arak’s proposed sensory bias must be accepted. The chdpsascwith some theoretical and
methodological discussion. The roles of the sensory biaddsessed within this chapter in the
evolution of complex symmetry are considered, and some aodetbgical issues concerning the
application of evolutionary algorithms to biological mdidey are raised.

6.2 Symmetry

Enquist and Arak (1994) attempt to show that symmetricalgpas are inherently favoured by
perceptual mechanisms which must consistently classifgotd despite viewing them from dif-
ferent angles, at different distances, in different o@ioins, and so on, due to the invariance of
such patterns across such situations. Following Enquist®aak, this postulated disposition to
favour symmetrical patterns will sometimes be referredsta éuniversal) sensory bias, in thatit is
proposed as an exploitable latent preference inherentrwitbual systems. However, this is not
intended to imply that these visual systems’ preferenceyormetry need be established prior to,
or in some way independently from, the associated signaliggo.

Enquist and Arak model an artificial visual system using aayaof receptive elements (a
seven-by-seven grid of idealised retinal cells each caomtgithree receptors respectively sensitive
to the red, green, and blue components of the light fallinghmir cell) and an artificial neural
network consisting of 15 idealised neurons, each receildhgweighted inputs (one from each of
the three receptors in each of the 49 retinal cells), whidlin excite or inhibit a decision neuron
which responds ‘yes’ or ‘no’ according to whether the wegghactivation from these ‘hidden’
neurons, when summed, and perturbed slightly by a randoemialt factor, rises above a certain
threshold.

This visual system’s task was to accurately discriminate/ben a signal pattern and various
distractor patterns (each represented as a five-by-fivg afreoloured pixels; each colour being
represented by a vector in the red-green-blue colour spbEspite each being presented to the
system in various positions on the system’s ‘retina’ anddrious orientations. These positions
and orientations were arrived at through subjecting theaigand the distractors) to reflection,
rotation, and translation transformations (see figure.6.1)

Artificial selection pressures were applied to such visyatems and the signals they at-
tempted to classify (both of which were initially randomlgrdigured). Repeatedly, the best of
each (i.e., the network that discriminates signal fromrdigbr under the most transformations
and the signal that is discriminated correctly under masidformations) were allowed to ‘asex-
ually reproduce’, creating new patterns and networks thereveach similar to their parent but
not identical due to low probability ‘mutation’ events whiarbitrarily corrupted the reproduction
process.

Under this artificial evolutionary paradigm impressiveuks were obtained. Patterns and
networks co-evolved over evolutionary time, reaching ‘a.quasi-stable situation in which the
network discriminates almost perfectly ... and the sigts#lf changes slowly ... [The signals]
consisted of purer, brighter colours than random pattehesy; also displayed ... marked symme-
tries” (Enquist & Arak, 1994, p.171).
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Figure 6.1: Depictingd) the retina, o) an example signal, Enquist and Arak’s (1994) tfans-
lation, d) 90° rotation, and €) reflection transformations, and) the higher resolution rotation
transformation employed in this chapter (n.b. @ four of the nine possible translations are
depicted, and inf} five of the 16 orientations are depicted).

Prima facie these results are strong support for the hygighiat symmetry “may arise as
a by-product of the need to recognise objects irrespecfivieair position and orientation in the
visual field” (Enquist & Arak, 1994, p.169).

6.3 Replication

In replicating this study the stochastic hill-climbing atghm employed by Enquist and Arak
(1994) was re-implementédThe design of the simulation presented here should thutriiaised
to Arak and Enquist. Discussion of the adequacy of this dhesif be deferred until section 6.7.

Initially a random network (with connection weights drawarf a uniform distributiofi—0.3,0.3])
and a random signal (colour components drawn from a unifdetmidution[0.0,1.0]) are gener-
ated. The algorithm then repeatedly carries out two corecperiods of hill-climbing, one
within the space of signal patterns and one within the spaoetioal networks.

Hill-climbing is carried out in the following manner. A muttof the current best network is
generated by copying each of the best retina’s network veigith probability 0.01 of a weight
being perturbed by a normally distributed value (zero mesagh, 0.02). The mutant is assessed
with respect to the current best signal, and, if discoveodaktfitter than the current best network,
takes the best network’s place, acting as the model for themetant. Oncer mutants have been
generated and tested in this manner, attention is switchtitetbest signal pattern.

1Copies of the code, and colour versions of this chaptersidigiuare available from the world-wide-web page
http://www.cogs.susx.ac.uk/users/sethb/sym.htnl
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The signal is tested with respect to the current best netandicompared to a mutant which
is generated by copying each colour component of the sigithlprobability 0.05 of perturbing
it with a normally distributed value (zero mean, s.d. 0.3grt@rbations which produced colour
component values outside the legal raf@®, 1.0] were truncated to the nearest extreme value

If a mutant signal is assessed as fitter than the current tgpsilsit takes the best signal’s
place and acts as the model for the next mutant. Afterutants have been generated attention
reverts to the best retinal network and the process repeats.

Although the retinal network evolution is described firstéyen order to avoid biasing our
replication through preferentially evolving either thewerk or the signal first, the order in which
the evolutionary ‘steps’ were carried out was counterbeda across simulatiohs

Enquist and Arak dub one cycle of the above process (in whidditrarily, n~=100) a ‘genera-
tion’, and run their simulations for 500 such generatiortse $Simulations described here employed
fewer iterations within a generation, and fewer generai@s50 for 100 generations) after pilot
studies revealed that when simulations were run for 580Q0) generations, there was no signif-
icant change in the makeup of either the networks or the 8atfier the first 50 such generations.

Fitness was calculated thus,

p

q
f(s0)= =3 |E@O©)—= 3 E@(h(d)))
p|: q]:

wheref(s,r) denotes the fitness score ascribed to signal and résimé under an assessment
regime comprisingp presentations of different transformations of both sighahdq distractor
patterns ¢; denotes thg™ distractor pattern). The compound functigr(Ai(x)) denotes the
output of retinal network when presented with patterunder transformation;.

This outputis calculated as follows. The output of a retieakptor was equal to the intensity
of its input, whilst that of a network neuron was calculategaigmoid function of, the sum of
its weighted inputs, thus:

1-1/2[1/(1+y)] y=0
1/2(1/(1-y)] y<0

The functiong(w) is an error function which smoothes the network outpytlfy modelling a
stochastic internal variabl®) which perturbs the network output by a value normally disired
with zero mean|§=0), and standard deviation 0.0250.02).

Rather than draw a random value from this distribution farretial, the effect of this internal
factor was calculated in the limit, thus,

output= {

2
1 e _(M)
E(W) = P(W+ O >8) = ;/ e \0v2) dz
8
wheret is a scaling constant used to normalise the function’s dutpoetween 0 and 1, whilst

0 is a threshold value above which the network is said to haspaieded positively to its input.

2The details of this mutation operator (which was employediighout all the simulations described here) were not
reported by Enquist and Arak (1994), who in addition to ergjrlg this scheme, entertained a number of alternative
mutation operators (also unreported, Enquist & Arak, peasnm.). See section 6.7.1 for discussion of the implication
of these mutation operators.

SEnquist and Arak (1994) do not report whether they employésid¢ounter-balancing measure, or, if not, which
population was allowed to hill-climb first. See section 6.7.
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The value returned by the error function was thus a detestinineasure of the proportion of
trials in which a network output valuevj, after perturbation by an internal stochastic variable
(©), would exceed the arbitrarily designated threshold véh)e

For all simulation runs considered hefs0.5,9=3 (one white, one black, and one random
distractor}.

Enquistand Arak’s (1994) presentation regime was re@taEach pattern was presented to a
network under 36 different transformations (nine tranestag by four orientations, see figures 6.1c
and 6.1d). The results of 20 simulation runs are displaydidure 6.2a.

Bilateral asymmetry was calculated as the average geantisiiance in the red-green-blue
colour space between corresponding pixels. Rotationahawtry was calculated as the mean of
the standard deviations of the groups of pixels invariaatauhe rotation transformation. Bright-
ness or boldness was calculated as the average geometenadisn the red-green-blue colour
space between each pixel and the nearest corner of the sgace.

Evolved signals exhibited significantly more bilateral sgetry (t=6.526, d.f.=19, £0.01),
four-fold rotational symmetry (t=9.638, d.f.=19¢0.01), and brightness (t=10.825, d.f.=19,(p01),
than random signals (see figure 6.3a). Under the conditimpsoyed by Enquistand Arak (1994),
symmetrical signals do indeed evolve.

6.4 Discussion

Objects are not always seen at the same orientation, or fnensame distance, etc. The trans-
formations that Enquist and Arak’s (1994) patterns undargantended to mimic these different
ways in which the light reflected from a real-world objectisabnto a retina. As Enquist and
Arak’s retinae and patterns are square, reflections in thtecaéand horizontal axes seem natural
transformations to perform in order to create variationhe tetinal image. However, natural vi-
sual systems are very rarely exposed to a pattern and thieseguently, a reflection of that same
pattern.

Rotations of 90 degrees also seem natural transformatioperform upon square patterns.
In response to such rotations, Enquist and Arak’s simutagimduces patterns with four-fold
rotational symmetry. However, in reality, the rotationnséormations that images undergo are
continuouslyalthough not necessarily uniformly) distributed betwé&iand 360.

Finally, if a signal’s invariance under transformationsudsat makes it easy to discriminate,
then biological signals which are selected for conspicness should ideally be one solid colour
(i.e., maximally symmetrical).

To summarise, could it be the case that the networks evolmddnthe conditions employed
by Enquist and Arak had preferences for structure (i.e.,glerisymmetry), only insofar as they
were presented with patterns subjected to unnaturallgstred sets of transformations during
their evolution?

4The exact number and nature of the distractor patterns gragloy Enquist and Arak (1994) is unclear, and varied
over the simulations they report. See section 6.7.
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Figure 6.2: Five signals typical o) the 20 signals evolved under Enquist and Arak’s (1994)
presentation regime, ant)(the 20 signals evolved under a presentation regime comgrsne
translation, and sixteen 22.5otation transformations. Each signal is shown as a colourn-c
posite and three colour separates in which the increastegsity of each colour component is
represented as increasingly heavy shading.

6.5 Extension

In order to explore the effect of more continuous rotatiomahsformations, the rotation regime
was relaxed to include transformations that fell at 22rbervals (see figure 6.1f) rather than the
9 intervals employed by Enquist and Arak (1994). This qualidiphe number of presentation
trials per assessment (i.@5144), as, under each translation transformation, eactakwas now
presented in sixteen, rather than four, different orieates. All other parameter values were held
constant. The results of 20 simulation runs are displaydigiimes 6.2b and 6.3b.
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Figure 6.3: Initially random signals were subjecteddapEnquist and Arak’s (1994) presentation
regime comprising nine translation, and four 96tation transformations, ant)a presentation
regime comprising nine translation, and sixteen 22diation transformations. Graphs depict
(left) plots (+/- s.d.) of signal fitness, and rotational msyetry metrics (four-fold and sixteen-
fold) averaged over 20 simulations of 108-60) generations each, and (right) plots (+/- s.d.) of
signal boldness and heterogeneity metrics for the samen2@laion runs.
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Figure 6.4: Initially @) random, andl) bilaterally symmetrical signals were subjected to a prese
tation regime comprising nine translation, and sixtee®2gtation transformations. In addition,
signals depicted in grapha)(were subjected to a bilateral reflection transformatiorapghs depict
metrics as per figure 6.3.

Evolved signals display significantly greater rotationahsnetry, both sixteen-fold (t=5.07,
d.f.=19, p<0.01), and four-fold (t=3.3, d.f.=19,40.01), and are significantly more homogeneous
(t=4.87, d.f.=19, p:0.01), than those evolved under the conditions employedioyst and Arak.
They also feature significantly brighter colours than randsgnals (t=10.135, d.f.=19 ®.01).

In a further 20 simulation runs, introducing a bilateraleeflon transformation (see figure 6.1e),
which doubled the number of presentation trials per assess(ie., p=288), did not result in
evolved signals significantly different in any way from tleogenerated under this sixteen-fold
rotational regime (see figure 6.4a).

Furthermore, seeding 20 simulations with initially petfedilaterally symmetrical signals
also resulted in evolved signals not significantly différsam those generated from random ini-
tial conditions, indicating that, as well as failing g@neratecomplex symmetrical structure, the
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Figure 6.5: Initially @) homogeneous signals arg) (naximally bold homogeneous signals were
subjected to a presentation regime comprising nine tréoslaand sixteen 22°%5rotation trans-
formations. Graphs depict metrics as per figure 6.3.

sensory bias presented by Enquist and Arak (1994) couldchaattainpre-existing bilateral sym-
metries (see figure 6.4b).

Further experimentation reveals that not any homogendgnalsuits any network. Seeding
20 simulations initially with signals homogeneous in a r@amdcolour resulted in evolved signals
not significantly different from those evolved from randanitial signals under the same presen-
tation regime. However, as networks evolve to prefer sigoélabove average brightness, the
final evolved signals were significantly more bold than tleairliest ancestors (t=10.734, d.f.=19,
p<0.01; see figure 6.5a).

Seeding 20 simulations with signals initially homogenewusne colour chosen randomly
from the six maximally bold colours that the networks wer¢ penalised for favouring (i.e., one
of green, red, blue, magenta, cyan, or yellow, but not whitalack) again resulted in evolved sig-
nals not significantly different from those evolved fromtially random signals (see figure 6.5b).
However, the corner of the colour space occupied by theairsitgnal was not necessarily the same
as that occupied by the final signal. Thus, the networks wetenerely favouring any homoge-
neous, bold signal, but initially had innate biases whichld@esult in signals evolving from one
bold, homogeneous pattern (e.g., solid green) to anottger éolid blue).

That this is the case is represented graphically in figurb By5(i) the increase in asymmetry
and heterogeneity (which are initially zero, since anegsiignals are maximally homogeneous),
and the associated decrease in boldness (which is initi@imum, since signals are comprised
of extreme colour components) which occurs at thsetof the simulation, as signals evolve
away from their maximally bold, maximally homogeneous ataes, followed by (ii) a drop in
asymmetry and heterogeneity, and a rise in boldness, aalsiggnverge upon homogeneous, bold
patterns which may differ from their ancestral seed.

In summary, signal form was shown to be a result of pressatgfpnsymmetryper se but for
homogeneity coupled with arbitrary boldness (the natumgtdth being determined by the initial
constitution of the network), whicboincidentallyresults in signals which exhibit a high degree
of both rotational and bilateral symmetry. As such, comigmal form cannot be explained as a
product of the sensory bias that Enquist and Arak (1994)qsep
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6.6 Theoretical Discussion

Several points should be made about the scope and naturesoesult. This section will ad-
dress some of the theoretical issues raised by the failurepiicate Enquist and Arak’s (1994)
results. The subsequent section will discuss some metbgital points pertaining to the proper
construction and execution of evolutionary simulation ried

First, this result should not be taken to be an explanatiorttfe presence of homogeneous
patterning in the natural world. Although certain casesaéibhomogeneous coloration may well
be adaptations exploiting the conspicuousness of suclrpattno general claim to that effect is
being made here. The thesis of this chapter is purely negatomplex, symmetrical patterning
cannot be explained as the result of evolutionary pressusxploit the universal sensory bias
proposed by Enquist and Arak (1994).

Secondly, it might be thought that a presentation regime hicwvthe orientation of signals
was biased in some way could lead to more complex symmetnysi@er a presentation regime in
which the orientation of the signal is drawn from a normatmlisition centered on some arbitrary
angle (see figure 6.6a). This can be thought of as modellinyat®n in which the signal has a
typical orientation, but sometimes deviates from it slightnder such a regime, might bilaterally
symmetrical signals evolve?

Enquist and Arak’s model ensures that in order that one gaatsignal comes to resemble
some other part (i.e., that some symmetry develops), batis p&the signal must at different
times fulfil the same role for the signal receiver. That ighbgignal parts must be projected onto
the same part of the receiving retina.

If we choose a candidate axis of symmetry passing througbehtre of a signal, and lying
within the plane occupied by the signal, we see that whitgitlreflected from signal areas on
either side of this axis might sometimes fall on the same @iaatreceiver’s retina, the chance of
this occurring decreases as the angular distance betwebsigmal areas increases. For example,
a presentation regime in which signal orientation is drasemfsome normal distribution centred
upon some typical orientation will ensure that light reféztfrom signal elements &t5° from an
arbitrarily chosen axis will fall on the same area of retinarmore frequently than light reflected
from signal elements at45° from the same axis. As a result, signals will gain only veryited
benefits from any degree of bilateral symmetry. Since thisue for any axis passing through
the centre of the signal, no one axis of symmetry has precedever others, and reflectional or
rotational symmetry will only be favoured in that it increeshomogeneity (homogeneous signals
still being easier to discriminate from distractors tharrencomplex signals).

However, consider a probability distribution function gowing signal orientation which is
bimodal, with the angular distance between modes equal@ (8e 6.6b). Such a distribution,
whilst again not affording precedence to one particulas axireflectional symmetry, will induce
two-fold rotational symmetry (although not at the expenskamogeneity) as signals which are
invariant under a 180rotation will be favoured. The orientation aspect of Engjaisd Arak’s
presentation regime can be considered to be a probabibtyilalition function with four equi-
distant modes. Enquist and Arak (1994) demonstrated tltdit spresentation regime resulted in
signals exhibiting four-fold rotational symmetry.

However, it cannot be claimed that such multi-modal proligisunctions underly many nat-
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Figure 6.6: Depicting probability distributions govergithe orientation of a display signal. Dis-
tribution (@) is a unimodal normal distribution, whilst distributioh)(is a bi-modal distribution.
Although a reference orientation for the signal and an aased reference line (both depicted
with solid lines) have been chosen for each diagram thiswtaten is arbitrary, e.g., fora) 6 = 0
denotes an upright signal aBds measured as the angular displacement from a verticakrete
line, whereas forlf) 6 = 0 denotes a signal 8®ff vertical andd is measured as the angular dis-
placement from a line T5from horizontal. For any distribution such a& ©r (b), once a signal
orientation has been chosen B¢ 0, theta may be measured from any any reference line without
affecting the presentation regime of the signal. Such egieeg lines cannot be considered as ‘axes’
with respect to the rotation operator, since the only axi®t#tion is perpendicular to the plane of
the signal.

ural signalling scenarios. For example, consider a pattefish swimming from right to left
across a potential mate’s visual field. In order to preseaistime pattern at an angular offset of
180, the fish would have to swim upside down (i.e., rotated throli®C). For the fish to pro-
vide a four-mode display similar to that employed by Enqgaisd Arak, it would have to spend
time swimming vertically up and vertically down as well aghi-side up and up-side down (or
some other combination of four equi-distant orientatipng)ilst spending comparatively little
time swimming at the intervening orientations. Note thatsh finerely swimming from right to
left and subsequently left to right would not display a patte two orientations, nor a pattern and
subsequently a reflection of that pattern, but simply twageas (one from each side of the fish).
Whilst the patterns on each side of such a fish might be relateth a relationship is contingent
rather than necessary, and is not modelled by Enquist ankisfseheme which does not include
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morphological/developmental constraints on pattern f(see below).

Itis notimpossible to imagine the discovery of naturallgeeing signalling behaviour with a
complex stereotypical structure (e.g., an animal thatldispa patterned body part at four distinct
orientations) coupled with an associated discovery thasthucture of this signalling behaviour
is reflected in the structure of the displayed signal pastetdowever, the complex structure of
such signals could not be said to have arisen “as a by-pradfube need to recognise objects
irrespective of their position and orientation in the vistield” (ibid., p.169). On the contrary,
the complex structure of such signals would have aridespitesuch a ‘need’. In such a case,
the general pressure which favours homogeneity as a resporthis ‘need’ would have been
relieved through restricting the presentation of the sigmaome specific (and unusual) manner.
Such complex signal patterns could not be explained as thsecuence of “general principles of
perception” (ibid., p.169), but could only be explainedoiingh reference to specific facts about
their evolutionary history.

Finally, a further consideration which might influence tixpmssion of a bias for homogene-
ity is the degree to which the developmental or morpholdgioastraints of a creature might
interfere with the form of its signals. It is attractive taae that a creature’s bilaterally symmet-
rical patterning might be the result of constraints impobedts bilateralBauplan Could it be
that a sensory bias for homogeneity might be expressedsaarbgaterally symmetrical body as
similarly bilaterally symmetrical patterning?

Augmenting Arak and Enquist’'s account of complex pattegnifith an appeal to morphologi-
cal constraints is unsatisfactory as such an appeal mustpostraints whicliesisthomogeneity.
For example, if morphological constraints which imposetgitality upon a creature’s morphology
can be shown to influence the creature’s patterning suctitibatatterning is similarly bilaterally
symmetrical, then any ‘hidden preference’ for homogeneisyy be regarded as superfluous to an
explanation of such complex bilateral symmetry. An adegeaplanation may be based entirely
on the aforementioned morphological constraints. Furtfoee, a sensory bias for homogeneity
will actually resist the development of complex bilateyasymmetrical patterning in favour of
more homogeneous bilateral patterns (i.e., uniform cdilkmmg

6.7 Methodological Discussion

If models are to provide theoretically worthwhile resuttse methodology employed in their de-
sign and execution must be rigorous enough to withstanidaraccusations of artefactual results
due to poor simplifying assumptions. Although simplifyiagsumptions are a necessary part of
modelling (whether through simulation or formal analytietmods), they must be explicit and
well justified. Moreover any conclusions drawn from such eiednust be qualified with respect
to those simplifying assumptions.

The assumptions made by Enquist and Arak (1994) involvieg firesentation regime, their
mutation operator, their representation of colour, theiplementation of noise, and their model
evolutive process, all fail to survive close scrutiny, andlrawing conclusions from their results
the authors fail to appreciate the considerable part playdtiese assumptions.

It has been shown above that the form of the signals that Ehquid Arak (1994) evolve
is dependent on the presentation regime that they underbe. signals exploited the structure
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inherent in thgresentation regimeather than any ‘hidden preferences’ inherent in theifiarai
retinae. In this section the effects of their additional@lifiging assumptions are discussed.

6.7.1 Mutation

The term mutation is used within biology as a label for a dieerange of deleterious processes
which interfere with the veridical transcription of genpgs. Cosmic rays, transcription errors,

toxins, etc. are all implicated in the creation of mutantader Darwinian rather than Lamarckian

schemes, such mutants are assumed to differ from their{garea non-directional manner, rather

than being biased in some direction of increasing fitness.

Evolutionary simulations involving asexually reprodugimopulations typically rely on muta-
tion operators to provide genetic diversity upon which seéten may act. Simulations involving
sexual populations similarly involve mutation operatdms, augment them with crossover opera-
tors which allow offspring to inherit passages of genomenfeach parent.

Although the construction of mutation operators is nottatliy regarded as a complex matter,
such operators are often significantly different from nakamutation processes, and involve issues
which are unique to the design of evolutionary simulations.

Boundedness and Legality

Consider a phenotypic trait which may vary over some rangd, ia represented by some real
value in an artificial genotype. (Alternatively, traits mafcourse be represented with a fixed or
variable number of binary, (or decimal, or octal, etc.) tigDur attention will be confined to real-

valued genes initially since they were employed by EnquidgtArak, and will also be employed

within the models presented in the next chapter. Subselyuéetdiscussion will be extended to

address discrete genetic representations of phenotygpis)tr

We may distinguish between two classes of such a trait. Undbeditraits are those which may
vary limitlessly. Such traits might include, perhaps, tigm#icance afforded to a male display by a
female onlooker, which might vary from zero (non-signifigathrough positive infinity (infinitely
attractive), or negative infinity (infinitely repellent).

Bounded traits are those for which there are a limited nunolbéegal values. Many traits
suffer a lower limit. For example, one cannot have less tlema legs. Some are bounded at both
extremes, e.g., a trait governing the time of day at which loegins to forage might only vary
between dawn and dusk, or, as under Enquist and Arak’s (129%)me, the colour component of
a signal element might only vary between zero and unity. Sucbtion of boundedness raises the
associated notion of legal and illegal genotypes, illegalalypes being those that code for traits
which lie outside their legal bounds.

It is clear that the distinction being made here is an unahtome which cannot easily be
applied to natural genetic encodings. For example, althowgural genes may code for what
appears to be a bounded phenotypic trait (e.g., the lengthtaif feather), the manner in which
they do so may logically preclude the occurrence of illegdiies for this trait. Additive polygenic
traits, for example, might code for a continuously varyifgpotypic trait with a varying number
of particular genes. Since the genotype cannot containaivegiumber of these genes, it cannot
code for an illegal phenotypic trait (e.g., a tail of negatigngth).

In one sense however, an ‘illegal genotype’ is one which da¢sesult in a viable organism.
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Any mutant genotype will be subject to morphogenetic preees Some will fail to be viable.
Such mutants will not leave offspring. As a result they wél$elected out of the population. This
selective process is essentially the same selective modaish excludes viable mutants which
are less well adapted to their niche than their competitors.

Genotype legality within artificial evolutionary algoritis falls somewhere between the ac-
counts given in the two previous paragraphs. Itis true tgin the first account, genotypes with
illegal parameter values are never realised as organismdsar@ thus never subjected to the same
selective pressures as their valid conspecifics. Howelegal genotypes are generated by the
algorithm and are thus not excluded out of logical necessitiy the first account, but are selected
as invalid, as in the second account. However, the grounds which illegal genotypes are se-
lected are not the same as those which govern phenotyputisele The legality of genotypes is
assessed, prior to any morphogenetic, developmental ogenetic performance, on the basis of
the genotype itself. If found to be legal, the genotype isgstated into a phenotype and assessed as
normal. These two selection procedures are separate uhbk&ngle selective process described
above. If found to be illegal, some alternative course oibads taken (see below).

It is this lack of correspondence between artificial evalnéry algorithms and natural evolu-
tion which leads to the the unnatural character of artifiniakation operators and the associated
selection biases which they introduce.

Mutation Biases

The designer of a mutation operator has several decisiomsk@ concerning its character. First,
what is the effect of a mutation event upon a parameter vafifesuld a mutant value be drawn
randomly from the range of legal values in a manner indepeifdem its pre-mutation (parental)
value? Or should the mutant value be related to this pargataé, or some other value (e.g., the
population mean), and if so, how?

The answers to these questions are influenced by prior dasisioncerning the underlying
genetic representation, and the boundedness of the plgotgits which the genes represent.

Real-valued genes coding for bounded phenotypic traitsimeayutated independently of the
genetic makeup of the current population through drawirgnaom value from the range of legal
values available for a trait.

Similarly, real-valued genes coding for unbounded, oriplytbounded, phenotypic traits
can be mutated independently of their parental value thramgosing some arbitrary legal range
upon the phenotypic trait and picking a value from this range

However, the appeal of mutation operators which generatamivalues independent of their
parental value, or the population mean, or the general nkéthe population seems limited.
Often, designers of mutation operators wish mutated plypnotraits to differ only slightly from
the parental phenotypic trait. This motivation appearsridaulie the adoption of perturbation
style mutation operators for real-valued genes, and Grdingdor binary coded traits.

Traits encoded as groups of binary digits which are inteégatas phenotypic values (e.g., two
bits interpreted as between zero and four eyes), are typivaitated via random bit flips. For such
mutation operators acting upon conventional binary nusibautated phenotypic traits are poorly
correlated with parental phenotypic traits, since a sibglélip may resultin a large change in the
value for which the bit-string codes. Gray coding (Gray, 39%hrough ensuring that consecutive
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integers are coded for by adjacent binary strings, incie#ise correlation between mutants and
their parents. This coding scheme is advocated by gengticitim designers, who claim it makes
evolutionary search more effective (Goldberg, 1989).

Mutation operators (for both real, and binary, encodingeseés) which generate mutant val-
ues which are influenced by parental values rather than liegiéé have the potential to generate
illegal parameter values for bounded traits. For such naraiperators, decisions concerning the
treatment of such illegal mutations must be made. There aterder of options that an operator
designer might take.

The first is to ignore mutation events which generate illegdilies and leave the value un-
changed. The second is to generate as many mutant valueseseissary until a legal value is
arrived at. The third option is to truncate any illegal mutealue to the nearest legal limit. The
fourth, and most natural option is to reject any offspringathinclude illegal parameter values,
and generate new ones from scratch, re-choosing parents.

Various of the first three options were employed by Enquist Arak in constructing a mu-
tation operator for the colour components of the evolvirgnals. Legal values for the colour
components lay within the rand®.0,1.0]. Mutant values were generated with probability 0.05
by perturbing the parent component with a normally distéolvalue (zero mean, s.d. 0.3). The
third option was employed exclusively throughout the siamtioins presented here.

Each of these options has unwanted side-effects which nfiagirce the evolutionary dynam-
ics of a simulation. These side-effects share a common ctesuraEach results in edge effects at
the extremities of a parameter’s legal range.

Option one operators ignore mutation events which genélegal values. For any parameter,
more illegal values will be generated for parent values tieaextremes of the legal range. This
ensures that the effective mutation rate (i.e., the ratehitmoffspring inherit mutated parameter
values) will decrease as parental values approach legainess.

Conversely, option two operators, which generate as martgmhualues as is necessary until
one is valid, will maintain a constant effective mutatioteracross the spectrum of parameter
values, but will tend to mutate extreme parental values dveayy the legal limits of the parameter.

Option three operators will generate an effective mutateate which is constant across the
range of parameter values, save that it falls to half the nahmutation rate at the extremes of the
legal parameter range. Parameter values near the extrdhtenito reach the legal boundary for
the trait (unlike the previous two options for which it is yamlikely that the extreme values will
be reached at all) and be kept there.

Option four operators, although seemingly the most aceurafiection of natural mutation
processes, result in a selection pressure which resisevtiiation of extreme parameter values.
This can be seen by considering the frequency of viable offgpvhich parents can expect to
generate. As parental values approach an extreme, thesfiegof non-viable offspring increases,
reducing their fitness. Thus, all other things being equdteene-valued parents will more often
leave no offspring than their more conservative-valuedpetitors.

These worries may seem rather overworked. However, thesatehe potential for muta-
tion biases to influence the results of evolutionary siniofet. For example, the “purer, brighter
colours” (Enquist & Arak, 1994, p.169) of signals evolvedlenEnquist and Arak’s presentation
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regimes (i.e., the extreme values of the evolved colour aorapts) might well be explained as an
artefact of the mutation operator which they employed. Tdlewr components were represented
by bounded real values in the ranf§e0, 1.0], and subjected to fairly large mutation events (per-
turbations normally distributed with standard deviatigual to 0.3 ensure that roughly a third of
mutation events would perturb the parental value by mora €h6, i.e., over half the maximum
range for legal values). This, coupled with a mutation ofmerevhich lowers the effective mu-
tation rate as parental values approach the legal boursdairi@ parameter, could lead to signals
with “purer, brighter colours” merely through genetic drif

The presence of potential artefacts such as this can bet@@tbcough exploring the effects of
differing initial conditions. In order to rule out the acauof bold coloration as an artefact brought
about by mutation bias, simulations were run from initiahdions involving maximally bold,
homogeneous signals (see figure 6.5b). These simulationsrdstrated that signals were able
to evolve away from extreme-valued ancestors in response-gyvolutionary selective pressures
provided by arbitrary network preferences.

6.7.2 Colour

Enquist and Arak (1994) mention the bright colours of theoleed signals but wisely provide no
adaptive explanation for them. The fact that colours inrthiehulation are represented as vectors
in a simple three-dimensional colour space, and evolve bgnsi®f large mutations, typically
along a single dimension of this space, render any conalasloawn from their results at best ten-
uous. Having ruled out mutation bias as an explanation,dhaics present in the evolved signals
are best thought of as resulting from predispositions op&nartificial neural networks to favour
extreme-valued inputs, a characteristic of artificial @émetworks which may not generalise to
natural neural architectures (Dawkins & Guilford, 1995).

6.7.3 Noise

Simulation design considerations are subject to two ofterilicting influences. Simulations must
give evolution free rein to explore genotype space, but nibtesexpense of biological realism. On
the one hand simulations must not involve constraints wbla$truct adaptive change. The ge-
netic code, mutation operator, etc., must not introducsdsiar constraining factors which might
interfere with evolutionary dynamics. On the other hanthudations must not involve processes
which preclude the effects of valid retarding evolutionfogces. Crudely put, simulations must
neither artificially impede evolution nor artificially assevolution.

The random internal factor implemented by Enquist and At394) serves to smooth the
fithess landscape and enables evolutionary adaptationapgas of the landscape which have a
very low fitness gradient. This improvement in evolutionsegrch is achieved through calculating
the effect of noise in the limit.

By contrast, modelling the noise as a random value drawrpegently from some distribu-
tion each time the internal stochastic variable is invokeduylts in evolved signals only slightly
more symmetrical than random ones, i.e., the effect of thec8en bias favouring symmetri-
cal/lhomogeneous signals appears to be much reduced.

Under this condition, evolution towards discriminablersis and discriminatory networks is
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impeded because slight improvements in discriminatorljtgloin the part of the retinal networks
or discriminability on the part of signal patterns are natsistently scored as fitter than marginally
poorer competitors.

For example, a mutant network which, before the effects idenare considered, classifies a
signal with an output (e.g., 0.48) which falls below the autihreshold (e.g., 0.5), but which is
slightly higher than its parents output for the same signalen the same presentation conditions
(e.g., 0.46), might sometimes (rarely) enjoy a random pleaition (e.g., +0.03) which lifts the
output above the threshold and changes the network’s respgioom incorrect to correct. Since
the mutant’s output is closer to the threshold than thatsagbarent’s, it will classify this particular
signal correctly (slightly) more often than its parent.

If such perturbations are drawn randomly for each trial,triexe the network is exposed
to the very same signal under the very same conditions, itggiterate a different output value
(e.g., 0.48+0.01), which may lie below the output threstasid will thus not result in a correct
classification. Such a scheme ensures that networks wilsbesaed with fitness values which,
although non-deterministic (i.e., involving a random edert) reflect the ability of the network to
make a binary decision task in the face of some internal bditya(noise on the output node). The
fact that noise values are typically very small ensuresdhancrease in fitness resulting from the
beneficial effects of noise will be vanishingly infrequenit &ny output values not extremely close
to the threshold before the addition of noise.

Such a scheme contrasts starkly with Enquist and Arak’saééstic model which rewards
anyimprovement in performance with an improvement in fithesghanbasis that over an infinite
number of trials any improvement, however smallstresult in more correct discriminations.

Over evolutionary time, a system under directional sebedidbr some trait will benefit from the
slightesttendency to increase such a trait, despite swgidancy resulting in an increase (and thus
improved performance) only very occasionally. Such tewcdeEn even if they are not consistent,
will spread through the population if, on the average, theywigde some improved performance.
It is this reasoning which underlies Enquist and Arak’s adwpof an internal stochastic variable
modelled in the limit.

However, in a co-evolutionary situation, the spread of # tvaich allows an improvement in
some behaviour only occasionally is necessarily influetgechanges in the co-evolving popula-
tion, which will not necessarily be stable over the numbegaferations necessary for the fixation
of such traits.

For the scenario under examination here, an increasedriende discriminate signals from
distractors which only results in an increase in correcgprdents once in every 10 generations
may never fixate in the discriminatory population since tigmals which the network is better
adapted to discriminate may themselves have changed ké®reetwork’s worth can be estab-
lished by natural selection.

Thus, within this model, the addition of noise effectivehanges the nature of the discrimina-
tion task from that of a binary decision task (signal vs. rdistior), which rewards networks with
discrete units of fithess which are large with respect todgiditness scores, to that of a continuous
judgement task, which rewards networks with smoothly vagyitness increments. The former
is obviously a more natural candidate for modelling the redtscenario which Enquist and Arak
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describe, whereas the latter affords more effortless éwolary search.

6.7.4 Search

Issues which arise as a result of Enquist and Arak’s (199djugéionary search algorithm can
be separated into two camps. The first concerns the mannenichwhey model evolution, the
second, the manner in which they model co-evolution.

Evolution

Enquist and Arak choose to model evolution as hill-climbiry population is represented by
one genotype which all members of the population are asstwmsidare. A mutant genotype is
generated and compared to the parent. If assessed asHigterutant genotype is accepted as rep-
resenting the entire population. This account is motivatethe assumption that mutation events
are rare and fitter mutants when they do occur will rapidly date a population. This approach
to modelling evolution is a natural extension of genetic anolutionarily stable strategy models
within the biological literature in which populations artam considered to be converged upon a
particular strategy before the success of individual migtrategists is assessed. The hill-climbing
approach is taken less frequently within artificial life netgl(although see Kauffman, 1993, for
one example) which typically advocate individual basedrepghes considering populations as
aggregates of independent individuals each with their canmogype.

The hill-climbing algorithm employed by Enquist and Arakfeus from problems typical of
local search algorithms. Roughly 1 in 20 simulations flouadémmediately, as no mutant retina
could discriminate the initial signal at above chance, aodnutant signal was discriminated
at above chance by the initial retina. Arak and Enquist (8995340) propose evolutionary-
functional explanations for this type of phenomenon rathan explaining it as a consequence of
the simplicity of their model evolutive process.

An individual based simulation with a population size ofger than one (i.e., a parallel
search algorithm more typical of evolutionary simulationdrls) reduces the incidence rate of
such ‘sterile’ initial conditions, which rapidly falls toear zero as the size of each population
increases.

Algorithms with a necessarily converged population, sustha one implemented by Enquist
and Arak, also preclude the appreciation of frequency-déeet selection effects, or other ef-
fects due to interactions between individuals. Althougthseffects may not be predicted, their
occurrence should not be ruled @upriori.

Co-evolution
Enquistand Arak implement co-evolution as a series of arutsee bouts of evolution experienced
first by one population, then another. First one populassubjected to a hill-climbing algorithm
for a period of evolutionary time, next the second populati® similarly evolved, before the
process repeats. Since the fitness of each population imlyudependent upon the other, co-
evolution of a sort results.

However, the two-step nature of this co-evolutionary &lfpon proves problematic. As was
stated in section 6.3, precautions must be taken in ordevdml goreferentially evolving either
network or signal. In addition, the arbitrary length of eamlolutionary ‘step’ (i.e., the value
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given ton in this chapter) is a free parameter, the effect of which fiadilt to predict or explore
effectively.

Generally, it seems unlikely that one population will remsiiatic throughout the other popula-
tion’s ‘generation’ of evolutionary time, given that eaclth ‘generation’ involves a large number
of evolutionary steps, each of which is assumed to be of alesnigficient for a rare mutant to (i)
appear, and (ii) if fitter than its parent, fixate in the popiola. On top of this, as discussed in the
passage on noise (section 6.7.3), each fithess assessmensigered to take place over a long
(technically infinite) period.

6.7.5 Summary

These methodological issues revolve around subtle cleisiits of evolutionary algorithms.
These characteristics are still being researched, andath#ications of differing simulation de-
signs are still being explored. No doubt novel techniquegkwbircumvent some of the problems
currently endemic within simulation design will be forthming. For the meantime, appreciation
of the issues raised above and the growing literature cairagadaptive algorithms and their uses
(e.g., Mitchell, 1996) is paramount if modelling work is tmpeed successfully.

6.8 Conclusion

In conclusion, it has been shown herein that the form of theads that Enquist and Arak (1994)
evolved was dependent on the presentation regime thatghalsiunderwent. The signals ex-
ploited the structure inherent in the presentation regiatkar than any ‘hidden preferences’ in-
herent in the artificial retinae. Enquist and Arak’s unnatwegime was relaxed so as to more
closely approximate that experienced by natural signalsaAesult, the interesting structure of
their artificial patterns dissolved until bland homogeyeitas reached. Such homogeneous pat-
terns fail to support the hypothesis that complex symmetrgy arise as a by-product of the need
to recognise objects irrespective of their position anérm@tion in the visual field” (ibid., p.169).
Furthermore, a sensory bias for homogeneity such as theamsédered here would actively resist
the evolution of complex patterns (whether symmetricalat).nDespite this negative conclusion
alternative hypotheses linking the form of complex patteim facts about sensory architecture
remain healthy (see Osorio, 1996, for an example of this &irtdypothesis).



Chapter 7

The Evolution of Honest Signals

Hurd’s (1995) model of a discrete action-response game hiictwthe interests of signallers
and receivers conflict, is extended to address games in wagctvell as signal cost varying
with signaller quality, the value of an observer’s respottsa signal is also dependent on
signaller quality. It is shown analytically that non-hacejy signalling equilibria exist for

such a model.

Using a distributed Genetic Algorithm (GA) to simulate tivektion of the model over time,
the model’s sensitivity to initial conditions is exploreghd an investigation into the attain-
ability of the analytically derived Evolutionarily Stab®trategies (ESSs) is undertaken. It
is discovered that the system is capable of attaining diggadquilibria in addition to those
derived via analytic techniques, and that these additieqallibria are consistent with the
definition of conventional signalling offered in chapter 5.

Grafen’s (1990b) proof of Zahavi’s handicap principle imgrlised in an analogous manner.
It is demonstrated analytically that non-handicap signgléquilibria also exist for this con-
tinuous model of honest signalling. In addition an evoloéiry simulation model is used to
corroborate this result, and to explore the effect of vagyiitial conditions on the attainabil-
ity of honest signalling equilibria.

7.1 Introduction

In the wake of the fall of group-selectionist thought durthg mid-sixties, theoretical biologists
were faced with many problems which had previously been oadmatbly dealt with through some
appeal to the worth of behaviours at a group level. The extgt®f stable signalling systems was
one such problem. Although it was feared that the selfistoastof individuals might compro-
mise the stability of natural signalling systems, suchesystappeared to be the frequent products
of evolution. In the mid-seventies, Zahavi (1975, 1977appsed that the stability of such sig-
nalling systems may be maintained by a ‘handicap principke) that the differential costs paid by
signallers of differing quality might ensure that honestextisement is an Evolutionarily Stable
Strategy (ESS). The reasoning runs something like this. ..

“If signallers differ in some variable of interest to an ob& (let’s call it quality),
observers will be selected to take advantage of any hondisaitor of this quality. A
signal made as an advertisement of quality will necessardyr some cost. If, for
any signal, high quality signallers suffer less productiosts than low quality sig-
nallers, then signallers are able to demonstrate theirguadity through advertising
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more strongly than their poorer competitors. Once thigegwgis adopted by the sig-
nalling population, the signal is an honest indicator ofenhdng quality. It cannot be
invaded by cheats because to signal more strongly than yalitg dictates results
in a production cost which is not compensated for by the oleseesponse.”

However, a parallel argument runs something like this. ..

“If signallers differ in some variable of interest to an obs® (let’s call it need),
observers will be selected to take advantage of any hondstaitor of this need.
A positive response made to an advertisement of need wissgily induce some
benefit. If, for any observer response, high need signatjails more benefit than
low need signallers, then signallers are able to demomesthatir true need through
advertising more strongly than their less needy competit@nce this strategy is
adopted by the signalling population, the signal is an hbimelécator of underlying
need. It cannot be invaded by cheats because to signal monglstthan your need
dictates can only result in a response which is not worth ghda compensate the
increased production cost.”

Notice that whilst the former argument (e.g., Enquist, 198%afen, 1990b; Hurd, 1995)
assumes differential costs (i.e., that signaller qualitghty to some extent, affect the cost of
signal production), the latter does not, and that whilstl#iteer argument (e.g., Godfray, 1991,
Maynard Smith, 1991) assumes differential benefits (iteat signaller quality might, to some
extent, affect the worth of an observer’s response), thméoidoes not.

The former argument might be used to support claims thatisgpgjazelles are honestly in-
forming predators of their ability to outrun a potential puer (e.g., Hasson, 1991; Vega-Redondo
& Hasson, 1993). Similarly, the latter argument might beduse support claims that begging
nestlings are honestly informing their parents of theirdhiee food items.

Godfray (1991) has provided just such an argument for dffgpibegging calls. He demon-
strates that honest signals of offspring need may be ensyrdtk facts that (i) signals are costly
(he assumes that signal costs are constant across offspaspective of their need), and that
(i) the worth of parental resources increases with ofispmeed (i.e., differential benefits but no
differential costs). In Godfray’s model, parents are seléto respond positively toward offspring
with high need.

Grafen (1990b) considers a similar situation, but withetifig assumptions. He suggests that
honest signals of offspring quality might be ensured by #es that (i) parental resources are
valuable (he assumes that either resource value is coretargs offspring irrespective of their
quality, or that resource value increases with offspringliqy), and that (ii) the cost of signalling
decreases with offspring quality (i.e., differential ®and constrained differential benefits). In
Grafen’s model, parents are selected to respond positioelgrd offspring with high quality.

Johnstone (1997) has characterised these two account®agibg to two differing classes of
model. The first class attempts to account for the evolutipstability of the honest advertisement
of need as a result of the manner in which signaller benefitg with need. The second class
attempts to account for the evolutionary stability of theést advertisement of quality as a result
of the manner in which signaller costs vary with quality.

Here, attention will be drawn to the fact that costs are nseabfrom scenarios involving
the advertisement of need, and similarly, benefits are nsembirom scenarios involving the
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Figure 7.1: Decision trees and fithess consequences foceetisaction-response game. Initially,
a Signaller (S) finds itself in one of two possible states (H.pdepicted by the two leftmost
nodes of the decision trees. S makes one of two possiblelsiihar W) depicted by a labelled
solid line. Subsequently an Observer (O), naive as to the sfeS, but informed by S’s signal,
makes one of two possible responses (U or D) depicted by dlddb@ashed line. The fitness
consequences of each of the eight possible interactiondegieted at the terminal node of each
branch of the two decision trees. See text for further ctatfon.

advertisement of quality. In addition to being present wiuch scenarios, both factors may vary
with either quality or need, and indeed each may vary wittibot

In the following sections a simple discrete game, origindlie to Hurd (1995), is extended to
explore the effects upon signalling equilibria of inclugjnwithin a signalling model, the impact
of both differential costs and differential benefits upognsiller fithess. Section 7.2 will detail
the basic game and the simple extension to it. Section 713dedcribe an implementation of
the game as an evolutionary simulation model. Section 7l4digicuss the relationship between
quality and need, and demonstrate that, within the diseretdel considered here, only under
certain conditions is the honest advertisement of bothityueahd need possible. Section 7.5 will
review and extend Grafen’s (1990b) continuous signalliamg, whilst section 7.6 will present
an implementation of this game as an evolutionary simutatiodel. Section 7.7 will discuss the
relation between the analytic and simulation results pregkhere, and those presented by Grafen
(1990Db), Godfray (1991) and Hurd (1995). It will be conclddkrat meeting Zahavi’s two hand-
icap conditions is neither necessary nor sufficient for tkistence of an honest communication
ESS.

7.2 A Discrete Signalling Game

Hurd (1995) described a game in which a Signaller (S) is pravgome secret (either High or
Low) which is of interest to an Observer (O). S makes a sigBab{ or West) to O. O, in return,
makes a response (Up or Down) of interest to S. The game isratised in figure 7.1.

A signalling strategy determines which signal to make inheacthe two states. There are
exactly four such strategies. Similarly a response styatEgermines which response to give
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‘ Signalling Strategies and Response Strategies

Bit Pattern Signalling Strategy Response Strategy
(0,0) S(East,East) | Cynic | O(Down,Down)| Mean
(0,2) S(East,West)| Honest| O(Down,Up) Believer
(1,0) S(West,East)| Liar O(Up,Down) Non-Believer
(1,2) S(West,West) Bluffer | O(Up,Up) Generous

Table 7.1: Each of the four possible Signalling Strateglepjcted in the form S(what to do if state
is Low, what to do if state is High), and four possible Resgofsategies, depicted as O(what to
do if S plays East, what to do if S plays West), with their agsted bit-pattern and descriptive.

See section 7.3 for the rationale underlying the allocaiosescriptive terms to strategies.

‘ Signalling Strategy-Response Strategy Pairs ‘

Response Strategy
Signalling Strategy|| O(Up,Up) | O(Up,Down)| O(Down,Up) | O(Down,Down)
S(East,East) . . .
S(East,West) . a b

S(West,East) . c d
S(West,West)

Table 7.2: Each of the four possible Signalling StrategresResponse Strategies are shown. The
four Signalling-Strategy/Response-Strategy pairs wbaistitute communicatiosénsuEnquist,
1985) are denotedthroughd whilst non-communicative pairings are denoted with a perio

to each signal. There are four such response strategiesafsiee7.1). Under Enquist’s (1985)
definition of communication, only four of the 16 possiblerstystrategy/response-strategy pairs
constitute communication, as only these four prescribie@int signals in response to different
Signaller states, and different Observer responses te tifferent signals. This is represented
schematically in table 7.2.

The fitness consequences of moves in this discrete actsponse game will follow those
defined by Hurd (1995). In addition, and in contrast, to Hsinthodel, we will assume that the
value, to a Signaller, of an Observer’s response to a signmadtindependent of the Signaller's
initial state.

Signaller fitnessys, is calculated as the cost of signalling subtracted frombtreefit derived
from the Observer response. The former term is defined asaifumc, of the Signaller’s initial
state, (either High or Low), and the signalling actiof(either East or West), whilst the latter is
defined as a functior, of the Signaller's initial state, and the Observer’s resgR (either Up
or Down),

ws = V(I,R) —c(I,A).

Similarly, Observer fithessyo, is calculated as a functiof, of the state of the Signaller, and
the Observer response,
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Wo = f(|,R).

The fithess consequences of each of the eight possible kignstenarios are depicted in
figure 7.1.

Hurd defines the payoffs in order that the interests of S andicted. Observers benefit
from responding Up to High-state Signallers, and Down to tsiate Signallers,

Wo(H,U) > Wo(H,D),
Wo(L,U) < Wo(L, D),
whilst Signallers benefit from eliciting an Up, rather thaDawn, response from Observers,
V(H,U) > v(H,D),
v(L,U) > v(L,D).
After Hurd, we define the relative value of an Up response émheclass of Signaller as
Vi =Vv(H,U)—-Vv(H,D) >0,
Vi =v(L,U)—-v(L,D)>0.
Similarly, we define the relative cost of signalling West &arch class of Signaller as
Cuy =c(H,W)—c(H,E),
CL=c(L,W)—c(L,E).

In order that S(E,W) be the unique, best response to O(Dhd)tgnalling-Strategy/Response-
Strategy pair arbitrarily chosen by Hurd as a candidate E&B)ust be the case that,

V(H,U)—-c(H,W) > Vv(H,D)—-c(H,E),

v(L,D)—c¢(L,E) > v(L,U) —c(L,W).

By substitution, it follows that,

Vy > Cq,

V< CL.

It is plain that Hurd’s resultC_ > V > Cy, is the special case inequality resulting from the
substitution oV = Vy =V, i.e., the assumption that “V is equal for all signallerstifd, 1995,
p.219). Hurd depicts his special case graphically (seedigu?a). He points out that signalling
equilibria exist in part of the region of the graph defined@yy < 0, which he interprets as indi-
cating that ‘handicap’ signals need not be costly for HitdtesSignallers at equilibria, and indeed
may be given preferentially by High-state Signallers. Heoaloints out that despite the fact that
all signalling equilibria satisfy the inequali§ > Cy, signalling equilibria do not exist in certain
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CL

@) (b) (c)

Figure 7.2: In each graph a pair of cost paramet€is,C, ) specifies a point in the plane of
all possible versions of the discrete action-response game particular pair of value parame-
ters(Vu, VL) which divide the space into four quadrants. Graphs depicHurd’s (1995) result

in which Vg =V, (b) a scenario in which/y < V, and(c) a scenario in which/y > V. In
each graph the diagonal hatching correspond€in C, ) parameter values which afford stable
communication equilibria, the lin€_ = C4 divides the space into two areas, the upper of which
is predicted, according to Zahavi’'s argument, to contaimdi@ap equilibria, whilst the lower is
predicted to offer no communication equilibria. The shadegh in(c) highlights non-handicap
parameter values in whiclegntraZahavi) stable signalling may occur.

areas of the graph satisfying this inequality, i.e., tBat> Cy is necessary but not sufficient for
communication to be stable.

However, under conditions modelled here, in whigh# Vy, it can be shown that Zahavi's
handicap principle is neither necessaoy sufficient for the existence of signalling equilibria (see
figure 7.2b and c). When the value of a beneficial responsecitegr for Low-state Signallers
than High-state Signallers (i.84 > Vy, see figure 7.2b) signalling equilibria lie above the line
CL = Cy, but when the value of a beneficial response is higher for 3igke Signallers (i.e.,
VL < Wy, see figure 7.2c) signalling equilibria may lie below theelotefined by this inequality.

7.3 An Evolutionary Simulation Model of a Discrete Signalling Game

Whilst the analysis presented in the previous section tswehich areas of the parameter space
admit of honest evolutionarily stable strategies (ESSgpakes no claims concerning admissi-
ble trajectories in the state space occupied by a populafisignallers and receivers playing a
particular version of this discrete action-response gdmaddition, the analysis above makes no
attempt to describe the behaviour of systems which fail t@im&an honest signalling ESS. Little
attention has been paid to how honest signalling might evfsum non-signalling behaviour, al-
though Yachi (1995) has attempted to characterise the ttondiunder which handicap signalling
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might evolve.

Therefore, in order to discover empirically whether sidingl equilibria are attainable by a
population initially behaving ‘randomly’, and to explorket behaviour of the system prior to
(potentially) achieving an honest signalling ESS, an evohary simulation modelling approach
was undertaken

Two populations (one of signallers, one of receivers) wastributed across the same 25-
by-25 grid world. Each cell in the grid contained one sigeiaiind one receiver. Each signaller
was allocated a discrete internal state (either High or Latwpandom, i.e., the internal trait was
non-heritablé. In addition, each signaller inherited one of the four polessignalling strategies
(represented as a two-bit binary number) from its paremnil8ily each receiver inherited one of
the four possible response strategies (again representetha-bit binary number) from its parent
(see table 7.1). The fithesses of signallers and receivenes gaculated as shown in figure 7.1,
each signaller interacting once with the receiver sharisigell.

Once each signaller and receiver had been assessed the papoiation was updated syn-
chronously. The location of a potential parent was chosesutih perturbing both the x and y
grid co-ordinates of the offspring cell by independent ealdrawn from a normal probability dis-
tribution with standard deviation 0.75 and mean zero. Stepitial parents were chosen for each
offspring signaller. An offspring signaller inherited ggynalling strategy from the fittest of these
six. Similarly, an offspring receiver inherited its resgerstrategy from the fittest of six receivers
independently chosen from the previous generation in theesaanner. A mutation rate of one
bit in one hundred ensured that offspring sometimes ink@ it strategy which differed from that
of their parents. Populations were simulated for 500 geiwrain this manner, during which
time the proportions of signallers playing each of the foasgible signalling strategies, and the
proportions of receivers playing each of the four possieponse strategies, were recorded.

In order to fully specify a simulation run, several paramegdues must be decided upon. The
costs of signalling each of the two possible signals (Ea$Vest) must be specified for each of
the two possible signaller states (High or Low). Similathe benefit of obtaining each of the two
possible responses (Up or Down) must be specified for eadimeafnto possible signaller states.
Finally the value to the receiver of making each of the twogiue responses must be specified
for each of the two possible signaller states.

The fitness consequences of receiver respdioséise receivemvere fixed at 40 for responding
Up to a High-state signaller, or Down to a Low-state sigmadad zero otherwise.

The cost of signalling East for both Low-state signallers Bigh-state signallers was fixed at
zero. All 576 possible pairs drawn from the §40.0, 12.5, 15.0, ..., 70}Qvere explored as costs
of signalling West for High-state signallers, and sigmagjliVest for Low-state signallers.

1Copies of the code, and a version of this chapter with colgurréis, are available from the world-wide-web page
http://www.cogs.susx.ac.uk/users/sethb/ecal97.html

2This is in accordance with many models of the evolution ofialting (e.g., Hurd, 1995; Grafen, 1990b). Models
in which the advertised trait, in addition to the advertisgtrategy, is itself heritable encounter a problem knowthiwi
evolutionary theory as the lek paradox. A full account o§thioblem is beyond the scope of this chapter (interested
readers are directed to Kirkpatrick & Ryan, 1991; Pomiangii& Mgller, 1995). Briefly, in simple models of signal
evolution involving a heritable advertised trait, the ednility of the trait across the population tends to decrense
evolutionary time. As the variation in the trait falls obgers find any signal which distinguishes between signallers
with differing traits less and less informative. As a conseace signalling (which involves some cost to the signaller
and, possibly, the observer) tends to die out.
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The valueto a signallerof a Down response was fixed at zero for both High- and Lowestat
signallers. The value a signallerof a receiver response Up was drawn from the{¢40,40),
(50,30), (30,50) where the figures in parentheses denote (value to Low-sigielker, value
to High-state signaller). These three pairs can be repregddiy figures 7.2a, 7.2b, and 7.2c
respectively.

These parameter values allow the exploration of cost pasméying in each of the four
guadrants for each of the three classes of scenario dejictiggire 7.2.

The rationale underlying the choice of labels used througtiee results section to describe the
possible strategies (see table 7.1) reflects the costs aefitsedescribed above. Signalling East is
a costless action and is thus the default signalling belavidhereas signalling West is costly and
will be regarded as a positive action in comparison. Thugaadier which always signals West
will be dubbed a ‘Bluffer’, whilst one which signals West gnthen High state will be described
as ‘Honest’ in that a positive signal is being used to adserdi positive (High) trait. Similarly, as
obtaining a Down response is not beneficial to signallecgivers which always respond Down
will be termed ‘Mean’ in comparison to ‘Generous’ stratégishich always respond Up.

The initial conditions imposed upon the populations wesd alaried. Populations initially
with random behaviour (strategies drawn at random from thetegyy set), were compared to
populations initially converged at an Honest signallingtgigy and Believing response strategy,
and populations initially converged at a Cynical sign@lsirategy and Mean response strategy.
These three classes of initial conditions will hence fodvae referred to as ‘Random’, ‘Honest’,
and ‘Cynical’ initial conditions, respectively.

7.3.1 Results

For each setting of the value parameters, a pair of cost gesswas taken to specify a system
lying within one of four quadrants defined by the two ineqtiedi

Vy > Cq,
VL < CL.

From the analysis carried out in section 7.2, systems megidithe top-left quadrant of param-
eter space (hereafter Quadrant 1) satisfy the conditionth&existence of an honest signalling
ESS. Systems residing in the top-right quadrant (here&teadrant 2) cannot support honest
communication as the costs of signalling are too great foh Ibbgh- and Low-state signallers.
Systems residing in the bottom-left quadrant (hereaftesdpant 3) cannot support honest com-
munication as the costs of signalling are bearable for dlignsaof Low state allowing them to
mimic High-state signallers. Systems residing in the buotta@ght quadrant (hereafter Quadrant 4)
cannot support honest signalling as High-state signatkmsot afford to signal, whilst Low-state
signallers can.

Five classes of behaviour were exhibited by the systeme&tygpical examples of trajectories
through strategy space for four of these classes are pessanfigure 7.3, whilst the remaining
behaviour is plotted in figure 724 The distribution of these five classes of behaviour across
parameter space is represented by figure 7.5.

3This trajectory is plotted separately to avoid confusingifig7.3, and to highlight the variation in population
makeup it involves.
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Signaller/Response Strategies

Random Initial Conditions

Conventional Honest Signalling
Signalling N

o

Bluffer ——»
Non-Belief —»

Non-Signalling

Figure 7.3: Stereotypical trajectories through strateggee for four of the five classes of be-
haviour exhibited by the model. Populations were evolvedifiRandom initial conditions. The
left half of the plot contains trajectories representing thange in strategic make-up experienced
by particular populations of signallers, whilst the riglatttontains similar trajectories for popula-
tions of receivers. The state of a population at any pointmarepresented by a four dimensional
vector, each element of which denotes the proportion of thgufation adopting one of the four
strategies. Such vectors, being of unit sum, have only ttiegeees of freedom, and may be nat-
urally plotted as points in a 3-d wedge-shaped space. RQistlom the origin along each of the
axes indicates the proportion of the population adoptirgdinategy denoted by the axis label,
with the remaining fourth strategy implicit in the graph ¢deasing with distance from origin).
Associated pairs of signaller and receiver trajectoriesdenoted by the same letter (upper case
denotes signaller trajectories, lower case denotes receajectories).

Trajectory @): Honestyis produced only by systems with Quadrant 1 parameters;lptpns
converge on Honesty and Belief. This class of behaviouespnds to the honest signalling ESS
predicted in section 7.2. Although this ESS existed for alings within Quadrant 1 (i.e., from
Honest initial conditions, no simulation ever deviatedrirélonesty), simulations from Random
initial conditions, with parameters for which the ineqiaWy > V| held, often failed to reach it.

Trajectory b): Non-Signallings found in Quadrants 2 and 4 for parameter values satisfying
the inequalityVy < Vi ; signalling populations converge on Cynic, whilst receipepulations
wander in the centre of strategy space. Within this classbfbiour any strategy adopted by the
receiver population can be exploited by the Low-state digre thus no clear response strategy
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Figure 7.4: A stereotypicalonventional non-signallingajectory through strategy-space. Pop-
ulations were evolved from Random initial conditions. Thiper four plots contain trajectories
representing the change in strategic make-up experiencadghrticular population of signallers,
whilst the lower four contain similar trajectories for thesaciated population of receivers. Each
of the four plots represents the changing proportion of gambulation adopting one of the four
strategies available.



criapter 7. 11e cvoluuor OF Aoriest olglidlol 1

C C C

Ly : 2 Lis : 2 L1y : 2
| | |
| | |
| | |
| Honesty | |
| | Honesty |

| | | ‘!:3

Honesty ! | I g

| | o2

| _ | (@]

I VL === - L e 1| s

| . . Convention | . . I8

| Non-Signalling Signallin | Non-Signalling | °C>’

| | | 2

| | i
| | |
Vi, - [ \ \
L | ) | |
| 4 Conventional | | vV |

| Non-Signalling | | L T-0==-=-=---=-=-=------ -

| | 3 14
: : Conventional Signalling and, :
) | | Conventional Cheating |
Conventional | | ‘
Non-Signalling | 3 | 4 |

@) (b) (©)

Figure 7.5: Graphs as per figure 7.2 showing the classes avimir observed across the param-
eter space of the extended discrete action-response mbldelest behaviour is confined to the
predicted quadrant of parameter space for all three grepdws text for a full discussion.

emerges, and signallers cut their losses by refusing takign

Trajectory €): Conventional Signallings found only for parameter values lying within Quad-
rant 3, and satisfying the inequalityy — Cy > V| — C.; signalling populations converge on a
fluctuating mixture of Honesty and Bluffing, whilst receiyaspulations converge on Belief but
maintain a significant, but very low (and fluctuating) fregog of both Mean and Generous strate-
gists. This class of behaviour is a conventional signakicgnario suffering a degree of Bluffing
strategists who exploit Believing receivers. Bluffing cahoome to dominate the signalling pop-
ulation however, since as the rate of Bluffing increasesfithess of the Believing strategy, upon
which the fitness of Bluffers depends, decreases. This nedaeedback between the signalling
and receiving populations results in oscillations withéicle population.

The stability of the remaining two classes of behaviour g ahaintained through weak neg-
ative feedback interactions which induce cyclic trajeig®typical of conventional signalling sce-
narios.

Trajectory €): Conventional Cheatings found only for games in whicky > V.. For such
games, this class of behaviour can be stable for any pairstfparameters; signalling populations
converge on Cynic with a fluctuating proportion of Liars, \g8hreceiver populations are mixed,
but feature an over-representation of Non-Believers. Thiss of behaviour is a non-signalling
scenario suffering a low level of Liars. As the frequency yihg increases, the proportion of
Non-Believers increases in the receiver population, tledsicing the fitness of the Liar strategy
which relied on Generous or Believing positive responsdbéd_ow-state signallers, in order to
out-perform Cynics, which, as a result, increase in numbers

The fifth class of behaviourConventional Non-Signallinig found only within Quadrant 3,
under parameter values satisfying the inequalidgs- Cy < V. — C, andVy < V; signalling
populations converge on Cynic with regular insurgences lofflag strategists whilst receiver
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populations wander in the centre of strategy space withghistiver-representation of Believers.
The invading Bluff strategy exploits the over-represeantadf Believing receivers, butis prevented
from dominating the signaller population by negative fedbfrom the receiver population.

To summarise, several interesting, robust phenomenahwice opaque to the analysis car-
ried out in section 7.2 have been detailed. The behaviothisfvery simple system varies from
non-signalling equilibria, through scenarios in whichbslity is maintained through reciprocal
fitness interactions which constitute the negative feeklladicative of conventional signalling
(see chapter 5 herein), to honest signalling equilibria lmicly honesty is maintained though the
interaction of differential costs and benefits. Furtherlesation of the system'’s behaviour will be
necessary before the factors governing the mode of behaViatwill evolve in a particular case
can be made more explicit.

However, the discrete nature of the action-response gamgdered here, although attractive
through its tractability, also risks lacking applicatianriatural signalling through this very sim-
plicity. Do the classes of behaviour exhibited in a discggime such as the one considered above
exist for more complex models? As a first step towards ansgetiis question, an analysis of
Grafen’s (1990b) model is undertaken in an effort to denmasthat at least the results derived
analytically in section 7.2 will generalise to a continuousdel.

However, before constructing such a model, some discus$itbie relationship between qual-
ity and need within signalling models is necessary.

7.4 Quality and Need

As was mentioned in the opening passage of this chapter, dwplementary accounts of the
handicap principle have been constructed. One of thesauat@addresses the advertisement
of quality, in which honesty is stabilised by differentiagsalling costs; the other addresses the
advertisement of need, in which honesty is stabilised biesintial benefits. Since the model
constructed above involves both differential costs anigdihtial benefits, it offers the possibility
of modelling both the advertisement of need and the adesniést of quality, and the potential to
explore the relationship between these two concepts.

7.4.1 Quality and Need Unrelated

Until now, signaller state has been referred to as eithehidig_ow. Whether these labels refer to
high and low quality, or high and low need, has been left ucipe. As it stands, the model is
neutral with respect to this distinction. One may freelyempret signaller state as indicating either
need or quality. The conditions for the existence of an hbsigaalling ESS remain unchanged.

Under one reading, signallers in a High state are high gusilinallers, whilst signallersin a
Low state are low quality signallers. Under such a reading,conditions for the existence of an
honest signalling ESS, in which, arbitrarily, high quabkignallers exclusively signal West, whilst
low quality signallers exclusively signal East, can be espnted by two inequalities, thus,

Vy > Cq,

V. < CL.
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Under the second reading, signallers in a High state arerfegll signallers, whilst signallers
in a Low state are low need signallers. Under such a readieg;dnditions for the existence of an
honest signalling ESS, in which, arbitrarily, high neednsillers exclusively signal West, whilst
low need signallers exclusively signal East, can be reptesdby the same two inequalities.

Thus the model is clearly one which addresses the adveriseof an arbitrary property. In
addition, the results of the model suggest that to claimhbaest advertisements of quality must
be maintained through differential costs (i@., > C,), or that honest advertisements of need must
be maintained through differential benefits (i, > V), is to offer an incomplete account. Hon-
est advertisements of quality may be maintained throudkreiftial benefits (given certain con-
straints on signal costs), and similarly, honest advertesgs of need may be maintained through
differential costs (given certain constraints on benefii)e nature of this inter-dependency of
constraints is captured by the two inequalities which govee honest advertisement of any bi-
nary trait under the conditions modelled by the discretmaetesponse game outlined above.

7.4.2 Quality and Need Related

However, the account presented above is predicated upaonsaif need and quality as inde-
pendent traits, i.e., modelling need was treated as sepiosth modelling quality. Such models
cannot capture the notion of relatedness between need afitiquhich appears to drive the con-
struction of the two complementary accounts of the handpagciple with which this chapter
opened.

Typically, since each model of advertising deals eithehwgjtiality or need, little space is
devoted to the relationship between these concepts. Howatigough the relationship between
need and quality is not explicit in any of the models whichldgth the advertisement of either
trait, we may postulate some interaction between the twaeeots which seems to accord with
their general usage.

For example, since quality and need are typically dealt w#lsymmetrically opposed con-
cepts, we might propose that quality be modelled as varyingrsely with need. This notion
seems to underly the construction of Godfray’s (1991) maedeiffspring begging, in which the
lower a chicks quality (i.e., the lower the chick’'s expectegmber of offspring, or chance of
reaching maturity, etc.) the greater its need for resoyedvice versa

The construction of a single continuum along which needegaimversely with quality has
interesting implications for signalling models, which péb highlight the role played by the ob-
server. For example, under this reading of the relationbkipveen quality and need, any adver-
tisement of quality will simultaneously be a signal of neddine might therefore imagine that
in situations in which, for example, the honest advertisaneé quality was an ESS, the honest
advertisement of need would also result. However, as we disabver, this is sometimes not the
case.

ESSs for Need and Quality
If need is assumed to vary inversely with quality in some nesintwo classes of model may be
characterised. Models of the advertisement of need may sienguished from models of the
advertisement of quality on the basis of the interests obtyserving party.

First, an interpretation of signaller state must be settipdn in some arbitrary manner. For
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this analysis we will stipulate that High-state signallars those of high quality and low need,
whilst Low-state signallers are those of low quality andhigeed.

Secondly, an interpretation of the worth of observer respsmust be fixed upon. Following
the convention observed throughout the analysis abovelJpheesponse will be deemed more
valuable than the Down response, irrespective of signstibde (although, of course, the magnitude
of the difference between the values of the two responsedtself/differ with signaller state),

Vi =Vv(H,U)—-Vv(H,D) >0,

Vi =v(L,U)—-v(L,D)>0.

The relative cost of signalling West for each class of Sigmallso remains unchanged,
Cy =c(H,W)—c(H,E),

CL = ¢(L,W) —c(L,E).

With this interpretation in place, the interests of the reeemay be manipulated in order
to distinguish between models of the advertisement of naed models of the advertisement of
quality.

For models of the advertisement of quality, the conditiomsgning observer fitness are de-
fined by

WO(Hvu)>WO(H7D)7WO(L7U)<WO(L7D)' (71)

These inequalities specify that observers are selecteesfpnd Up to High-state (i.e., high
quality) signallers, and Down to Low-state (i.e., low gt@lsignallers.

Conversely, for models of the advertisement of need, thditions governing observer fithess
are defined by

WO(Hvu)<WO(H7D)7WO(L7U)>WO(L7D)' (72)

These inequalities specify that observers are selectegisfpond Up to Low-state (i.e., high
need) signallers, and Down to High-state (i.e., low neeghaliers.

As depicted in table 7.1, for the discrete action-resporseegbeing considered here, there
are four possible pairs of signaller strategy and respotrategy which are candidates for com-
municative signalling ESSs, denotathroughd.*

Two of these possible ESSk &ndc) only exist for models of the advertisement of quality
since they correspond to scenarios in which observers nespositively (Up) to High-state (i.e.,
high quality) signallers, i.e., they are stable under iradifjes (7.1).

The remaining pairg andd) only exist for models of the advertisement of need sincg the
correspond to scenarios in which observers respond pelsiifUp) to Low-state (i.e., high need)
signallers, i.e., they are stable under inequalities (7.2)

“N.b., these candidate ESSs should not be confused with #elfisses of trajectory discussed in the previous
section.
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For each of these pairs of candidate ESSs there exists on&iahwignalling West elicits
the preferred (Up) responsk {or advertising qualityd for advertising need), and one in which
signalling East elicits the preferred responséf advertising qualitya for advertising need).

We are now in a position to ask two questions. First, withichesignalling scenario (i.e., the
signalling of need, or the signalling of quality), are theomditions under which both (i) signaller
state may be honestly advertised, and (ii) the relationbbigveen signal and signaller state is
arbitrary? That is, are there conditions under which, famaple, using West to signal High state
and East to signal Low state is statd@d using West to signal Low state and East to signal High
state issimultaneouslgtable. This question can be answered by considering trehlity of a
non-empty intersection between the ESS conditions fotegjygpairsh andc, or between the ESS
conditions for strategy paiandd.

In order to explore this possibility, the ESS conditionsdach strategy pair must be derived.

In section 7.2 above it was shown that the conditions undéctwdtrategy paib was an ESS
could be represented by the inequalities,

CH <VH7

C|_ > VL.

The ESS conditions for strategy paican be calculated in the same manner. It has already
been noted that, like strategy péirstrategy paic is stable under inequalities (7.1) and is thus a
candidate for an ESS in which quality is honestly advertisecddition, for S(W,E) and O(U,D)
to be such an ESS,

V(H,U) _C(HvE) > V(HvD) _C(va)v
v(L,D) —¢(L,W) > v(L,U)—c(L,E).
By substitution, it follows that,
CH > _VH7

C|_ < -V..

Similarly, both strategy paia, S(E,W) and O(U,D), and strategy pdirS(W,E) and O(D,U)
are stable under inequalities (7.2) and are thus candidetdsSSs in which need is honestly
advertised. In addition, for S(E,W) and O(U,D) to be an ESS,

V(HvD) _C(va) > V(H,U) _C(HvE)v
v(L,U)—c(L,E) > v(L,D) —c(L,W).
By substitution, it follows that,
CH < _VH7

C|_ > -V

Finally, for strategy paid, S(W,E) and O(D,U), to be an ESS,
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V(H,D)—c(H,E) > v(H,U) —c(H,W),

v(L,U)—c(L,W) > v(L,D)—-c(L,E).

By substitution, it follows that,

CH >VH7

C|_ < VL.

These four sets of conditions, under which each of the gjygtairsa throughd is an honest
signalling ESS, are represented graphically in figure 7.6.

From the inequalities governing these four sets of ESS ¢immdiit is plain thabn c = {0},
andand = {0}, i.e., there exist no conditions on signal cost and respeakes under which
signallers may use either signal to honestly indicate thteite.

The second question we are in a position to ask concerns gshildy that scenarios exist
in which the same signal might be honestly used to eithercatdineed (if observers reward
need)or quality (if observers reward quality). That is, might thdre conditions under which
a parameterisation of signaller costs and benefits whichtadvhan honest signalling strategy
which advertises quality, also admits of an honest sigmglitrategy which advertises need? In
order to understand this question, we must distinguish éetwts two possible meanings.

First, this question could be interpreted as ‘What condgion signal cost and response value
must be met in order that both (i) signalling West may be anelBbmdicator of high quality
for scenarios in which receivers reward high quality, angdgignalling West may be an honest
indicator of high need for scenarios in which receivers neldagh need’.

This interpretation of the question concerns the statuhefintersection between the ESS
conditions for strategy paitsandd (or mutatis mutandibetween those faa andc).

Secondly this question could be interpreted as ‘What ciorditon signal cost and response
value must be met in order that both (i) signalling West magtoéonest indicator of high quality
for scenarios in which receivers reward high quality, angldignalling East may be an honest
indicator of high need for scenarios in which receivers neldagh need’.

This interpretation of the question concerns the statuhefintersection between the ESS
conditions for strategy paitsanda (or mutatis mutandibetween those far andd).

The first interpretation demands conditions under whichriqudar signal could be used either
to signal quality or need. Using the ESS conditions deriveal/a, it is easy to demonstrate that
no such conditions exist.

bnd = {0}

cna= {0}

There are thus no conditions under which signalling WestHast) could be used both to
honestly advertise high quality when receivers reward ligdility, and high need when signallers
reward high need. From figure 7.6 it can be seen that revetbminterests of the receivers in
the game (i.e., changing between inequalities (7.1) ar®))(Whilst demanding that signalling
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West continues to be rewarded is equivalent to reflectinggthph depicted in figure 7.6 about
axes defined b&y = Vy, andC. = V| (equivalent to a single reflection about the a¥is- C, =
Vy — Cy). Thus, for a game defined by particular choices@qr C, V4, andV, a change from
a scenario in which High-state signallers are favoured logivers, to one in which Low-state
signallers are favoured, results in the movement of theadiigiy equilibria from Quadrant 1 to
Quadrant 3.

The second interpretation of the question raised above wésneonditions under which a
particular response (e.g., Up) can be honestly be eliciyeeither High, or Low-state signallers
dependent on whether receivers are selected to reward Higlpw-state signallers. A similar
analysis to that presented above demonstrates that treeseien conditions.

Since, by definitionyy > 0, andV_ > 0, the intersection between ESS conditions for strategy
pairsa andb can be represented by the inequalities,

CH < _VH7

C|_ > V|_,

whilst the intersection between ESS conditions for strafggjrsc andd can be represented
by the inequalities

CH >VH7

C|_ < -V..

These intersections, depicted in figure 7.6, define scenariohich both classes of signaller
prefer to make different signals. Additionally, each clagsignaller prefers one signal to the
extent that this preference more than compensates for @aeytine to make a different signal in
order to obtain a positive observer response. Under suctittons, the agenda of the observer
(i.e., which state is rewarded by the observer) is free tmgbavithout affecting the signals given
by the signallers.

This analysis demonstrates that, for the discrete actspanse game considered here, al-
though need and quality are intimately connected (techipiteey are the same variable), param-
eter values which admit of honest signalling ESSs in whichekample, West honestly advertises
quality, are never parameter values for which (i) East can b an honest indicator of quality, or
(i) West can be an honest indicator of need, and are only 8oras parameter values in which
(iii) East can be used to honestly advertise need.

These relationships between models of the advertisemequality and the advertisement
of need can be further explored in the context of a continugisalling model due to Grafen
(1990Db).

7.5 A Continuous Signalling Game

Grafen’s (1990b) model of Zahavi's handicap principle udi#ahavi’s contentions that in order
for communication to be stable certain relationships betwsgnal cost and signaller quality had
to hold. Specifically, the criteria which Zahavi (1975, 18) 8pecifies are that (i) signals must
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Figure 7.6: Graph as per figure 7.2 showing the areas of trenpeter space which admit of an
honest signalling ESS for each of the four possible signati@tegy/response-strategy pairings
depicted as per table 7.1. Note that the only non-emptysatgions areanb, andcnd. Fur-
thermore, these intersections are defined by conditionsrumtlich signallers in one state prefer
to make a signal different to that preferred by signallerthim alternative state, (i.eCy is of a
different sign toC, ) and that this preference is strong enough to prevent a eéhaigjgnal even if

it were accompanied by a positive observer response|Gig},> V4, and|C.| > V). See text for
discussion.

be costly, and that (ii) for any given level of advertisemesiginallers of low quality must suffer
higher production costs than signallers of higher quality.

Grafen glosses his model in terms of a sexual selection soenavhich males possess, to
a certain degree, some non-heritable, continuously vgrirst, dubbed quality. The degree to
which males possess this trait is of interest to females, wisb to mate selectively with high
quality males, but the extent of a male’s quality is not diseavailable to them. Thus, females
are selected to respond appropriately to males (i.e., treegelected to respond more positively
towards males who possess higher quality), whilst malesealezted to elicit maximum positive
response. This ensures that signaller and receivers iconisnuous game experience a conflict
of interest equivalent to that engineered by Hurd (1995).

Under such a gloss ‘quality’ should be read as indicatingangtarbitrary male characteristic,
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but specifically some male trait which is predictive of malability, virility, etc. In order to
compare Grafen’s model with that of Godfray (1991), qualifyf sometimes be considered to
be inversely related to need in an analogous manner to tisatided within section 7.4.2 above.
This will enable a more general continuous signalling maddde considered, in which observers
may be rewarded for responding positively to either the ession of qualityor its absence,
i.e., a model in which the advertisement of both quality, aedd, may be addressed. For the
moment, however, analysis will concentrate solely on Grafmodel of the honest advertisement
of signaller quality.

7.5.1 Grafen's Proof

After defining signaller (male) fitnessyf as a function of three variables, the signaller’s level of
advertisementd), the strength of observer (female) preference for adsiegi (o), and signaller
quality (@), Grafen asserted that Zahavi’s criteria could be fornealias conditions placed on
various partial derivatives of the fitness function. Firstier derivatives were representedwas
subscripted with a digit denoting the variabé p, or g) with respect to which the rate of change
of fithess was being derived. Second order derivatives weridasly denoted byw subscripted
with a pair of digits.

For example, the condition that signals must be costly, that, as advertising levels increase,
fithess decreases) is maintained by the inequavity; O,

ow
£<O.

That female preference is beneficial is similarly maintdibg the inequalityw, > O,
ow
ap

A further condition ensured that “better males do better dyeatising more”(Grafen, 1990b,

p.520),

> 0.

ow/o0a
ow/ap
Grafen demonstrated that if the beneficial fitness consemsasf the strength of female pref-
erence was independent of signaller quahityy= 0, which Hurd’s (1995) model also assumes),
or if the beneficial fithess consequences of the strengthroélie preference were greater for
signallers of higher quality3 > 0), then that equation (7.3) holds can be ensured by the eaint
nance of the following inequalityw;3 > O (i.e., that higher quality signallers pay lower advertgsi
costs — Zahavi’'s second handicap criterion). Grafen prdg¢e show that communication equi-
libria exist under these conditions.
Grafen then attempts to reverse this proof in order to shawahy stable communication
equilibria require that Zahavi’s criteria hold, and thusitihandicap equilibria are not merely
“quirky possibilities”(Grafen, 1990b, p.521).

is strictly increasing in g (7.3)

7.5.2 General Solution

Here, a more general solution to the scheme presented bgrGnall be attempted. Rather than
assuming that signaller quality mediates the influence skoler response on signaller quality
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in certain ways, and then, with these assumptions in plaoceepding to analyse the conditions
under which honest advertising of quality is possible, wikexiplore the full range of possibilities
admitted by the model as presented so far. This proceduraisgous to that carried out for the
discrete model presented in sections 7.2 and 7.3, andseéswahalogous findings.

Condition (7.3) can be presented as

()

oq

which, after application of the quotient rule, can be retign as

>0

W13W2 — Wi Wo3
(Wp)?

The denominator is necessarily positive, and by assumptipis negative, whilst, is pos-
itive. Thus, discarding the denominator, and dividing tigb byw. casts the general solution to
equation (7.3) as

> 0.

W
W13-|-W23*|W;| > 0. (7.4)

We will now explore the form that this inequality takes unéeich of the three classes of
condition governing the manner in which the beneficial effeaf signalling for the signaller are
moderated by the signaller’s quality; an analysis analsgouhat carried out in section 7.2 for
the extension of Hurd’s (1995) model.

First, under the condition in which the beneficial fithesssamuence of female preference is
independent of signaller quality (i.evp3 = 0, analogous to Hurd¥ = Vy = V), equation (7.4)
reduces tavy3 > 0. This is Grafen’s result (i.e., Zahavi’s second handig#pi@on).

Under the condition in which the beneficial fithess consegegrof female preference are
higher for poorer quality signallers (i.ew3 < 0), equation (7.4) reduces to,

W1
W13 > |W23|*|W2|'

It is plain that, whilst this inequalityequiresthatw; 3 > 0, it remains the case that the satis-
faction ofwi3 > 0 is notsufficientfor signalling to be stable. Lower quality signallers must n
merely suffer higher advertising costs than their highealiyicompetitors, but must suffer adver-
tising costs that are highély some amount large enough to balance any fitness benefitsgedcc
through signalling

Conversely, under the condition explored by Grafen, in Wwiite beneficial fithess conse-
guences of female preference are higher for higher quatjtyadlers (i.e.w.3 > 0), equation (7.4)
reduces to,

W1
W13 > —Wo3* |W2|

Itis equally plain that whilst, as Grafen maintains, ensgthatw; 3 > 0 is sufficientto ensure
a solution to this inequality, it is natecessary This inequality admits of solutions in which
w13 < 0, i.e., non-handicap equilibria exist.
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7.6 An Evolutionary Simulation Model of a Continuous Signalling Game

With the analytically derived results in hand the way is ckeedesign a simulation with which to
examine the behaviour of the model under various conditiBefore such an evolutionary simu-
lation model can be attempted, fithess functions which aatetyucapture the assumptions made
during the above analysis must be defined for both signaletgeceivers. These fithess functions
will play the role of the discrete functions schematisedguife 7.1. Whereas the fitness formulae
for the discrete simulation presented in section 7.3 foldwrivially from the associated discrete
model presented in section 7.2, merely requiring the selecif suitable ranges of values for costs
and benefits, the construction of continuous fitness funstiiased upon Grafen’s (1990b) model
requires a little more thought. Particular attention wi paid to the ability of the constructed
fithess functions to capture the assumptions made both bigiG(4990b), and Godfray (1991).
In order to allow this, quality will be defined as varying imsely with need.

In addition, schemes for representing a range of continsgysalling and response strate-
gies must be defined to take the place of the eight discredtegies depicted in table 7.1. The
formulation of such schemes also requires some thoughty st be simple in order that the
representation of strategies be amenable to manipulagiaa denetic algorithm, yet they must
also be able to capture an adequate range of signalling apdmding behaviours.

7.6.1 Continuous Fitness Functions

After Grafen (1990b), observer fitnesgy, may be calculated as

B 1
~ 1+[p—q|

That is, observer fithess increases with the accuracy witichwthe observer responsp,
approximates signaller quality,

Alternatively, in order to model the honest advertisemenheed, in which observers are
selected to respond positively to signallers with high nieegl., Godfray, 1991), given some notion
of need varying inversely with quality, a different obserfitness function must be constructed.
For example,

Wo (75)

B 1
C1+(p-n|

specifies that observer fitness increases with the accurabywhich observers can predict
needn, where need varies inversely with quality, thus,

Wo (76)

N = Jmax— 9+ min

Specifying one of these two observer fithess functions isogeais to specifying one of the
two pairs of inequalities which govern the fitness of obsexwveéthin the discrete action-response
game analysed above, i.e., inequalities (7.1), or (7.2)e Qserver fitness function confers one
agenda on observers (e.g., to reward need), whilst the atiders the complementary agenda
(e.g., to reward quality). Equation (7.5) will be descrilzsdan observer fitness function featuring
a quality-rewarding agenda, and referred to as observetifum(7.5), whereas equation (7.6) will
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be described as an observer fitness function featuring amsetding agenda, and referred to as
observer function (7.6).

Grafen (1990b) also constructed a specific function deta@ngisignaller fithess with which to
demonstrate how his general model worked. This fitnessitmmatiows that increases in signaller
quality () reduce the costs incurred in making an advertisengna(d that increases in signaller
quality increase the (positive) fithess consequences dalfepreferencepy). The degree to which
female preference influences signaller fitness is goveryeddarameterr,.

wW=pq

Grafen assumes that bajlandp lie in the interval [0,1], and that bothandr are greater than
or equal to unity.

As such, Grafen’s function cannot accommodate the poggitiiat the fithess consequences
of observer responses might vary with signaller qualityejpeindently from the manner in which
the (negative) fithess consequences of advertising vaty siginaller quality, nor that the (nega-
tive) fitness consequences for signallers of advertisirghtrincrease with signaller quality.

An alternative function must be constructed before an ugsttaimed exploration of the various
possible signalling scenarios entertained within theditgre can be undertaken.

w(a, p,q) = paf - ag® (7.7)

For this functionw, a, p, andq denote, as before, signaller fithess, level of advertisiegree
of observer preference, and level of signaller qualitypessively, whilsR andSare indices which
govern, respectively, the manner in which signaller gyatiediates the positive effect of observer
responses, and the manner in which signaller quality meslilie negative effect of signaller
advertisement. The function is naturally understood asstire of a positive benefit term and a
negative cost term.

The first term of the fitness functiopdf, connotes the benefit of signalling. The observer
responsep, contributes positively to signaller fitness, but the marinevhich it contributes may
be sensitive to signaller quality. For scenarios in which 0, the fithess consequences of observer
responses are independent of signaller quality. The mzanige of this equality is analogous to
Hurd’s (1995) stipulation that is equal for all signallers, or to the maintenancevwf = 0 within
Grafen’s (1990b) model.

For scenarios in whiclR > 0, the positive contributions of observer responses irser&eth
signaller quality. Such scenarios are in line with the clarade by Grafen (1990b) thaiks >
0. For scenarios in whicR < 0 the positive contributions of observer responses deeredth
signaller quality. Such scenarios are analogous to the humhestructed by Godfray (1991) to
explore the honesty of begging nestlings.

The second ternag®, represents the cost of signalling. The signaller’s ledeldvertisement,

a, contributes negatively to signaller fitness, but the maimmerhich it contributes may be sensi-
tive to signaller quality. For scenarios in whi€h= 0 the fitness consequences of advertising are
independent of signaller quality. This condition is analog to that stipulated within Godfray’s
(1991) model of begging nestlings.
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For scenarios in whicB > 0 the cost of advertising increases withConversely, for scenarios
in which S< 0 the cost of advertising decreases withThis last class of scenarios is asserted
by Zahavi (1975, 1977a) and Grafen (1990b) to be the onlys@dsnitting of honest signalling
behaviour.

Thus, through manipulation of the signaller fitness funtidwo free parameterf and S
and manipulation of the agenda of the observer fithess fmaiie continuous model can be made
to explore the full range of scenarios so far discussedniiaies however to demonstrate that the
function obeys the elementary strictures necessary foratiequately model signalling.

First, advertising must be costly for signallers, and olseresponses must be beneficial for
them. These demands are satisfied by ensuring that the dighe owo partial derivatives of
fithess with respect to advertisement and preference areator

As before, the condition that signals must be costly is nadied by the inequalityy; < O,

ow _ s
da
That female preference is beneficial is similarly again rrzaived by the inequalityy, > 0,

ow
p
p
It is clear that the fitness function satisfies these two aiteGrafen asserts that the second
order partial derivativesy;3 andw,3, must be calculable. This is easily demonstrated.

aaw

_ Zo0a _ _ 1
W13 = aq qu_

Woa = % — Rd?_l
23 aq

As we saw in the previous section, in order to derive the daors for the existence of an
honest signalling ESS in which observers reward high qgalke must derive the conditions
under which Grafen’s third condition, that “better maleshiiter by advertising more” (Grafen,
1990b, p.520), is satisfied. Grafen formulated the condlifws,

ow/o0a
ow/ap

is strictly increasing in g

This condition can be represented as

o)

W2
—aq > 0.
Substituting forw,
o(=%)
q
3 >0,

and resolving the left side of the inequality yields

(R-9)g~*1>0,
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which is satisfied exclusively by > S. Thus we can expect honest signalling ESSs to exist for
scenarios in whiclR > § i.e., scenarios in which, naturally enough, the mannerhicivquality
mediates the positive fitness consequences of female pneeR) should outweigh the manner
in which quality mediates the negative fitness consequesfcasvertising §).

It should be noted here that in order to model Godfray’s (3@&tount of begging nestlings
using the scheme presented here, one of two approaches mtatdn. The first approach is
to useq to denote need rather than quality, in which case the ES$tsaterived above remain
unchanged (this move is analogous to that discussed iroaet#.1). Under this reading, the
inequality,R > S, can now be interpreted as demanding that the manner in vigietimediates
the positive fitness consequences of female preferdRcehuld outweigh the manner in which
needmediates the negative fithess consequences of advert&ing (

An alternative approach, discussed for the discrete acieponse game within section 7.4.2,
is to specify some notion of relatedness between the concépuality and need, whilst leaving
the meaning ofj unchanged. As in section 7.4.2, we might specify that gualjtvaries inversely
with needn, such that, for example,

N = Jmax— 9+ Omin-

With such an understanding of the relationship between aeddjuality in place, the condi-
tions under which the honest advertisemem,dé an ESS may be calculated as

ow/da is strictly increasing in
ow/ap y ginn
that is,
ow/da is strictly decreasing in
aw/ap y ging
o(32) 0.
aq
AF) _,
aq ’

R« S

As noted for the discrete action-response game in sectb®, uinder such a reading of quality
and need, no conditions exist in which a signal (eaymay, in response to a change in observer
agenda, be used to honestly advertise either need or q(iadity the intersection between the
inequalitieR > S andR < Sis empty).

Godfray’s result, that honest advertisement of need is & E®ler conditions in which sig-
nalling costs are unaffected by signaller neBe:(0), but signaller benefits increase with signaller
need R < 0), is clearly accommodated by the above result.
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Thus a scheme of fitness functions has been presented whichemaanipulated in order to
capture the assumptions of various models within the liteea In addition, a clear prediction
concerning the conditions under which honest advertiséimsean ESS have been made. These
conditions vary with the observer agenda. For scenarioshithwobservers are selected to re-
spond positively to signallers of higiuality, R > S defines conditions under which the honest
advertisement of quality is evolutionarily stable. In a@ast, for scenarios in which observers are
selected to respond positively to signallers of high n&ed,Sdefines conditions under which the
honest advertisement of need is evolutionarily stable s€f£SS conditions accommodate results
presented within, for example, Grafen (1990b), and Godft&p1), whilst allowing the existence
of a broader class of honest signalling conditions thanipted under such models. This broader
class of ESS conditions includes conditions in which Zakdandicap conditions do not have to
be met (i.e., conditions in whicB ¢ 0).°

7.6.2 Continuous Signalling and Response Strategies

A population of signallers/receivers was distributed asra 25-by-25 grid. Each cell in the grid
contained one signaller and one receiver. Each signalleaflacated an internal statg,drawn at
random from a uniform probability distribution in the ranggin. dmax- In addition, each signaller
inherited a signalling strategy from its parent. A sigradlistrategy comprised two real values,
{6,c}. An advertisementa, was calculated agtand + c. Advertisements of below zero were
truncated to zero. Similarly each receiver inherited aoese strategy from its parent. A response
strategy comprised two real valugsy,d}. Receiver respons@, was calculated aatana + d.
Responses lying outside the rariggin, Omax Were truncated to their nearest extreme.

The honesty of such a signalling strategy cannot be asoedahrough consideration of the
strategy in isolation. Any of the signalling strategies id&gd in figures 7.7a through 7.7d could
take part in an honest signalling scenario since they eamlid® a unique advertisement for each
possible value of signaller quality. Figures 7.8a througdd7depict response strategies which
would successfully recover the value @from advertisements made by signallers adopting the
signalling strategies depicted in figures 7.7a through veggectively.

A population of signallers adopting any signalling stratediich maps every value @f onto
a unique value o& partnered by a population of receivers adopting any respstrategy which
maps every value o& generated by the signalling population onto a unique vafup can be
considered to be engaging in communication as defined byiE(@985). Itis interesting to note
that nonlinear strategies of the kind depicted in figure d@hot satisfy these conditions as they
either do not specify a unique advertisement for each valuleternal state, or do not specify a
unique response to each value of advertisement. Howewsr,wbuld not appear to necessarily
result in non-communication (see section7.7).

Whether communication is deceitful or honest is continggain the manner in which the sig-
nalling and response strategies match up across the pmpulatpopulation of signallers playing
the strategy depicted in figure 7.7b partnered by a populaifaeceivers playing the strategy
depicted in figure 7.8b can be considered, in concert, to kiedgart in an honest signalling

5N.b. The relationship between previous theoretical resalnd the conclusions reached here are depicted in fig-
ure 7.20b below.
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Figure 7.7: Examples of continuous signalling strategiepping signaller qualityy, onto ad-
vertisementa. Each strategy is defined by two paramet@gandc, wherea = qtan + c, with

—2 <8< Z, andc unbounded. Advertising level is truncated at zero, sigmajlality ranges
betweendmin and gmax  Strategiega), {6 = F,c = 0}, (b), {6 = arctar(3),c = Gmaclmn} ' (c),
{6=—-1,c=0mad,and(d), {8 = — arctar@%),c: Omax}» €ach prescribe one to one mappings of
g=-a(i.e., they prescribe advertisements which differ withnsiller quality) and are thus infor-
mative 6ensuEnquist, 1985). Strategi€a) and(b) differ from (c) and(d) in that they prescribe
advertising functions which preserve, rather than invbe, rank order oveg. Strategiege) and

(f) are examples of advertising strategies which prescriberg/rttaone mapping off = a. Such
strategies are not informativeénsuEnquist, 1985).

scenario since observer prediction error is minimised ichsa situation. In such a population, a
mutant signaller playing the alternative signalling stggt depicted in figure 7.7a must be consid-
ered to be cheating in that the quality of such a mutant woelddnsistently overestimated by
receivers. The classification of such a signaller as a cheat be made despite the fact that the
particular signalling strategy employed by the mutant gates advertisements which are directly
proportional to its internal state (see chapter 5 for dismrsof issues related to the meanings of
cheating and bluffing).

This scheme for the representation of signalling and respatrategies compares favourably
with alternative schemes proposed within similar modets.dxample, de Bourcier and Wheeler
(1994, 1995; Wheeler & de Bourcier 1995) construct a modelggfressive signalling with which
to explore the handicap principle, and propose that a diggadtrategy can be represented as the
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Figure 7.8: Examples of continuous response strategiepimgadvertisemeng, onto receiver
responsep. Each strategy is defined by two parameterandd, wherep = atana + d, with

— 7 < a < 7, andd unbounded. Receiver response is truncated to lie withireth@e|min, Omay -
Strategieq@a), {a = 7,d = 0}, (b), {a = arctari2),d = min — Omaxt, (C), {00 = —7,d = Umax},
and(d), {a = —arctar{2),d = min+ 2qmax}, successfully recover the value@tdvertised under
the strategies depicted in figures 7.7a through 7.7d. $yd®), {a = 0,d = dmacinn} s gn
optimal response to any non-informative signalling sggtee.g., a strategy in which= 0 since

it prescribes a single responge= mx equal to the mean quality of a uniform distribution
of signallers|dmin, dmax- Although the scheme used to represent strategies witkisithulation
admits a degree of non-linearity (due to the possibilityrahtation at extreme values), the class
of non-linearity exhibited by stratedy) cannot be captured.

gradient,m, of an advertising function of the form= mg Under such a scheme, although sig-
nallers may employ different degrees of exaggeration, goadler is able to signal more strongly

when low quality than when high, and every signaller must enak advertisement of zero when

of zero quality. This overly restricts the strategy space eonsequently limits the evolutionary

dynamics of their model.

7.6.3 Algorithm and Parameters

The fitnesses of receivers were calculated as per obsenvetida (7.5), whilst that of signallers
was calculated as per equation (7.7), each signaller etiagaonce with the receiver sharing
its cell. Once each signaller and receiver had been ass#ssedhole population was updated
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synchronously. A parent from the previous generation wasseh for each offspring cell. The
location of a potential parent was chosen through pertgrbisth the x and y grid co-ordinates
of the offspring cell by independent values drawn from a redrprobability distribution with
standard deviation 1.75 and mean zero. Four potential saveere chosen for each offspring
signaller. An offspring signaller inherited its signatlirstrategy from the fittest of these four.
Similarly, an offspring receiver inherited its responseatggy from the fittest of four receivers
chosen from the previous generation in the same manner.

A mutation operator ensured that offspring sometimes itdeba strategy which differed from
that of their parents. For both signallers and receiver$ edche two values comprising their
inherited strategy were independently exposed to the ehaheutations which occurred with
probability 0.01. Mutations, when they occurred, consisteperturbations drawn from a normal
distribution with mean zero, and standard deviation 0.0%utdted values which lay outside the
legal range for the parameter they coded for were truncaidti¢ nearest legal value for that
parameter (see section 6.7.1 for a discussion of issuegntng such mutation operators).

For all simulations reported hergmin = 0.1, Gmax= 5.0, =5 < 8 < 7, =3 < o < 7, whilst
bothc andd were unbounded.

Populations were simulated for 1000 generations in thismagarduring which time the sig-
nalling and response strategies present in the populatoe recorded.

The parameter® and S were varied across simulations but remained constant ¢t
each. Each of the 441 possible pairs of parameter valies}, drawn from the se{-2.0, -
1.8,...1.8, 2.9, was explored under each of three differing classes ofainitindition. Each of
the resulting 1323 (3 by 441) conditions were simulated 8. The pseudo-random number
generator employed by the algorithm was itself seeded rahdfor each simulation.

The first class of initial conditions consisted of a popuatof signallers sharing a signalling
strategy which mapped directly ontoa, {6 = J,c = 0}, and a population of receivers sharing a
response strategyp = 7,d = 0}, which faithfully recovers values af from signaller advertise-
ments produced under the signalling strat¢gy= 7,c = 0}. This class of initial conditions will
be termed ‘Honest’ since receivers are able to accurat@gigr signaller quality from signaller
advertisements.

The second class of initial conditions consisted of a pdprieof signallers, each with a
signalling strategy generated by drawing a value @oat random from a uniform distribution
[—%.%], and similarly drawing a value far at random from a uniform distributioR-Qmax Omax.
and a population of receivers, each with a response strajeggrated by drawing a value for
a at random from a uniform distributiop- 7, 7], and similarly drawing a value fat at random
from a uniform distributiof—Qgmax dmax- This class of initial conditions will be termed ‘Random’
since signallers’ strategies and receivers’ strategiesiarelated, and implement a wide range of
mappings.

The third class of initial conditions consisted of a popwiabf signallers sharing a signalling
strategy which mapped any value@bnto 0, i.e.,{6 = 0,c = 0}, and a population of receivers
sharing a response strategy which mapped any advertisemen0, i.e.,{a = 0,d = 0}. This
class of initial conditions will be termed ‘Cynical’ sincgyaallers never make advertisements,
whilst receivers never make responses.
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7.6.4 Results

Results were consistent with the predictions arrived aiubh the analysis presented above. Two
measures of performance were utilised in assessing theeejrhonesty within a population.
Both measures were derived from population summary staisalculated for a particular gen-
eration. First, the average signalling strategy and respatrategy were calculated. This was
achieved simply by taking the population mean value8, af a, andd.

From the mean signalling strateg{;é,@, the mean strategy signal rangewas calculated
as(Omax— Gmin) tand. The mean strategy response ermmas calculated as the mean difference
between between signaller quality, and receiver response, for signallers using signalling
strategy{®,c}, and receivers using the mean response strafegg}, calculated for ranging
from Qmin tO Omax

Thus, a signalling population for whiahw 0 is one in which signaller quality has little effect
upon advertisement, whereas a signalling population fackvh > 0 is one in which advertise-
ments typically increase with signaller quality, whilsbrwersely, a population in whiah< 0 is
one in which advertisements typically decrease with signguality.

Similarly, a receiver population in whick = 0 is one in which receivers can accurately
predict signaller quality on the basis of signaller adweminent, whereas a population in which
e~ dmactdnin j5 one in which receivers are, on average, predicting signguality at chance lev-
els, whilst a receiver population in whicehfm is one in which, on average, receivers are
predicting signaller quality at worse than chance levels.

Throughout this section, the phrase ‘performing at chaeeel$’ will be used to refer to a
receiver strategy which consistently predicts that a dlgnhasq = mzqm'" irrespective of any
advertisement a signaller might make. Since, within thealigr population, quality is described
by a flat probability distribution,gmin, max, such a strategy will result in a mean response error
of Mﬁm‘". This receiver strategy is thus an optimal response to aiyfanmative signalling
strategy (e.g., strategies depicted in figures 7.7e anfl 7.7f

These metrics allow the evolutionary dynamics of the simotemodel to be characterised
in an efficient manner. From prior analysis it is predictedltilsimulations for whiclR > S will
evolve such thag ~ 0, andr > O (i.e., honest signalling), whereas, simulations for W< S
will evolve such thae ~ Mﬁm‘", andr = 0 (i.e., non-signalling). These predictions would, of
course, be reversed if the fithesses of receivers were eddelibs per observer function (7.6),
rather than observer function (7.5). However, althouglséh@redictions characterise the general
style of equilibria expected, they take no account of anyahconditions in which signaller and
receiver population might find themselves.

Honest Initial Conditions

From Honest initial conditions the equali®/= Sdivided the parameter space into two areas (see
figures 7.9, 7.10, and 7.11). The area definedRay S contained signallers which made ad-
vertisements which increased with signaller quality, agxkivers which were able to accurately
recover signaller quality from such advertisements (henest signalling obtained under these
conditions). In contrast, the area defined®y: S contained signallers which made advertise-
ments which did not differ with signaller quality, and, asesult, receivers which were unable
to accurately recover signaller quality from signaller eadisements (i.e., non-signalling obtained
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under these conditions).

Mean signal range,, increased witiR— S For scenarios in which the difference betwéen
andSis small, the range of signals is also small, however, fonades in whichR far outstrips
S signals given by high quality signallers are orders of niagie higher than those given by low
quality signallers.

Mean response error for simulations in whiRh Svaried considerably. Although the fact
that signallers within these populations did not provideimative advertisements might lead one
to expect that receivers would simply provide an averageaese to any signal, and thus achieve
a mean response error Wm, receivers under these conditions frequently performéevats
significantly worse than chance. This suggests that, fromgdbinitial conditions, receivers found
it hard to evolve the strategy = 0,c = mzqm‘"}, which is an optimal response to uninformative
signalling strategies. This phenomenon can be explaineh astefact of the simulation design
through considering the coupled evolutionary dynamictesignalling and receiving populations
(see figures 7.12 and 7.13).

WhenR < S honest signalling is unstable. As a result, over evoligrime, signallers re-
duce the level of their advertising, i.®.decreases. Over the same evolutionary period, in order to
successfully capture from these decreasing advertisements, receivers adagasiogly ampli-
ficatory response strategies, i.@.jncreases. These complementary trends are depicted betwee
generations 0 — 810 in figure 7.12, and generations 0 — 470urefig 13.

Eventually this trend will lead to signalling strategiesialhproduce signals with a mean signal
range of zero, i.e., uninformative signals. Once signalteave reduced their advertisements to
zero, amplificatory receiver strategies will fail to recosggnallers’ quality, constantly producing
an observer response of roughly zero. Since receiver regpris constrained to lie betweegin
andgmax and, for the simulations considered here; Gmin, these response strategies result in a
mean response error ef="dmadnn twice that which would result from performance at chance
levels.

Although there is selective pressure on receivers to ewghategies which minimise response
error, this pressure is not effective, siracés free to vary without any impact on receiver fitness,
andd is likewise free to vary without any impact on receiver fitag@sovidingd < gmin, Which it
typically is.

Under these conditions, response strategy parametersvalilidrift at random, (generation
810 onwards in figure 7.12; generations 470 — 570 in figure)7ut8il d > gmin (generation 570
in figure 7.13). Oncel > gmin Selective pressure will decrease response error, throughasing
d (generations 570 onwards in figure 7.13), until it reacheofitimum under conditions in which
signallers provide uninformative advertisements.

Thus Honest initial conditions retard evolution toward tpimal receiving strategy under
conditions in which honest signalling is not an ESS. Howgermanner in which this retardation
takes place is complex, and allows us to predict that in 8dna in whichgmi, > 0, receiver
performance at chance levels may only be achieved afterlwagperiods of evolutionary drift,
during which time mean response error will be at twice thatlited for non-signalling equilibria.
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Figure 7.9: Mean response error (left) and signal rangéd{yigfter 1000 generations, averaged
for 10 simulation runs from Honest initial conditions. Thehawviour exhibited by the simulation
model under Honest initial conditions can be divided into thasses by the equaliy= S. For

R < S mean signal range is very low, whereas mean response sringh (at times above the
error that would result from blind guessing). FRr> S, mean signal range is positive, increasing
with the difference betweeR andS, whilst mean response error is approximately zero.

Range

Figure 7.10: Mean signal range after 1000 generationsageer for 10 simulation runs from
Honest initial conditions. See figure 7.9 and text for dstail
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Error

Figure 7.11: Mean response error after 1000 generatiomsaged for 10 simulation runs from
Honest initial conditions. See figure 7.9 and text for dstail
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Figure 7.12: A trajectory through strategy space produged population of signallers and re-
ceivers evolved from Honest initial conditions, with= —2.0, andS= +1.8. Each plot depicts
the population mean value of a trait or statistic calculdecdach of 1000 generations. Receivers
evolve to a sub-optimal response strategy (generation 8&6) which drift does not dislodge
them. See text for details.
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Figure 7.13: A trajectory through strategy space produged population of signallers and re-
ceivers evolved from Honest initial conditions, with= —2.0, andS= +1.8. Each plot depicts
the population mean value of a trait or statistic calculdteedach of 1000 generations. Receivers
evolve to a sub-optimal response strategy (generation #@0) which genetic drift eventually
dislodges them (generation 570). See text for details.

Random Initial Conditions

From Random initial conditions, the behaviour of the modsimilar to that resulting from Honest
initial conditions (see figures 7.14, 7.15, and 7.16). Mdgna range is very low in the area of
parameter space in which honest signalling equilibria atepmedicted to exist (i.e., conditions
in which R < §). In addition, simulations within this area of parameteaap result in mean
response errors approximately equal to performance atcehamm contrast, within the area of
parameter space predicted to contain honest signallingjleegy as for simulations from Honest
initial conditions, mean signal range is positive, and @ases wittR— S, whilst mean response
error is better than performance at chance.

However, the average mean signal range is lower than thaltires from initial conditions,
and average mean response error is higher. These resutisi@te the simulation’s inability to
consistently reach honest signalling equilibria from ramdnitial conditions. Failure to discover
an honest signalling equilibrium results in simulatioreai@ing non-signalling equilibria at which
no signalling occurs and receivers perform at chance levéie frequency with which the simu-
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Figure 7.14: Mean response error (left) and signal rangg{yiafter 1000 generations, averaged
for 10 simulation runs from Random initial conditions. Trehlaviour exhibited by the simulation
model under Random initial conditions can be divided into thasses by the equalij= S. For

R < S mean signal range is very low, whereas mean response si@pproximately equal to that
resulting from performance at chance. R S mean signal range is positive, increasing with
the difference betweeR and S (but at a far slower rate than that resulting from Honesianhit
conditions). Simulations in whicR > Sdo not always reach an honest signalling equilibrium, but
instead reach a stable non-signalling equilibrium. Thatiet frequency with which simulations
discover honest signalling equilibriaincreases viRth S, resulting in a decrease in mean response
error as R increases and S decreases.

Range

Figure 7.15: Mean signal range after 1000 generationsageer for 10 simulation runs from
Random initial conditions. See figure 7.14 and text for detai

lation arrives at honest signalling equilibria increasé@h\w — S. This is reflected in the variation
in average values farande across the parameter space.
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Error

Figure 7.16: Mean response error after 1000 generatiomsaged for 10 simulation runs from
Random initial conditions. See figure 7.14 and text for detai

Cynical Initial Conditions

From Cynical initial conditions, the behaviour of the mogesimilar to that resulting from Ran-
dom initial conditions (see figures 7.17, 7.18, and 7.19). dimulations in whichR< S (i.e.,
simulations predicted to admit of no honest signalling Blgud&) behaviour is comparable to that
resulting from Random initial conditions. For simulatiomkich are predicted to admit of honest
signalling equilibria, the rate at which such equilibria @achieved is even lower than that result-
ing from Random initial conditions. As with simulations sifations run from Random initial
conditions, the frequency of attainment of honest signglequilibria increases witR — S for
simulations run from Cynical initial conditions.

7.6.5 Summary

Grafen’s (1990b) continuous model of signal evolution hesrbextended in a manner analogous
to that carried out for Hurd’s discrete action-responsegadirhas been demonstrated analytically
that non-handicap equilibria exist for this extended mddel, equilibria exist for scenarios in
whichw; 3 < 0). An evolutionary simulation model constructed to expltire dynamic character of
the model has supported this analytic result (i.e., horigetling equilibria exist for scenarios in
which S>> 0), and demonstrated that, unlike the discrete model ezglpreviously, the continuous
game admits of no conventional signalling equilibria, beittles eventually on either an honest
signalling equilibria, or a non-signalling equilibria fabugh from Honest initial conditions, the
time taken to achieve non-signalling equilibria may be \gesat).

It is not surprising that oscillatory, conventional-sifjimay trajectories do not exist for this
continuous game. Whilst, for a game involving a discretatsgly space, populations may oscil-
late between two adjacent strategies, each of which is biestéth respect to the other, a game
involving a continuous strategy space will feature an indide of intervening strategies, one or
more of which may offer a stable compromise.
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Figure 7.17: Mean response error (left) and signal ranggh{yiafter 1000 generations, for 10
simulation runs from Cynical initial conditions. The bei@aw exhibited by the simulation model
under Cynical initial conditions can be divided into twosdas by the equalitR =S ForR <

S mean signal range is very low, whereas mean response srapproximately equal to that
resulting from performance at chance. R S mean signal range is positive, increasing with
the difference betweeR andS (but at a far slower rate than that resulting from Randomiahit
conditions, and an even slower rate than that resulting fi@mest initial conditions). Simulations
in which R > Srarely reach an honest signalling equilibrium, but instesatch a stable non-
signalling equilibrium. The relative frequency with whislmulations discover honest signalling
equilibria increases witR— S resulting in a decrease in mean response error as R insraade
S decreases.

Range

Figure 7.18: Mean signal range after 1000 generations Gairhulation runs from Cynical initial
conditions. See figure 7.17 and text for details.
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Error

Figure 7.19: Mean response error after 1000 generatiomsl,Gesimulation runs from Cynical
initial conditions. See figure 7.17 and text for details.

7.7 Discussion

In this section, the findings reported in this chapter willdzenpared and contrasted with those
reported within the studies which this chapter has extenged. These previous results are easily
accommodated by those presented within this chapter, whahselves provide a general formu-
lation of the conditions governing the existence of whatehbgen termed ‘*handicap’ signalling
scenarios.

Once this reconciliation of previous results has been @@=ty a reconciliation of the posi-
tions which lead to their presentation will be attemptede Flandicap principle will be assessed
in three regards. The first issue discussed will be the vaiimierpretations of the relationship be-
tween costs, benefits, and fithess which appear to motivatelsiof the handicap principle. The
second issue to be addressed will be the implications ofthdts presented here for the supposed
generality of the handicap principle. Thirdly, some coesadion will be paid to the notion that
handicap signalling scenarios should in fact be considerée co-operative signalling scenarios
in the sense of co-operative signalling introduced in chiaipt

Finally, some possible extensions to the work carried ot eéll be outlined. Specifically,
attention will be drawn to the relatively under-developelrof the observer fithness function, the
absence of noise from the model, and the non-heritabilithe&dvertised trait.

7.7.1 Reconciliation of Results

Figure 7.20a depicts the broad conclusion suggested byathtnaous model of signalling ex-
plored in sections 7.5 and 7.6. Honest signalling is statmeséenarios in which the manner in
which the advertised trait mediates the influence of sigmalbenefits on signaller fithess out-
weighs the manner in which the advertised trait mediatedrifleence of signalling costs on
signaller fitness, i.e., the net cost of signalling (the a@istignalling offset by the benefit of an
accurate observer response) increases monotonicallythgtadvertised trait.

This result is captured graphically in figure 7.20a by dikgithe space of possible signalling
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Figure 7.20: Showinga) the conditions under which honest signalling obtain for¢batinuous
model described in sections 7.5 and 7.6, énxdhe conditions predicted to admit of honest sig-
nalling equilibria by Zahavi (1975, 1977a, 1977b; diagomaiching defined by < 0), Grafen
(1990b; diagonal hatching defined By 0 andR > 0), Godfray (1991; bold vertical line defined
by R> 0 andS= 0), and Hurd (1995; bold horizontal line defined 8y« 0 andR = 0). (N.b.

In order to depict Godfray’s (1991) result concerning atlsement of need on the same diagram
as other results concerning advertisement of quality, wst@ssume that increasiggepresents
increasing need for the former, but increasing quality fer atter.)

scenarios into two halves, separated by a diagonal lineggaldmich the influence of the advertised
trait on costs is exactly balanced by its influence on bengfégs R=S). Above this line (i.e,
for R> S honest signalling equilibria obtain; below it (i.e., flBr< S) no such honest signalling
equilibria exist.

In figure 7.20b this graphical device is used to locate previbeoretical results. For example,
Zahavi's (1975, 1977a, 1977b) claim that honest signalirag only exist for scenarios in which
the costs of signalling increase with the trait being adsed may be represented by the area
satisfying the inequalit$< 0. Itis plain from the diagram that this inequality is neithecessary,
nor sufficient for the existence of honest signalling edpiii. Grafen’s (1990b) contention that,
given that signaller benefits are either unaffected by therided trait R = 0), or increase with
the advertised traitR > 0), in order that signalling be honest, signalling coststdesrease with
the advertised traitg>> 0) is shown to be correct. But the space of possible sigrpdlaenarios
defined by Grafen’s conditions does not exhaustively accfourall honest signalling.

Results in which the negative fithess consequences of sigstd are assumed to be inde-
pendent of the trait being advertised (i.e., models for Wtéc= 0) have often concluded that,
in order for such signalling to be honest, the positive fitnesnsequences (for signallers) of ob-
server behaviour must increase with the signaller’s athesdttrait (i.e.R > 0). Such models are
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typically those in which the advertised trait is taken to maller need (e.g., Godfray, 1991;
Maynard Smith, 1991). They make a claim which can be recasssexting that honest signalling
may be stable for signalling systems which lie along the eltical line in figure 7.20b.

Similarly, results in which the positive fithess consequsnef the benefits accrued by sig-
nallers are assumed to be independent of the trait beingtaek(i.e., models for whicR = 0)
have often concluded that, in order for such signalling tdhbeest, the negative fithess conse-
guences (for signallers) of signal cost must increase \nilsignaller’s advertised trait (i.65< 0).
Such models are typically models in which the advertiseditréaken to be signaller quality (e.g.,
Hurd, 1995), and make a claim which can be rephrased asiagsidt honest signalling may be
stable for signalling systems which lie along the bold hamial line in figure 7.20b.

7.7.2 Reconciliation of Positions

This chapter opened with a description of two complemengiagyments which each result from
Zahavi’'s handicap signalling notion. The first argumentgasgied that honest advertisement of
quality might be under-written by differential signalleysts. The second argument suggested that
the honest advertisement of need might be under-writtenifigrential signaller benefits. The
results of the models constructed within this chapter destrate that the honest advertisement of
either quality,or need, may each be stabilised by differential costgifferential benefits. This
result is due to the fact that the terms ‘cost’ and ‘benefityreach be cashed out in the same
currency — fitness. Costs are merely negative incrementiiesfi, whereas benefits are positive
increments to fitness.

However, at a less abstract level of description, costs amefits may come in many differ-
ent forms. For example, negative fithess consequences risgyaar a result of energetic costs,
costs in terms of risk of predation, parasitism, or infegticosts of missing a high-quality mating
opportunity, costs of mating with a sub-optimal mate, etthdugh each of these costs has nega-
tive fitness consequences, the character of these negaieesiconsequences may differ radically
across these different forms of cost.

Similarly there are benefits to be gained from obtaining autatpon, obtaining a food re-
source, obtaining a territory, obtaining an opponent'senutter, etc. Again, although each of these
benefits has positive fithess consequences, the charattesefpositive fithess consequences may
not be uniform across these different forms of benefit.

Within evolutionary models, the manner in which costs andefiés influence fitness is for-
malised identically. Costs, whatever their nature infleefithess negatively, whereas benefits,
whatever their nature influence fitness positively. Furtiare, within a game theoretic model,
for example, the degree of this influence on fitness is tyjyicansidered to be constant across
the range of strategies which may be employed within the gaRa example, in the Hawk-
Dove game (e.g., Maynard Smith, 1982) the positive fitneas@eguences derived from obtaining
a food resource is considered to be the same for both Dove amd.HSimilarly, the negative
fithess consequences of engaging in combat are consideedequal for both Dove and Hawk.

However, theorists constructing models of handicap slgnphre faced with a decision con-
cerning the manner in which the influence of signalling c¢aisl signalling benefits) upon fitness
is tovary with the trait which signallers are advertising. For exaempiow does the effect of sig-
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nal production cost vary with signaller need? What will net&t us here are the different decisions
which may be made regarding these aspects of handicap nmggelhd the possible motivations
which underly them.

Consider the example of a begging nestling which is sigmgil an attempt to solicit parental
resources. We will assume that the trait of interest to garsra chicks hunger, and that nestlings
of high quality experience low need (hunger), and vice vérea that quality is inversely propor-
tional to need. For this scenario Godfray (1991) models tst of signalling as equal across all
signallers. Grafen (1990b), on the other hand, models sdeareasing with signaller quality.
Godfray (1991) models the benefit of soliciting a particydarental resource as increasing with
need, whereas Grafen (1990b) models such bendliéagasingvith signaller need, or indepen-
dent of signaller need.

A second example, also addressed by Grafen (1990b) invalvésterloper making a signal
of aggressive intent to an observing harem holder. Grafsertssthat in such a situation, the costs
of signalling decrease with the increasing quality of a altgr. He further claims that the benefits
(for the signaller) of a retreat response by an observeeas® with the quality of a signaller.
In contrast, Adams and Mesterton-Gibbons (1995) suggesirntsuch situations, the benefit of
eliciting a retreat response mighbecreasewith increasing signaller quality. They reason that
“strong animals can win many conflicts without threatening. ( by direct fighting), while weak
animals cannot. Furthermore, weak animals have more toayaavoiding direct fights since they
are less able to defend against injury.” (p.406).

Itis clear from these two examples, that the authors of thesgels have made radically op-
posed assumptions with respect to the relationship betaess, benefits, and fitness. In contrast,
the models presented within this chapter make no assungptimmcerning the manner in which
costs and benefits influence fitness, save that costs are tveag#éuence, whilst benefits are a
positive influence. As a result of this neutrality, a degregemerality has been gained.

Absolute vs. Relative Costs

One manner in which the assumptions concerning the rekttiprbetween costs, benefits and
fitness adopted by a theorist may affect the constructiomohhndicap model, and consequently
the results obtained from such a model, can be captured bysiqgpan understanding of fithess
as being influenced by thelative cost (or benefit) of a behaviour, with the understanding of
fitness as being influenced by thbsolutecost (or benefit) of a behaviour. A difference of this
sort appears to underly the conflict between the models ofi@p@1991), Grafen (1990b), and
Adams and Mesterton-Gibbons (1995) outlined above.

Consider a line of reasoning which might support the claiet #ahavi’'s second handicap
criterion (that poor quality signallers must pay more foreatain signal than their higher quality
competitors) is true of natural signallers. “Poor qualitysllers”, the reasoning runs, “pay higher
signalling costs because, in proportion to their resetfesenergy expenditure, time expenditure
etc., required for any signal is higher for poor quality saiers than for those of higher quality”.
If this argument holds theS < 0.

However, this line of reasoning has a corollary in the claiatt“Poor quality individuals
gain more from a particular observer response than theflrdriquality competitors because any
resource gain would be greater proportionally for poor gyaignallers than for those of higher
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quality”. If this argument holds theR < 0.

These arguments rely on what | shall caléativereading of the relationship between cost/benefit
and fitness. Under this reading, although two signallersftérthg quality use identical amounts
of energy to produce a signal, the fithess consequences ohgitiat signal differ as a result of
therelative cost of signal production. From the perspective of a low iyaignaller, the signal
is relatively expensive, whereas from the perspective of a high qualggadier, it isrelatively
cheap. By relative | am referring to the energetic demandsgoial production when compared to
the signallers’ energy resources. Such a reading allowsmoenstruct the corollary above.

This relativistic perspective on the relationship betweest and fithess (and therefore also
between benefit and fithess) cannot justify the existencéahdicap unaided, as any claim to the
effect thatS < 0 based on theelativecosts of signalling is attended by a complementary claim to
the effect thaR < 0 based on the relative benefits of observer responses. fétesren order to
demonstrate thd® > S some further argument must be produced.

However, Zahavi’'s exposition of the second handicap édtesometimes seems to promote a
moreabsoluteaccount of signal costs. He claims that “it is reasonableswume that high quality
phenotypes and experienced individuals pay less for theafake same sized handicaps than
low quality phenotypes” (1977, p. 604). The thought herehgps, is that the superior skills,
metabolism, morphology, etc., of high quality phenotypégihtjust make signalling easier. This
would result in a situation in which the absolute energetiwemditure required to make the same
signal differs between signallers of differing quality. i$tabsolute reading does not licence a
corollary of the kind outlined above. In contrast, the benaffian observer response might be
considered to be best utilised by the same high quality iddads which find it easier to produce
signals. For example, a particular worm might have a pdeiccalorific value which could be
best exploited by the metabolism of a large, fit, chick.

Such reasoning would support Grafen’s (1990b) contentiati'the fithess gained by a marginal
improvement in the parent’s assessment of a chick is atdsageat for big as for small chicks” (p.
527). However, a more ‘relative’ reading of signalling adbenefits seems to motivate Godfray’s
(1991) model of offspring begging signals. He (directlyaesing Grafen’s assumption) assumes
that “the benefits of [solicited parental] resources insesaith [offspring] need”.

The tension between these relative and absolute readinipe shanner in which both cost
and benefit influence fitness is not irreconcilable. One maintaia that there are both absolute
andrelative components to the fitness contributions of costlzerkfit. The difference between
relative and absolute interpretations of the relationgi@pveen, on the one hand, the costs and
benefits of a behaviour and, on the other, the fitness imicabf the behaviour are depicted in
figure 7.21.

7.7.3 Handicap Signalling and Co-operative Signalling

It was suggested in chapter 5 that for a system to be propegbrded as a signalling system, one
must be able to identify a producing system, and a consunyistgs. The evolutionary function
of the producing system must be to effect a signal, the magpnpite of which adapts a consumer
to some state of affairs. The evolutionary function of thastoming system must be to respond
to the signal in some manner which is adapted to the existeinte state of affairs to which the
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Figure 7.21: A signaller§, of quality,Q, makes an advertisemert, which leads to a raw cost,
C, interms of energy, risk, etc. This cost results in a chandiriessF. (a) A relative reading of
cost —A leads taC independent of), whilst the manner in whick influenced~ is mediated by
Q. (b) An absolute reading of cost — the manner in whicteads toC is mediated byQ, whilst
C influenced~ independently o). (c) Both —Q mediates the manner in whiéhleads taC and
the manner in whicle influences~.

signal’s mapping-rule maps it.

As a result of this suggestion, the notion that full-bloodegphalling necessarily involves both
a producer and consumer which have coincident evolutioagendas was mooted. Co-operative
signalling systems were identified as paradigmatic exasrmgflsuch producers and consumers. An
example was made of bee communication which involves a damckaudience with completely
coincident agendas as a result of their reproductive piatiem¢ing channeled through the same
individual. Here the notion that handicap signalling maysheilarly classed as co-operative, and
thus full-blooded, will be explored.

The conditions for the stability of handicap signallingrided within this chapter, stipulate
that in order for handicap signalling to be honest the net obs signal must increase mono-
tonically with the trait being advertised. In such a sitaatia population of signallers ranked
according to this trait will simultaneously be ranked acliog to their ability to make a signal of
a certain strength.

In one sense, the behaviour evidenced by signallers witkialzle handicap signalling system
is stable for the same reason that the bee dance-langudgblis-s- the possible outcomes of the
signalling scenario are ranked identically by both sigeraland observers. The costs and benefits
which define a handicap signalling system, define the optimbaviour of signallers within that
system. This optimal behaviour is to signal honestly.

Although signallers within a conventional signalling srst might benefit (for a limited but
significant period of evolutionary time) from giving a blignal, through reaping rewards with-
out investing in the trait being honestly advertised by otinembers of the system, there is no
such temptation for handicap signallers. At equilibriumy aignal other than an honest one will
result in a decrease in fitness. Even a strategy which blutfsavcertain probability will simply
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experience a fitness decrease with that probability.

Since the making of a signal is inextricably tied to the beguof a cost (even if this cost is
in terms of increased risk, rather than increased energetts, and is thus not paid each time a
signaller signals, but each time a signaller is probed)tiseno sense in the notion that a signaller
might profit from bluffing or cheating at a low frequency. Taés no profit-making margin within
a stable handicap signalling system.

Some authors (e.g., Johnstone, 1997; Johnstone & Graf@3) b@ve pointed out that sig-
nallers who, for some reason, are not subject to the same andtbenefits as those engaged in
honest handicap signalling may benefit from bluffing. Sudhvidluals are identical to third-party
parasites of co-operative signalling scenarios. They ble @ exploit an honest signalling sys-
tem through some means unavailable to the co-operativaltggs (e.g., through not investing in
unpalatability).

Although, under this interpretation of handicap signalinnis hardly surprising that such sys-
tems are stable, this is not the interpretation typicalesented. The very term *handicap’ implies
that such signals are somehow maladaptive, that signaltarkl eschew them if they could. How-
ever, the reasoning presented above casts them as emireasbnable; as strategically sound; as
the best response, given the circumstances.

In this sense, handicap signals are co-operative sigh@isalfrs and observers both do as
well as they can do given the costs and benefits involved isyeem. Signallers have been se-
lected to signal honestly since it was through signallingdsily (rather than signalling as strongly
as possible, or gaining the maximum possible observer res)dhat their ancestors came to do
better than dishonest signallers. Thus the informativanmeadf the mapping between signal and
signaller trait is not merely accidental. Honesty is nopé&ginomenal within the system, but must
feature as a substantive element of any explanation forxiséeace and character of any stable
handicap signalling system.

7.7.4 The Generality of the Handicap Principle

The force of the results presented within this chapter isualify previous statements of the
conditions which must be met before honest handicap siggathay be evolutionarily stable.
Rather than merely requiringrosssignalling costs to vary with signaller quality in some mann

the models presented here require that the manner in wheahetitost of signalling varies with

signaller quality be considered.

Although Zahavi often appears to consider the net costdvadan signalling when formu-
lating his principle (e.g., “it is reasonable to expect ayagon in its optimal fithess to benefit
from a handicap”, and “so long as the offspring ...does netade to grow its handicap larger
than it can afford, the handicap [may remain stable] as a enaikhonest advertisement”, Zahavi,
1977a, p.604), when describing examples of natural sigglie rarely appreciates the benefits
which might be accrued from signalling, and the manner inclisiuch benefits might negate the
increased costs involved in bluffing.

This ambivalence towards the potential benefits of sigmgl{or bluffing) led Wiley (1983)
to characterise Zahavi's (1975) claim as “signals shouth&vto become aethandicap to sig-
nallers” (p. 176, my emphasis), whilst Adams and Mestef@inbons (1995) reach the opposite
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conclusion stating that the difference between their maatel more straightforward models of
Zahavi's handicap principle resides in the fact that “thebenefit for a given advertisement may
not increase monotonically with the signaller’s strendin406).

Furthermore, the sense of much of Zahavi's verbal argumeas ehot seem to accord with
a notion of the handicap principle couched in terms of netscoBor example, as Hurd (1995)
points out, if the costs involved in signalling must be adabfe costs (i.e., they must be com-
pensated for by consonant benefits), then in what senseese tosts a ‘handicap’? Although
the costs incurred by bluffer might be characterised as a handicap, since these costd woil
be compensated for by any observer response, this is noettse $n which Zahavi proposed the
term. For Zahavihonestsignallers suffer a handicap. This suffering is necessaiy method of
demonstrating honesty. However, once one appreciate®th@layed by benefits in assuaging
these costs, the notion that signallers are suffering besdntoherent.

Do dancing bees ‘suffer’ from the costs they incur in honeatlvertising the location of
nectar? Surely not. Within such co-operative signallingnsgios, any ‘suffering’ is more than
compensated for by the benefits that such dancing will aff@idnilarly, a signaller locked into
an honest signalling system by the manner in which costs aneéflts are mediated by some
signaller trait cannot be said sufferfrom costs given that they are more than compensated for by
the benefits which they lead to. Indeed, as argued abovegris #imy difference between the cost-
benefit conditions which ensure that handicap signalliregable, and the cost-benefit conditions
which obtain in the bee dance scenario?

The inclusion of a benefit clause in the definition of the haagliprinciple does not preclude
the existence of handicap signalling equilibria. Howeltedoes have implications for the pro-
posed ubiquity of the handicap principle as it has been ptedeby Zahavi and others.

The conditions that (i) signals cost, and that (ii) signaitds related to signaller quality ap-
peared to be candidates for a very wide application. Ind2atavi demonstrated the width of
the application in the papers which he published, even gsirfgr as to suggest that the handicap
principle accounted for all natural signalling. Howevée imodels constructed here demonstrate
that the influence of benefits on signaller behaviour may renthat despite signals costing, and
their cost being related to signaller quality, honesty mayubstable. Similarly, some systems,
despite failing to meet Zahavi’s two constraints may belstdbe to the influence of benefits upon
signaller behaviour.

As such, the ease with which these revised conditions foexitence of evolutionarily sta-
bile handicap signalling may be confidently predicted talramross classes of signalling scenario
is much reduced. This is compounded by the fact that as derater above, theorists’ predic-
tions concerning the manner in which costs and benefits vansa signalling populations vary
considerably.

From this discussion, it is clear that the models construetighin this chapter, viewed from
the perspective developed within chapter 5, questioiritegrity of handicap signalling as a class
of signalling distinct from co-operative signalling, andatlenge its proposedbiquity through
highlighting the complications which arise from a consat&m of the manner in which cosasd
benefitsare mediated by signaller traits.
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7.7.5 Extensions

The results presented here are pregnant with possibility.

Many hypotheses concerning the impact of as yet unfornwafisetors upon the stability of
handicap signalling have been presented. Primary amorsg thie factors concerning the role
of the observer within a signalling system. Within the mogde¢sented above, an observer’'s
fithess was considered to vary with the degree of accuradywtiich she predicated the signaller
trait of interest to her. It has been pointed out that wherseolers incur costs through their
involvement in a signalling episode, the resulting comgiimns in the calculation of observer
fitness might militate against the stability of fully honssenarios, favouring a less pronounced
degree of honesty with an attendant reduction in obsengs¢®awkins & Guilford, 1991).

In implementing these observer costs, many interestingaenust be entertained. Might
the costs of receiving a signal vary with the signal (e.gudker calls increase the probability of
predation by eavesdroppers)? Might the degree to whichdigmeay be corrupted vary with
the value of the signaller trait (e.g., might systems in witfemales gain a more accurate assess-
ment of low-quality suitors than high-quality suitors belde?). Might inaccuracies in predicting
signaller traits influence fitness in a manner depending erdifection of the inaccuracy? For
example, might an overestimation of suitor quality redutesis more than an underestimatidn?
Furthermore, might the fithess consequences of over-g#bimand under-estimation vary with
the actual trait possessed by the advertising suitor?

Issues such as these may be easily addressed throughiafietatthe fithess functions pre-
sented in section 7.6.

Maynard Smith (1985) identifies three differing selectioaamanisms which might be em-
ployed by the selecting sex in a mate-choice paradigm. Reom genetic models employing
these three mechanisms differ to some degree. The exteiifevedces resulting from alternative
selection mechanisms has not been explored for game tieomadels, but there is no reason to
suppose that qualitative differences between the resuftmdels differing in this respect will not
be found.

Such differing mechanisms are also easily incorporateliwithe evolutionary simulation
model presented above.

It has been demonstrated that noise within models of hapdiigaalling can lead to stratifi-
cation of signalling groups into discrete bands with difigrmean quality. Whether this discreti-
sation of the population leads to instability in the form ohgentional signalling as discovered
for the discrete model presented within this chapter is asnaguestion which might easily be
addressed by alternative versions of the models presepted h

In addition, some of the simplifying assumptions made in ¢bastruction of the models
presented within this chapter may now be relaxed. The limaawre of the signalling and re-
sponse strategies introduced in section 7.6 is one sucHiimg assumption. The effects of
non-linearities in such functions are hard to predict, marsfunctions are likely to better approx-
imate the strategies employed by real signallers and rereiv

Finally, no ESS model of the handicap principle has sucadigshcorporated heritability of

6In the terminology of statistical hypothesis testing, nitite consequences of a Type 1 error differ from those of a
Type 2 error?
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the advertised trait. As mentioned in chapter 5, it has beggeasted (Pomiankowski, lwasa, &
Nee, 1991; Iwasa, Pomiankowski, & Nee, 1991) that biasestelébus mutation on the advertised
trait may overcome the paradox of the lek through encoupgmough genetic diversity within
the advertising population to maintain an observer fithesgeht in remaining choosy.

However, as was discussed in chapter 5, the model upon whighuggestion was based fea-
tures some assumptions which need to be relaxed beforeabitgtof handicap signals of heri-
table traits can be demonstrated convincingly. Such rélaxaf assumptions might be achieved
through extending the models presented here to featurahkritraits which experience mutation
events of the nature proposed by Pomiankowski et al. (1991).

7.8 Conclusion

In summary, signalling equilibria were shown to exist untteee conditions defined by Grafen
(1990b) using the inequalitiesrs < 0, woz = 0, andwps > 0, and also defined for the extended
version of Hurd’s (1995) discrete action-response gaméexg here using the inequalitidg, <
V4, VL = V4, andV, > V4. In concert these three classes of scenario were used torexple
effects of the benefits to signallers of their signalling &eburs, not merely the costs of such
behaviours. Non-handicap signalling equilibria were shoavobtain under certain conditions. It
was demonstrated that in order to show that a signallingeay$s$ stable, a relationship between
signalling costs, signaller quality, andaptraZahavi) signallingoenefitanust be shown to hold,
notmerely a relationship between signalling costs and signgliality.

In addition to these analytically derived results, furtbgploration of Hurd’s (1995) discrete
action-response game was carried out utilising a simuiab@sed paradigm which allowed a qual-
itative account of the system’s dynamics to be formulatesiaesult of this exploration, several
interesting, robust phenomena, which were opaque to tHgsamaarried out in section 7.2 were
detailed. Amongst the phenomena described were classemeémtional signalling scenario.
These stable signalling scenarios cannot be charactexssieed points in the system’s dynamics.
They exist as higher dimensional attractors (e.g., limiley) in strategy space, and as such are
not amenable to a simple ESS approach.

Further work, both analytic and simulation-based, mustrmeuaken before a full character-
isation of the dynamics of these systems (both discrete antintious) can be constructed, and
the extent of their applicability to the evolution of natilsggnalling systems can be assessed.



Chapter 8

Conclusions

This thesis has sought to present, define, and motivate tiayar style of scientific modelling.
This style of modelling involves the simulation of evolutary systems as populations of individ-
uals subject to some adaptive process. The substantiveeterisuchevolutionary simulation
modelling in contrast to alternative modelling paradigms, is theaing, unfolding, evolutionary
dynamics which evolutionary simulation models implemdiitrough the judicious design of such
evolutionary simulation models, the character of thesedyins, including, but in no way limited
to, any stable states to which the evolutionary process inhégldl, may allow one to discern the
validity of competing theories.

8.1 A Framework for Evolutionary Simulation Modelling

A large part of this thesis has been devoted to providingmaéraork within which such scientific
modelling may take place. In order that such a frameworkattel constructed it was necessary
to clear the decks to a certain degree. Much of the manoeagwirich this deck clearing involved
was necessary in order to distinguish evolutionary sinnenodelling from, on the one hand, the
general use of computers by theoretical biologists, andherother, the recent interest in biology
shown by many artificial intelligence and artificial life ezschers.

Evolutionary simulation modelling certainly includestasces of the use of computers by the-
oretical biologists. One of these instances (Enquist & Aff94) was discussed at some length
within chapter 6. Similarly, evolutionary simulation mdlileg owes a considerable debt to those
artificial intelligence and atrtificial life researchers jpired by biological theory. An attempt to
repay some of this debt was made in chapter 4. However, frenatuments presented in chap-
ters 2 and 3, | hope itis clear that evolutionary simulatiadeiling can genuinelgugmenextant
theoretical tools employed in the modelling of evolutignghenomena. Furthermore, from these
same arguments, it should be clear that evolutionary sitomanodelling provides a similarly
genuine opportunity for artificial life researchers to giee scientific modelling, rather than mere
science fiction.

The thrust of the arguments alluded to immediately abovesen some observations con-
cerning the evolutionary process. First, evolution is aaigit process. Furthermore, evolutionary
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dynamics are historical in a non-trivial manner. A systenis§gng the pre-requisites for adap-
tation (reproduction, inheritance, variability, and cagtipon for limited resources) is a system
which will experience change of a very special kind. The diiis system experiences will not
be the change conceived of within teleological accountsstétic, ordered, spiritually legitimated
universe. Neither will it be the change conceived of withen@unts of the chaotic flux of quantum
particles, or the relentless march towards cold, bland,dgeneity of increasing entropy. Indeed,
the nature of the change experienced by evolutionary sysitestill open for philosophical debate
and empirical exploration.

What is clear is that the nature of evolutionary change is1dhat it gives the impression of
conscious design. This feature of the evolutionary proisaserhaps its most impressive attribute,
and, as was argued within chapter 3, is an attribute that nnb@ appreciated from a historical
perspective. By this | mean to make two points. The first i$ éimeappreciation of the historical
change in perspective afforded by evolutionary theoryvedlone to clearly assess the merits of
an adaptive account of some natural phenomenon. Secondipeciation of the function of an
evolved system can only be gained through attending to tbkigwnary history of that system.
Judgements of matters such as the ability of a system toiamptroperly may only be made
within a historical context which includes the selectivetbiy of the system in question. What
evolutionary simulation models offer is a scientific toolialinaffords theoretical primacy to the
notion of undirected, yet adaptive, evolutionary change.

8.2 Examples of Evolutionary Simulation Modelling

The second part of this thesis consists of attempts to applygonary simulation modelling tech-
nigues, alongside more analytical techniques, to themgtroblems current within evolutionary
biology. These attempts serve both to provide prototypitstances of the application of evolu-
tionary simulation modelling, and to provide insights inke nature of the biological problems
under investigation.

The first of two biological problems addressed within thissis was the prevalence of complex
symmetrical patterns used as signals within the animaldong The account of this problem
presented within this thesis took the form of a cautional. ta

An existing model (Enquist & Arak, 1994), which sought toagnt for the prevalence of com-
plex symmetry as a result of the logistics of visual discriation, was described. This model was
presented by its authors in the form of an iterative compsitaulation involving the application
of an artificial evolutive algorithm to artificial neural medrks which acted as idealised models of
natural visual systems. As such the model might be regarigl hindsight, as an evolutionary
simulation model.

In chapter 6, the results of this model were questioned. H damonstrated that the com-
plex symmetry which results from the original model was atefact of its construction. This
demonstration provided an opportunity to raise a seriesethodological issues concerning the
proper design of evolutionary simulation models, and th&alls which may await those eager
to employ evolutionary simulation models in the testing wil@gical hypotheses without paying
due care and attention to the literature concerning thesyaiorasies of such powerful adaptive
mechanisms as genetic algorithms and artificial neural owisv
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Although these tools were developed as simple analogudseofriatural counterparts, they
have proved to be capable of an immensely rich palette oflietia For example, recent classes
of artificial neural network have been shown to be able towapthe profile of any dynamical
system, to any degree of accuracy (Funahashi & Nakamur&)1S@milarly, genetic algorithms
have developed in many different directions, incorpoigtimany aspects of the natural biological
systems they mimic, and as a consequence encountering rh#imy same theoretical problems.
What is the role of sex, or mutation, or sexual selection, orphogenesis within a genetic al-
gorithm? These are open questions within evolutionary adatpn partly as a result of their
unresolved status within evolutionary biology.

As a result, the proper design of evolutionary simulatiordeie will be predicated, not only
on theoretical advances within evolutionary biology, butssociated advances made within evo-
lutionary computation.

The second of the two biological problems addressed withilthesis concerned the condi-
tions under which natural signalling might be evolutiohestable — and received a more positive
treatment. Two existing models were extended and theitteesliong with those of previous sim-
ilar models, were compared, and contrasted. In castingdieméed models as evolutionary simu-
lation models, aspects of their behaviour which had beegqupto the prior analytical treatments
were revealed, and could be qualitatively characterised.

On the basis of the findings reported in chapter 7, a recaticiti of previous results was at-
tempted. In achieving this reconciliation, the mechanismictv had purported to ensure honesty
within such signalling systems (the *handicap’ princidahavi, 1975, 1977a, 1977b) was demon-
strated as misleading in its original conception. An alitiire perspective on handicap signalling
was offered, from which handicap signalling systems cowdbnsidered to belong to the less
troublesome class of co-operative signalling systemsééinet in chapter 5).

8.3 Interdisciplinarity

Since evolutionary simulation models are tools, they masehtasks. Evolutionary simulation
modelling involves a subject matter (e.g., the evolutiohofesty, or the dynamics of economic
agents within an auction). It also requires the constrmctiba simulation. It is thus interdisci-
plinary in the same sense that statistics is interdiscpyinHowever, whereas statistics is taught
as an integral part of the many disciplines which requireifs, simulation design is, as yet, not.
This ensures that an evolutionary simulation modellerpsdgily one of two beasts. Either sheis a
specialistin the field which provides the tasks for the mpadethe is a specialistin the field which
provides the tools for the model. This thesis will concludéwsome thoughts on the implications
of this situation for evolutionary simulation modelling.
As Beer rightly notes,

“one of the excitements of undertaking work across fieldi& it propels us to the
edge of our own competence and makes necessary new skilteeangading” (Beer,
1991, p.4).

In applying evolutionary simulation modelling to topicstlwviwhich | had erstwhile been un-
familiar, 1 have indeed been “propelled to the edge of my owmpetence”. There is some
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satisfaction to be had in being thus propelled. Ortega y &44930) captures this satisfaction
in his essayl'he Barbarism of Specialisatiofror Ortega, the notion of a specialist (and a scien-
tific specialist is a specialigtar excellencgis tied up with the notion of an arrogant ignorance
of matter lying outside a speciality. In this respect, theduction of specialists is to be avoided,
since they are the root of much that is wrong with society. Ewsy, in the current climate of
academic compartmentalism, how is one to know whether orsistingOrtega’s ‘barbarism’ in
apparently broadening one’s academic perspectivepoiributingto it, by in actual fact applying
the perspective of one’s own speciality to the specialitgtbiers?

Beer (1991) presents some thoughts which speak to this issue

“Problems remain. How thoroughly interdisciplinary is ibgsible to be? Are we
lightly transferring a set of terms from one practice to &t as metaphofacon
de parler? Are we appropriatinghaterialshitherto neglected for analysis of the kind
we have always used? Or are we trying to learn megthodsand skills fast, which
others have spent years acquiring? The key questions ihamdiscipline may at first
glance seem banal, since the incomer is ignorant of thetaesiss that have produced
and shaped them. That superior glossing of other peoplas@eersies is one hazard
in interdisciplinary work; the opposite temptation is t&sumb to the glamour of the
horizon. Those most sceptical about their own disciplin@gctices are sometimes
inclined to embrace the practices of an adjacent discigboeaeverentially.” (Beer,
1991, p.5-6).

It appears to me that problems such as these lie at the hetlwe giotential for the artificial
sciences to contribute to the natural sciences, i.e., ttribore to science at all.

Upon the publication of Charles Babbage’s (1837) uninvii@ath Bridgewater Treatisehe
work was treated with some disdain. It was generally agredthte overstepped some boundary.
Much of this opprobrium seems to stem from a tacit presupjooson the part of Babbage'’s
audience to the effect that the workings of machinery wetgmoffer insight into the doings of
the Deity.

Like Babbage’s, most contemporary evolutionary simulatizodels, once constructed, will
typically be ‘uninvited’. Linguists such as Chomsky refusecontemplate an adaptive ratio-
nale accounting for the genesis of the Language Acquisibievice; psychologists disown those
researchers attempting to provide evolutionary undeipgmfor human behaviour; economists
similarly deny that their theories must accommodate expenital data, let alone the results of
models of economic change as susceptible to the vagariegs adaptive historical process. The
list is very long. Until formal models of these quasi-evadutary processes can be constructed
in a manner rigorous enough to quash dissenters, the “ganinterest from the permanent to
the changing” identified by Dewey (1909) as responsible éones of the major scientific revolu-
tions will be checked. Hopefully evolutionary simulatiomdels will be one tool with which such
formal models may be constructed.
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