
The Role of `Hidden Preferences' in the Arti�cial Co-evolution ofSymmetrical SignalsSeth Bullock and Dave Cli�School of Cognitive and Computing SciencesUniversity of Sussex, Brighton, BN1 9QH, U.K.sethb@cogs.susx.ac.uk, davec@cogs.susx.ac.ukAbstractRecently, within the biology literature, there hasbeen some interest in exploring the evolutionaryfunction of animal displays through computer sim-ulations of evolutionary processes. Here we pro-vide a critique of an exploration of the evolutionaryfunction of complex symmetrical displays. We in-vestigate the hypothesis that complex symmetricalsignal form is the product of a `hidden preference'inherent in all sensory systems (i.e. a universal sen-sory bias). Through extending previous work andrelaxing its assumptions we reveal that the posited`hidden preference' for complex symmetry is in re-ality a preference for homogeneity. The resultingimplications for further accounts of the evolution-ary function of complex symmetrical patterning areconsidered.1 IntroductionA small but rapidly increasing number of studies(e.g. Arak & Enquist, 1993, 1995a; Enquist &Arak, 1993, 1994; Johnstone, 1994; Hurd et al.,1995) have undertaken to explain evolutionary phe-nomena through the implementation of iterativecomputer programs, designed to model biologicalsystems. These models di�er frommore traditionaliterative numerical models in that they typicallyrely on modelling techniques pioneered within thearti�cial sciences (e.g. arti�cial neural networks, ge-netic algorithms, etc.).Some debate has accompanied this work (Cook,1995; Johnstone, 1995; Arak & Enquist, 1995b;Dawkins & Guilford, 1995) but attention to themethodology employed within it has been cursory.Here we replicate, discuss, and extend an evolu-tionary simulation model (Enquist & Arak, 1994)concerned with the evolutionary function of natu-rally occurring symmetrical visual displays (e.g. thecomplex symmetrical patterns found on the wingsof many birds). First, we present a brief accountof Enquist & Arak's (1994) argument advocatingthe interpretation of symmetrical signals as having

evolved to exploit a universal sensory bias. Sec-ondly, we describe our replication of their studyand provide a discussion of their model's valid-ity. We hypothesise that networks evolved underthe conditions employed by Enquist and Arak hadpreferences for structure (i.e. complex symmetry),only insofar as they were presented with patternssubjected to unnaturally structured sets of trans-formations during their evolution. Subsequently,extensions to their study which support this hy-pothesis and demonstrate that a di�erent accountof their proposed sensory bias must be acceptedare described. The paper concludes with some dis-cussion of the potential contribution that a sensorybias for homogeneity might make to the evolutionof complex symmetry.2 SymmetryEnquist and Arak (1994) attempt to show thatsymmetrical patterns are inherently favoured byperceptual mechanisms which must consistentlyclassify objects despite viewing them from di�er-ent angles, at di�erent distances, in di�erent ori-entations, and so on, due to the invariance of suchpatterns across such situations. Following Enquistand Arak, we will sometimes refer to this postu-lated disposition to favour symmetrical patterns asa (universal) sensory bias, in that it is proposedas an exploitable latent preference inherent withinvisual systems. However, we do not intend thisto imply that these visual systems' preference forsymmetry need be established prior to, or in someway independently from, the associated signal evo-lution.Enquist & Arak (1994) model an arti�cial vi-sual system using an array of receptive elements (aseven-by-seven grid of idealised retinal cells eachcontaining three receptors respectively sensitive tothe red, green, and blue components of the lightfalling on their cell) and an arti�cial neural networkconsisting of 15 idealised neurons, each receiving147 weighted inputs (one from each of the three re-ceptors in each of the 49 retinal cells), which in turn1



excite or inhibit a decision neuron which responds`yes' or `no' according to whether the weighted acti-vation from these `hidden' neurons, when summed,and perturbed slightly by a random internal factor,rises above a certain threshold.This visual system's task was to accurately dis-criminate between a signal pattern and various dis-tractor patterns (each represented as a �ve-by-�vearray of coloured pixels; each colour being rep-resented by a vector in the red-green-blue colourspace) despite each being presented to the systemin various positions on the system's `retina' andin various orientations. These positions and ori-entations were arrived at through subjecting thesignal (and the distractors) to re
ection, rotation,and translation transformations (see �gure 1).Arti�cial selection pressures were applied to suchvisual systems and the signals they attempted toclassify (both of which were initially randomly con-�gured). Repeatedly, the best of each (i.e. the net-work that discriminates signal from distractor un-der the most transformations and the signal thatis discriminated correctly under most transforma-tions) were allowed to `asexually reproduce', cre-ating new patterns and networks that were eachsimilar to their parent but not identical due to lowprobability `mutation' events which arbitrarily cor-rupted the reproduction process.Under this arti�cial evolutionary paradigm im-pressive results were obtained. Patterns and net-works co-evolved over evolutionary time, reaching\... a quasi-stable situation in which the networkdiscriminates almost perfectly ... and the signalitself changes slowly ... [The signals] consistedof purer, brighter colours than random patterns;they also displayed ... marked symmetries"(ibid.,p.171).Prima facie these results are strong support forthe hypothesis that symmetry \may arise as a by-product of the need to recognise objects irrespec-tive of their position and orientation in the visual�eld"(ibid., p.169).3 ReplicationIn replicating this study we re-implemented thestochastic hill-climbing algorithm employed by En-quist and Arak (1994)1. Initially a random net-work (with connection weights drawn from a uni-form distribution [�0:3; 0:3]) and a random signal(colour components drawn from a uniformdistribu-1Copies of the code, and a version of this paper withcolour �gures, are available on request from the authors, orfrom the world-wide-web page URL:http://www.cogs.susx.ac.uk/users/sethb/sym.html

tion [0:0; 1:0]) are generated. The algorithm thenrepeatedly carries out two consecutive periods ofhill-climbing, one within the space of signal pat-terns and one within the space of retinal networks.Hill-climbing is carried out in the following man-ner. A mutant of the current best network is gen-erated by copying each of the best retina's networkweights with probability 0.01 of a weight being per-turbed by a normally distributed value (zero mean,s.d. 0.02). The mutant is assessed with respect tothe current best signal, and, if discovered to be �t-ter than the current best network, takes the bestnetwork's place, acting as the model for the nextmutant. Once n mutants have been generated andtested in this manner, attention is switched to thebest signal pattern.The signal is tested with respect to the currentbest network and compared to a mutant which isgenerated by copying each colour component of thesignal with probability 0.05 of perturbing it with anormally distributed value (zero mean, s.d. 0.3).Perturbations which produced colour componentvalues outside the legal range [0:0; 1:0] were trun-cated to the nearest extreme value.If a mutant signal is assessed as �tter than thecurrent best signal, it takes the best signal's placeand acts as the model for the next mutant. After nmutants have been generated attention reverts tothe best retinal network and the process repeats.Although the retinal network evolution is de-scribed �rst here, in order to avoid biasing ourreplication through preferentially evolving eitherthe network or the signal �rst, the order inwhich the evolutionary `steps' were carried out wascounter-balanced across simulations.Enquist and Arak dub one cycle of the aboveprocess (in which, arbitrarily, n=100) a `genera-tion', and run their simulations for 500 such `gener-ations'. The simulations described here employedshorter run-times (n=50 for 100 `generations') inresponse to time pressure, and the fact that therewas no signi�cant progress made by either the net-works or the signals after the �rst 50 (n=100) gen-erations.Fitness was calculated thus,f(s; r) = 1p pXi=1 24�(�r(�i(s))) � 1q qXj=1 �(�r(�i(dj)))35where f(s; r) denotes the �tness score ascribed tosignal and retina fs; rg under an assessment regimecomprising p presentations of di�erent transforma-tions of both signal s and q distractor patterns (djdenotes the jth distractor pattern). The compoundfunction �r(�i(x)) denotes the output of retinal2
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etc.Figure 1: Depicting (a) the retina, (b) an example signal, Enquist & Arak's (1994) (c) translation, (d)90� rotation, and (e) re
ection transformations, and (f) the higher resolution rotation transformation weemploy in this paper (n.b. in (c) four of the nine possible translations are depicted, and in (f) �ve of the16 orientations are depicted).network r when presented with pattern x undertransformation �i.This output is calculated as follows. The outputof a retinal receptor was equal to the intensity ofits input, whilst that of a network neuron was cal-culated as a sigmoid function of y, the sum of itsweighted inputs, thus:output = � 1� 1=2[1=(1 + y)] y � 01=2[1=(1� y)] y < 0The function �(w) is an error function whichsmoothes the network output (w) by modelling astochastic internal variable (�) which perturbs thenetwork output by a value normally distributedwith zero mean (�=0), and standard deviation 0.02(�=0.02).Rather than draw a random value from this dis-tribution for each trial, the e�ect of this internalfactor was calculated in the limit, thus,�(w) = P (w + � � �) = 1� Z 1� e�� z�w�p2�2dzwhere � is a scaling constant used to normalisethe function's output to between 0 and 1, whilst� is a threshold value above which the network is

said to have responded positively to its input. Thevalue returned by the error function was thus a de-terministic measure of the proportion of trials inwhich a network output value (w), after perturba-tion by an internal stochastic variable (�), wouldexceed the arbitrarily designated threshold value(�).For all simulation runs considered here, �=0.5,q=3 (one white, one black, and one random dis-tractor).Enquist & Arak's (1994) presentation regimewas replicated. Each pattern was presented to anetwork under 36 di�erent transformations (ninetranslations by four orientations, see �gures 1c and1d). The results of 20 simulation runs are displayedin �gure 2a.Bilateral asymmetry was calculated as the aver-age geometric distance in the red-green-blue colourspace between corresponding pixels. Rotationalasymmetry was calculated as the mean of the stan-dard deviations of the groups of pixels invariantunder the rotation transformation. Brightness orboldness was calculated as the average geometricdistance in the red-green-blue colour space betweeneach pixel and the nearest corner of the colourspace.3



Evolved signals exhibited signi�cantly morebilateral symmetry (t=6.526, d.f.=19, p<0.01),four-fold rotational symmetry (t=9.638, d.f.=19,p<0.01), and brightness (t=10.825, d.f.=19,p<0.01), than random signals (see �gure 3a). Un-der the conditions employed by Enquist and Arak(1994), symmetrical signals do indeed evolve.4 DiscussionObjects are not always seen at the same orienta-tion, or from the same distance, etc. The trans-formations that Enquist & Arak's (1994) patternsundergo are intended to mimic these di�erent waysin which the light re
ected from a real-world objectfalls onto a retina. As Enquist and Arak's retinaeand patterns are square, re
ections in the verticaland horizontal axes seem natural transformationsto perform in order to create variation in the retinalimage. However, natural visual systems are veryrarely exposed to a pattern and then, subsequently,a re
ection of that same pattern.Rotations of 90 degrees also seem natural trans-formations to perform upon square patterns. Inresponse to such rotations, Enquist and Arak's sim-ulation produces patterns with four-fold rotationalsymmetry. However, in reality, the rotation trans-formations that images undergo are continuously(although not necessarily uniformly) distributedbetween 0� and 360�.Finally, if a signal's invariance under transforma-tions is what makes it easy to discriminate, thenbiological signals which are selected for conspicu-ousness should ideally be one solid colour (i.e. max-imally symmetrical).To summarise, could it be the case that the net-works evolved under the conditions employed byEnquist and Arak had preferences for structure(i.e. complex symmetry), only insofar as they werepresented with patterns subjected to unnaturallystructured sets of transformations during their evo-lution?5 ExtensionIn order to explore the e�ect of more continuousrotational transformations, we relaxed the rotationregime to include transformations that fell at 22.5�intervals (see �gure 1f) rather than the 90� inter-vals employed by Enquist & Arak (1994). Thisquadrupled the number of presentation trials perassessment (i.e. p=144), as, under each translationtransformation, each signal was now presented insixteen, rather than four, di�erent orientations. All

other parameter values were held constant. Theresults of 20 simulation runs are displayed in �g-ures 2b and 3b.Evolved signals display signi�cantly greater ro-tational symmetry, both sixteen-fold (t=5.07,d.f.=19, p<0.01), and four-fold (t=3.3, d.f.=19,p<0.01), and are signi�cantly more homogeneous(t=4.87, d.f.=19, p<0.01), than those evolved un-der the conditions employed by Enquist and Arak.They also feature signi�cantly brighter coloursthan random signals (t=10.135, d.f.=19, p<0.01).In a further 20 simulation runs, introducing a bilat-eral re
ection transformation (see �gure 1e), whichdoubled the number of presentation trials per as-sessment (i.e. p=288), did not result in evolved sig-nals signi�cantly di�erent in any way from thosegenerated under this sixteen-fold rotational regime(see �gure 4a).Furthermore, seeding 20 simulations with ini-tially perfectly bilaterally symmetrical signals alsoresulted in evolved signals not signi�cantly di�er-ent from those generated from random initial con-ditions, indicating that, as well as failing to gen-erate complex symmetrical structure, the sensorybias presented by Enquist and Arak (1994) couldnot maintain pre-existing bilateral symmetries (see�gure 4b).Further experimentation reveals that not any ho-mogeneous signal suits any network. Seeding 20simulations initially with signals homogeneous in arandom colour resulted in evolved signals not sig-ni�cantly di�erent from those evolved from randominitial signals under the same presentation regime.However, as networks evolve to prefer signals ofabove average brightness, the �nal evolved signalswere signi�cantly more bold than their earliest an-cestors (t=10.734, d.f.=19, p<0.01; see �gure 5a).Seeding 20 simulations with signals initially ho-mogeneous in one colour chosen randomly from thesix maximally bold colours that the networks werenot penalised for favouring (i.e. one of green, red,blue, magenta, cyan, or yellow, but not white orblack) again resulted in evolved signals not signif-icantly di�erent from those evolved from initiallyrandom signals (see �gure 5b). However, the cor-ner of the colour space occupied by the initial sig-nal was not necessarily the same as that occupiedby the �nal signal. Thus, the networks were notmerely favouring any homogeneous, bold signal,but initially had innate biases which could result insignals evolving from one bold, homogeneous pat-tern (e.g. solid green) to another (e.g. solid blue).In summary, signal formwas shown to be a resultof pressure, not for symmetry per se, but for homo-geneity coupled with arbitrary boldness (the nature4
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(b)Figure 2: Five signals typical of (a) the 20 signals evolved under Enquist & Arak's (1994) presentationregime, and (b) the 20 signals evolved under a presentation regime comprising nine translation, andsixteen 22.5� rotation transformations. Each signal is shown as a colour composite and three colourseparates in which the increasing intensity of each colour component is represented as increasingly heavyshading. 5
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Generations Generations Generations GenerationsFigure 3: Initially random signals were subjected to (a) Enquist & Arak's (1994) presentation regimecomprising nine translation, and four 90� rotation transformations, and (b) a presentation regime com-prising nine translation, and sixteen 22.5� rotation transformations. Graphs depict (left) plots (+/- s.d.)of signal �tness, and rotational asymmetry metrics (four-fold and sixteen-fold) averaged over 20 simula-tions of 100 (n=50) generations each, and (right) plots (+/- s.d.) of signal boldness and heterogeneitymetrics for the same 20 simulation runs.
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(a) (b)Generations Generations Generations GenerationsFigure 4: Initially (a) random, and (b) bilaterally symmetrical signals were subjected to a presentationregime comprising nine translation, and sixteen 22.5� rotation transformations. In addition, signalsdepicted in graphs (a) were subjected to a bilateral re
ection transformation. Graphs depict metrics asper �gure 3. 6
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(a) (b)Generations Generations Generations GenerationsFigure 5: Initially (a) homogeneous signals and (b) maximally bold homogeneous signals were subjectedto a presentation regime comprising nine translation, and sixteen 22.5� rotation transformations. Graphsdepict metrics as per �gure 3.of which being determined by the initial constitu-tion of the network), which coincidentally resultsin signals which exhibit a high degree of both ro-tational and bilateral symmetry. As such, complexsignal form cannot be explained as a product of thesensory bias that Enquist and Arak (1994) propose.6 Closing remarksSeveral points should be made about the scope andnature of this result. First, this result should notbe taken to be an explanation for the presence ofhomogeneous patterning in the natural world. Al-though certain cases of bold, homogeneous coloura-tion may well be adaptations exploiting the con-spicuousness of such patterns, no general claim tothat e�ect is being made here. The thesis of this pa-per is purely negative; complex, symmetrical pat-terning cannot be explained as the result of evo-lutionary pressure to exploit the universal sensorybias proposed by Enquist & Arak (1994).Secondly, it might be thought that a presenta-tion regime in which the orientation of signals wasbiased in some way could lead to more complexsymmetry. Consider a presentation regime in whichthe orientation of the signal is drawn from a normaldistribution centered on some arbitrary angle. Thiscan be thought of as modelling a situation in whichthe signal has a typical orientation, but sometimesdeviates from it slightly. Under such a regime,might bilaterally symmetrical signals evolve?Enquist and Arak's model ensures that in or-der that one part of a signal comes to resemblesome other part (i.e. that some symmetry devel-ops), both parts of the signal must at di�erenttimes ful�l the same role for the signal receiver.

That is, both signal parts must be projected ontothe same part of the receiving retina.If we choose a candidate axis of symmetry pass-ing through the centre of a signal we see that whilstlight re
ected from signal areas on either side ofthis axis might sometimes fall on the same part ofa receiver's retina, the chance of this occurring de-creases as the angular distance between such signalareas increases. A presentation regime in whichsignal orientation is drawn from some normal dis-tribution centred upon some typical orientation willensure that light re
ected from signal elements at�5� from an arbitrarily chosen axis will fall onthe same area of retina far more frequently thanlight re
ected from signal elements at �45� fromthe same axis. As a result, signals will gain onlyvery limited bene�ts from any degree of bilateralsymmetry. Since this is true for any axis passingthrough the centre of the signal, no one axis ofsymmetry has precedence over others, and re
ec-tional or rotational symmetry will only be favouredin that it increases homogeneity (homogeneous sig-nals still being easier to discriminate from distrac-tors than more complex signals).However, consider a probability distributionfunction governing signal orientation which is bi-modal, with the angular distance between modesequal to 180�. Such a distribution, whilst againnot a�ording precedence to one particular axis ofre
ectional symmetry, will induce two-fold rota-tional symmetry (although not at the expense ofhomogeneity) as signals which are invariant undera 180� rotation will be favoured. The orientationaspect of Enquist and Arak's presentation regimecan be considered to be a probability distributionfunction with four equi-distant modes. Enquist &7



Arak (1994) demonstrated that such a presentationregime resulted in signals exhibiting four-fold rota-tional symmetry.However, it cannot be claimed that such multi-modal probability functions underly many naturalsignalling scenarios. For example, consider a pat-terned �sh swimming from right to left across apotential mate's visual �eld. In order to presentthe same pattern at an angular o�set of 180�, the�sh would have to swim upside down (i.e. rotatedthrough 180�). For the �sh to provide a four-modedisplay, it would have to spend time swimming ver-tically up and vertically down as well as right-sideup and up-side down (or some other combinationof four equi-distant orientations), whilst spendingcomparatively little time swimmingat the interven-ing orientations. Note that a �sh merely swimmingfrom right to left and subsequently left to rightwould not display a pattern at two orientations, nora pattern and subsequently a re
ection of that pat-tern, but simply two patterns (one from each side ofthe �sh). Whilst the patterns on each side of sucha �sh might be related, such a relationship is con-tingent rather than necessary, and is not modelledby Enquist and Arak's scheme which does not in-clude morphological/developmental constraints onpattern form (see below).It is not impossible to imagine the discoveryof naturally occurring signaling behaviour witha complex stereotypical structure (e.g. an animalthat displays a patterned body part at four distinctorientations) coupled with an associated discoverythat the structure of this signaling behaviour isre
ected in the structure of the displayed signalpatterns. However, the complex structure of suchsignals could not be said to have arisen \as a by-product of the need to recognise objects irrespec-tive of their position and orientation in the visual�eld" (ibid., p.169). On the contrary, the complexstructure of such signals would have arisen despitesuch a `need'. In such a case, the general pressurewhich favours homogeneity as a response to this`need' would have been resisted through restrict-ing the presentation of the signal in some speci�c(and unusual) manner. Such complex signal pat-terns could not be explained as the consequenceof \general principles of perception" (ibid., p.169),but could only be explained through reference tospeci�c facts about their evolutionary history.Finally, a further consideration which might in-
uence the expression of a bias for homogeneityis the degree to which the developmental or mor-phological constraints of a creature might interferewith the form of its signals. It is attractive to arguethat a creature's bilaterally symmetrical patterning

might be the result of constraints imposed by itsbilateral Bauplan. Could it be that a sensory biasfor homogeneity might be expressed across a bi-laterally symmetrical body as similarly bilaterallysymmetrical patterning?Augmenting Arak and Enquist's account of com-plex patterning with an appeal to morphologicalconstraints is unsatisfactory as such an appeal mustposit constraints which resist homogeneity. For ex-ample, if morphological constraints which imposebilaterality upon a creature's morphology can beshown to in
uence the creature's patterning suchthat the patterning is similarly bilaterally symmet-rical, then any `hidden preference' for homogeneitymay be regarded as super
uous to an explanationof such complex bilateral symmetry. An adequateexplanation may be based entirely on the aforemen-tioned morphological constraints. Furthermore, asensory bias for homogeneity will actually resistthe development of complex bilaterally symmetri-cal patterning in favour of more homogeneous bi-lateral patterns (i.e. uniform colouration).7 ConclusionIn conclusion, we have shown herein that the formof the signals that Enquist & Arak (1994) evolvedwas dependent on the presentation regime thatthe signals underwent. The signals exploited thestructure inherent in the presentation regime ratherthan any `hidden preferences' inherent in the arti�-cial retinae. We relaxed Enquist and Arak's unnat-ural regime so as to more closely approximate thatexperienced by natural signals. As a result, theinteresting structure of their arti�cial patterns dis-solved until bland homogeneity was reached. Suchhomogeneous patterns fail to support the hypoth-esis that complex symmetry \may arise as a by-product of the need to recognise objects irrespec-tive of their position and orientation in the visual�eld"(ibid., p.169). Furthermore, a sensory biasfor homogeneity such as the one considered herewould actively resist the evolution of complex pat-terns (whether symmetrical or not). Despite thisnegative conclusion alternative hypotheses linkingthe form of complex patterns to facts about sen-sory architecture remain healthy (see Osorio, 1996,for an example of this kind of hypothesis).AcknowledgementsWe thank Anthony Arak, Magnus Enquist, Geof-frey Miller, and Daniel Osorio for discussions, andMarian Dawkins, Henrietta Wilson, and an anony-mous reviewer for help with previous drafts of this8
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