
An Overview of Modularity in Arti�
ial Evolutionary SystemsJoseph ReisingerO
tober 19, 2003Abstra
tModularity in biologi
al systems exists on many levels, however it is very diÆ
ult to de�ne orquantify. Loosely, evolutionary modularity is the 
ompartmentalization of genotype-phenotype in-tera
tions su
h that pleiotropy is suppressed among genes that do not serve like fun
tions. Evolu-tionary modularity is attributed to evolvability, spe
ialization, and 
analization in geneti
 systems.These e�e
ts, though 
on
eptually separate, are highly interrelated, and often share a bije
tive re-lationship with modularity (e.g. an in
rease in the sele
tion pressure for evolvability also in
reasesmodularity as a side e�e
t). Little is known about how geneti
 modularity arises in biology, howeverre
ent resear
h points to pro
esses su
h as gene dupli
ation, se
ondary sele
tion, and symbiogenesisas possible fa
tors. Sin
e modularity seems to play su
h an important role in biology, it shouldalso be studied with respe
t to neuro-evolution. In parti
ular, sin
e traditional neuro-evolutionmethods do not employ anything more 
omplex than a one-to-one genotype-phenotype map, how
an simpli
ity be maintained when modularity is introdu
ed in the system?1 Introdu
tionModularity plays an important role in developmental and evolutionary biology on many di�erentlevels. For example, at low levels genes are 
omposed of 
hemi
al bases organized into groups ofthree (
odons), 
odons in di�erent arrangements 
ode for spe
i�
 amino a
ids, sequen
es of aminoa
ids 
odify proteins, et
[5℄. Similarly, on the phenotypi
 level, most morphologies are highlyspe
ialized and organized in a hierar
hi
al stru
ture of intera
ting, but on the whole, fun
tionallyseparate, modules. These e�e
ts are far rea
hing, however for arti�
ial evolution, modularity'se�e
ts on the level of the genotype-phenotype map are parti
ularly of interest.Modularity 
an be intuitively de�ned as \the integration of fun
tionally related stru
turesand the disso
iation of unrelated stru
tures"[4℄. More te
hni
ally, modularity refers to a map-ping in whi
h \there are few pleiotropi
 e�e
ts among 
hara
ters serving di�erent fun
tions, withpleiotropi
 e�e
ts falling mainly among 
hara
ters that are part of a single fun
tional 
omplex" [14℄.This de�nition is also over-simplisti
, be
ause to fully understand module fun
tion, hierar
hies, gra-dations, and the overlapping of modules must also be taken into a

ount. Regardless, however,sin
e independent fun
tions are 
oded independently using modularity, ea
h fun
tion 
an be opti-mized separately with little interferen
e with other already optimized fun
tions. Thus modularitynot only en
ourages spe
ialization and phenotypi
 and mutational stability (i.e. 
analization), butalso in
reases evolvability through hierar
hi
al 
omplexi�
ation.Three major types of biologi
al modules have been identi�ed[15℄, although the degree to whi
hthey overlap has not yet been fully explored. Developmental modules are parts of the embryo thatdevelop independently of ea
h other, regardless of the 
ontext in whi
h they o

ur. For example,1



limbs, eyes, et
. These features share the same geneti
 data, so for instan
e a mutation a�e
tingone limb would likewise a�e
t the other, but on
e the embryogeni
 pro
ess starts, the two moduleswould be
ome separate. Evolutionary modules are \sets of phenotypi
 features that are highlyintegrated by pleiotropi
 e�e
ts of the underlying genes and are relatively isolated from othersu
h sets by a pau
ity of pleiotropi
 e�e
ts." Or in other words modules arising statisti
ally inthe genotype phenotype map. Finally, fun
tional modules are independent units of physiologi
alregulation, for example independent parts of the metaboli
 network. Symbiogenesis is thought toplay a role in this kind of modularity.The primary fo
us of this paper is on evolutionary modules, sin
e they are more often used in
urrent neuro-evolution systems. Although the developmental pro
ess also a�e
ts the genotype-phenotype map, most of its e�e
ts e�e
ts 
an be simulated using evolutionary modularity. Thatis, reusable modularity 
an be a
hieved without the need for an expensive developmental system.This paper will explore the various fun
tions that modularity serves, how it arises in biologi
alevolution, how module spe
ialization 
an o

ur, and the impli
ations that all this has for Neuro-evolution.2 Role of Modularity in EvolutionAlthough details about their emergen
e in biology are still mostly unknown, the role modules playin evolution 
an be reasonably well explained. The key e�e
t of modularity is de
reasing pleiotropyamong less related 
hara
ters, whi
h has several side e�e
ts: in
reasing evolvability, allowing formore 
omplete spe
ialization of fun
tion, and aiding in geneti
 
analization.2.1 EvolvabilityIn their paper on the evolution of evolvability, Wagner and Altenberg des
ribe modularity as apossible partial solution to the representation problem (i.e. how a problem 
an be en
oded su
h thatit is amenable to optimization by geneti
 methods), an analog to the evolvability of a system[14℄.Determining the best genotypi
 representation for phenotypi
 data also a�e
ts the eventual shape ofthe �tness lands
ape that will be sear
hed. If a representation is used in whi
h favorable mutations
annot easily a

umulate, then evolutionary optimization will fun
tion poorly. If, on the otherhand, the problem is 
oded more favorably to evolution, then sear
h through mutation, sele
tionand 
rossover should perform better.The key to over
oming the representation problem is ensuring that on the whole, mutationsthat improve one area of the system must not 
ause problems in other areas. With regards tothe 
anoni
al geneti
 algorithm, this is referred to as redu
ing epistati
 intera
tion[8℄. In orderfor the building blo
ks hypothesis to apply, the genotypi
 representation should have low epistasis,and more generally there should be low pleiotropy among unrelated 
hara
ters in the genotype-phenotype map. To avoid ex
essive pleiotropy, there must be some kind of modularization thatpartitions o� parts of the genotype-phenotype map so that genes that spe
ify separate fun
tionshave few intera
tions. This not only redu
es the e�e
ts of the representation problem, but alsoensures that mutations for one fun
tion only a�e
t the representation of that fun
tion. This allowsfor stri
tly lo
al optimization, and stru
tures the genotype-phenotype map su
h that harmfulmutations 
annot have su
h widespread e�e
ts.Evolvability 
an be de�ned as adaptive variability1, or the genome's ability to produ
e adaptive1Variability is a measure of how easily genotypi
 
hanges result in phenotypi
 
hanges. It should not be 
onfusedwith the variation of a population. 2



variations when a
ted on by a geneti
 system. In the same vein as the representation problem,evolvability 
riti
ally depends on the way geneti
 variation maps onto phenotypi
 variation.Modularity is able to in
rease evolvability if fun
tionally independent 
hara
ters are also vari-ational modules, in other words if modularization provides a good de
omposition of the sub prob-lems. The variational independen
e of distin
t fun
tional units avoids unwanted side e�e
ts if afun
tional unit undergoes some kind of adaptive evolution. Wagner provides a useful metaphor:The situation is analogous to obtaining a verse of Shakespeare from monkeys bangingaway on typewriters. Typewriters make this far more likely than if the monkeys hadpen
il and paper. The typewriters at least 
onstrain them to produ
e strings of letters.Modularization of the genotype-phenotype map 
an lead to similar improvements (i.e. improveevolvability) in the types of phenotypes arising from geneti
 variation[14℄.2.2 Spe
ializationIn working out favorable representations in the genotype-phenotype map, modularity also providesa basis for the adaptation of di�erent fun
tions with little or no interferen
e with other fun
tions.This allows for the lo
al optimization of ea
h fun
tion, or, spe
ialization.Consider a gene-dupli
ation s
enario where a single gene is performing several fun
tions priorto dupli
ation. Then after dupli
ation, the two independent 
opies are now able to more fully spe-
ialize without loss of phenotypi
 fun
tion. This is possible when the geneti
 information regardingtwo sub-problems 
an be de
omposed into two independent modules. Of 
ourse, gene dupli
ationis not ne
essarily required for spe
ialization to o

ur. Another possible example is several genesperforming the same family of fun
tions, and over time evolution favoring a modularization inwhi
h ea
h gene begins to take over a single fun
tion.As modularity in
reases, fun
tional interferen
e de
reases, and the 
apa
ity for a gene to spe-
ialize in
reases as a result.2.3 CanalizationEvolutionary 
analization is de�ned as phenotypi
 robustness against mutation. In biology, mostgenotype-phenotype maps are suÆ
iently 
analized that small 
hanges in genotype have little orno e�e
t on phenotypes. In other words the genotype-phenotype map is not some kind of \houseof 
ards," rather, phenotypi
 variation o

urs only when a signi�
ant number of mutations havea

umulated. Canalization permits safer exploration of the genotypi
 spa
e than would otherwisebe possble[13℄. Modularization of the genotype-phenotype map leads to one kind of 
analiza-tion. In
reasing evolvability by lowering detrimental variability has the side e�e
t of making thegenotype-phenotype map more robust to mutation, sin
e the e�e
ts of genes will be highly 
om-partmentalized.Consider, for example, a highly adapted genotype-phenotype map where ea
h module in thegenotype serves a spe
i�
 fun
tion and has a spe
i�
 
ompartmentalized e�e
t on the phenotype.A mutation on this genotype, as opposed to a mutation on a genotype where there is a highamount of pleiotropy, is going to have 
omparatively little expression in the phenotype. Therefore,
analization is dire
tly 
orrelated to evolvability. Spe
i�
ally, there 
annot be high evolvabilityunless the genotype-phenotype map is stru
tured to prote
t against the e�e
ts of single mutations.However the map 
annot be stru
tured this way without being 
analized.This 
orrelation between 
analization and evolvability is just one manifestation of a larger
orrelation between all three e�e
ts. That 
analization, spe
ialization, and evolvability all arise3



from modularity suggests that they are highly related e�e
ts, and that ea
h one is ne
essary if theothers are to be realized. This relationship also may play a role in the emergen
e of modularity;sele
tion for evolvability, or sele
tion for phenotypi
 stability may yield modularity as a result.However, whether or not these kinds of sele
tion pressures exist in biologi
al evolution remains tobe seen.3 Emergen
e of ModularityMu
h resear
h has been done re
ently on determining the origin of modules in biologi
al evolution,however these results point in somewhat di�erent dire
tions [15℄. The explanations for the emer-gen
e of modularity 
an be roughly divided into three 
ategories: methods in whi
h modularity isdire
tly sele
ted, or is a dire
t result of a related sele
tive advantage, methods in whi
h modularityarises stri
tly as a side e�e
t of evolutionary dynami
s, and methods where modularity arises dueto external fa
tors.3.1 Dire
t Sele
tion MethodsThe existen
e of a sele
tion pressure that gives rise to the emergen
e of modularity has beenhypothesized, however none of these methods so far presented 
an 
ompletely explain the emergen
eof modularity. It should be noted, however, that a 
ombination of several of these methods may leadto modularity in Nature. Several 
ases of how modularity 
ould arise through dire
t sele
tion aredes
ribed here: sele
tion for evolvability, 
onstru
tional sele
tion, sele
tion for phenotypi
 stability(
analization), and \frustration" of genotypi
 
hara
ters.3.1.1 Sele
tion for EvolvabilitySin
e embryogeni
 systems must have evolved at some point, it is most likely that the genotype-phenotype map is under geneti
 
ontrol, and is therefore evolvable. Thus variability, or the relativeability of a genome to generate variable phenotypes, is also under geneti
 
ontrol, and therefore,one would assume that there would be evolutionary strategies to evolve variability, i.e. strategiesthat in
rease or de
rease variability based on the environment.Sin
e the expression of geneti
 variation is under geneti
 
ontrol, it is likely that one 
analso evolve strategies of how to stru
ture the phenotypi
 e�e
ts of mutations. In other words,variability 
an be used to give rise to evolvability. This restru
turing is a

omplished throughmodularity, and thus modularity would in
rease if evolvability were sele
ted for. Wagner found,however, that overwhelmingly, the sele
tive advantage of suppressing pleiotropy 
oin
ided morewith a dire
t sele
tional advantage in the phenotype rather than with in
reasing evolvability. He
on
ludes, "even if natural sele
tion 
an be e�e
tive in removing pleiotropi
 e�e
ts, the resultingin
rease in evolvability is not explained by sele
tion for evolvability, i.e. it is not due to di�eren
esin genotypes."[15℄.3.1.2 Constru
tional Sele
tionAltenberg suggests that \genes with fewer pleiotropi
 e�e
ts have a higher probability to establishdupli
ated 
opies of themselves in the genome" [1℄ [15℄. That is, it is more likely for independentgenes to be expressed elsewhere, be
ause they will have less far-rea
hing e�e
ts. This model alsopredi
ts that over the 
ourse of evolution, pleiotropy will de
rease on average, whi
h 
orrespondsto geneti
 
analization. 4



The 
aw of this model, admitted by Altenberg, is that it 
onsiders pleiotropy to be a heritableaspe
t of genes rather than an e�e
t emergent in the genotype-phenotype map. The fa
t thatgenes do not usually 
ontain their own pleiotropy information suggests that the 
anoni
al geneti
algorithm with one-to-one genotype-phenotype mapping may be unable to make use of the 
orre
tset of sele
tion pressures to en
ourage modularity.3.1.3 CanalizationSele
tion for phenotypi
 stability, whi
h 
an also be thought of as sele
tion for 
analization, isproposed by An
el and Fontana[3℄ as an operator that leads to modularity in the evolution of RNAse
ondary stru
tures. This is provided as a 
ounter-example to the thought that modularity 
annotarise under stabilizing sele
tion.In RNA, there is a 
orrelation between modularity and robustness against thermal noise, andmutation (i.e. modularity o

urs as a resistan
e to sustained environmental or geneti
 perturbation[15℄).Sele
tion for phenotypi
 robustness yields mutational robustness and modularity as a side-e�e
t.The primary rationale for this, is that without a modular ar
hite
ture the phenotype has lowplasti
ity, whi
h 
an be easily sele
ted against in RNA.An
el goes on to note that modularity is not only a me
hanism for evolutionary stability, buta tool for further 
omplexi�
ation, sin
e on
e the basi
 stru
ture is modularized, the only way toinnovate is by �nding novel 
ombinations of the modules, whi
h in turn themselves modularize,et
.3.1.4 \Frustration"A �nal way that modularity 
an be sele
ted for dire
tly arises from a mathemati
 argument dueto Ri
e[12℄. For sets of two 
hara
ters, 
orrelation between the 
hara
ters 
an either be positive ornegative. That is, either one 
hara
ter in
reases dire
tional sele
tion on the other in a synergisti
relationship, or one 
hara
ter de
reases dire
tional sele
tion on the other, an antagonisti
 relation-ship. For sets of three 
hara
ters with pairwise intera
tions, however, this 
an not be the 
ase.In three dimensions it is impossible to have negative 
orrelations among three or more 
hara
terssimultaneously. The evolution of negative 
orrelations is said to be \frustrated"[15℄. In this 
ase,the only stable solution in one in whi
h the 
hara
ters evolve variational independen
e.A simple example of this phenomenon 
omes from the equation C = x + y + z, where C is a
omposite 
hara
ter, and is under stabilizing sele
tion. In this 
ase, there is antagonism betweenall three 
hara
ters, and Ri
e's theory predi
ts that sele
tion will favor independen
e between the
hara
ters. If x were in
reased, then there must be a 
orresponding de
rease spread out over y andz. Either they both will de
rease, or one will de
rease and the other will in
rease. In both 
ases,two of the 
hara
ters would be have a positive 
orrelation. Thus modularity 
ould arise as fromantagonisti
 �tness intera
tions among three or more 
hara
ters.3.2 Modularity Through Evolutionary Dynami
sIn addition to the possibility of some kind of dire
t or indire
t sele
tion leading to a rise in modu-larity, another possible s
enario is that modularity arises as a byprodu
t of evolutionary dynami
s.Two possible 
ases are des
ribed here: gene dupli
ation, and se
ondary sele
tion (evolution onmultiple time s
ales).
5



3.2.1 Gene Dupli
ationCalabretta et. al. [6℄[5℄ propose a system in whi
h neural networks are evolved to 
ontrol a Kheperarobot in a \garbage 
olle
tion" domain. This domain involves sear
hing for obje
ts in a 
on�nedenvironment, pi
king them up, and moving them outside the arena.Three di�erent neural network ar
hite
tures are tested, a non-modular ar
hite
ture, a hardwiredmodular ar
hite
ture, and a dupli
ation based modular ar
hite
ture. The hardwired ar
hite
tureis 
omposed of two 
opies of the non-modular ar
hite
ture, with an extra set of 
ontrol outputneurons to determine whi
h 
opy is used for ea
h output (left/right motors, pi
k up, and release).The dupli
ation based ar
hite
ture has the 
apa
ity for modularity, however, instead of having themodules hardwired into the topology, the modules 
an be added by dupli
ating the already existingmodule during the evolutionary pro
ess. It should be noted that in neither 
ase is modularitydire
tly sele
ted for, although it is expli
itly added to the phenotype.Under these 
onditions, the two modular ar
hite
tures outperform the non-modular ar
hite
ture[11℄.In addition, there is no 
lear eviden
e for the dupli
ation based ar
hite
ture performing any betteroverall than the hardwired ar
hite
ture, although performan
e growth is slightly slower (this isattributed to the fa
t that it has to spend time initially growing the modules)[6℄.Analysis of the evolved ar
hite
tures yields signi�
ant di�eren
es, however. The modules inthe hardwired ar
hite
ture have no 
orresponden
e to sub-behaviors of the robot, whereas in thedupli
ation based method, there is a mu
h higher degree of spe
ialization visible in the modules.Furthermore, there is eviden
e to support the hypothesis that di�erent modules are used in di�erentenvironmental situations (i.e. meaningful modularity).The logi
al sequen
e of steps for this kind of modularity 
an be summarized as follows[9℄:1. A gene has several fun
tions prior to dupli
ation, these fun
tions are not optimal be
ause of
on
i
ting adaptive demands.2. The gene is dupli
ated.3. The new genes are released from the 
on
i
ting demands and are able to further spe
ialize.Thus gene dupli
ation 
an aid dire
tly in modular spe
ialization, however modular spe
ial-ization alone does not a

ount for a major in
rease in evolvability, sin
e the hard-wired modularar
hite
ture performed just as well.3.2.2 Se
ondary Sele
tionKvasni�
ka and Posp��
hal propose an elegant example of how modularity 
ould arise in nature, evenin 
ases where some sort of dire
t or indire
t sele
tion for modularity does not o

ur. They showanalyti
ally that modularity 
an arise as a byprodu
t of evolutionary optimization on multiple times
ales when evolving both the genotype and the genotype-phenotype map [10℄. Spe
i�
ally, shorttime s
ale genotypi
 evolution 
oupled with long time s
ale genotype-phenotype map optimiza-tion yields modularity in the genotype-phenotype map as a way to suppress intera
tions betweende
omposable sub problems.Kvasni�
ka performed a simple experiment in whi
h two instan
es of the Kau�man NK fun
tion[2℄were optimized simultaneously. The �rst half of the phenotype was used to seed the �rst Kau�-man NK �tness fun
tion, and the se
ond half of the phenotype used for the se
ond. Initially, thegenotype-phenotype maps are random, so optimization of one Kau�man fun
tion may e�e
t theoptimization of the other. This linkage is mainly detrimental, be
ause the probability that bothfun
tions 
an be optimized the same way is very low. The evolution method used was:6



� Randomly generate a population of epigenotypes (a genotype and a genotype-phenotypemap).� For a �xed amount of time, do:{ Lo
ally optimize the genotypes for ea
h epigenotype using Pareto optimization.{ Perform roulette sele
tion and 
rossover on epigenotypes.{ Mutate epigenotypes.Thus, the genotypes evolve on a mu
h faster time s
ale than the genotype-phenotype mapssin
e they are 
ompletely optimized at every time step. Logi
ally, this two time-s
ale evolutionmethod gives rise to modularity be
ause epigenotypes whi
h allow lo
al optimization (i.e. those withmore modular stru
tures) dramati
ally a

elerate the evolution of genotype. Sin
e the phenotypemap is only evaluated on optimized genotypes, the main sele
tion pressure that exists is one thaten
ourages the suppression of interferen
e between both halves of the problem, or modularization.This result is important be
ause it shows 
learly how an evolutionary system that does notfavor modularity expli
itly 
an still be made to produ
e modular solutions when there is impli
itmodularity in the �tness fun
tion.3.3 Modularity Through SymbiogenesisA third method through whi
h modular morphologies 
an evolve, separate from both dire
t se-le
tion and indire
t emergen
e, is symbiogenesis, or the 
ombination of two or more evolutionarydistin
t entities into a new larger system. This pro
ess of symbioti
 
omposition is 
onsidered to bethe method through whi
h the 
omplex interlo
king systems, for example organs in higher animals,evolved.Watson proposes an algorithm 
alled the Symbiogeneti
 Evolutionary Adaptation Model (SEAM)in whi
h symbioti
 
omposition, not sexual re
ombination or a

umulation of favorable mutationsis the primary operator for evolution[16℄. In this algorithm, entities start out spe
ifying a singlebit of geneti
 information, with all other bits unspe
i�ed. These entities are 
ombined, at random,and if their 
ombination represents a Pareto optimal solution under the 
urrent population, thenthe 
ombination is admitted into the population. A simpli�ed version of the pro
edure then is:� Initialize e
osystem E with random, single feature entities.� Repeat until some stopping 
ondition:{ Remove two entities a and b at random from the e
osystem.{ Produ
e their symbioti
 union, a+ b, using 
omposition.{ If the union is unstable return a and b to the population, otherwise add a + b to thepopulation.where a union is 
onsidered unstable if there exists another entity in the population � that 
anform a better union than a+ b with either a or b.Under the shu�ed hierar
hi
al if-and-only-if domain, Watson found that SEAM signi�
antlyoutperforms both a one point 
rossover geneti
 algorithm with deterministi
 
rowding, and therandom mutation hill-
limber.In terms of modularity, symbiogenesis de
omposes the problem into partially separated sub-problems, performs lo
al optimization, and then 
onstru
ts a solution based on the 
omposition of7



the two modules. Note that this 
an o

ur regardless of whether the problem is separable or de
om-posable. Separable sub problems are sub problems that 
an be expressed as two disjoint modules,whereas de
omposable sub problems are for the most part disjoint, but may 
ontain a non-trivialnumber of 
rosslinks. However, this de
omposition o

urs before 
omposition, so symbiogenesis isa form of 
onstru
tional modularization rather than de
ompositional modularization.The main di�eren
e in symbiogenesis and other evolutionary methods is that the symbionts arealready spe
ialized and distin
t, whereas modules begin homologous and be
ome more distin
t overtime. Thus impli
it evoluationary modularity may provide more bene�ts during early evolutionarystages than symbiogenesis.4 Impli
ations for Modularity in Neuro-EvolutionModularity, if used 
orre
tly, 
ould 
ertainly bene�t Neuro-evolution. However, mu
h work has yetto be done 
omparing di�erent methods that 
ould lead to the emergen
e of modularity. Dependingon the method used, modularity 
an be realized in di�erent ways, for example in the dupli
ationbased modularity vs. hard-wired modularity experiment, it was found that modularity of fun
tionsonly o

ured under the dupli
ation based method. Thus, several aspe
ts of modularity, in par-ti
ular, isolating the three e�e
ts of evolutionary modularity, and separating developmental andevolutionary modularity, 
ould yield interesting experimental results.4.1 Isolating the E�e
ts of ModularityIn Nature, modularity primarily is a fun
tion of the mapping between the genotype and phenotype,and modular reuse is a fun
tion of both evolution, and the developmental system used to produ
ethe phenotype. Under this di
hotomy, modularity is responsible for providing a way for 
ir
um-venting the representation problem, for de
omposition and subsequent lo
al optimization, and for
analizing the phenotype against detrimental mutation. These three e�e
ts are intrinsi
ally linkedin biology, however in 
omputer s
ien
e, it may be worthwhile to pull them apart and study themindividually. For example, is there a way to allow for modularity without 
analization, or stri
tspe
ialization without the positive e�e
ts on evolvability and phenotypi
 stability?4.2 Separating Developmental and Evolutionary ModularitySeveral NE methods have been proposed that allow for reusable modularity in arti�
ial develop-mental systems. For example, Bongard designed a system for Arti�
ial Ontogeny[4℄, and Gruauet al. designed a method using 
ellular en
oding[7℄, however little work has been done to studyreusable modularity with a more neutral genotype-phenotype map. Sin
e reusable geneti
 modular-ity 
an arise in the presen
e of just a simple genotype-phenotype mapping, it follows that studyingmodularity in a geneti
 system without a 
omplex developmental system (su
h as the 
anoni
algeneti
 algorithm) would be worthwhile. This way, evolutionary modularity 
ould be abstra
tedaway from developmental modularity, and its e�e
ts 
ould be studied in isolation, highlighting thelimitations of purely evolutionary modularity.4.3 Analysis of the Modular Neuro-Evolution MethodOne way of allowing for a modular NE method is to expli
itly allow for modularity and reuse inthe genotype by 
reating a population of modules (partial genotypes) and 
hromosomes (genotype-phenotype maps). These two populations undergo 
ooperative 
oevolution to arrive at optimal8




ompositional solutions. This system allows for serial modular de
ompositions, but does not allowfor hierar
hi
al de
ompositions, whi
h may be 
riti
al in exploiting phenotypi
 regularities su
h asbilateral symmetry.The main downfall of this system may be that modularity does not develop impli
itly, ratherit is an expli
it 
omponent from the start of evolution. Be
ause of this, rather than startingwith monolithi
 genotypes and spe
ializing and 
analizing genes into modules, the evolutionarysystem is given hundreds of modules and asked to put them together into a working solution, mu
hlike symbiogenesis. This severely retards module spe
ialization until at least a partially usefulde
omposition has been found and therefore the system 
annot 
ompletely 
analize until mu
hlater in evolution. Sin
e this also redu
es evolvability early during the evolutionary 
y
le, themodular NE method may take longer to 
onverge than more traditional NE methods.One possible solution to this problem is to use some form of se
ondary sele
tion in 
onjun
tionwith the symbiogeneti
 
omposition and to �nd the optimal module population for a population of
hromosomes at one time step. This 
onstrain-and-evolve method 
ould also work the other wayaround, i.e. 
onstraining the module population and evolving the 
hromosomes.5 Con
lusionBy de
reasing pleiotropy among disjoint fun
tions, evolutionary modularity has been attributedto in
reasing the overall evolvability of a genotype, allowing separate fun
tions to optimize in-dividually, and to further 
analizing the system against harmful mutations. Building on alreadymodularized 
omponents, more 
omplex genomes 
an be sear
hed without massive geneti
 
hanges.Sin
e modularity seems to be the key to solving the representation problem and providing for un-bounded 
omplexi�
ation in the form of evolvability, understanding the fa
tors that 
ontribute toit is ne
essary to further the �eld of arti�
ial evolutionary systems.Several methods have been proposed for how modularity arises internally in natural systems.These methods generally fall under two 
ategories, methods whi
h employ some kind of dire
tsele
tion for modularity, and methods that do not. Another 
ategory that 
an possibly give riseto modularity o

urs external to the genotype-phenotype map. This is symbiogenesis, or the
ombination of distin
t evolutionary lineages into one system. It has been shown that modularity
annot arise from dire
t sele
tion for a single feature, though it may arise from a 
ombination ofsele
tions for several features. More likely, however, modularity arises from a me
hanism impli
itin evolution, su
h as geneti
 dupli
ation, or evolutionary optimization on more than one time s
ale.Finally, outside of gene-dupli
ation, little has been done to study evolutionary modularityapplied to NE. Although several methods exist utilizing developmental modularity, Arti�
ial Em-bryogeny had not yet been well mapped out, so these methods may su�er from unne
essary 
om-pli
ation. Studying other systems like se
ondary sele
tion and symbiogenesis applied to NE mayyield more eÆ
ient algorithms.Referen
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