The“Semantics™of Evolution: Trajectoriesand
Trade-ofs in DesignSpaceandNiche Space.

AaronSloman
Schoolof ComputerScienceUniv. of Birmingham,Birmingham,
B152TT, UK
A.Sloman@cs.bham.ac.uk
http://wwwcs.bham.ac.uk/~axs/

Junelo6, 1998

Abstract

This paper! attemptsto characterisa unifying overview of the practiceof software
engineersAl designersdevelopersof evolutionary forms of computation,designersof
adaptve systemsetc. Thetopic overlapswith theoreticabiology, developmentapsychol-
ogyandperhapsomeaspect®f socialtheory Justasmuchof theoreticatomputescience
follows the lead of engineeringntuitions andtriesto formalisethem,therearealsosome
importantemeging highlevel crosdisciplinaryideasaboutnaturalinformationprocessing
architecturesindevolutionarymechanismandthatcanperhapde unifiedandformalised
in thefuture.

1 Intr oduction: Exploring DesignSpace

Al canbe construedasthe explorationof the spaceof possibledesignsfor (moreor less)in-
telligentagentswhethernaturalor artificial [4, 13]. Designsarenot all static. Somesystems
changeaspectf their own design:they modify themseles,throughlearning,adaptationpr
architecturablevelopmentg.g. from embryoto infant,andfrom infantto adult. Brain damage
or diseaseanalsoproducedesignchangesvith deleteriousonsequences.

All thesechangesnove a machineor organismfrom oneregion of designspaceo another
Possibleoutesthroughdesignspacecanbethoughtof astrajectoriesin the space.

Someregionsof designspacearenot linkedby possiblerajectoriedor individual develop-
ment.An acorncantransformitself into anoaktree,andby controllingits ervironmentyou can
slightly modify whatsortof oaktree(e.g.how big). But no matterhow you try to train or coax
it by modifying the ervironment,it will nevergrow into a giraffe. Theacorn(a) lacksinforma-
tion neededo grow into agiraffe, (b) lacksthearchitecturdo absorbandusesuchinformation,
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and(c) lacksthe architecturaequiredto modify itself into an architecturehat canabsorbthe
information.

Trajectorieghatarepossiblefor anindividual which adaptsor changestself will becalled
i-trajectories. Differentsortsof i-trajectoriescould be distinguishedaccordingto the sortsof
mechanismsf changege.g.innatelydeterminedievelopmentyeinforcementearning facilita-
tion by repetition,andvariouskinds of self-oiganisingprocessegartly driven by the environ-
ment.

Trajectorieswvhich arenot possiblefor anindividual machineor organismbut arepossible
acrosgyenerationsf individualssubjecto aparticulartypeof evolutionarydevelopmentvill be
callede-trajectories. Examplesncludedevelopmentof humansandotheranimalsfrom much
simplerorganismsaandmodificationsof softwarestructuresdy geneticalgorithms.Conjectured
e-trajectorieseadingto humanmindsarediscussedh [5] and[18].

Whethertwo designsarelinked by an e-trajectoryor not will dependon the type of evo-
lutionary mechanisnavailablefor manipulatinggeneticstructuresandthe type of ontogenetic
mechanismavailable for producingindividuals (phenotypesfrom genotypes. In biological
organismsthe two are connected:the ontogenetianechanisntan also evolve. Lamarckian
inheritancewould allow i-trajectoriesto form partsof e-trajectories.

Thereare also somechangedo individualsthat are possibleonly throughexternalinter-
ventionby anotheragent,e.g. performingrepairsor extensionspr detuggingsoftware. Such
changedollow r-trajectories (repairtrajectories).

Viewing a speciesasa type of individual, e-trajectoriedor individualsform i-trajectories
for a speciespr a larger encompassingystem,suchasan ecology Researcherm Al, Alife
andevolutionarycomputatiorall contrituteto the studyof suchtrajectories This studyis in its
infangy.

2 “Semanticsof Evolution”

In computerscience'semanticof computation’refersto abstractmathematicalpropertieof
programmindanguagesiatastructuresandthe processewhich canoccurin virtual machines
of varioussorts. Likewise a study of the mostgeneralfeaturesof evolutionarytrajectoriesn
designspaceaddresseatopicthatcouldbecalled“semanticof evolution” (thoughbothdiffer
from themorecommonuseof theword “semantics’in linguistics).

Milner [9] notedthattheoreticacomputersciencdollowstheleadof engineeringntuitions
andtriesto formalisethem. Sincethe intuitionsareoftenvery subtleandcomplex the process
of formalisationcanlag far behind.Lik ewise attemptdo studyandformalisethe spaceof pos-
sibledesignsandthevarioustrajectoriesn designspacewill lagbehindintuitive understanding
gainedfrom empiricalresearchn biology, psychology and computationakxplorations. This
paperattemptgo identify someof the phenomen#o beformalised.

Many have attemptedo formalisefeaturesof evolution, individual learning,development
etc. Kauffman [7] describesmathematicalaws which constrainbiological mechanismsand
processem surprisingways. Theideasdiscussedtbelon dealwith phenomenavhichatpresent
aretooill definedfor mathematicaformulationandcomputationaimodelling.



3 GeneralisingFitnessLandscapes

Evolutionarytrajectoriesare often representedh a “fithesslandscape'wherea fithessvalue
is associatedvith variouslocationsin designspace.If a classof designscanbe specifiedby
two parameterge.g. lengthandstiffnessof a spring),thenthereis a 2-D spaceof designs,
andaddinga measureof fithessof the springfor a particularpurpose producesa 3-D fitness
landscapeTypically, designspacesrefar morecomple thanthis,andcannotbespecifiecby a
fixednumberof parameters.g.designdor Prologcompilersvaryin structureandcomplexity.
Moreover, mary designshave no single fithessmeasure:Prologcompilersvary accordingto
their portability, the speedof compilation,the speedof compiledcode,the size of compiled
code,thekindsof errorhandlingthey supportetc.

A setof constraint@ndrequirement$or adesigncanbecalleda“niche”. Fitnessof designs
for organismsandartefaictsmaybecomparedn relationto aniche.Requirementior acompiler
canvaryjustastherequirement$or aplantor insectcan.Sothereis aspaceof possibleniches:
“niche space’([13, 15, 17)).

Designsandnichesarebothabstracandcanhave differentconcretanstantiationsDesigns
don't presuppose designerandrequirementgniches)dont presupposea requirer Thereare
differentwaysactualrequirementsanbe generatede.g. engineeringyoalsvs biologicalneeds
andpressures.

Two insectan thesamephysicallocationcanbein differentniches sonichesarenotdeter
minedby physicallocation.Neitherarethey simplyin theeye of abeholder:niche-pressurean
influencemovementof individualsor a speciesn designspace.This canhappenn different
ways. If theindividual hasadaptve capabilitiesit may move alongani-trajectoryso asto fit
anichebetter Alternatively the pressuranay causea genepool, or a subsebf agenepool, to
move alongane-trajectory

Thereare mary differentsortsof causalrelations: within an architecture petweenarchi-
tectures petweenarchitecturegnd niches,betweemiches. Nichescaninteractwith onean-
other by producingpressurgor changesn designs,which in turn can changeniches,asin
co-evolution of organisms Sotherearetrajectoriesn nichespaceaswell asdesignspace.

Whereindependenthange differentdimensionsrepossibleacomple nichecancause
paralleldesignchangeseg.g. makingan organismboth physically strongerandbetterableto
recognizecomple physicalstructures Problemsarisewhenthe changesrenotindependent:
e.g. increasingagility may conflict with increasingstrength. Wherethereare pressuregor
incompatiblechangeswhich one actually occursmay dependon subtlefeaturesof the total
contet, andtwo identicalindividuals may be pushedalong divergenttrajectoriesbecausef
slightdifferencesn context.

Feedbackoopsoccurwherechangesn oneindividualor groupaltertheniche,andtherefore
the causalinfluenceson anotherindividual or group. Suchfeedbackcanleadto continual
changeto oscillationsor to catastrophes.



DESIGN SPACE

NICHE SPACE

Figurel: DesignspaceandnichespaceRelationshetweerdesignsandnichesarecomplex and
varied“fitness” descriptionspot numericvalues.Trajectoriesarenot shown.

4 Simple and Complex FitnessRelations

In the simplestcasea designeitherfits or doesnot fit a niche. More generallythe relationis
morecomple, anddifferentdesignamayfit the samenicheto differentdegrees Besidedeing
simply betteror worse,designsmayfit a nichein differentways— e.g. differentcombinations
of speedyobustnessflexibility, etc. The differentstylesof arrans in Figurel areintendedto
indicatethis.

If the fitnessof designssolving a particularproblemvary only in degree,thenthe search
for a solutioncanbe thoughtof asthe searchfor a locationin designspacewherethe fithess
valueis highest.Thisis thefamiliar notionof afitnesslandscapeA learningmechanisnor an
evolutionaryprocessnight pursuea trajectoryin which the designis guidedtowardsa fithess
peakin thelandscapeHigh peakscanbevery hardto find.

We cannow generaliseghisideain anumberof ways.

(a) Insteadof afixednichedeterminingthe evaluationwe considera spaceof nichesaswell as
the spaceof designs A designcanthenbeassessenh relationto mary possibleniches sothat
it doesnot have only onefitnessvalue. Kauffman|[7, pp 221f] allows for this by mentioning
thatthe fitnessvaluesfor particulardesignsandthereforethelandscapeganchangaf objects
in theenvironmentchangeIf thoseobjectsalsohave fithesslandscapethentherearecoupled

fitnesdandscapesachcausingchangesn theother His notionof afithesdandscapehanging
correspond$o our notionof adesignhaving differentfitnessdescriptionsn relationto different
regionsof nichespace.

(b) Insteadof eachniche determiningan evaluationfunction which yields a numericfitness,
or evenatotal orderingof designsjt may determinea collectionof incommensurableriteria
for assessindesignglike speedanderrorhandlingin acompilet or protectionfrom predators
andfrom cold in a house).In generalthe comparisorof a nicheanda designwill yield nota
numberbut adescriptiorof thematch([8, 11]). In simplecasesghis couldbeavectorof values.



Sometimeghereis a partialorderingof the descriptionsandsometimesot eventhat,because
thereis noway to combinethe differentdimensionf comparison DesignA might be better
thanB in onerespectB betterthan C in anotherand C betterthanA in athird. (Compare
consumereports.)Engineersarevery familiar with suchtradeofs betweerdesigns.

(c) Differentdesignsanddifferentnichescanvary in compleity. Soalsodothedescriptionf
fitness.Assessmenf a spellingchecler will bemuchsimplerthanassessmerf anoperating
system.

(d) If fitnessvaluesarenon-scalartrajectoriesholongerleaduphill, downhill or horizontally A
pathcanleadto improvementsn somerespectanddegradationn others."Selection’becomes
aproblematicnotion.

(e)Having separatéitnessvaluesallows differentsortsof selectiorto occurin sequencesimpli-
fying theevolutionarydesigntaskby decomposingt, asanengineemight. Whenthechanges
requiredto improve differentfeaturesarenot independentheremay be no usefuldecomposi-
tion. The “divide andconquer’approachs not alwaysapplicable:sometimes creatve new
designis needed.

(f) If identicalindividualsinhabitslightly differentniches(e.g.becausef differentsocialroles
or differentneighboursyeproductve successnight be favouredby differenttraits. E.g. in
somefarmingcommunitiephysicalstrengthmaybemoreimportantthanintelligence whereas
in a nearbyindustrialisedregion intelligenceis more usefulfor acquiringresourcego raisea
family. Thusdifferente-trajectoriesan be exploredin parallelwithin a populationexposed
to differentniches.Functionaldifferentiationwithin a socialsystemcanacceleratehis. Since
motivationandperformancearelinkedwe canexpectdiversityof tastesaswell asabilities. This
may explainwhy we have individualsbothableandwilling to beconcertpianists steeplejacks,
brainsumgeonsetc.

(g) Sincedesignshave complec structuresa niche can changesimply becauseof a change
within a design,without anything changingn the ervironment.E.g. achangewhich increases
runningspeedmnay alterenegy requirementsSo someaspect®f a designdeterminerequire-
mentsfor otheraspects.What you needis partly determinedoy what you've got. This can
generatgositive feedbacKoopsdriving designsalonge-trajectoriesvithout ary ervironmen-
tal changes.

(h) Theeffectsof nichepressureshangean charactewvhenorganismsdevelop cognitive abili-
tieswhich enableghemto recognizaheirown andothers’needsaandabilities. If they canassess
in advancetherelevanceof differentphysicalcharacteristicer behaiourstofilling thoseneeds,
thenimprovementdn a usefultrait may be selectedoth directly throughdiffering abilities to
providefor offspring,andindirectly throughrecognitionof thetrait by potentialmates Eugenic
socialpoliciesaresimilar. Cognitive abilities canalsoinfluenceco-erolution: if predatorscan
tell in advancewhich prey areeasietto catch they canselectvictimsin aherd. Thusrecognition
of signsof weaknesganacceleratehe eliminationof wealer traits. So cognitive processe
organismscanmalke evolution andco-evolution morelik e a processf design.
Fromthestandpointiescribedere geneticalgorithmswhich usea scalar‘fitnessfunction”
aresimply a specialcase. Moreover, in artificial evolution the designeroften addsa separate
selectionfunctionwhich usesthe outputof the fithessfunction. In naturalevolution (andsome



Alife scenariosyelectiomandfitnessarerelatedin moresubtleandvariedways.

We have seenthat whenorganismshave cognitive abilities this canmalke evolution more
like a designprocess.Perhapsve shouldthink of the biosphereasa sort of superorganism
strugglingto developitself andthroughthe intelligenceof its productsbecomingmorelike a
designer

5 Dynamics,Discontinuitiesand Inhomogeneities

Sincenichesanddesigngnteractdynamically we canregardthemaspartsof virtual machines
in the biosphereconsistingof a hostof control mechanismsfeedbaclkoops,andinformation
structuregincludinggenepools).All of theseareultimatelyimplementedn, andsuperenient
on physicsandchemistry But they andtheir causainteractionamay be asrealaspoverty and
crimeandtheirinteractions.

The biospherds a very complex abstractdynamicalsystem,composecf mary smaller
dynamicalsystems Someof themareevanescente.g. tornados) someenduringbut changing
over diversetime scaleqe.q.fruit flies, oaktrees ecosystemsMarny subsystemsnposecon-
straintsandrequirements$o be metor overcomeby othersubsystemsonecomponens design
is part of anothercomponens niche. Througha hostof pressuresforcesand more abstract
causalrelations,including transferof factualinformationand control information, systemsat
variouslevels areconstantlyadjustingthemselesor beingadjustedor modified. Someof the
changesnaybehighly creatve, includingevolution of new formsof evolution,andnev mech-
anismdgfor copying andlatermodifying modulegto extenda design.

Theseideasmay seemwild, but they are naturalextensionsof ideasalreadyacceptedy
mary scientistsaandengineerse.g.[7, 2].

Discontinuouse-trajectories. Bothdesignspaceandnichespacenave verycomplex topolo-
gies,includingmary discontinuitiessomesmall (e.g. addinga bit morememoryto a design,
addinga new stepin aplan)somelarge (addinga new architecturalayer, or anew formalism).
Understandingaturalintelligencemayrequireunderstandingomemajordiscontinuitiesn the
evolutionaryhistory of the architectureand mechanismsnvolved. This in turn may help us
with thedesignof intelligentartefcts.

| suspectdiscontinuitiesin designspaceoccursomeavherebetweensystemghat are able
merelyto performcertaintasks andotherswhich canusegeneralisationthey have learntabout
the ervironmentto createnew plans,i.e. betweerreactve anddeliberatve architecturesDis-
continuitiesin e-trajectoriesanoccurwhenan old mechanisms copiedthen modified: e.g.
amechanisnwhich originally associatesensorypatternsvith appropriateesponsesould be
copiedthenusedto associatesensorypatternswith predictedsensorypatternsor with a setof
availableresponses.

Discontinuitieanightalsobeinvolvedin the evolution of the“reflective” abilitiesdescribed
belov: not only beingableto do X but having andbeing ableto useinformationon how X
wasdone,or why X wasdone,or why onemethodof doing X wasusedratherthananother
(Compard17, 20].) Whatsortsof nichepressure naturemight favour suche-trajectoriess
aninterestingbiologicalquestion.

Designspaceandnichespaceare“layered”: regionswithin themaredescribablatdifferent



levels of abstractiorandfor eachsuchregion different“specialisations’exist. Somespecial-
isationsof designsare calledimplementations.The philosophers notion of “superenience”
andthe engineers notionof “implementation”(or realisation)seemto be closelylinked, if not
identical.

Both areinhomogeneouspaceslocal topologyvarieswith locationin the spacesincethe
minimal changegossibleat variouslocationsin the samespacecanbe very differentin type
andnumber Considerdesignsof differentcompleity: therearetypically morewaysandmore
comple ways,of alteringacomplex designthanasimpledesign.Sothey have neighbourhoods
of differentstructures.By contrastin mostmulti-dimensionakpacesonsideredy scientists
andengineerge.g.phasespaces)eachpointhasthe samenumberof dimensionsi.e. thesame
numberandthe sametypesof changesrepossibleatall points(unlesdimited by equationof
motion).

Discontinuousi-trajectories. A systemwhich develops,learnsor adaptschangests de-
sign. I-trajectories/ik e e-trajectoriexanbe discontinuouge.g. cell division) andlink regions
in inhomogeneouspaces. The most familiar examplesare biological: e.g. a fertilised egg
transformingitself into an embryoandthena neonate.Iln mary animals,including humans,
the information processingarchitectureseemgo continuebeingtransformedong after birth,
andafterthe main physiologicalstructureshave beenestablishednew forms of control of at-
tention,learning,thinking, deliberating develop after birth. Ontogely may partly recapitulate
phylogety: but culturalinfluencesmaychangehis.

Humandollow avery comple trajectoryin designspacehroughoutheirlives.A gooded-
ucationakystentanbeviewedasproviding atrajectorythroughnichespacavhichwill induce
atrajectoryin designspacen self-modifyingbrains.A cultureprovidesa setof developmental
trajectories.

In generalfollowing a trajectoryin designspacealsoinvolvesa trajectoryin nichespace:
the nichesfor anunbornfoetus,for a newborninfant,a schoolchild,a parent,a professoretc.
areall different. Moreover, anindividual caninstantiatenorethanonedesign satisfyingmore
thanoneniche:e.g. protectorandprovider, or parentandprofessorTo copewith development
of multi-functionaldesignswe caninclude composite niches in niche spacejust asthereare
compositedesignsn designspace.

6 Trajectories for Virtual Machinesin Software Systems

A distinctionbetween-trajectoriesande-trajectoriecanbe madefor evolvablesoftwareindi-
vidualsinhabitingvirtual machinesA word processowhich adaptstself to differentuseranay
or may not be capableof turningitself into a compilerthrougha seriesof adaptationsAs in
nature theremaybe e-trajectoriesinking softwaredesignghatarenotlinkedby i-trajectories.
Whetheran e-trajectoryexists from one software designto anotherin an artificial evolu-
tionarysystemdepend®n (a) whetherthereis a principledway of mappingthe featuresof the
designsontogeneticstructuresvhich canbe usedto recreatedesigninstancewia aninstantia-
tion (ontogeneticjunction,and(b) whetherthe structurecanbemanipulatedy the permitted
operatorge.g. crosseer and mutation),so asto traversea trajectoryin “gene space”which
inducesatrajectoryin designspacevia theinstantiationfunction. Whethersomesort of eval-
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uationfunction or niche pressurecan causethe traversalto occuris a separatejuestion[10].
E-trajectoriesanexist which our algorithmsnever find.

7 Evolution of Human-lik e Ar chitectures

We have aiguedin [14] andelsavhere(contra Dennetts “intentional stance”)thatmary famil-
iar mentalconceptgpresupposan informationprocessingarchitecture.We conjecturethat it
involves several differentsortsof coexisting, concurrentlyactive, layers,including an evolu-
tionarily old “reactive” layerinvolving dedicatechighly parallelmechanismgachresponding
in afixedway to its inputs. Thesemay comefrom sensorsor otherinternalcomponentsand
the outputsmay go to motorsor internalcomponentsenablingloops. Somereactve systems
have afixedarchitectureexceptinsofar asweightson links changehroughprocesseske rein-
forcementlearning. Insectsappearto have purely reactve architecturesmplementinga large
collectionof evolvedbehaiours. As suggesteth [18], sophisticatedeactve architecturesnay
needa global“alarm” mechanisno detecturgentandimportantrequirementso overriderela-
tively slow “normal” processesThis caninterruptandredirectothersubsystemge.g.freezing,
fleeing,attacking attending).

A hybridarchitectureasshavnin Figure2, couldcombineareactve layerwith a“delibera-
tive” layerwhichincludesheability to createnew temporarystructuresepresentinglternatve
possibilitiesfor complex future actions,which it canthencompareandevaluate,usingfurther
temporarystructuredescribingsimilaritiesanddifferences.This plan-constructiomequiresa
long term memoryassociatingactionsin contexts with consequencesAfter creatingand se-
lecting a new structurethe deliberatve systemmay executeit asa plan, andthendiscardit.
Alternatiely it maybeableto modify itself permanentlyoy sazing someor all of the structure
for futurere-use.ln humanghereactve architectureseemsalsoto be extendableby re-useof
plans,e.g.learningcardriving or languageeomprehensiomay createnew reactions.

As before,a global alarmmechanisnmay be neededor copingwith dangersandoppor

8



tunitiesrequiring rapid reactions. In mammalsthis seemso involve the limbic system,and
emotionalprocessegs, 6].

A deliberatve mechanisnwill (normally)be discrete serial,andthereforerelatvely slow,
whereas reactve mechanisntanbe highly parallelandthereforevery fast,andmayinclude
somecontinuouganalog)mechanismgpossiblyusingthresholdsResourcdimits in delibera-
tive mechanismsaygenerate needfor anattentionfilter of somekind, limiting the ability of
reactve andalarmmechanismso interrupthigh level processing.

By analysingtradeofs we may be ableto understandhow niche-pressuresanleadto de-
velopmenbf combinedconcurrentleliberatve andreactve architecturesn organisms.

Everythingthatcanbedoneby ahybridarchitectureouldin principlebedoneby asuitably
comple reactve architecturee.g. a huge,pre-compiledookup tablematchingevery possible
history of sensornyinputswith a particularcombinationof outputs.However, pre-requisitegor
suchanimplementatiormaybe prohibitive: muchlongerevolution,with morevariedevolution-
ary ervironments to pre-programall the reactve behaiours, andfar more storageto contain
them,etc. For certainagentdhe universemay beneitherold andvariedenoughfor suchdevel-
opmentnor big enoughto storeall thecombinationgequiredto matchadeliberatve equvalent
with generatre power. Perhapvolution “discovered’this andthereforefavoureddeliberatve
extensiondor someorganisms.

A deliberatve mechanisnthangeshenichesfor perceptuahndmotormechanismsequir
ing themto developnew layersof abstractionasindicatedin Figure?2. Likewise,development
of new, higherlevel, abstractionsn perceptuabndmotor systemsamnay changethe nichesfor
more centralmechanismse.g. providing new opportunitiesfor learningand simplified plan-
ning.

Meta-management.Reflectionon andretrospectie evaluationof actionscanoftenleadto
futureimprovementsThisis alsotrueof internal actions.Thusbesidesbilitiesto perceve the
environmentandhow externalactionschanget, thereis a usealsofor internalself-monitoring,
self-evaluation,self-modification(self-control)appliedto internal statesandprocessesThis
couldexplainthe evolution of athird architecturalayer, asindicatedin Figure3.

Sensory‘qualia” arisein self-monitoringmechanismsvith accesgo intermediatesensory
informationstructuresnot normally attendedo. Differentkinds of sensoryqualiadependon
differentperceptuabbstractioriayers. Such“self-knowledge”is distinctfrom normalpercep-
tion providing knowledgeaboutthe environment. “Meta-managementtapabilitiesproduce
othersortsof qualiarelatedto thinking processesjeliberationdesiresetc.

Robotswith thesecapabilitieamight begin to wonderhow theirmentalprocessearerelated
to theirphysicalimplementationjustashumanphilosopherslo. Someof them,notfully under
standinghenotionof virtual machingunctionalityandthevarietiesof formsof superenience,
might even producespuriousbut corvincing argumentsthat they have consciousprocesses
which cannotbe explainedby or fully implementedn physicalprocessesThey maywonder
whetherhumansareactuallyzombies with all the behaioural capabilitiesof consciousobots,
but lackingtheirconsciousness .believe this solvestheso-called’hard” problemof conscious-
nessseeg[l]. (Earlierwork exploring theseideascanbefoundin [12,13,14,16,17, 19])

Suchagentgwith a combinationof reactve, deliberatve andself-managemergub-archi-
tectures)may combineto form social systems. Questionsabouttrajectoriesin designspace
andnichespacearisefor socialsystemsalso. Humansocialsystemslevelopinformationand
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ruleswhich aretransmittedo individuals,including rulesthat controlmeta-managemei.g.
throughguilt).

Accountingfor all this needsa theory embracingcomputerscience theoreticalbiology;
Al, psychology neuroscienceanthropologysociology etc. Goodsoftwareengineersand Al
researcherare beginning to develop new intuitions aboutsomeof thesethingsandit should
be possibleto find mathematicatonstructghat capturethoseintuitions, ascomputerscience
follows softwareengineering.

8 Further Work

We needto find moreprecisewaysof describingarchitecturesgjesignsnichesandtheir causal
interactionsto improve on the high level conceptausedonly intuitively at present. This will
involve bothabstractingrom domainspecificdetails,so asto replaceempiricalconceptswith
mathematicatonceptsandalsoenrichingour understandingf the detailsof the processeso
thatwe cancharacterisandmodelthe dynamics.

If theintuitive notionsof niche,genotypeetc.in biology canbe madesuficiently preciseo
enableusto understangbreciselythe relationshipdetweemichesanddesigngor organisms,
thismayprovide abetterunderstandingf thedynamicsandtrajectoriesn biologicalevolution,
includingthe evolution of evolvability.

Thiscouldleadto advancesn comparatre psychology Understandingheprecisevarietyof
typesof functionalarchitecturesn designspaceandthevirtual machineprocessethey support,
will enableusto describeandcomparan far greaterdepththe capabilitiesof variousanimals.
We'll alsohave a conceptuaframenork for sayingpreciselywhich subsetof humanmental
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capabilitiesthey have andwhich they lack. Likewise the discussiorof mentalcapabilitiesof
varioussortsof machinecouldbeputon afirmer scientificbasis,with lessscopefor prejudice
to determinewhich descriptiondo use. E.g. insteadof arguing aboutwhich animals,which
machinesandwhich brain damagedumanshave consciousnessye candetermineprecisely
which sortsof consciousneshey actuallyhave.

We couldalsoderive new waysof thinking abouthumanvariability andthe causesandef-
fectsof mentaliliness,braindamageseniledementiagtc. This could have profoundpractical
implications.
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