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Abstract

This paper1 attemptsto characterisea unifying overview of the practiceof software
engineers,AI designers,developersof evolutionary forms of computation,designersof
adaptive systems,etc.Thetopicoverlapswith theoreticalbiology, developmentalpsychol-
ogyandperhapssomeaspectsof socialtheory. Justasmuchof theoreticalcomputerscience
follows the leadof engineeringintuitionsandtries to formalisethem,therearealsosome
importantemerginghighlevel crossdisciplinaryideasaboutnaturalinformationprocessing
architecturesandevolutionarymechanismsandthatcanperhapsbeunifiedandformalised
in thefuture.

1 Intr oduction: Exploring DesignSpace

AI canbe construedasthe explorationof the spaceof possibledesignsfor (moreor less)in-
telligentagents,whethernaturalor artificial [4, 13]. Designsarenot all static. Somesystems
changeaspectsof their own design:they modify themselves,throughlearning,adaptation,or
architecturaldevelopment,e.g. from embryoto infant,andfrom infantto adult. Brain damage
or diseasecanalsoproducedesignchangeswith deleteriousconsequences.

All thesechangesmoveamachineor organismfrom oneregionof designspaceto another.
Possibleroutesthroughdesignspacecanbethoughtof astrajectories in thespace.

Someregionsof designspacearenot linkedby possibletrajectoriesfor individualdevelop-
ment.An acorncantransformitself into anoaktree,andby controllingits environmentyoucan
slightly modify whatsortof oaktree(e.g.how big). But nomatterhow you try to trainor coax
it by modifying theenvironment,it will nevergrow into a giraffe. Theacorn(a) lacksinforma-
tion neededto grow into agiraffe, (b) lacksthearchitectureto absorbandusesuchinformation,
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and(c) lacksthearchitecturerequiredto modify itself into anarchitecturethatcanabsorbthe
information.

Trajectoriesthatarepossiblefor anindividualwhichadaptsor changesitself will becalled
i-trajectories. Differentsortsof i-trajectoriescould bedistinguishedaccordingto the sortsof
mechanismsof change,e.g.innatelydetermineddevelopment,reinforcementlearning,facilita-
tion by repetition,andvariouskindsof self-organisingprocessespartly drivenby theenviron-
ment.

Trajectorieswhich arenot possiblefor anindividual machineor organismbut arepossible
acrossgenerationsof individualssubjecttoaparticulartypeof evolutionarydevelopmentwill be
callede-trajectories. Examplesincludedevelopmentof humansandotheranimalsfrom much
simplerorganismsandmodificationsof softwarestructuresby geneticalgorithms.Conjectured
e-trajectoriesleadingto humanmindsarediscussedin [5] and[18].

Whethertwo designsarelinked by an e-trajectoryor not will dependon the type of evo-
lutionarymechanismavailablefor manipulatinggeneticstructuresandthetypeof ontogenetic
mechanismavailable for producingindividuals (phenotypes)from genotypes. In biological
organismsthe two are connected:the ontogeneticmechanismcanalsoevolve. Lamarckian
inheritancewouldallow i-trajectoriesto form partsof e-trajectories.

Therearealsosomechangesto individualsthat arepossibleonly throughexternal inter-
ventionby anotheragent,e.g. performingrepairsor extensions,or debuggingsoftware. Such
changesfollow r-trajectories (repair-trajectories).

Viewing a speciesasa type of individual, e-trajectoriesfor individualsform i-trajectories
for a species,or a larger encompassingsystem,suchasan ecology. Researchersin AI, Alife
andevolutionarycomputationall contributeto thestudyof suchtrajectories.Thisstudyis in its
infancy.

2 “Semanticsof Evolution”

In computerscience“semanticsof computation”refersto abstract,mathematical,propertiesof
programminglanguages,datastructuresandtheprocesseswhichcanoccurin virtual machines
of varioussorts. Likewisea studyof the mostgeneralfeaturesof evolutionarytrajectoriesin
designspaceaddressesatopic thatcouldbecalled“semanticsof evolution” (thoughbothdiffer
from themorecommonuseof theword“semantics”in linguistics).

Milner [9] notedthattheoreticalcomputersciencefollowstheleadof engineeringintuitions
andtriesto formalisethem.Sincetheintuitionsareoftenvery subtleandcomplex theprocess
of formalisationcanlag far behind.Likewiseattemptsto studyandformalisethespaceof pos-
sibledesignsandthevarioustrajectoriesin designspacewill lagbehindintuitiveunderstanding
gainedfrom empiricalresearchin biology, psychology, andcomputationalexplorations.This
paperattemptsto identify someof thephenomenato beformalised.

Many have attemptedto formalisefeaturesof evolution, individual learning,development
etc. Kauffman [7] describesmathematicallaws which constrainbiological mechanismsand
processesin surprisingways.Theideasdiscussedbelow dealwith phenomenawhichatpresent
aretoo ill definedfor mathematicalformulationandcomputationalmodelling.

2



3 GeneralisingFitnessLandscapes

Evolutionarytrajectoriesareoften representedin a “fitness landscape”wherea fitnessvalue
is associatedwith variouslocationsin designspace.If a classof designscanbe specifiedby
two parameters(e.g. lengthandstiffnessof a spring), then thereis a 2-D spaceof designs,
andaddinga measureof fitnessof the springfor a particularpurpose,producesa 3-D fitness
landscape.Typically, designspacesarefarmorecomplex thanthis,andcannotbespecifiedby a
fixednumberof parameters,e.g.designsfor Prologcompilersvary in structureandcomplexity.
Moreover, many designshave no singlefitnessmeasure:Prologcompilersvary accordingto
their portability, the speedof compilation,the speedof compiledcode,the sizeof compiled
code,thekindsof errorhandlingthey support,etc.

A setof constraintsandrequirementsfor adesigncanbecalleda“niche”. Fitnessof designs
for organismsandartefactsmaybecomparedin relationtoaniche.Requirementsfor acompiler
canvaryjustastherequirementsfor aplantor insectcan.Sothereis aspaceof possibleniches:
“nichespace”([13, 15,17]).

Designsandnichesarebothabstractandcanhavedifferentconcreteinstantiations.Designs
don’t presupposea designerandrequirements(niches)don’t presupposea requirer. Thereare
differentwaysactualrequirementscanbegenerated:e.g.engineeringgoalsvsbiologicalneeds
andpressures.

Two insectsin thesamephysicallocationcanbein differentniches,sonichesarenotdeter-
minedby physicallocation.Neitherarethey simplyin theeyeof abeholder:niche-pressurecan
influencemovementof individualsor a speciesin designspace.This canhappenin different
ways. If the individual hasadaptive capabilitiesit maymove alongan i-trajectorysoasto fit
a nichebetter. Alternatively thepressuremaycausea genepool,or a subsetof a genepool, to
movealongane-trajectory.

Therearemany differentsortsof causalrelations:within an architecture,betweenarchi-
tectures,betweenarchitecturesandniches,betweenniches. Nichescaninteractwith onean-
other by producingpressurefor changesin designs,which in turn canchangeniches,as in
co-evolutionof organisms.Sotherearetrajectoriesin nichespaceaswell asdesignspace.

Whereindependentchangesin differentdimensionsarepossible,acomplex nichecancause
paralleldesignchanges,e.g. makingan organismboth physicallystrongerandbetterableto
recognizecomplex physicalstructures.Problemsarisewhenthechangesarenot independent:
e.g. increasingagility may conflict with increasingstrength. Wheretherearepressuresfor
incompatiblechanges,which oneactuallyoccursmay dependon subtlefeaturesof the total
context, andtwo identical individualsmay be pushedalongdivergenttrajectoriesbecauseof
slightdifferencesin context.

Feedbackloopsoccurwherechangesin oneindividualorgroupaltertheniche,andtherefore
the causalinfluenceson anotherindividual or group. Suchfeedbackcan lead to continual
change,to oscillations,or to catastrophes.
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NICHE SPACE

DESIGN SPACE

Figure1: Designspaceandnichespace:Relationsbetweendesignsandnichesarecomplex and
varied“fitness”descriptions,notnumericvalues.Trajectoriesarenotshown.

4 Simpleand ComplexFitnessRelations

In the simplestcasea designeitherfits or doesnot fit a niche. More generallythe relationis
morecomplex, anddifferentdesignsmayfit thesamenicheto differentdegrees.Besidesbeing
simply betteror worse,designsmayfit a nichein differentways– e.g. differentcombinations
of speed,robustness,flexibility , etc. Thedifferentstylesof arrows in Figure1 areintendedto
indicatethis.

If the fitnessof designssolving a particularproblemvary only in degree,thenthe search
for a solutioncanbe thoughtof asthe searchfor a locationin designspacewherethe fitness
valueis highest.This is thefamiliarnotionof a fitnesslandscape.A learningmechanismor an
evolutionaryprocessmight pursuea trajectoryin which thedesignis guidedtowardsa fitness
peakin thelandscape.High peakscanbeveryhardto find.

We cannow generalisethis ideain anumberof ways.

(a) Insteadof a fixednichedeterminingtheevaluationweconsidera spaceof nichesaswell as
thespaceof designs.A designcanthenbeassessedin relationto many possibleniches,sothat
it doesnot have only onefitnessvalue. Kauffman[7, pp 221ff] allows for this by mentioning
thatthefitnessvaluesfor particulardesigns,andthereforethelandscape,canchangeif objects
in theenvironmentchange.If thoseobjectsalsohave fitnesslandscapesthentherearecoupled
fitnesslandscapes,eachcausingchangesin theother. His notionof afitnesslandscapechanging
correspondsto ournotionof adesignhaving differentfitnessdescriptionsin relationto different
regionsof nichespace.

(b) Insteadof eachnichedeterminingan evaluationfunction which yields a numericfitness,
or evena total orderingof designs,it maydeterminea collectionof incommensurablecriteria
for assessingdesigns(likespeedanderrorhandlingin acompiler, or protectionfrom predators
andfrom cold in a house).In generalthecomparisonof a nicheanda designwill yield not a
numberbut adescriptionof thematch([8, 11]). In simplecasesthiscouldbeavectorof values.
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Sometimesthereis apartialorderingof thedescriptions,andsometimesnoteventhat,because
thereis no way to combinethedifferentdimensionsof comparison.DesignA might bebetter
thanB in onerespect,B betterthanC in anotherandC betterthanA in a third. (Compare
consumerreports.)Engineersarevery familiarwith suchtradeoffs betweendesigns.

(c) Differentdesignsanddifferentnichescanvary in complexity. Soalsodothedescriptionsof
fitness.Assessmentof aspellingcheckerwill bemuchsimplerthanassessmentof anoperating
system.

(d) If fitnessvaluesarenon-scalar, trajectoriesnolongerleaduphill, downhill or horizontally. A
pathcanleadto improvementsin somerespectsanddegradationin others.“Selection”becomes
aproblematicnotion.

(e)Havingseparatefitnessvaluesallowsdifferentsortsof selectiontooccurin sequence,simpli-
fying theevolutionarydesigntaskby decomposingit, asanengineermight. Whenthechanges
requiredto improve differentfeaturesarenot independenttheremaybeno usefuldecomposi-
tion. The “divide andconquer”approachis not alwaysapplicable:sometimesa creative new
designis needed.

(f) If identicalindividualsinhabitslightly differentniches(e.g.becauseof differentsocialroles
or differentneighbours)reproductive successmight be favouredby different traits. E.g. in
somefarmingcommunitiesphysicalstrengthmaybemoreimportantthanintelligence,whereas
in a nearbyindustrialisedregion intelligenceis moreusefulfor acquiringresourcesto raisea
family. Thusdifferente-trajectoriescanbe exploredin parallelwithin a populationexposed
to differentniches.Functionaldifferentiationwithin a socialsystemcanacceleratethis. Since
motivationandperformancearelinkedwecanexpectdiversityof tastesaswell asabilities.This
mayexplainwhy wehave individualsbothableandwilling to beconcertpianists,steeplejacks,
brainsurgeons,etc.

(g) Sincedesignshave complex structures,a niche can changesimply becauseof a change
within a design,without anything changingin theenvironment.E.g. a changewhich increases
runningspeedmayalterenergy requirements.Sosomeaspectsof a designdeterminerequire-
mentsfor otheraspects.What you needis partly determinedby what you’ve got. This can
generatepositive feedbackloopsdriving designsalonge-trajectorieswithout any environmen-
tal changes.

(h) Theeffectsof nichepressureschangein characterwhenorganismsdevelopcognitiveabili-
tieswhichenablethemto recognizetheirown andothers’needsandabilities. If they canassess
in advancetherelevanceof differentphysicalcharacteristicsor behavioursto filling thoseneeds,
thenimprovementsin a usefultrait maybeselectedbothdirectly throughdiffering abilitiesto
providefor offspring,andindirectlythroughrecognitionof thetrait by potentialmates.Eugenic
socialpoliciesaresimilar. Cognitive abilitiescanalsoinfluenceco-evolution: if predatorscan
tell in advancewhichprey areeasierto catch,they canselectvictimsin aherd.Thusrecognition
of signsof weaknesscanacceleratetheeliminationof weaker traits. Socognitiveprocessesin
organismscanmakeevolutionandco-evolutionmorelikeaprocessof design.

Fromthestandpointdescribedhere,geneticalgorithmswhichuseascalar“fitnessfunction”
aresimply a specialcase.Moreover, in artificial evolution the designeroftenaddsa separate
selectionfunctionwhichusestheoutputof thefitnessfunction. In naturalevolution (andsome
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Alife scenarios)selectionandfitnessarerelatedin moresubtleandvariedways.
We have seenthat whenorganismshave cognitive abilities this canmake evolution more

like a designprocess.Perhapswe shouldthink of the biosphereasa sort of super-organism
strugglingto develop itself andthroughthe intelligenceof its productsbecomingmorelike a
designer.

5 Dynamics,Discontinuitiesand Inhomogeneities

Sincenichesanddesignsinteractdynamically, wecanregardthemaspartsof virtual machines
in thebiosphereconsistingof a hostof controlmechanisms,feedbackloops,andinformation
structures(includinggenepools).All of theseareultimatelyimplementedin, andsupervenient
on physicsandchemistry. But they andtheir causalinteractionsmaybeasrealaspoverty and
crimeandtheir interactions.

The biosphereis a very complex abstractdynamicalsystem,composedof many smaller
dynamicalsystems.Someof themareevanescent(e.g. tornados),someenduringbut changing
overdiversetime scales(e.g. fruit flies,oaktrees,ecosystems).Many subsystemsimposecon-
straintsandrequirementsto bemetor overcomeby othersubsystems:onecomponent’sdesign
is part of anothercomponent’s niche. Througha hostof pressures,forcesandmoreabstract
causalrelations,including transferof factualinformationandcontrol information,systemsat
variouslevelsareconstantlyadjustingthemselvesor beingadjustedor modified. Someof the
changesmaybehighly creative, includingevolutionof new formsof evolution,andnew mech-
anismsfor copying andlatermodifyingmodulesto extenda design.

Theseideasmay seemwild, but they arenaturalextensionsof ideasalreadyacceptedby
many scientistsandengineers,e.g.[7, 2].

Discontinuouse-trajectories.Bothdesignspaceandnichespacehaveverycomplex topolo-
gies,includingmany discontinuities,somesmall (e.g. addinga bit morememoryto a design,
addinganew stepin aplan)somelarge(addinganew architecturallayer, or anew formalism).
Understandingnaturalintelligencemayrequireunderstandingsomemajordiscontinuitiesin the
evolutionaryhistory of the architecturesandmechanismsinvolved. This in turn may help us
with thedesignof intelligentartefacts.

I suspectdiscontinuitiesin designspaceoccursomewherebetweensystemsthat areable
merelyto performcertaintasks,andotherswhichcanusegeneralisationsthey havelearntabout
theenvironmentto createnew plans,i.e. betweenreactive anddeliberative architectures.Dis-
continuitiesin e-trajectoriescanoccurwhenan old mechanismis copiedthenmodified: e.g.
a mechanismwhich originally associatessensorypatternswith appropriateresponsescouldbe
copiedthenusedto associatesensorypatternswith predictedsensorypatternsor with a setof
availableresponses.

Discontinuitiesmightalsobeinvolvedin theevolutionof the“reflective” abilitiesdescribed
below: not only beingableto do X but having andbeingableto useinformationon how X
wasdone,or why X wasdone,or why onemethodof doingX wasusedratherthananother.
(Compare[17, 20].) Whatsortsof nichepressuresin naturemight favour suche-trajectoriesis
aninterestingbiologicalquestion.

Designspaceandnichespaceare“layered”: regionswithin themaredescribableatdifferent
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levelsof abstractionandfor eachsuchregion different“specialisations”exist. Somespecial-
isationsof designsarecalled implementations.The philosopher’s notion of “supervenience”
andtheengineer’s notionof “implementation”(or realisation)seemto becloselylinked,if not
identical.

Both areinhomogeneousspaces:local topologyvarieswith locationin thespace,sincethe
minimal changespossibleat variouslocationsin thesamespacecanbevery differentin type
andnumber. Considerdesignsof differentcomplexity: therearetypically morewaysandmore
complex ways,of alteringacomplex designthanasimpledesign.Sothey haveneighbourhoods
of differentstructures.By contrast,in mostmulti-dimensionalspacesconsideredby scientists
andengineers(e.g.phasespaces),eachpointhasthesamenumberof dimensions,i.e. thesame
numberandthesametypesof changesarepossibleatall points(unlesslimited by equationsof
motion).

Discontinuousi-trajectories. A systemwhich develops,learnsor adaptschangesits de-
sign. I-trajectories,like e-trajectoriescanbediscontinuous(e.g.cell division)andlink regions
in inhomogeneousspaces.The most familiar examplesarebiological: e.g. a fertilised egg
transformingitself into an embryoandthena neonate.In many animals,including humans,
the informationprocessingarchitectureseemsto continuebeingtransformedlong after birth,
andafter themainphysiologicalstructureshave beenestablished:new formsof controlof at-
tention,learning,thinking,deliberating,developafterbirth. Ontogeny maypartly recapitulate
phylogeny: but culturalinfluencesmaychangethis.

Humansfollow averycomplex trajectoryin designspacethroughouttheir lives.A gooded-
ucationalsystemcanbeviewedasproviding atrajectorythroughnichespacewhichwill induce
a trajectoryin designspacein self-modifyingbrains.A cultureprovidesasetof developmental
trajectories.

In general,following a trajectoryin designspacealsoinvolvesa trajectoryin nichespace:
thenichesfor anunbornfoetus,for a newborninfant,a schoolchild,a parent,a professor, etc.
areall different.Moreover, anindividualcaninstantiatemorethanonedesign,satisfyingmore
thanoneniche:e.g.protectorandprovider, or parentandprofessor. To copewith development
of multi-functionaldesignswe canincludecomposite niches in nichespace,just asthereare
compositedesignsin designspace.

6 Trajectories for Virtual Machinesin SoftwareSystems

A distinctionbetweeni-trajectoriesande-trajectoriescanbemadefor evolvablesoftwareindi-
vidualsinhabitingvirtual machines.A wordprocessorwhichadaptsitself to differentusersmay
or may not becapableof turning itself into a compilerthrougha seriesof adaptations.As in
nature,theremaybee-trajectorieslinking softwaredesignsthatarenot linkedby i-trajectories.

Whetheran e-trajectoryexists from onesoftwaredesignto anotherin an artificial evolu-
tionarysystemdependson (a)whetherthereis a principledway of mappingthefeaturesof the
designsontogeneticstructureswhichcanbeusedto recreatedesigninstancesvia aninstantia-
tion (ontogenetic)function,and(b) whetherthestructurescanbemanipulatedby thepermitted
operators(e.g. crossover andmutation),so asto traversea trajectoryin “genespace”which
inducesa trajectoryin designspacevia the instantiationfunction. Whethersomesortof eval-
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TOWARDS DELIBERATIVE AGENTS
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Figure2: A hybrid reactive anddeliberative architecture.A global “alarm” mechanismcould
beadded.Seetext.

uationfunction or nichepressurecancausethe traversalto occuris a separatequestion[10].
E-trajectoriescanexist whichouralgorithmsneverfind.

7 Evolution of Human-lik eAr chitectures

We havearguedin [14] andelsewhere(contra Dennett’s “intentionalstance”)thatmany famil-
iar mentalconceptspresupposean informationprocessingarchitecture.We conjecturethat it
involvesseveral differentsortsof coexisting, concurrentlyactive, layers,including an evolu-
tionarily old “reactive” layer involving dedicatedhighly parallelmechanismseachresponding
in a fixedway to its inputs. Thesemaycomefrom sensorsor otherinternalcomponents,and
theoutputsmaygo to motorsor internalcomponents,enablingloops. Somereactive systems
haveafixedarchitectureexceptinsofarasweightson links changethroughprocesseslike rein-
forcementlearning. Insectsappearto have purely reactive architecturesimplementinga large
collectionof evolvedbehaviours.As suggestedin [18], sophisticatedreactivearchitecturesmay
needaglobal“alarm” mechanismto detecturgentandimportantrequirementsto overriderela-
tively slow “normal” processes.Thiscaninterruptandredirectothersubsystems(e.g.freezing,
fleeing,attacking,attending).

A hybridarchitecture,asshown in Figure2, couldcombineareactivelayerwith a“delibera-
tive” layerwhichincludestheability to createnew temporarystructuresrepresentingalternative
possibilitiesfor complex futureactions,which it canthencompareandevaluate,usingfurther
temporarystructuresdescribingsimilaritiesanddifferences.This plan-constructionrequiresa
long term memoryassociatingactionsin contexts with consequences.After creatingandse-
lecting a new structurethe deliberative systemmay executeit asa plan, andthendiscardit.
Alternatively it maybeableto modify itself permanentlyby saving someor all of thestructure
for futurere-use.In humansthereactive architectureseemsalsoto beextendableby re-useof
plans,e.g.learningcardriving or languagecomprehensionmaycreatenew reactions.

As before,a global alarmmechanismmay beneededfor copingwith dangersandoppor-
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tunitiesrequiringrapid reactions. In mammalsthis seemsto involve the limbic system,and
emotionalprocesses[3, 6].

A deliberative mechanismwill (normally)bediscrete,serial,andthereforerelatively slow,
whereasa reactive mechanismcanbehighly parallelandthereforevery fast,andmayinclude
somecontinuous(analog)mechanisms,possiblyusingthresholds.Resourcelimits in delibera-
tivemechanismsmaygenerateaneedfor anattentionfilter of somekind, limiting theability of
reactiveandalarmmechanismsto interrupthigh level processing.

By analysingtradeoffs we maybeableto understandhow niche-pressurescanleadto de-
velopmentof combined,concurrentdeliberativeandreactivearchitecturesin organisms.

Everythingthatcanbedoneby ahybridarchitecturecouldin principlebedoneby asuitably
complex reactive architecturee.g. a huge,pre-compiledlookuptablematchingevery possible
historyof sensoryinputswith a particularcombinationof outputs.However, pre-requisitesfor
suchanimplementationmaybeprohibitive:muchlongerevolution,with morevariedevolution-
ary environments,to pre-programall the reactive behaviours,andfar morestorageto contain
them,etc.For certainagentstheuniversemaybeneitherold andvariedenoughfor suchdevel-
opmentnorbig enoughto storeall thecombinationsrequiredto matchadeliberativeequivalent
with generativepower. Perhapsevolution“discovered”thisandthereforefavoureddeliberative
extensionsfor someorganisms.

A deliberativemechanismchangesthenichesfor perceptualandmotormechanisms,requir-
ing themto developnew layersof abstraction,asindicatedin Figure2. Likewise,development
of new, higherlevel, abstractionsin perceptualandmotorsystemsmay changethenichesfor
morecentralmechanisms,e.g. providing new opportunitiesfor learningandsimplified plan-
ning.

Meta-management.Reflectiononandretrospectiveevaluationof actionscanoftenleadto
futureimprovements.This is alsotrueof internal actions.Thusbesidesabilitiesto perceivethe
environmentandhow externalactionschangeit, thereis ausealsofor internalself-monitoring,
self-evaluation,self-modification(self-control)appliedto internal statesandprocesses.This
couldexplain theevolutionof a third architecturallayer, asindicatedin Figure3.

Sensory“qualia” arisein self-monitoringmechanismswith accessto intermediatesensory
informationstructuresnot normallyattendedto. Differentkindsof sensoryqualiadependon
differentperceptualabstractionlayers.Such“self-knowledge”is distinct from normalpercep-
tion providing knowledgeaboutthe environment. “Meta-management”capabilitiesproduce
othersortsof qualiarelatedto thinkingprocesses,deliberation,desires,etc.

Robotswith thesecapabilitiesmightbegin to wonderhow theirmentalprocessesarerelated
to theirphysicalimplementation,justashumanphilosophersdo. Someof them,notfully under-
standingthenotionof virtual machinefunctionalityandthevarietiesof formsof supervenience,
might even producespuriousbut convincing argumentsthat they have consciousprocesses
which cannotbeexplainedby or fully implementedin physicalprocesses.They maywonder
whetherhumansareactuallyzombies with all thebehavioural capabilitiesof consciousrobots,
but lackingtheirconsciousness.I believethissolvestheso-called“hard” problemof conscious-
ness,see[1]. (Earlierwork exploring theseideascanbefoundin [12, 13,14,16,17, 19])

Suchagents(with a combinationof reactive,deliberative andself-managementsub-archi-
tectures)may combineto form socialsystems.Questionsabouttrajectoriesin designspace
andnichespacearisefor socialsystemsalso. Humansocialsystemsdevelopinformationand
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Figure3: A meta-managementlayer addsself monitoring,self-evaluation,etc. Threeclasses
of emotionscorrespondto alarmmechanisms(not shown, to save clutter)actingon the three
layers.

ruleswhich aretransmittedto individuals,includingrulesthatcontrolmeta-management(e.g.
throughguilt).

Accountingfor all this needsa theory embracingcomputerscience,theoreticalbiology,
AI, psychology, neuroscience,anthropology, sociology, etc. GoodsoftwareengineersandAI
researchersarebeginning to develop new intuitions aboutsomeof thesethingsandit should
be possibleto find mathematicalconstructsthat capturethoseintuitions,ascomputerscience
followssoftwareengineering.

8 Further Work

We needto find moreprecisewaysof describingarchitectures,designs,nichesandtheir causal
interactions,to improve on the high level conceptsusedonly intuitively at present.This will
involve bothabstractingfrom domainspecificdetails,soasto replaceempiricalconceptswith
mathematicalconcepts,andalsoenrichingourunderstandingof thedetailsof theprocesses,so
thatwe cancharacteriseandmodelthedynamics.

If theintuitivenotionsof niche,genotypeetc. in biologycanbemadesufficiently preciseto
enableus to understandpreciselytherelationshipsbetweennichesanddesignsfor organisms,
thismayprovideabetterunderstandingof thedynamicsandtrajectoriesin biologicalevolution,
includingtheevolutionof evolvability.

Thiscouldleadtoadvancesin comparativepsychology. Understandingtheprecisevarietyof
typesof functionalarchitecturesin designspaceandthevirtual machineprocessesthey support,
will enableusto describeandcomparein far greaterdepththecapabilitiesof variousanimals.
We’ll alsohave a conceptualframework for sayingpreciselywhich subsetsof humanmental
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capabilitiesthey have andwhich they lack. Likewise the discussionof mentalcapabilitiesof
varioussortsof machinescouldbeputonafirmerscientificbasis,with lessscopefor prejudice
to determinewhich descriptionsto use. E.g. insteadof arguing aboutwhich animals,which
machines,andwhich braindamagedhumanshave consciousness,we candetermineprecisely
whichsortsof consciousnessthey actuallyhave.

We couldalsoderive new waysof thinking abouthumanvariability andthecausesandef-
fectsof mentalillness,braindamage,seniledementia,etc. This couldhave profoundpractical
implications.
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