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Abstract

Much work in Al is fragmented,partly becausehe subjectis so huge
thatit is difficult for anyore to think abou all of it. Even within sub-field,
suchaslanguag, reasoing, andvision, thereis fragmentation,asthe sub-
sub-fiels are rich enaigh to keep peoplebusy all their lives. However,
thereis arisk that resultsof isolatedresearchwill be unsutable for future
integration, e.g. in models of compete organisms,or humanlike robds.
This pape offersa frameawork for thinking abait the mary compamentsof
visual systemsaandhow they relateto the whole organism or mactine. The
viewpoint is biologically inspired usingconjectued evolutionary history as
aguideto someof thefeatuesof thearchitectue. It mayalsobeusefulboth
for modelling animalvision anddesigiing robotswith similar capabilities.

1 Introduction

Seeings believing— amorg mary otherthings,andtherestherub. It is abiological fact
that(in humars) vision feedsandcorrects beliefs,but that's notall: it alsoparticipatesn

posturecontrd, in tight feedbak loops aswe pick thingsup andin ballistic actionslike

throwing aballinto abin; it canproduiceembarassmentaesthetipleasurer pain,sexual

arousal,changs in how we hearspeech11], nausegbe@usewhatis seendisgustsus
or becausef perceved motion); andit caninform usthatsomethirg is impossiblgle.g.
the chair going throwgh the narow doaway) andwhat might exist or is likely to exist

[20], e.g.,seeingpossiblecouisesof action(possibleroutes acressa clutteredroom) or

how a mecharsm works, or the danger thata corstructionis abaut to becong unstable
or therisk of the todder falling into the fish-pand. Theseareall examges of Gibsoris

affordanceg?7, 16, genealisedbelow.

It is notall one-way traffic: whatwe seecandepenl on whatwe alreadyknow (e.g.
readirg words,or seeinghedifferencebetweerapair of identicd twins only aftergetting
to know them),onwhatwe want,whatwe aredoing or whatwe areafraid of aswe walk
through a forestin dim light. Seeingcanalsotake mary forms, includng a clearand
distinctpercep, like the sightof your handbeforeyour face,with all the detailsof skin
texture, or afleetingimpressionin thevisualperiphery, asubcmsciouslydetectedtharge
in opticalflow thatmakesyouloseyour balarce[10], sensinghehostility asyou entera
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Figurel: Somepeope, but notall, seea non-geonetric differencebetweertheeyes.

room, or experiencingthe strangeeffectin Figurel. Another biological factis thatmuch
human visual progessing like muchelsein the mind, is not accessibléo corsciousness.
E.g. we do not experienceusingoptic flow to control our postue. So our expelienceof
seeings at besta partialguide to thefunctiors evenof our own vision.

Canwe hopeto explain and model all theseaspectsof biologicd vision, or build
them into robds? Solutins found for isolated sub-goblens may be corstrainedin
waysthat prevent integration. Integration will not occurif peopleworking in different
sub-fieldsdo not communicate, painful thoudh that may be whenthereis so muchto
do in ones own sub-field. But comnunicationis not enowgh. We needa concepual
framavork anda methoalogy to suppat attemptsat integration. This paperoffers one
by sketchingideasabou possiblehigh level archite¢uresin which different processes
canbecombinedin anorganism,or robot. Though speculatie, the framavork is aresult
of mary yearsof thinking abou the problems! andinspirationfrom mary researcher
in Al, psychdogy, neursciencegtholog, biological evolution, andphilosghy. We use
partly speculatie evolutionary history asa coarse-gainedguideto somearchitectual
features. This biology-inspired frameavork may also be usefu for the extraordinaily
difficult engireeringtaskof building completerobotswith capabilitiessimilarto humans.

Nore of this is intenced as a critique of work on imageanalysisandinterpretatio
thatsolvesspecificenginering problemswithout beingintegratedinto a comgete agent
architectue. Suchsolutionscanbejudgel in relationto their objedives.
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Figure2: Two coarsdlivisions of information processingarchitectues

(a) Organismsandrobotsrequire perceptud medanismsandactionmeharisms
of varying degreesof soplistication, along with somepersistentinternal state
which maybe modifiedover varioustime-scalesNilssons (1998) “triple tower”
model. Arrows representflow of information and contmol signals. Bourdaries
betweeritowers” neednotbe sharp. (b) Anotter architectural divisionconcerrs
medarsmsthat evolvedat different times, providing reactive deliberative and
meta-managementapalblities. Belowwe superimpsethesedivisiors.

1seefor instance[15, 16, 17,18, 19,20, 21, 24,23, 22, 25]
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2 Overview of the CogAff framework

We offer a framavork for thinking abait designoptiors for information processing
architectuesfor completeanimal-like agerts of various kinds, including insectsyvarious
sorts of vertelvates, primatesand humars, and artificial software agentsand robots.
The information proessingarchitectue neednot mapin ary simple way onto brain
physiology or compuational hardware it is a “virtual machire” (VM) architeture, in
the standardsensein computer science,e.g. wherethe sameProlog or Java virtual
machire may run on very different hardvare architectues. Virtual machinesare, of
coursefeal machires,andcanperform realtasks,suchascontolling a chemicé plant,
solving equatims, or re-fomatting a document. (This point, and the implicatiors for
causationn VMs is discussean my website.)

Our framework, called“CogAff” becausdt accommadatescognitionand affect, is
basedon the obseration that within an organismthere can be different sorts of VM
architectues and sub-achitectureswhich evolved at different times, whosetasksare
very different, and which can be sub-dvided in different ways, as indicatedcrucely
in Figure 2. For instance,in humars there are information processingmecharsms
concened with managig mary aspectsof bodily and mental function; mecharsms
concenedwith low level, fine grainedcontrd of walking, grasjing and otheractions;
mechaisms concened with thinking abou possiblefutures, evaluding them, makirg
plans; mechamsms concened with self monitoiing, self evaluaion and self control;
mecharsms concened with being part of a social community requiring mary forms
of cooperative and non-coogerative, verbal and nonverba interaction Eachof these
mechaismsmay have a complec internalarchitectue, andeachmayrequirespecialised
percepual input andmota output capaliities, mary of themsenedby vision.
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Figure3: Superimpsingthe previousdivisions
Thedivisiors of Fig 2 canbe superimposedyroducirg new sub-type®f compoents,
with functiors defired by relationshis to other parts of the system.A fastreactive
alarm systenreceivesnputsfrom,andcansendcontmol signalsto, manycompoents.
Shacedarrowsrepresentinformationflowingto andfromit. Beingpurelyreactiveand
patterndrivenit will typically bestupidandcapable of mistales,but maybetrainate.
Aninsects architecture mightincludeonly the bottomlayer, with alarm medarisms.
Someanimds appea to havereactiveanddelibeativelayers. Humanshaveall three
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We candistinguishreactivé mechanismsyherestatesor eventsdetectedy extemal
or internalsensorsmmedately trigger exterral or internalresponsesrom delibemative
mechaismsin which alternatie possibilitiesfor actioncanbe consicred,cateyorised,
evaluatel, andselectedr rejected More powerful deliberatve mecharsmscando“what
if” reasonig aboutthe pastor future, or evencourterfactualreasoimg abou how things
might have been The depth precisionandsoundhessof suchreasoningcanvary. Some
organismsneeda third meta-maagementayer[2, 25 to monita, categorise, evaluate,
and (partially) contrd processe®ccuring within the system.This requiresexplicit use
of formalismsandconceps referiing to interral virtual mactine states.

Reactve mechanismsand architectues evolved first and are most wide-speadin
nature in multitudnous forms. Deliberationevolved much later, and is much rarer
Sophisticatediariantsrequre a long term associatie memay and symbdic reasonig
capabilitiesusing a shortterm re-usablememoryin which structuraldescriptios can
be built. This imposesdermandson percepual mechaismsto recogise more abstract
catgaries, suitablefor expressinggenealisations,andon motor systemgo acceptmore
abstractinstructions”. Meta-managemetrevolved evenlater, andis rarerstill.

Singlecelledorganisms plants,insectsandmary otheranimalsappaently lack ary
deliberaive capaliity, thoughsomemammalsandpossiblysomenest-hilding birds?)
seemto be able to consideralternatves and then choose. Moreover, without meta-
manag@ment,they will not be aware of what they are doing, just as insectsperceve
withoutknowing thatthey do(e.g.becaus¢hey lackmechanismandformalismsfor self-
descriptim). Humansapper to have all threearchitectual layers thoudh probally not at
birth. Conceps usedfor self-catgorisationmay also be useful for describirg mental
statewf othess, andvice versa.For somesocialanimas, for predatorsandfor prey, being
ableto perceve mentalstate(e.g intentiors) canbevery useful.

Thethreelayersoperateconcurently, anddo notform a simpledoninancehierarcly.
For instancethetwo top layerscannotdirectly changethe conterts of thereactive layer,
thoudh they may be ableto chang it indirectly through training, e.g., when a novice
learnsa new skill, suchasdriving a car, by following instructiors andpractising

How finely to divide up the layersis partly a matterof taste: someauthas e.g. [5]
preferto separateeflexesfrom thereactive layer, andsome(e.g. Minsky) would prefer
to split off someof the highlevel meta-nanagemetfunctiorality into a separatéayer. It
is likely thata hostof further subdvisionswill laterprove useful.

3 Implicationsfor vision

If the visual systemsimultaneasly senesthe need of all threelayers, then perfaps
it too hasa comgex architectue with layersthat evolved at different times, achieving
different sortsof functions, all of which build on the lowestlevel meclanismsshared
by all sub-achitecturesThis gereralisesGibsons notion of “affordance[7]. He claimed
thatpercg@tualmectanismggive anorganisminformationnotonly abou physicalfeatures
of theervironmen, but, moreimportarily, whatthe opporturities andobstacleso various
kindsof actionsare:afarmoreabstractypeof information. Thus someobjectsareseerto

2For somereseachersthe term“reactive” impliesno change of intemal stak. For others thetermis not so
restridive: it includesfinite-stete automad, andvarious kinds of adaptive neura nets,but excludesdeliberative
capailitiesof the sortsdescriledbelaw. | usetheword in the moregenera senseasdoesNilssonin [14].
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Necker cube Duck-rabbit

Figure4: Doesvision inform only abaut geonetrical and physical properties,or
doesit includemoreabstracinformation,e.g.whichway ananimalis facing?

offer positive affordancessuchassuppat, passager shelterothersnegaive affordances,
suchasobstriction, difficulty in graspimy, danger, etc. Affordancesarein partdetermired
by theorganismsown needsandcapaliities. Forinstanceatypeof organismthatcannot
graspor never needsto grasparything, or to recoquise graspimg in others,might never
perceve graspabity . Thisaspecof Gibsonstheoryis indepewlentof otherquestioable
aspectsncludinghis notionof percepion as'direct’, andhis rejectionof therelevarce of
represetationsandcomputationto percepion.

For Gibson,the positive andnegative affordancegpercevableby ananimalconcen
the whole animal. However, the notion that there are mary percepual subsystems
perfamingdifferenttasks gvenif they shareasensoryrgan,leadsnaturallyto thenotion
that thereare different affordancesto be detectedwhich arerelevant to the needsand
capabilitiesof different subsystems.So as centralsubsystemsvolve with new need
andcapaliities, this candrive evolution of the percepual “tower’ towardsa corcurrent
stratifiedsystemwith new specialisedoerceptal VM capaliities tailoredto the need
of particularcentrd subsystemsExanplesmight be the evolution of visualmechaisms
for detecting3-D shapecateyaries, or for recognising individual faces,or mecharsms
concenedwith perceptio of mentalstate(seeFiguresl and4) andsocialinteractiors.

Our corjectureis thatin more complex animalsthereareessentiallyseveral different
visual systemsall sharinga collectionof physical resouces,suchaslensesyetina,eye
muscles,optic nenesand partsof the brain dealingwith someof the earlieststagesof
visual proessing. Someof the sharingwill involve mechanismshat procesddifferent
information obtaine from the eyesin pardlel, using differentpartsof the brain e.qg.
whenyour posturecortrol mechanismand your route-finding systemsboth usevisual
informationsimultaneasly. However conflictscanarise,leadingeitherto clashesor to
sequentialise,e.qg.if differentsubsystemsequire differentdirectins of gaze[17].

Different kinds of familiar visual ambiguity illustrate the vaiiety of typesof visual
tasks. In the necler cube, shovn in Figure 4, the visual flip is purely geonetric,
betweerinterpretationsof theimagewheretherearedifferentdistancesndoriertations
of surfaces andedges. Thisis consistentvith Marr’'s view in [12] the ‘quintessentiafact
of humanvision — that it tells aboutshapeand spaceand spatialarrargemen’. In the
duckrabbit, however, thereis no geometic flip: the changeis mudch moreabstractand
involves both chamgesin how partsareidentified (e.g. earsvs bill) and more abstract
notiors like “facingthis way”, “facingthatway” which presypposegerceptian of other
orgarismsseenas perceives. Thereare mary sortsof things humanscanseebesides
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geonetrical properties:thatoneobjectis suppoted by anotherthatoneobjectconstrais
motionof anotter (e.g.awindow catch) thatsometling is flexible or fragile, which parts
of an organismare ears,eyes, mouth, bill, etc., which way sometlng is facing, what
actionsomepersm or animalis aboutto perform (throw, jump, run, etc.), whetheran
actionis dargerots, whethersomeae is hapyy, sad,angy, etc.,whethera paintingis in
thestyle of Picasso...

Investigatinghow such percepion occus will include investigating (amorg other
things) (i) the precisenatue of the information, (ii) architectues capableof usingthe
information, (i) formalismsthatcanbeusefullyemployed to storesuchinformationand
(iv) mears by which suchinformationcanbe producedandprocessed.

Our discussionof multiple functions for vision is consistentwith the now familiar
idea in neuopsyclology that there are different dorsal and vertral visual pathways
[8] perfoming differenttasks. However our framework suggststhat descriting these
as ‘what’ and ‘where’ pathwaysis misleadingif the main difference is not so much
a differencein content as a differencein which sub-mebanisms,e.g. reactve or
deliberaive, onlineor ballistic, individual or social,usetheinformation.In particdar we
conjectuie that what we are corsciousof seeingis what the meta-nanagemnt system
can access,probably a very small, specially processedsubsetof visual information
usedin various partsof the system. A machineso designedmight re-discaer what
philosgpherscall ‘sensoryqualia. One sort of blindsight occus when those meta-
manag@mentmechasmsaredamagedvhile thereactve layercontintesto function

4 Thevariety of biological architectures

The CogAff schemain Figure 3 is not so mucha specificarchtectureasan indicatin

of vaiieties of roles that compmentsof an architectue can have. Many organisms
and artificial systemswill have only a subsetof the conponetts, and someartificial

systemsmay not fit the schemase.g. distributed software agents. We conjectue that
information processingarchitectues of individual biological organismsare adeqately

covered, thoudh not whole colonies. An insectmight have only the bottan, reactve,

layer, possiblyincluding alarm mectanisms— unlike purely delibeative Al systems.
Otheranimalsandsomerobots may have a hybrid reactve anddeliberatve mechaism,

with varying sophisticatio in the deliberatie meckanism.

Visual mechaismsfor primitive reactive agentsmight detectedges,optical flow,
image statistics, surface oriertation, etc. More sophisticatedreactve agentsmay
recoqnize,andreactto, moreglobalstructues,e.g. objeds to eat,or matewith.

Visualsystemdeedingdeliberatie capabilitiesneedto chaacteriseobjects statesof
affairs, or action patternsat a level of abstractiorsuppoting predictive genealisations
(e.g."if it seegameit will rur’).

Co-evolution of meta-maagementndsocialpercepion could leadto the ability to
perceve mentalstatesof otheragerts (Figure 4 (b)), solvingthe “mind-body” prodem.
But thereis muchwe don't yetundestandaboutpossibleevolutionary trajectoried22].

The architectural layers descrited here shoud not be confused with Marr's three
methoalogicd levels. Severalmulti-layer archite¢uresoccurin the Al literature thoud
superficiallysimilar diagramsmay be usedfor very differert designs.E.qg., the ‘triune
brain’ architectue in [1] lookspartly like our threelayeredsystem but closerinspection
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Figure5: The“Humanlike” sub-schermH-Cogdf
Thereactive delibemtive and meta-maagementlayers evolvedat different
times, requiring discontinwus changes in the design and providing
significarily new capabilities. An attentionfilter with dynamically varying
thresholdmaybeusedto protectresouce-limitedhigherlevel functiors. Some
aspectofthealarmsystemapparentlycorrespondo thebrain’slimbic system,
andfrontal lobes implemehsomemeta-maagemen functiors.

reveds a pipelinedarchitectue: Information flows in throwgh low level sensorsthen
upthecentralhierarcly, then,afterhigh level decisionmaking down throudh the central
pillar andoutthrowghlow level transduers.We call thisan‘Omega’ architectue because
the information flow patternwithin the CogAff diagam is roughly Q-shaped Such
“peeplole” percepion andaction mechaismscontiastwith“multi-window” perceptio
andactionpermittedoy CogAff. Anotheralternatveis Brooks’ subsumptiomrchitectue
[3, 4]: it allows several layers,but they areall reactve (i.e. non-deliberatve), entirely
within thebottomlevel of the CogAff schema.

Detailed requrementsfor various architectwal compnentsneedto be analysed
further. Becaus®f thenatue of accesso alargecontert addressableassociatie memoy
store and also the requrementfor a re-usabletempaary storagespacefor ‘what if’
descriptims,a delibeative systemis likely to beslow, discreteandserial,compaedwith
fast,parallel,andlargely analogeactve mechaisms. For thisreasonin ahybrid reactie
anddeliberatve systemjt maybenecessario have an“attentionfilter” with dynanically
varying filter threshdd to pratecttheresourcdimited deliberative mechanisnfrom being
interryptedtoo oftenduring urgentandintricatetasks(asshovn schematicallyn Figure5)

319



— explaining why soldies in battledont notice someinjuries. Alarm statesor intense
percepual inputsmay be capableof exceeding thefilter threshold sometimegproducing
emotiors [25].

Omegaandsubsumpon mocelshave arigid contol hierarcly, but thatis nottheonly
possibility Our framework allows systemswhereall the layersandthe alarmsystem(s)
operde concurently, each(pattially) capableof interruptingandredireding the othes.

The meta-nanagemenlayer does not needto be a permanentlyfixed, rigid system.
Instead,a collectionof high level culturally deternined “persorae” may be availablein
somesort of databasawithin the architectue, turnedon and off by differert contets
andcausingglobal featuesof the behaiour to changee.g. switchingbetweerbullying
andservilebehaiour. Oneof the sub-inctiors of vision may be to facilitate learnirg
behaiour-pattens in a social context (conpareso-called‘mirror neuons”). Different
globd statesnaytriggerdifferert (previously learnt)visualsub-mechanismdpor instance
whenreadng music,driving a caror gazinginto alover's eyes.

Besidesthe sorts of compmentsalreadyreviewed, a human-like organism would
needcompnentssuchas: long term associatie memores, mood controlles (altering
globd processingstates) motive generates (Frijda’s concens [6]), standads & values,
attitudes,skill-comglers, motive compaators,formalisms,inference mechaisms, etc.,
mary of themlinkedto conarrentlyactive perceptal mecharsms,e.g. parens reacting
to perceved threatsto offspring.

Most of this hasbeenor will be discussedn more detailelsavhere.For now all | am
trying to do is draw attentionto someof the surpising diversity of functions of vision,
or more geneally pereption,in the threelayered,human-like, H-Cogdf architectue
sketchedn Figure5.

5 Futurework

For vision researchey; the main condusionis thatconcurently active internalprocesses
have diverse needs,requring distinct forms of visual proessing,performedeitherin
parallel by different mechanismspr sequentiallyas resouces are switched between
tasks. As we have seen,this includes suchthings as postue control, route plannirg
and aestheticprocesses,which can all be sened concurently by different (multi-
window) visualmechanisrasharingsomelowerlevel mechaisms.Theperceptal need
of concurently active subsystemsre definednot (only) by the physical/gometrical
nature of the environment, but by the functions and causalrelationshipswithin the
larger architeture, of the subsystemand its capabilities, including processingand
represetational capabilities. Therdore “affordances”available to an animal are a
function of the sub-systenthatusesthem,not just featuresof the ervironmert. Different
sub-systemsisedifferent affordancesandpossiblydifferert formalismsandontolagies.
Thus simply studying physical aspectsof objects and the physical processe®f image
formationmaydivett attentionfrom the mostimportantpereptualprocesses.

One way to investigae some of this in more detail is to use eviderce from
brain damage asillustratedin [8, 9] differentially disabledsub-systerms provide clues
concening the architectue. Such results can be combired with studiesof visual
developmen, comparisonshetweerdifferert speciesevolutionarystudiesandmeticulows
taskanalysisfor designof robotsof variouskinds.
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There is a huge amount of work still to be dore, defining the tasks of all the
variouls commneris of thearchitectue, anddesignig mechaismsthatcanperfamthose
tasks,ncluding mechaismsfor preventing, or detectingandresolhing, conflictsbetween
processegunring concurently.

Animportantearlytaskmight beto combineinformationfrom avarietyof disciplines,
including etholog, developmermal psyctology, robotics,and brain scienceto prodwce
a first draft taxoromy of typesof affordancesthat might be usefu at various stagesof
evolution, or development. On that basiswe shoud try to analysewaysin which sub-
mechaismsusingthoseaffordance canusecompatible representationsjevelop shared
mecharsms, and collabaate on varioussub-poblems. Differercesbetweenprecocial
and altricial specieqwherethe latter are bom or hatchedimmatue and helpless)may
derive partly from how sophisticatedhe affordance are which yourg animalsneedto
learnto detectandreactto. Therearetradeeffs betweenevolving innatemechaisms
for all thetasksandevolving agenerc mechaism for learnirg by actingwhile the brain
is growing. (E.g theformerrequreslonge andmorevariedevolutionary historiesand
larger DNA structuesandbrairs — possiblyexplosively large).

Our framework suppats Minsky’s [13] use of the “society” metapho for minds
containing a collectionof more or lessdistinct, conarrently interacting collabaating
andcompding sub-systers. An evendeepeuncerstandingf theirrelationshig emepges
if we regard themasforming a co-evolved “ecosystenof mind” whereeachcommnent
hasa nichepartly determired by the others aswell asthe externalervironment.

Concen aboutthe limitations of currenttheoriesof visionis not nen. Ullman writes
“the recogiition of commonobjectsis still way beyond the capaliities of artificial
systemspr ary recoqition modelproposedsofar” ([26] p.1). | have tried to show that
far morethanobjectrecogition is at stake. Understanihg this, andlinking it with the
ecosystenof mind view is a useful steptowardsachiezing de-fragmentationin vision,
andin Al generally
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