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tcartsbA
The Emperor’s New Mind by Roger Penrose has received a great deal of both praise

namroftahtkoobehtfostcepsalacihposolihpsessucsidweiversihT.msicitircdna

attack on the ‘‘strong’’ AI thesis. Eight different versions of this thesis are

rofstnemeriuqertnereffidgnidulcni,desongaidytiugibmafosecruosdna,dehsiugnitsid

relationships between program and behaviour. Excessively strong versions attacked by

snoisrevrekaewsaerehw,gnikcattarognidnefedhtrowtonera)elraeSdna(esorneP

remain problematic. Penrose (like Searle) regards the notion of an algorithm as central

seitilibapaclatnemgninialpxefoesoprupehtroftahterehdeugrasitisaerehw,IAot

the architecture of an intelligent system is more important than the concept of an

seodtitahwtonsitnegilletnignihtemossekamtahwtahtesimerpehtgnisu,mhtirogla

but how it does it. What needs to be explained is also unclear: Penrose thinks we all

ebotalumrofs’led"oGegdujotytilibaehttahtsmialcdnasissensuoicsnoctahwwonk

true depends on it. He also suggests that quantum phenomena underly consciousness.

eugavootsi’’ssensuoicsnoc‘‘fotpecnocgnitsixeruotahtgniugraybdettubersisihT

and muddled to be of use in science. This and related concepts will gradually be

dnasetatslatnemfosepytfoymonoxatdesab-yroehtlufrewoperomaybdecalper

processes. The central argument offered by Penrose against the strong AI thesis depends

emoS.meroehtssenetelpmocnis’led"oGfonoitaterpretnidefiitsujnutubgnitpmetano

critics are shown to have missed the point of his argument. A stronger criticism is

larutcetihcrA.desylanamsinotalPlacitamehtamfoecnavelerehtdna,detnuom

requirements for intelligence are discussed and differences between serial and parallel

.desylanasnoitatnemelpmi
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weivrevodnanoitcudortnI.1
Most people working in AI or Cognitive Science will probably have heard of this book. Its

IAtahteveilebottnawelpoepynamesuaceB.IAknubedotsievitcejboehttahtstsegguseltit

must fail, it is already something of a cult book; and readers are likely to have seen other

noklatesorneProsseforPdraehnevespahrepro,snoissucsidnoisiveletrooidardraeh,sweiver

these topics. The December 1990 issue of the Behavioral and Brain Sciences journal [15]

sreweivernevesytrihtybstnemmoc,yrammuss’rohtua,koobehtfotnemtaertllufasedulcni

from several disciplines, and an unrepentant ‘‘Author’s response’’. At first I was put off the

tub,stseretniIAhtiwsreweiverdnasredaerrehtomorftnemtnioppasidfosnoisserpxeybkoob

when I finally decided to see for myself, I found it well worth reading. Although it has flaws

,dnimfoyhposolihp:sascipotdeiravhcusrevo,yawgnitanicsafani,segnarti,wolebdessucsid

theoretical computer science, artificial intelligence, tiling theory, the Mandelbrot set, philosophy

mutnauq,scisyhplacissalcfosaediniameht,yroeht’’brepus‘‘asekamtahw,scitamehtamfo

physics, cosmology (big bang, black holes and all), the nature of time, and neurophysiology.

llufsihnielpmaxerof,seriuqertnemugraniamsihnahtliatederomotniseogesornePnetfO

exposition of the theory of Turing machines, including tricks for encoding algorithms and data in

etubirtnoctonseodtifinevetnemniatretnednatseretniehtotsddaliatedehT.secneuqesyranib

to the main thread in the book, which is an attack on the ‘‘strong AI’’ thesis discussed below

kcattaehttahtsrotatnemmocrehtolareveshtiwgnieergatslihW.)]71[elraeSybdetalumroftsrfi(

is unsuccessful, I believe it raises some important questions concerning computational models of

noitseuqehtsserddatonodscitircs’esornePralucitrapnI.IAfoslaogmretgnolehtdnadnim

how a finite intelligent agent can think determinate thoughts about infinite sets. I shall explore

.meroehtssenetelpmocnis’led"oGhtiwnoitcennocnieussisiht

Penrose makes use of the theorem in his argument that there are aspects of consciousness

ehtsagnolsa,detacitsihposwohrettamon,ledomretupmocynanihtiwdetacilperebtonnactaht

model is based on the standard conception of computation as execution of an algorithm. In order

foelpmaxe)degella(naecudorpdnasinoitatupmoctahwnialpxeotsahehfeilebsihtdnefedot

what can be achieved by human consciousness that is not amenable to a computational

evitanretlanafomregehttsaeltareffootseirteh,citsymonsiehecnis,revewoH.noitanalpxe

scientific theory according to which the human brain is not a computer, but is a physical system

ottcejbustoneratahtsmsinahcem.e.i,smsinahcemlanoitatupmoc-repusseidobmetahtepytafo

the limitations of Turing machines or their equivalents.

teysafosmretnidootsrednuebylnonac,yletanutrofnu,smsinahcemrof-depohsiH

unachieved advances in physics concerning quantum gravity theory. These, Penrose claims, will

ehtfosmsinahcemdna,anemonehplacigolomsoc,anemonehpcipocsorcimbusknilyadeno

brain. He says:

I am speculating that the action of conscious thinking is very much tied up with the

)834.p(noitisoprepusraenilniylsuoiverperewtahtsevitanretlafotuognivloser

I shall argue below that this sort of mechanism has nothing to do with requirements for ordinary

ssensuoicsnocfotpecnocehtfossenlufesucfiitneicsehthtobegnellahclliwdna,setatslatnem
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sihT.eurtebotecnetneselbadicednus’led"oG’’ees‘‘nacewtahtmialcsihdna,esornePybdesu

undermines his main argument that some super-Turing mechanism, based on quantum

.ecnegilletnirofdedeensi,scinahcem

I am not competent to comment on the sections of the book concerned with cosmology,

lacihposolihpehtnoetartnecnocllahsIdaetsnI.scitamehtamesurtsbaeromro,scisyhpmutnauq

topics. Some of these topics may not be of interest to those who regard AI as a branch of

.ecneicsevitingocfoenilpicsiderocehtsaIAottnaveleryltceriderayehttub,gnireenigne

I shall start (in Sections 2 to 6) by analysing and criticising what Penrose says about

fosnoisrevlareveseraerehttahtgniwohs,)]71[elraeSerapmoc(’’sisehtIAgnortS‘‘eht

the thesis requiring different treatment. The critics (e.g. in the commentaries in [15] and [17])

wartsdehsilomedylisaeylriafakcattaelraeSdnaesornePtahtecitonotdeliafyltsomevah

man, described in section 4, which I have previously called the ‘‘Strong Strong AI thesis’’

fostpecnocehtgnitcifflaytiralcfokcalasierehttahtswohs5noitceS.)]32[namolS(

‘‘computation’’ or ‘‘algorithm’’ used by some of those who argue whether the Strong AI thesis

ebotdenfied-lliooterasisehtehtfosnoisrevhcustahtseugra6noitcesdna:eslafroeurtsi

worth arguing about. It also introduces the notion that intelligence is related to how things are

eslafylsuoivboemertxeehtsedisebtahtmialcsnoitcesretaL.deveihcasitahwylpmiston,enod

AI thesis and the vague and ambiguous versions, there is an interesting family of theses of

rofstnemeriuqerredisnoc21ot7snoitceS.ytilibisualpfoseergeddnashtgnertstnereffid

human-like intelligence, showing that the idea of a single algorithm for intelligence is not

yllautumgnitsixeocfonoitcellocafognitsisnocerutcetihcranasaerehw,tnaveler

interacting processes is. (The processes could be, but need not be, based on neural nets). So

.ecnegilletnifonoitcudorpehtrofecffiusnacmhtiroglaenoynatahtesoppuserptonseodIA

This argument depends in part on the different causal powers of serial and parallel systems,

ebnactahtsnoitcnuffossalcehtesaercnitonnacmsilellaraptahtmeroehtehtgnidnatshtiwton

computed and notwithstanding the fact that some inherently parallel virtual machines may be

gnivahsetutitsnoctahwtahtemussaoslaI.rossecorplaitneuqesderahs-emitanodetnemelpmi

intelligence (or mental processes) is not what the system does, but how it does it: any behaviour

noitcaretniseriuqerecnegilletnisaerehw,metsystnegilletninunaybdecudorpebelpicnirpninac

between coexisting mental states. Section 13 argues that the concept of ‘‘consciousness’’, as

sdaelsihT.noissucsidcfiitneicssuoiresfotcejbusehtebotdenfied-lliootsi,esornePybdesu

into an analysis, in sections 14 to 18, of the keystone in Penrose’s attack on AI, namely the

snoitseuqtnatropmisesiartnemugraehT.meroehtssenetelpmocnis’led"oGnodesabtnemugra

concerning mathematical thinking about infinite sets. Some work in AI has attempted to explain

asesopesornePtub,)]1[ydnuB.g.e(ecnetepmoclacitamehtamnamuhfostnemgarfetacilperro

challenge that has not yet been addressed. The question is whether any AI system could explain

ehtnosdnepedsihT.meroehtssenetelpmocnisihniled"oGybdeyalpsidgninosaerfodnikeht

ability to think about infinite sets of formulas and numbers. Go"del thought that we had some

ynamorfdeviredebtondluoctahtstesetinfinihcustuobastcafgnirevocsidfoyaw

axiomatization. Penrose links this to the philosophical theory known as Platonism, which claims

.mehttuobagniknihtruofoyltnednepednitsixestcejbolacitamehtamrehtodnasrebmuntaht
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fosdnimehtwohnialpxeotderiuqersimsinahcemlacisyhp-nonatahteugrastsinotalPemoS

mathematicians work, though Penrose does not go this far: instead he postulates new kinds of

t’nod)a(ewfitahtwohsotyrtll’I.anemonehpmutnauqnodesabsmsinahcemlacisyhp

exaggerate the human capabilities that need to be explained and (b) design the right sort of

61noitceS.deriuqerebtonlliwsmsinahcemmutnauqhcusneht,erutcetihcrayrotanalpxe

presents an argument which both Penrose and most of his critics appear not to have appreciated,

sihT.eslafsialumrofs’led"oGmetsyslamrofehtfosledomemosnitahttcafehtnodesab

undermines the claim that anyone can see that it must be true, and therefore removes the need to

noitceS.tnetnocnignikcalsamsinotalPsesicitirc81noitceS.eurtebottieesyehtwohnialpxe

19 recapitulates, lists eight different versions of the AI thesis, and provisionally settles on a

osgniebtuohtiwsnoisrevregnortsehtfonoitnetniehtsniaterhcihw,noisrevdlimylevitaler

easily demolished. On this view a mind is essentially a sophisticated control system, which must

nahtrehtarserutcetihcragnizisahpme,stnemeriuqerngisedgnireenignefonoitcellocayfsitas

algorithms. Section 20 concludes the review.

IAgnortSnokcattaehT.2
The main target of Penrose’s book is what he describes (following Searle) as ‘‘the strong AI

erayehttahtdecnivnocebothsiwohwesohtybdehsilersyawlasikcattafodniksihT.’’siseht

not ‘‘mere’’ computers and that they can do things that could not be explained by algorithmic

,]13[muabnezieWybelpmaxerof,skcattasuoiverpderuovasoslaevahelpoephcuS.sessecorp

Dreyfus [3] and Searle [17], [18]. The new attack is slightly different from earlier versions, but

ebotsmeesesornePralucitrapnI.puderaelcebotdeentahtselddumlarevessevlovnimehtekil

confused about the nature and objectives of AI, and about how mental processes might be

yb,IAfonoitatneserper-simsihhtiwtratsll’I.enihcamanidetacilperro,denialpxe

distinguishing different versions of the Strong AI thesis. Only the less extreme versions (if any)

.srehcraeserIAfoytirojamehtybdeveilebebotylekilera

The thesis is sometimes formulated (by both Searle and Penrose) in such a fashion as to be

:setirwesorneP.gnikcattahtrowyldrahdna,eslafylsuoivbo

The idea is that mental activity is simply the carrying out of some well-defined

.)71p,1retpahC(mhtiroglanasaotderreferyltneuqerf,snoitarepofoecneuqes

I do not believe the strong-AI contention that the mere enaction of an algorithm

.)704p01retpahC(ssensuoicsnocekovedluow

I shall show that there are more and less extreme interpretations of this claim, and that at least

hcusotgnilaeppatuohtiweslafebotnwohsebylisaenacsnoisrevemertxeeromehtfoowt

complex matters as Go"del’s theorem. If some AI practitioners do believe these very strong

’’elpoepIAeht‘‘otsreferyltneuqerfesorneP.IAton,mehtgnisicitircrofnosaeras’taht,smialc

as if there were some agreed orthodoxy in the field. Of course, any field has its naive, ill-

ynamdetcarttagnivah,noitpecxeonsiIAdna,srednefedcitsaisuhtne-revoro,demrofni

computer science, physics, or mathematics graduates with no training in philosophy or cognitive

seidobme,esacynani,dna,stnerehdadetacitsihposeromevahseoddlefieht,revewoH.ecneics
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ht81satsuj,emitenoynatasrenoititcarpehtfosfeilebehtdnoyebseogtahthcaorppana

century physics carried the seeds of much modern physics that would have been inconceivable to

.stsicisyhpyrutnecht81

I’ll show that on the clearest interpretation of the thesis that mental activity is simply the

ahtiwpuemocotyrtdluohsenotahteslafyltnetapossiti,mhtiroglaemosfotuogniyrrac

more convincing version before mounting an attack on it. More subtle, less obviously absurd,

)elraeSro(esornePtahtecnediveonevahItub,wolebdebircsedeblliwsisehtehtfosnoisrev

has thought about them. There are also potential confusions concerning different levels of

.9noitcesninruterll’Ihcihwot,metsysemasehtfonoitpircsed

3. What’s wrong with the strongest AI thesis?
There are two sorts of objections to the version of the strong AI thesis discussed by Penrose

llahsI,noitalumroftsedlabstini,llafotsriF.snoitcejbonwosihnahtgnillepmoceromerataht

try to show that the thesis implies that all sorts of absurd things have minds, like marks on paper

.dniwehtybtuobanwolbsevaelnisnrettapekilsessecorpro,srebmunegralyrevniatrecnevero

These things clearly have no mental abilities even if they have a computational structure. It turns

erom,dnocesehT.snoitcejbohcusdiovaotsisehtIAehtetalumroferotrettameltbusaebottuo

controversial point is that even after such reformulation the thesis as stated postulates a single

seitilibapaclatnemtahteugrallahsIdna)mhtiroglanafonoitucexeeht(gnissecorpfomaerts

depend intrinsically on something richer than this: a collection of coexisting mutually interacting

elgnisanidetnemelpmiebnacsuoivbotonsitihcihwsrewoplasuachtiw,seitilibapac

algorithm, in the ordinary sense in which an algorithm controls the creation step by step of a

evahyamsgnippamtuptuo-tupniemasehthtiwsnoitatnemelpmiowT.setatsfoecneuqes

different causal powers of the required kind. I’ll now expand on the first objection, leading to a

.noitcejbodnocesehtotnigniogerofeb,sisehtIAehtfonoitalumrofemertxessel

4. Abstractions and static structures can’t have minds
ydaerlasiecnegilletnirofmhtirogladegellaehttahtgnimialcsiydobontahtrednimerasA

known, or will soon be known, or even will ever be discovered by mere human beings, I shall

nasierehT.IAUsadetaiverbba,’’ecnegilletnIrofmhtiroglAderevocsidnUehT‘‘satiotrefer

extreme and clearly false interpretation of the Strong AI thesis that I suspect lurks behind the

’’mhtiroglanafonoitcaneerem‘‘ekilsesarhpesuyehtnehwelraeSdnaesornePhtobybskcatta

(in the quotation from page 407 in section 2) This interpretation, henceforth referred to as T1,

.dnimaevahlliw,repapfosteehsnoenocitatsaneve,IAUehtfonoitaitnatsniynatahtsetats

Something like T1 is attacked explicitly by Penrose on pages 21-22, where he discusses the

esornePfo207egapnodna;tnegilletniebdluowniarbs’nietsniEgnibircsedkoobatahtmialc

[15] he mentions it in response to a comment from Perlis. Penrose is here commenting on

fotrapsatubtcejbocitatsasatonkoobnietsniEehtstaertretdatsfoHerehw,]7[fo62retpahc

an active process, in which its contents are changed. So if anything is intelligent it would be the

sihteestonseodyltnerappaesorneP.segnahcehtgnikamsirevetahwhtiwrehtegotkoob

emphasis on ‘‘process’’ as important for the Strong AI thesis. So he seems to be attacking an

-5-



extreme interpretation the Strong AI thesis which claims that any instantiation of the UAI, even

gnortSgnortSehtdellacylsuoiverpev’ItahwsisihT.setatslatnemevahdluow,’’ecart‘‘citatsa

AI thesis (Sloman [23]; compare Moor [12]).

One source of pressure towards interpretating the Strong AI thesis in the extreme form of

tesderedronasatisenfiednoitatupmocafonoitaziretcarahcesicerpnwonkylnoehT:sihtsi1T
of structures satisfying certain formal relationships, e.g. the kinds of syntactic relations that hold

tahtspihsnoitalerlamrofehtrosecnerefnidilavyllamrofnisessimerpdnasnoisulcnocneewteb

hold between states of a machine during correct execution of a program. Formal validity and

.serutcurtsfostesderedrofoseitreporpcitcatnysyleruperaesnessihtninoitucexefossentcerroc

Theorems of computer science concerning complexity and computability assume only that

ehtrehtehwelbacilppayllauqeerasmeroehtehT.secneuqesderutcurtshcuserasnoitatupmoc

sequences are produced in time by some causal mechanism, or are abstract static sequences, or

ylnoeht,sdrowrehtonI.dniwehtninwolbsevaelybdecudorpsnrettapfosecneuqesera

precisely defined concept of computation that we know has no intrinsic connection with the

stciflnocnoitatupmocfonoitpecnoccitcatnyssihT(.gninaemdnamsinahcem,emitfosnoiton

with the view of computation as an active, semantically based, process outlined by Brian Smith

rojamadahtonsahylniatrecdna,erucsbosniamernoitpecnocevitanretlasiht,revewoH.]82[

impact on theoretical or mathematical analysis of computing systems.)

citcatnyssihtninoitatupmocagniebotylpmisstnuomaIAUehtfoecnatsninagniebfI

sense, then it could not, on its own, be sufficient for the production of mental states, because

sadeurtsnocebnacsdnimtoneraylsuoivbotahtstcejbotcartsbadnastcejbocitatsynam

computations in this sense, including sets of marks on paper and, via Go"del-numbering, some

ylralucitrapA.IAUehtfonoitucexenanisetatsfoecneuqesehtgnidocnerebmunegralyrev

bizarre example would be regions on a blank wall. There are square patches of wall that have

dnasrettelekildepahsllawehtfosnoitroperaerehtylralimiS.yawynanituodekramneebton

numbers that have not been marked out, though they could be. So the regions constituting those

.smargorpfosnoitacfiicepsniatrecotmrofnocsnrettapdekramnuehtfoemosdnatsixesnrettap

T1 would then imply that some such regions, being instantiations of the required program, must

tonsistcejbotcartsbarocitatsebnacsnoitatupmoctahttcafsihT.drusbasisihT.tnegilletnieb

found obvious by people who forget the precise definition of computation and think only about

tnatropmirehtoyfsitasosla,esneslacitamehtamehtnisnoitatupmocgniebsediseb,tahtsessecorp

properties, some of which I’ll analyse below. Anyhow, if Penrose is attacking an extreme view

kcattasih,sdnimevahnacrepapnoskramcitatsrosrebmunled"oGnevetahtseilpmitahtIAfo

is justified, but does not require much argument. This target is a straw man, as no sensible AI

,citircaybdesserpnehwesiwrehtosmialcesorneP(.sisehtemertxeehtdnefeddluowrehcraeser

in [15].)

-6-



ytivitcadnamsinahcemseriuqerecnegilletnI.5
A first attempt to make the Strong AI thesis more plausible, might be to stress the words

tahtmialcemertxeehtdiovaotredroni,evobasnoitatouqehtni’’noitcane‘‘dna’’tuogniyrrac‘‘

abstract static structures can have minds. Perlis, for example writes: ‘‘But mere pattern by itself

foseipocdetnirpcitatston,sessecorpcimhtiroglasitI.gnihtonseodti,ssecorpanevetonsi

algorithms, that AIers are concerned with’’ (in [15]). He should have added ‘‘not even static

’’.secartnoitucexedetnirp

But this move still leaves ambiguities: If the sort of computation alleged to be sufficient for

?dedeensieromtahw,serutcurtsfoecneuqesderedrotcartsbanatsujnahteromebotsahdnim

We could revise the thesis thus: T1a states that any temporally ordered instantiation of the UAI

tahtesoppusroF.hguonetonsitnemeriuqergniredrolaropmetehtgniddatuB.dnimaevahlliw

by chance the wind blowing leaves around on a forest floor happened to produce a sequence of

sidnimaebdluowssecorpsihttahtgniylpmisisehtIAgnortSA.IAUehtgnitaitnatsnisnrettap

hardly worth attacking. T1a may seem too silly to be worth discussing. Nevertheless Penrose at

deenehtsefiiralctiesacynanidna,)207egap,]51[(gnissucsidhtrowsitiknihtotsmeessemit

for less extreme versions, by showing that temporal patterns of computation or algorithm

yllacipytselpmaxeyllisyltnerappA.ytidrusbamorf1Teucserothguonetoneranoitucexe

produced by philosophers reveal the need to make one’s theses more precise. If by

otgnimrofnocserutcurtsderedroyllaropmetnahteromgnihtemosnaemew’’noitatupmoc‘‘

rules, we must be prepared to say what more. Searle would probably claim that he did not intend

serutcurtscitatswollaotsamrofgnortsyldrusbanahcusnidesserpxeebotsisehtIAgnortSeht

and abstract entities, or randomly produced sequences of structures, to be computations, even if

gnibircsedkoobehtnostnemmocsih:esornePtuobaerusostonmaI.sihtdetseggussdrowsih

Einstein’s brain indicate that he was attacking an absurdly strong thesis.

snoitatupmoceriuqerotebdluowemertxesselsisehtIAehtekamotyawgnitpmetenO

underlying intelligence to be both ordered in time and produced by some mechanism in which a

dna’’tuogniyrrac‘‘sesarhpeht,deednI.ruoivahebslortnocIAUehtfonoitatneserper

‘‘enaction’’ seem to presuppose a causal connection between an explicit representation of a

hcihwnissecorpynatahtsetats2TsisehtredlimehtoS.decudorpserutcurtsehtdnamargorp

the UAI is enacted will have a mind, where ‘‘enaction’’ implies some sort of causal connection.

ruoivahebdnaIAUehtneewtebnoitcennoclasuacfotrostahwyficepsotsiwonmelborpehT

could be sufficient to produce mental states. Ultimately we’ll have to fall back on engineering

.metsyslortnocdetacitsihposarofstnemeriuqerngised

Analysing the concept of causation is one of the hardest problems in philosophy. Specifying

ylralucitrapsissecorpdnamargorpneewtebderiuqersinoitcennoclasuacfotrostahwylesicerp

difficult because there are different sorts of causal connections, with different properties. Searle’s

noitacfiicepsdetnirpaneewtebknillasuacasevlovni]71[tnemirepxethguoht’’mooresenihC‘‘

of an AI algorithm (e.g. for understanding Chinese) and the behaviour of a human reader. Is this

,oNdiaselraeS?)gnidnatsrednu.g.e(setatslatnemecudorpot’’noitcane‘‘fotrosthgireht

thereby claiming to refute Strong AI. Penrose gives him qualified support (on pages 17-23).

:nekatsimerewyehttcepsusI.IAgnortSfoecnefedriehtni,seYdiasscitircs’elraeSfoemoS
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-lliooteraeussitasnoitseuqehthguoht,yhwnialpxeotyrtllahsI.esoolootsinoitasuaceht

defined for knock-down arguments to be possible.

For engineering purposes we need tight causal links. Many people would be unhappy to fly

gniwollofyldnilbnosrepafodetsisnocmetsysgnidnalthgifl’citamotua‘esohwenalpani

printed instructions without knowing what they were about, like Searle blindly following rules

ybtonnurfilortnocniylreporpebtondluowmargorpehT.secnetnesesenihCotgnidnopserrof

a machine but by a person who did not know what it was supposed to achieve and who had no

ebnehtdluowssecorpelohwehT.evitcejbotahttroppusotecnegilletnisihesuoterisedticilpxe

subject to the person’s forgetfulness, whims, preferences, etc. Similarly, with Searle as

srewoplasuacehtkcaldluowdna,lortnocniylreporpebtondluowmargorpIAUehtreterpretni

required for mental processes. If either T1 or T1a requiring only (a temporally ordered)

redlimehtdaetsnI.tnavelerriebdluowseussilortnocnehteurterewIAUehtfonoitaitnatsni

thesis T2 requires sufficiently reliable links between program and process to satisfy engineering

ehtnignikcalerasknilesohtesuaceB.metsyslortnoctnegilletninarofstnemeriuqerngised

Chinese room, T2 does not claim that mental processes will occur there. So there is no

ehtnignidnatsrednuonsierehttahtmialcs’elraeSdnasisehtIAdlimsihtneewtebnoitcidartnoc

room.

The Strong AI thesis surely needs such modification. From the design standpoint, a mind is

evahotdewollaebtonnacsmsinahcemlortnocdoogdna,metsyslortnoca)sgnihtrehtognoma(

excessively sloppy control links, like the link between Searle’s instructions and his behaviour,

sa,smsinahcemkcabdeeffonoitcellocdereenigne-llewafotrapflestisissenippolstahtsselnu

discussed below. Searle and his instructions do not appear to be such a system, though the

esicerperomebewnaC.evisicedebottnemugraehtrofeugavootera2Trofstnemeriuqer

about what causal relation between the UAI and behaviour is required for thesis T2? Program

ottneicffiusebdluowhcihwraelctonsitidna,syawynamnidetalerebnacruoivahebdna

produce mental states. The next section discusses ambiguities in concepts of control before

.elraeSdnaesornePotgninruter

6. Types of control by programs
Consider computer demonstrations produced by running a program and saving a record of

ehtgnitartsnomedfosesopruprof,retaL.elfianidecudorpsetatstuptuofonoisseccuseht

program, the states are displayed in sequence. That is some kind of enaction of the original

rofstnemeriuqerehtstfiyalpersihttahttbuodItub,knillasuacasierehtdna,margorp

intelligence, even if the original process did. The replay does not recreate the same substates

ehtfoyalperdetaminanatahtweivehtotdettimmoctonsiIA.srewoplasuacemasehthtiw

behaviour of an intelligent system is intelligent. What more is needed then? A tempting

lortnoctceriddnatnatsnocnieberutcurtsmargorpehttahteriuqerdluohs2Ttahtsinoitseggus

of the process, unlike the replay. This would not be nearly as absurd as T1 and T1a, the more

tceriddnatnatsnoc‘‘nigniebseodtahw:esicerpyltneicffiusteytonllitssitub,sesehtemertxe

control’’ mean?
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Now consider a computer program that is first compiled and then run. The compiled code

ehtyblortnoceht:noitalipmocretfadeyortsedrodefiidomsinoisrevlanigiroehtfinevenurlliw

original is ‘‘ballistic,’’ not ‘‘online’’. But it could be argued that a version of original program

?2TfostnemeriuqerehtteemsihtseoD.lortnocnillitssinoisrevdelipmocehtniticilpmisitaht

This raises the question whether the transformation produced by a compiler preserves the essence

evomertahtsnoitasimitpognidulcni,snoitamrofsnartynamecudortninacnoitalipmoC.margorpa

portions of code, linearisation of loops, and so on. If we want to say that the original program

fostrostahwtuobasmelborperaereht,edocdelipmocehtnistsixetiesuaceblortnocnisniamer

transformations the compiler can perform without changing the program. Suppose the

tnaigaroelbatpukooltnaigasecudorp,deepsrofecapsedartotredroni,ssecorpnoitalipmoc

discrimination tree, mapping a history of inputs to outputs. (In general the combinatorics will

,wonroftahterongitub,deriuqerecapsegarotsehtfoesuacebelbissopmiyllacisyhpsihtekam

for the sake of conceptual clarification.) Will the machine running the compiled lookup table be

?margorplanigiroehtybdesserpxesawsamhtiroglaemasehtgnitucexe

Most people I have questioned (so far) are reluctant to allow that a computer running a

gnillortnocrofsnrettaptibtuptuootsrosnesmorfsnrettaptibtupnignippamelbatpukooltnaig

motors is intelligent, even if the resulting behaviour is equivalent to what might have been

dluowelbatehtdecudorpreveohwtahtsitnemugrayekehT.metsystnegilletninaybdecudorp

have had to work out in advance all the appropriate ways to deal with all the possible situations

ynagnivlosebtondluowreterpretnidnaelbatfognitsisnocenihcameht:esiradluoctaht

problems or taking any decisions, but only using previously computed solutions and decisions.

enihcamA).selbatpukooltnraelemosedulcniyamsmetsystnegilletnitahtynedottonsisihT(

that, in all situations, acted entirely on instructions that had been pre-computed by someone else

,flestirofsnoitulosroseigetartswenemosetaercdluoctahtenosatnegilletnisaebtondluow

even if the two produced exactly the same behaviour, viewed externally. Why is the difference

smargorprofsatnacfiingisyllacitcarpsatonsiecnereffidehtsmargorplaivirtroF?tnatropmi

designed for very varied situations: in the latter case the combinatorics may make the pre-

ottihguorhthcraesro,tierotsylbissopdluocenihcamlacisyhpontahtegraloselbatdetupmoc

obtain relevant entries in time. (A decision tree might avoid the latter problem). This argument

-erralucitraphtiw,smsinahcemgniylrednufosdnikniatrecseriuqerecnegilletnitahtstseggus

usable, re-combinable capabilities which are able to produce new solutions to problems as

.deriuqer

The example helps to show that behaviour alone is not a sufficient basis for attributing

odotstnemugraeltbuseromeraerehT.noogotevahyllamronewllasitifineve,ecnegilletni

with the internal process architecture required to justify the claim that the machine has internal

htiwyllasuacgnitcaretnilla,.cte,sthguoht,sraef,sepoh,sfeileb,serisedotgnidnopserrocsetats

one another. I’ll return to this later.

If there is a UAI that is capable of producing behaviour in the right way, it does not follow

emasehtniosodoslalliwruoivaheblanretxeemasehtgnicudorpsnoisrevdelipmocllataht

way. For example, not all will preserve the important state transitions and causal interactions

elbattnaigaotgnilipmocfoytilibissop)laciteroeht(eht:senihcamlautrivlevelhgihnihtiw
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dnamargorpneewtebsnoitcennoclasuacllatonoS.sihtsetartsnomedstuptuootstupnignippam

behaviour will do.

Programs that are not compiled but interpreted usually have a stronger causal connection

ehtaivruoivahebfolortnocenilnoevahyehtesuacebecudorpyehtruoivahebehthtiw

interpreter, and any change to the program will produce different behaviour thereafter. I.e. there

fineppahdluowtahw‘‘tuobastnemetats(stnemetatslanoitidnoclautcafretnuoceurtynamera

...’’) linking the state of the program to the resulting behaviour, as causal links require. (For a

knilehtnidevlovnislanoitidnoclautcafretnuocfosdniktnereffidfosisylanaeltbusdnaxelpmoc

between program and behaviour see Maudlin [10].) Nevertheless, even the control of processes

tahtreludehcsaybelpmaxerof,syawfoyteiravanidetimilebyammargorpdeterpretninayb

restricts time available, a memory manager that restricts access to some regions of memory, a

stcirtsertahtreganamkrowtena,selfiroseirotceridemosotsseccastcirtsertahtmetsyselfi

communication with other machines, an interrupt handler that grabs control in order to deal with

lortnocfonoitunimid,eltbuseromtub,ralimiS.noosdna,ecivedrehtoemosrotupnidraobyek

by a program occurs when the interpreter has some ability to decide what to do, e.g. to prevent

dna,tuotnirpecartecudorpot,margorprehtoemosotsnoitcatroperot,stuctrohsekatot,srorre

so on. In such cases we do not have a program that is in total control. It is more accurate to

rolaitraphtiwhcaestnenopmocgnitcaretniyllasuacynamfopuedamsametsyselohwehtweiv

‘‘soft’’ control, each able to monitor, modify or restrict the behaviour of others, where the total

yllautumdetargetninamrofstnenopmocehttahtosdengisedylluferacneebsahmetsys

supportive collection of mechanisms, e.g. an integrated plant control system, with many safety

.metsyselohwehtfosesoprupehtevresotrehtegotgnikrowlla,.cte,spoolkcabdeef,skcehc

Something similar will be needed for a mind. It is not clear that all this can be produced in any

,devreserperaseitreporplasuactnavelerfiylnoneht,tsixeseodIAUehtfituB.mhtiroglaeno

will an ‘‘enaction’’ of it of the kind referred to in T2 produce intelligence.

ytitnedituohtiwteY.tlucffiidsisessecorpfoytitnedi’’lanoisnetni‘‘rofairetircgniyficepS

criteria we cannot answer the question whether the required features are present in any particular

tnaigaotniIAUehtgnilipmocybdecudorpssecorpa.g.e,margorpIAUehtfo’’noitcane‘‘

lookup table. The question whether this compiled version has any intelligence also remains

esicerptoneradesustpecnoceht:snoitseuqesehtotsrewsna’’tcerroc‘‘oneraerehT.yzzuf

enough for the questions to have definitive answers. They are in part like the question: ‘‘Is it

sinoomehtnehwylnoro,nozirohehtevobatsehgihstitasinusehtnehwnoomehtnonoon

directly above a portion of the earth at which it is noon locally?’’ The concept of time of day

ottidnetxeotyawthgironsierehtdna,snoitautisfossalcdetimilarevocotylnodengisedsaw

all new situations. Similarly with concepts like ‘‘intelligent’’, ‘‘mental process’’ and ‘‘same

.’’mhtirogla

Even when we cannot define precise boundaries for concepts, we can sometimes identify

nissecorpA.elpmaxesuoivbonasielbatpukoolehT.seiradnuobehtdnoyebllewsitahtniarret

which Searle interprets the UAI is less obviously beyond the requirements of T2 but it should be

eht.cte,sgnileef,sthguohtnwos’elraeSybecnabrutsidroflaitnetopehtfoesuacebtahtraelc

Chinese room does not meet engineering requirements for an integrated control system. So if
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.deriuqereblliwtifonoitcanefossecorprehtoemosIAUasiereht

To summarise so far: being a computation or an instance of an algorithm is a purely

odotgnihtonevahtahtsyawfostrosllanidefisitasebnactahtytreporp,citcatnysro,larutcurts

with causation and control and therefore cannot be relevant to minds or mental processes. So the

hcihwfonoitaitnatsni,IAUeht,mhtiroglanasierehttahtgnimialc1TsisehtIAgnortSemertxe

is sufficient for the existence of mental processes, must be false. To attack it is to attack a straw

siemitnideredroebnoitatupmocehttahtylnogniriuqera1TsisehtemertxesselehT.nam

hardly less absurd, since randomly produced patterns could ‘‘accidentally’’ satisfy the condition.

,margorpticilpxenaotdetaleryllasuacebotnoitatupmocehtgniriuqersisehtredlimllitsasi2T
but there are many different sorts of causal relations and it is not clear exactly what is required.

ehtfisaskoolti.cte,sraef,sepoh,sfeileb,serisedevahotsimetsystnegilletniehtfi,revoeroM

required design will have to involve many interacting processes, not just the execution of one

tahwylesicerpgnitatssisehtIAgnortSehtfonoisrevadecudorpsahydobonrafoS.mhtirogla

sort of computational process is supposed to be sufficient for intelligence. (It is interesting that

.seitreporplasuacsallewsacitnamesevahotsessecorplanoitatupmocllaseriuqer]82[htimS

This would make circular any attempt to explain the origins of semantics or understanding in

IAgnortSdliM,elbisnefed,gnitseretninaebyamerehT).smsinahcemlanoitatupmocfosmret

thesis, but it is not easy to define and so far nobody has defined it. Hence attacking and

.erutamerphtoberagnidnefed

Many people who believe that Searle and Penrose are wrong will regard all this as a trivial

ylevitiutniydaerlasitahtnoitatupmocfotpecnocafonoitinfiedticilpxenagnidnfiforettam

clear to everyone. However, this intuitive clarity may be a myth, if there is no clearly

rehtodna,margorpybruoivahebfolortnocfotrosthgirehtneewtebnoitcnitsidprahselbafiiceps

sorts that Penrose (and Searle) might justifiably attack. If so, the whole debate becomes

otsplehsihtesuacebyltrap,sseltnioptonsisseltniopsititahtgniwohs,revewoH(.sseltniop

clarify the still obscure long term objectives of AI.)

I have hinted that consideration of the engineering requirements for human-like intelligence

stseggustisagnoloselbisualpminiamerlliwsesehtIAgnortSehtfonoisrevynatahtstseggus

that any single algorithm executed on a single Turing machine could suffice for the production

ylbaborpllahsIosgniodnI.txenretfanoitcesehtniyhwnialpxeotyrtll’I.sessecorplatnemfo

depart from what most AI theorists believe at present, though not from AI practice. Before

erasenihcamgniruTesopruplarenegrehtehwredisnocs’teltnemugratahthtiwgniunitnoc

relevant at all.

7. Is Turing machine power relevant to intelligence?
ottnavelersarewopgniruT-repusdragerdluohsesornePtahtemotgnisirprussitI

intelligence. Even Turing machine power doesn’t seem to be relevant, let alone a super-Turing

tahtdemrofnisimehtottuotniopottnatropmiebotdesutI.ecnegilletnignissucsidni,enihcam

computers (including Turing machines) had many interesting capabilities not found in previously

,]03[gniruTees.g.e(dnimafoseitilibapacotsuogolanaerahcihwdna,smsinahcemnwonk

Sloman [21]). Continued emphasis on Turing machine power, however, may be a hangover from
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the days when people used to think that the ability to do mathematics and play ‘difficult’ games

mrofreptonnactahtslaminaynamtahtwonkwoneW.ecnegilletnirofderiuqererewssehcekil

these intellectual feats share aspects of intelligence with us that are much harder to explain: for

xelpmocanistnemevomlortnoc,nrael,snoisicedekat,sgnihtdliub,nalp,eesnacyehtelpmaxe

and irregular 3-D environment, and so on. The particular capabilities of Turing machines don’t

,slaminarehtodnasnamuhnidnfiylnommocewseitilibapacehtottnavelerllataebotmees

except when they are performing very specialised tasks, such as solving mathematical problems.

rehtohcihwnihtiwmsinahcemaedivorpyehtfitnavelerebthgimsenihcamgniruTsselehtreveN

machines with the right powers can be implemented as ‘virtual machines’. I’ll return to this

.retalnoitseuq

Even if it is relevant in that sense, full Turing machine power cannot be necessary for

ro,setatslatnemevahylraelchcihw,sgoddnastactahtllataecnediveonsierehT.setatslatnem

even human beings (when unaided by external memories), have the power of a Turing machine.

sihtsaerehw,ecnetnesdetsenylpeedaesrapotevahewfielbuortotnitegylkciuqew.g.E

would not bother a Turing machine, or even many computers of lesser power. Even when we

rosnoitaluclachtiwsuplehot,epats’enihcamgniruTehtotsuogolanasdiayromemlanretxeesu

reasoning, we can still make mistakes of many kinds, that no functioning Turing machine would.

aekilnus’tahtruoivaheB.ctegnileef,gniees,gnikniht,ekawallitseraewsneppahsihtnehW

Turing machine does not indicate a lack of mind. So it is not sheer computational power that is

evahtsumti,llataytilatnemotniretneseitilibalanoitatupmocfI.ytilatnemrofderiuqer

something to do with the particular kinds of computations and the particular kinds of mental

,rewopgniruTnahtsselgnihtemoseriuqeresehtfoynamtahtelbissopetiuqsitidna,seitilibapac

and at the same time something more, which I’ll try to characterise below.

tnemnorivneehthtiwnoitcaretnI.llatatnavelerebotmeestonseodrewopgniruT-repuS

can, in principle, cause computers to produce non-computable outputs (e.g. non-computable

ehT.noitamrofnielbatupmoc-nonsedulcnitnemnorivneehtfi,)secneuqesyranibetinfini

combination of environment and computer would then be a super-Turing machine. But it would

rofelbissopyllaciteroehtebthgimtitnemnorivnenahcusni,ylralimiS.tnegilletniebton

(immortal) human beings, interacting with the environment, to produce non-computable

yranidroehthtiwodotgnihtynaevahtondluowseitilibapacgniruT-repushcustuB.secneuqes

requirements for mind or intelligence, discussed below. All this suggests (but does not prove)

rehtorossensuoicsnocnialpxeotniarbehtnismsinahcemgniruT-REPUSrofhcraesehttaht

mental states may be misguided. It is not computational power in that sense that is needed to

.erutcetihcralanoitcnufthgirehttub,seitilibapaclaminadnanamuhnialpxe

8. Can a single algorithm suffice for intelligence?
We’ve seen that there’s vagueness in the causal requirements for an algorithm alleged to

aneewtebecnereffidehtgninrecnocsseneugavfodnikrehtonas’erehT.ecnegilletnietareneg

process produced by one algorithm (e.g. the UAI) and a process involving many different

gniyficepsselurfotesroelurasamhtiroglanasterpretniyltnerappaesorneP.smhtirogla

permitted sequences of changes of state of some structure. Such rules may be expressed in many
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different syntactic forms, including the use of recursion, sub-routines, and other concepts found

ehtekamotstpmettallatub,eugavtahwemossisihT.segaugnalgnimmargorplevelhgihni

notion more precise have so far produced formulations that can be proved to be mathematically

tahtevorpotelbissopsiti,revoeroM.enihcamgniruTanidefiicepsebnactahwottnelaviuqe

any function computed by a collection of Turing machines running (synchronously) in parallel

ebnacnoitcellocehtwohgniwohsyb,enihcamgniruTelgnisaybdetupmoceboslanac

modelled on a single machine, e.g. by interleaving their operations. So, from a mathematical

namorF.msilellarapgniwollaybdednetxetonsimhtiroglanafotpecnoceht,weivfotniop

engineering design point of view things are very different. The fact that any function computed

ybdetupmoceboslanaclellarapni)ylsuonorhcnys(gninnursenihcamgniruTfonoitcellocayb

a single Turing machine, leaves open the question whether there are other important properties,

.snoitatnemelpmilairesdnalellarapnitnereffidebyamtaht,detupmocnoitcnufehtsediseb

Speed differences are relatively uninteresting: they can be overcome in principle by speeding up

.sihtotstimillacisyhpebyamerehthguoht,noitatnemelpmilairesehtrofdesuenihcameht

Other differences between parallel and serial implementations are deeper.

tI.smetsys-busgnitcaretnignitsixe-ocfonoitcellocarofstnemeriuqerlortnocehtredisnoC

is sometimes possible to produce the required interactions on a single time-shared processor, by

elgnisanosessecorplellaraplautrivtub,senihcamlautrivtnerrucnocfonoitcellocagnidivorp

machine sometimes have slightly different causal powers from processes implemented on a

suoivboenO.noitcnuftuptuo/tupniemasehtetupmocodyehtnehwneve,senihcamfonoitcelloc

causal difference that is important from an engineering point of view, though not a mathematical

ehtnevero,metsystnemeganamyromemroreludehcsehtniguba:ssentsuborsi,weivfotniop

central processor, can make a single-processor system go irretrievably awry, whereas a multi-

rossecorpenoecnatsnirof,smsinahcemyrotasnepmocedulcnidluocnoitatnemelpmirossecorp

detecting the error state of another and doing something to change it. This distinction can also be

noderahs-emitgninnursessecorplarevesdnassecorpelgnisaneewtebecnereffidehtottnaveler

one computer. If two (or more) interacting processes are always ensured a fair share of the time

-erebnacti,hcraesdne-daedanikcutsstegro,gubasahssecorpenofineht,reludehcsehtyb

directed by another. After all that’s exactly the sort of thing that happens in an operating system.

.senihcamlautrivninevednuofeboteramsilellarapfosegatnavdaehtsemitemosoS

A less obvious point is that a single-processor system simulating N interacting processors

dluowtiosgniodnI.ecneuqesnisrossecorpesohtnisegnahcehthguorhtelcycotevahdluow

pass through fragile and meaningless intermediate states that don’t occur on a true multi-engine

ehtsetatsetaidemretniesehtgniruD.yltnerrucnocegnahcsrossecorpehtllaerehwenihcam

machine with virtual parallelism may be incapable of responding coherently to certain inputs.

srossecorpetarapesybdeldnaheratnemnorivneehtmorfstupniehtfidecuderebnacsksirehT

that buffer all incoming signals until the main processor is ready to handle them (as happens in

neve,metsysrossecorp-itlumahtiwgnilaedniagaeraewnehttub)sretupmocderahs-emit

though some of the processors perform only lowly buffering functions.
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So the need to interact asynchronously with a complex environment introduces a

erawdrahynameraerehtmetsysgnitupmocnredomanI.msilellaraplaerroftnemeriuqer

components doing different things asynchronously in parallel (co-processors, disc controllers,

dluocsmsinahcemesehtfostcepsaemoS).cte,secafretnienillaires,stinutnemeganamyromem

not be replicated on a Turing machine without the addition of transducers that could cause either

sahcus,stnevelanretxefoecneuflniehtrednuderetlaebotepatstiroelbatenihcamsti

incoming mail, users typing commands, new programs being developed, and so on. The normal

deraperpanevigylpmisfi,ecudorpnacsenihcamgniruTtahtstuptuonostimiltuobasmeroeht

tape and allowed to run, would no longer apply.

We can sum up the second difference between simulated and true parallelism thus: for a

elbissoperaecapsetatsstinistniopetomerneewtebsnoitisnartetaidemmienihcamlellarapylurt

that are not possible for a serial machine: the latter has to traverse a path linking the points. So

ehtfosnoitatnemelpmilairesmorfsrewoplasuactnereffidevahyamsnoitatnemelpmilellarap

same collection of algorithms, despite their equivalence at computing input-output mappings.

tondluowmsilellarapdetalumisfoerutaefsihttahtnoitasrevnocnituodetniopsahdaeRmiT(

matter if the environment were itself a simulated ‘virtual reality’ with clock-steps synchronized

).sessecorpneewtebhctiwsottnegatnegilletniehtrofderiuqeremitehthtiw

The fact that parallel and serial implementations can compute the same input/output

siweivfotnioplacitcarpamorfseitreporplasuactnereffidyltnatropmievahtey,snoitaler

another example of the point made in Section 6 that in describing a complex system, not only

noitonruoniticilpmI.tnatropmiebnacdecudorpsitiwohoslatub,decudorpsiruoivahebtahw

of intelligence and related mental concepts is the presupposition that we are talking about

smetsys-busgnitcaretniylsuonorhcnysa,tnetsisrep,gnitsixeoc,xelpmochtiwsmetsyselbixefl

with different sorts of capabilities that can be combined and recombined in different ways to

).]72[,]62[,]52[,]22[,]12[nirehtrufdepolevedsitniopsihT(.snoitautislevonhtiwlaed

We can now return to the revised (milder) Strong AI thesis, T2, which claims that enaction

emostaht,ylesicerperom,ro,setatslatnemfonoitcudorprofecffiusdluocmhtiroglaelgnisafo

causally embedded, program-controlled, temporally ordered, sequence of states would suffice. A

gniogsafothguohtebnacflestidnimnamuhatahtmialcnevethgimsisehtehtfotnairav

through such a well defined succession of states, like a computer executing an algorithm. (H.A.

lairesnodesabsiecnegilletninamuhtahtdetseggussemitemossah,elpmaxerof,]91[nomiS

processing.) Penrose, like Searle [17], was certainly attacking this version of the AI thesis, in

nahteromseriuqerdnimafitoN?gnidnefedhtrowtisI.snoisrevdrusbaeromehtotnoitidda

‘enaction of a single algorithm.’

dnimarofstnemeriuqersdrawoT.9
Human mental life is much richer than a succession of momentary states each following its

htiwsetatsgnitcaretnignirudneynamsahdnimnamuhA.seluremosotgnidroccarossecederp

different histories and different durations, some remaining static while others change. (Minsky

gnitcetedsahcus,snoitcnuftnereffidevahsessecorpesehT).]11[nistniopralimissekam

information, interpreting it, storing it, reasoning, generating and analysing motives, forming
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plans, controlling actions, monitoring actions, learning, and many more, to do with feelings and

,sdoom,sedutitta,snalp,snoitnetni,serised,sfeileb,setatslautpecrepgnitsixeocehT.snoitome

emotions, sensations, and other states of which we are unaware, interact with one another

otgnitcaeryltnatsnocsrecudsnartyrosnesynamoslaeraerehT.ylsuonorhcnysadnayltnerrucnoc

aspects of the environment (including the agent’s body) and a host of processes analysing and

suoenatlumisseriuqerenolanoitpecreplausiV.edivorpyehtnoitamrofniehtgniterpretni

processing, in real time, of many diverse locations in the visual field (some requirements for

tahtsessecorplautpecrepleveletaidemretnI.)]52[namolSnidesylanaeranoitpecreplausiv

buffer some of their interpretations of sensory data may underly the experience of sensory

ybdesoppusnetfo(’’ailauq‘‘mretehtybsrehposolihpemosybotderreferstnetnoc

unimaginative philosophers to be resistant to computational explanation), while coexisting higher

ehtmorfelbafiitsujsiycnerrucnocsihtllA.stnemegdujlautpecrepotdnopserrocsessecorplevel

engineering standpoint, which views a mind as a sophisticated control system for a very complex

.tnemnorivnesuoregnadyllaitnetopdnahcir,gnivomtsafanimsinahcemeligarfdna

In addition to all these concurrent processes any human mind also has a rich collection of

fosessecorpgnicneuflnifoelbapaceratahtsetatslanoitisopsiddesinagroyllacihcrareih,gnirudne

many kinds, but need not actually do so at any one time, and which may or may not be known

fopsargnworiehttuobahcumwonkelpoepwef,elpmaxeroF.denrecnocnosrepehtot

phonetics, and most lack full knowledge about their own attitudes and personalities. Most of

,secneirepxe,sthguohtralucitrapniyltceridniyrevylnosevlesmehttsefinamsetatslanretnieseht

decisions and actions, and their causal powers endure even when not activated. (For more on all

.)]72[namolSeessiht

Replicating human mentality therefore requires the design of an architecture that is capable

neewtebsnoitalerlasuacetairporppahtiwsessecorpdnasetatsgnitsixeocesehtllagnitroppusfo

them. The description is clearly reminiscent of the description of a general purpose multi-user

ahcusrodnimarehtieebircsedotgnidaelsimyrevsitI.metsysgnitupmocderahs-emit

computing system as merely composed of a single sequence of states ordered in time, as implied

.lortnocnigniebmhtiroglaenofoklatyb

The notion of ‘‘algorithm’’ could be re-defined so that all the processes in one system

dnalaivirtsecffiusmhtiroglaenotahtsisehtehtsekamtahttub,mhtiroglaenoetutitsnoc

uninformative. It is true that in a uniprocessor computer, time-shared or not, there is something

ehtrehtehwrettamondegnahcnusimhtiroglatahttub,leveledocorcimehtta,mhtiroglaenoekil

machine is running AI programs or just doing number-crunching. That algorithm is merely

onsusevigtigniwonK.mehtgnitucexednayromemmorfsnoitcurtsnignitteghtiwdenrecnoc

insight into the very diverse high level user processes and system processes that it implements.

fotsohahtiwelbitapmocebyamnoitpircsedfolevelenotamhtiroglaenofoecnetsixeehT

unrelated algorithms interacting at another level of description. So it cannot explain the

otneppahtaht)metsysgnitarepoehtgnidulcni(smargorpnoitacilppaehtfoseitreporpralucitrap

be running at that time. For example, it could obscure important engineering design features such

enosasihtllagnitaerT.ssentsuboresaercniotrehtonaybssecorpenofognirotinomehtsa

algorithm would be partly analogous to trying to explain how a computer works by saying that it
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uses only matter composed of carbon, copper, iron, silicon, etc. Although true, this would

rehtomorftihsiugnitsidtahtretupmocehtfoseitreporpcfiicepsehttuobagnihtonnialpxe

physical systems. Similarly, saying that everything that a brain does can be implemented by

gnitseretniynanialpxeylirassecentondluow,eurtfineve,mhtiroglalevelwolelgnisagnitucexe

properties of brains that distinguish them from other computing systems, the vast majority of

stinialpxetahtmetsysgnitupmoctnegilletninafoserutaefehtllA.tnegilletninuyllatoterahcihw

mental capabilities may be independent of the existence of that one low level microcoded

levelwolehtrevoeroM.syawrehtoynamnidetnemelpmiebdluocmetsysehtecnis,mhtirogla

algorithm does not suffice for intelligence.

It might be replied that even though an intelligent agent requires many independent

esohtlla,sselehtreven,levelhgihatadebircsednehwtsaelta,sessecorpdnasetatsgnitcaretni

processes could be implemented in a single low level process generated by a single algorithm,

setatsfoecneuqeslevelwolagnitarenegmhtiroglaenoynarehtehW.IAUehtebdluowsihtdna

would suffice will depend on whether that sequence implements the right sorts of higher level

yfidomotssecorpenofoytilibaehtsahcus,srewoplasuacthgirehthtiwsessecorpgnitcaretni

another. We have already seen that a giant lookup table might implement an algorithm in the

deriuqerehtniosgniodtuohtiw,tuptuoottupnimorfsgnippamemasehtgnicudorpfoesnes

manner. We have also seen that truly parallel implementations can have different causal powers

lairesarehtehwnoitseuqneponasitioS.msilellarapdetalumisfosnoitatnemelpmilairesmorf

UAI could preserve the important properties of the original design. (If it cannot, that’s no

ottnemtimmoconsahIA:IAfoyrevocsidaebdluowtI.esirpretnehcraeserasaIAotnoitcejbo

a UAI.)

To summarise: The causal powers of the architecture required for a mind imply many

fosleveltnereffidta’...fineppahdluowtahw‘tuobastnemetatslanoitidnoclautcafretnuoc

abstraction. For example, if X has an enduring attitude of prejudice against people of type P, this

fi,YlaudividnirehtonatuobaedamevahdluowXtahtsnoisicedtuobastnemetatsynamseilpmi

X had thought that Y was of type P and had thought that Y wanted something. This attitude

gnivlovnisecneirepxewenniatrecdahXfidegnahcebflestithgimPepytfoelpoepsdrawot

them. So descriptions of any one mental state imply a complex set of counterfactual conditionals

’’tnamrod‘‘ylevitalergninrecnocslautcafretnuocemosfohturtehT.setatslatnemrehtotuoba

states persists during interactions between other states, e.g. truths about your long term ambitions

ehT.snoitibmaesohthtiwodotgnihtonevahtahtsnoitcadnanoitpecreplamrongnirudtsisrep

persisting causal powers need not manifest themselves in any way over a time interval. This is

snoitaloivtsniagadraugtahtmetsysgnitareponafoseitreporpfoecnetsisrepehtekiltahwemos

of access restrictions, or wait for interrupt signals. Similarly, X’s grammatical knowledge,

.nogniogerasgnihtrehtoelihwtsisrepllanac.cte,slliksgnivlos-melborp,seitilibalautpecrep

Further investigation is needed to show whether or not such a system can be implemented

tuB.ssecorplaireselgnisani,seitreporp’evitcnujbus‘dnasrewoplasuacthgirehthtiw,ylreporp

even if it cannot, that does not undermine the AI research program. Many of ‘‘the AI people’’,

elballortnocdnasrosneslausivhtiwstoborgnikrowdliubotdeirtevahohwesohtyllaicepse

motors, wouldn’t dream of trying to make the whole system simply go step by step through any
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one algorithm, except in the trivial sense mentioned above: when processes are time-shared on

snoissucsidtahtstseggussihT.mhtirogla’’etucexe-hctef‘‘elgnisaebyamereht,rossecorpeno

of what any one algorithm might or might not be able to do has little relevance to the objectives

!gnirrehderasiIAUehT.IAfo

10. Is one processor enough?
Even if it is agreed that the UAI is a myth and there is no one algorithm whose execution

sevaelllitstaht,setatslatnemnamuhekilyletomergnihtynafonoitcudorpehtrofecffiusdluoc

open the question whether all the different processes required could run on a single time-shared

fonoitcellocanidetnemelpmieberutcetihcragnissecorp-itlumelbatiusadluoC.rossecorp

interacting virtual machines supported by a single physical machine? A positive answer would

,3T,noisrevwenehT.2TnahtsisehtIAgnortSehtfonoisrevredlimnevenafomrofehtekat

states that instead of a single (as yet unknown) algorithm there is some design involving multiple

ynatahthcus,smhtiroglatcnitsidynamgnivlovniylbissop,sessecorplanoitatupmocgnitcaretni

instance of that design, with the right causal powers, including a time-sharing implementation on

rehtruferiuqerlliw3TfotnemssessallufA.sessecorplatnemevahdluow,enihcamelgnisa

research to specify exactly what sorts of causal interactions are necessary between internal states

neewtebsnoitcaretnilasuacrehtehwksanehtdluoceW.metsystnegilletninanisessecorpdna

virtual states and processes on a single processor could satisfy these requirements or not. The

.enodneebteytonsahsisylana

I’ve already shown (section 9) that simulated parallelism can have different causal powers

lasuacehttpursidnacstxetnocgnihctiwsrossecorpehtfonoitnevretniehT.gnihtlaerehtmorf

relations between coexisting states, by making the links too indirect. But this does not prove that

eugradluowsrehposolihpemoS.sessecorplatnemecudorptondluocmsilellarapdetalumishcus

that a uniprocessor implementation will not do because they believe that it is impossible for

snoitalerehtekil,sessecorpdnasetats’’tneinevrepus‘‘neewtebdlohotspihsnoitalerlasuac

between states of a high level virtual machine. But this would imply that many of the things we

tneinevrepusyllaererayehtesuaceb,osyllaertonerasnoitcennoclasuacsadrageryltnerruc

virtual processes implemented in low level mechanisms studied in advanced physics. For

tondluowsesuac’’laer‘‘eht:noogotthgilaesuacyllaertondluownottubagnisserpelpmaxe

involve buttons and lights, but something far more esoteric. However, this philosophical position

snoitalerlasuac’’laer‘‘hcihwtaytilaerforeyal’’levelmottob‘‘euqinuasierehttahtseilpmi

hold. I see no reason to believe this. (Taylor [29] explains how causal relations can hold in many

tnemugralacihposolihplarenegynasierehteveilebtonodI,oS).sniamodfostrostnereffid

about the nature of causation, that rules out a uniprocessor implementation of the multi-

,revewoh,snoitcejbognireenigneebyamerehT.ecnegilletnirofdedeenerutcetihcragnissecorp

concerned with reliability and the need for asynchronicity, as discussed above. If so we’ll need

fonoitcellocasierehttahtsetats4T:sisehtdenekaewrehtrufaot,petsrehtonateytaerterot

computational processes such that if they run on some distributed collection of processors they

rossecorp-inuarehtehwnoitseuqehtneposevaelnoitalumrofsihT(.setatslatnemecudorplliw

implementation could suffice.)
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Of course, if we concern ourselves only with input-output behaviour, there can be nothing

ynarevodecudorpruoivahebtuptuo-tupniehT.noitatnemelpmirossecorp-itlumatuobalaiceps

finite time period by any system composed of a network of interacting computers will be finite

nevigyna,tcafnI.margorpenogninnurrossecorpelgnisaybdecudorpeberoferehtnacdna

sequence can be produced in infinitely many ways. But not all such implementations will be

osdna,setatslanretnignitcaretniyllasuacfonoitcellocemasehtgnivahsaelbabircsedyltcerroc

not all will be intelligent even if they look intelligent. (They may, of course, be intelligent in the

nitontub,ngisedrevelcasetaitnatsnitifi’’revelc‘‘sadebircsedebnactegdagasaesnesemas

the same sense as the designer is clever.) This is just another example of the point made in

.siruoivahebehttahwton,tnegilletnitisekamtahwsidecudorpsiruoivahebwohtaht6noitces

Of course, this means that we cannot simply be relying on observed behaviour when we attribute

evitiutnieugavevahewesuacebyltraps’tahttuB.slaminarehtodnasnamuhotecnegilletni

theories about how they work, and partly because there’s reason to believe that no physical

rofderiuqererutcetihcrafodnikehtsyolpmetisselnuruoivahebriehtecudorptcafninacmetsys

intelligence: for instance pre-computed lookup tables of the required size could not possibly fit

nielbissopsitahwtuobanoitseuqehtneposevaelllitssiht,eurtfinevE.sniarbriehtotni

principle, e.g. in another type of universe.

sdnimrofstnemeriuqerlarutcetihcratuobasnoitseuqnepO.11
All this still leaves open which versions of the Strong AI thesis are worth defending. I have

evahI.seiroehtrossecorp-inuotdettimmocyllaitnessesiIAtahtnoitonehtenimrednuotdeirt

not proved that real as opposed to simulated parallelism is required for intelligence: the

aevahewlitnuderewsnaebtonnactahtsnoitseuqnepoeraerehttahtswohsyleremnoissucsid

precise and detailed theory about the causal powers required in the substates and processes that

tahttub,’’deriuqer‘‘sietinfiedgnihtontahtebyamrewsnaehT.tnegatnegilletninanitcaretni

different designs may be more or less like human minds in various respects. So I leave open the

.sruoekilsetatslatnemrofderiuqersimsinahcemrossecorp-itlumlacisyhparehtehwnoitseuq

So defending uni-processor versions of AI is premature, and attacking them is not an attack on

.larenegniIA

Certainly a major goal of AI is to achieve a general understanding of the nature of various

htobegdelwonklarenegsihtesuotdna)laicfiitradnalamina,namuh(smetsystnegilletnifosdnik

to help us understand the human mind and to help us solve various practical problems. This sort

tsujsitidna,tsixeotdnimrossecorpinuarofelbissopsititahtesoppuserptonseodlaogfo

perverse to attribute such a presupposition to the whole AI research enterprise, even if some

.tiemussaylgnorwelpoep

From this point of view, the characterisation of Strong-AI given by Penrose is a crude

)71egap(.g.e,noitacfiilpmisrevo

For any significant kind of mental activity of a human brain, the algorithm would

,weivIA-gnortsehtotgnidrocca,tubdetacilpmoceromyltsavgnihtemosebotevah

an algorithm nevertheless ... all mental qualities -- thinking, feeling, intelligence,

saylerem,weivsihtotgnidrocca,dedragerebotera--ssensuoicsnoc,gnidnatsrednu
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ehtfoyleremserutaeferayeht,yasotsitaht:gninoitcnufdetacilpmocsihtfostcepsa

algorithm being carried out by the brain.

I have never met any AI person who believes the brain carries out only one algorithm, though I

gnitroppuserutcetihcrarossecorp-itlumxelpmocastnemelpmititahteveilebynamtahttcepsus

both fine-grained and coarse-grained parallelism, of the kind loosely sketched above. (This

fomsilellarapdeniarg-enfiehthtiwdesufnocebottonsimsilellarapdeniarg-esraoc

connectionism, though there could be connectionist implementations of course-grained

ohwemosebyamerehtdnA).rehtonaenohtiwtcaretnisten-bustcnitsidhcihwni,msilellarap

believe that the multi-processing could be implemented on a single processor, as T3 allows,

lasuacderiuqerehttahtkcehcotderiuqersisylanaehtenodtonevahmehtfotsomhguoht

powers of mental states would be preserved.

Very little work in AI has so far attempted to identify a complete architecture that might

evahelpoepcitsaisuhtne-revoemoshguoht(metsysekil-namuhtnegilletninarofecffius

prematurely described their AI programs as seeing, learning, understanding, planning, deciding,

roF.)ytinummoctenlaruenehtfosrebmememosybdetaepergniebwonycallaffoepyta,.cte

reasons concerned with the enormous difficulty of designing complete agents, most AI work so

-llewelpmisrofderiuqersmsinahcemtnegilletnifostnemgarfynithtiwdenrecnocneebsahraf

defined tasks, like playing chess, proving theorems, interpreting images of blocks, taking in

toborsuoitibmaeromneebevaherehthguoht;snoitseuqelpmisgnirewsnadnaseirotselpmis

projects, with limited success. Even those who do think about more general architectures

fotesbusafotxetnocehtniylnoosodrehtie)]42,12[namolS,]31[cevaroM,]11[yksniM(

human capabilities, usually a narrowly circumscribed set of cognitive abilities, or if they do

snoitarolpxenwoyM.emitehtfohcumssenwollahsksiryehtegnardaorbayevrusottpmetta

analysing architectural requirements for intelligent systems with human-like motive processing

foelbapaceratahtsmsinahcemotdaelstnemeriuqerhcushcihwnisyawlaever,seitilibapac

getting into states that have many of the characteristics of human emotions. Even so, only a tiny

.rofdetnuoccasisnoitomenamuhfossenhcirlacigolonemonehpehtfotnemgarf

Section 10 discussed engineering differences between true parallelism and simulated

tirof,hguonekaewebtonyamsihtnevE.4TsisehtIAdenekaewehtotdelhcihw,msilellarap

could turn out that in order to model animal brains we need not only many asynchronous

lacimehc.g.e,smsinahcemlanoitatupmoc-nonlanoitiddaoslatub,snoitatupmoctnerrucnoc

processes (for global control?). Such mechanisms do not fit neatly into existing concepts of

riehttahwrettamonlanoitatupmocsadedragerylpmiserasmsinahcemesehtfI.noitatupmoc

nature, then the AI thesis risks becoming trivially true by definition. Accommodating the extra

,sisehtIAgnortSehtfogninekaewrehtrufllitsseriuqerytilaivirtgnidiovaelihwseitreporp

perhaps in the form of thesis T5 which would be similar to T4, but would allow that the design

ebyllamrontondluowtahtepytafostnenopmocfotesbusaseriuqertnegatnegilletninafo

described as computational. Unless T5 can be further refined so as to say which computational

otsakaewosdna,eugavyrevsniamerti,deriuqererastnenopmoclanoitatupmoc-nonhcihwdna

be almost uninteresting.
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However, if it turns out that there are deep reasons why a variety of different sorts of low

yrevocsid,stnegatnegilletnirofderiuqerera,smsinahcemlacimehcgnidulcni,smsinahcemlevel

of those reasons would be an achievement of AI, not an objection to it. All scientific disciplines

.stpecnocyrotanalpxecisabriehtfonoituloveogrednusemmargorphcraesermretgnollladna

12. Is there a division between things with and without minds?

ekilgnihtemos,sisehtIAgnortSehtfonoisrev,dlimtub,eurtasierehttahterutcejnocI

T4, which claims that a certain kind of architecture, as yet unknown, perhaps essentially

lanoitatupmoc-nonemosedisgnolaspahrep(stnenopmoclanoitatupmocgnitcaretnifodesopmoc

mechanisms), would necessarily have mental states, that might be more or less like ours,

,sruoekilsselsetatslatnemevahylbaborpslaminaemossatsuj(erutcetihcraehtnognidneped

some more like ours). At this stage it is not clear how many different kinds of interacting

asidedeensitahwtahtraelcsitihguoht,deriuqererasnoitcaretnifostrostahwdnastnenopmoc

very complex and changing architecture supporting processes simultaneously serving many

,gninnalp,gninosaer,tceffa,noitavitom,yromem,noitpecrephtiwdenrecnoc,sesopruptnereffid

controlling actions, and different sorts of learning. That’s a very different view of AI from one

lanoitcnufthgirehT.setatslatnemecudorpotssenhcirtneicffiusfomhtiroglanarofskooltaht

architecture may include a changing collection of very varied algorithms performing many

.yltnerrucnocsksattnereffid

Even this mild AI thesis would be too naive if it stated that there is some definite dividing

tuohtiwsgnihtdnahtiwsgnihtneewtebro,sdnimtuohtiwsgnihtdnahtiwsgnihtneewtebenil

consciousness. That assumes that our ordinary concepts like ‘‘consciousness’’ have sufficient

smsinahcemelbissopfoecapsehtedividotylnaelcsuelbaneotnoisicerpdnaytilareneg

(including all those not yet conceived of) into some with and some without. What is more likely

dna,stpecnocyadtneserpniseicauqedaniynamlaeverlliwsngisedevitanretlagnirolpxetahtsi

as our theories about possible systems become more general and more precise we’ll come up

dnasmsinagrotnereffidfoseitilibapacehtgniyfissalcrofstpecnoc,rettebdna,wenhtiw

machines, just as theories about the structure of matter generated new improved concepts for

evahtonodhcihwdnaodsgnihthcihW‘‘noitseuqehT.ffutsfosdnikgniyfissalc

consciousness?’’ will then be replaced by a much larger collection of questions about which

ebnacmehtfohcihwdna,seitilibapac)denfiedylesicerp(fosnoitanibmochcihwevahsmsinagro

replicated by various sorts of machines. Similarly, nobody would now want to divide all

.seirogetacfometsysrehcirhcumaevahew:sdnuopmocdnaserutximotnisecnatsbusxelpmoc

Note that I am not claiming that there is a continuum of cases: rather there are many

.desylanadnaderevocsidebotgnitiawllits,ecapsngisedniseitiunitnocsid

I am not saying that there’s any magic underlying intelligence, or that a mechanistic

latigidtaht,]71[elraeSekil,gnitseggusImaron;elbissopmisidnimnamuhehtfonoitanalpxe

computers cannot be used to replicate mentality. The point is more subtle: there are good

elgnisafonoitucexeehtfognitsisnoc,ssecorplanoitatupmocenoonyhwsnosaergnireenigne

algorithm on a single machine can in principle have the properties required to generate and

tnegilletninanideriuqerslautcafretnuoctnetsisrepdnasessecorpgnitsixe-ocfotsohehtnialpxe
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esuacebyltrapsisihttnegadeddebmeyllacisyhparoF.dnimnamuhehtekilmsinahcemlortnoc

interaction with the environment requires multiple asynchronous transducers, as already

detcennocsidrodeidobmesidanevetahttnioprepeedehtoslasierehttuB.denialpxe

intelligence, concerned only with exploring mathematical structures, would need not just one

,serised,sfeileb(setatslanretnitnetsisrepecudorpot,sessecorpgnitcaretniynamtubssecorp

skills, plans, etc.) with the right causal powers. The wrong sort of design could produce the

gnisutuohtiwtub,seirevocsidlacitamehtamemasehttropernevednaruoivahebfo’’ecart‘‘emas

any intelligence. It’s not just what is done that matters, but how it is done.

ekil-namuhrofderiuqererutcetihcraehttahtytilibissopehttuoselurrafosdiasgnihtoN

mental processes might be embedded in a very complex network of computers, or even very fast

sa,tnemnorivneehthtiwdnarehtonaenohtiwylsuonorhcnysagnitcaretni,senihcamgniruT

suggested in thesis T4. A set of such interacting computers could be modelled on a single Turing

,)ycneuqerfgnikcolcehtllamsrevewoh(kcolclatigidelgnisaybnevirdllaerewyehtfienihcam

but not if the time intervals between events on different machines vary continuously and the time

cipotsihT.msinahcemlacisyhpemosforuoivahebgnillortnocni.g.e,tnacfiingiseraslavretni

will be resumed later. Meanwhile let us attend to the nature of consciousness.

?tnedive-flesssensuoicsnocfoerutanehtsI.31
Before we can begin to discuss the truth or falsity of any particular thesis about the

reraelchcumadeenew,setatslatnemrofderiuqerebyamtahtsmsinahcem-busdnaerutcetihcra

idea of what we mean by ‘‘mental’’ states, and whether there are different kinds that need

,’’ssensuoicsnoc‘‘ybnaemewtahwwonkewtahtsknihtesorneP.serutcetihcrafostrostnereffid

and, moreover, that it refers to some thing or entity ‘‘that is, on the one hand, evoked by the

esarhpehtesusrehposolihP.)504egap(’’tiecneuflninac,rehtoehtno,dna,dlrowlairetam

‘‘reification fallacy’’ to label the assumption that a well understood noun or noun phrase

sesarhpdnasdrowrevoycallafehtotnillafelpoepynaM.gnihtemosotsreferylirassecen

referring to mental phenomena, e.g. ‘‘imagination’’, ‘‘emotion’’, ‘‘intelligence’’ and

ewneht)eesotytilibaehtro,xidneppaehtekil(gnihtaerewssensuoicsnocfI.’’ssensuoicsnoc‘‘

could ask why it evolved, or what ‘‘selective advantage’’ it confers (page 405), or whether its

erehttahtsimelborpehT.)993egapees(smsinahcemmutnauqybdenialpxeebdluocnoitarepo

is every reason to believe that there is no such unique thing, and that the concept of

.noisufnocdnaelddumfollufsi’’ssensuoicsnoc‘‘

Dreams provide one illustration of the incoherence of the concept: does a person who

rof,suoicsnocebtsumyleruseH?tonrossensuoicsnocevahmaerdaniniaproraefsecneirepxe

how can there be experiences without consciousness? But surely the person is asleep, and

rednugnitcanehwsuoicsnocewerA?ssensuoicsnocgnikcal.e.i,suoicsnocnuerofereht

hypnosis? Many animals can be asleep (unconscious) and then wake up (regain consciousness).

I?ssensuoicsnocfoytreporpemasehtevahllayehtetatsrettalehtnitahtemussaotewerA

believe these and other intrinsically unanswerable questions can be used to show that the

tuobatnemugrasuorogirynafosisabehtgnidivorpmorfraf,ssensuoicsnocfotpecnocyranidro

the nature of mind, is actually incoherent! Compare Dennett’s attack (in [2]) on the concept of
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.’’niap‘‘

Penrose alludes briefly to such puzzles (page 406) then moves on to suggest that he can

dnasnoisserpmievitcejbusruo‘‘nogniylerybtuobagniklatsiehtahwhguonellewyfitnedi

intuitive common sense as to what the term means and when this property of consciousness is

llauoY‘‘,tceffeni,gniyassieH.citsimitpoyleviansisihT.)604egap(’’tneserpebotylekil

know what mental states are because you’ve got them.’’ People have vast amounts of

tahthtymatsujs’tI.yroehtcitsiugniltuobagnihtynagniwonktuohtiwegdelwonklacitammarg

we have direct knowledge of the nature or contents of our minds.

ottnedivefleswohemossisetatslatnemfoerutanehttaht,esornePekil,leefelpoepynaM

those who have them. But this is just an illusion. The illusion probably arises out of the fact

gnirotinom-fles)detimil(edulcnisniarbruosnosaer)gnireenignero(lacigoloibdoogrof,taht

mechanisms, which give us some information about our internal states and processes (just as

lanretnisihttuB.)seitilibapacgnirotinom-flesdetimilevahsmetsysgnitareporetupmocnredom

perception was not designed to give us full and detailed information of a kind needed for

noitamrofnideliateddnallufsuevigseyeruonahteromyna,sesoprupyrotanalpxecfiitneics

about the constitution of material objects in the environment. Perceptual mechanisms, whether

trotsidneveroyfilpmisnacyehT.sdeenlacitcarpdetimilevresotdevlove,lanretxerolanretni

reality, so long as they serve those needs. (Exactly what purposes are served by our self-

,setatsruotuobasrehtomrofniotelbagnieb:edulcniylbaborpyehT.raelctonllitssissenerawa

some high level control functions, and perhaps certain kinds of learning through explicit self-

).ssenerawa-flestcefrepseriuqersihtfoenoN.noitacfiidom

Penrose assumes that consciousness is also intimately involved in the ability to form

tieveilebItnetnocynasahtifitub,raelcnuylemertxesisihT.ytislafrohturtotsastnemegduj

to be wrong, for several reasons, including the fact that our perceptual systems are able to take

erehttuositahwtuobastnemegdujtcerrocecudorpdnanoitamrofnisuougibmadnaxelpmocni

many of which never reach consciousness. For example unconscious visual mechanisms are

suoicsnocnudna,stnemevomdnahfoecnadiugdeliatedehtdnalortnocerutsopnidevlovni

mechanisms driven by auditory input produce decisions about morphological and syntactic

otstpmettA.)scitsiugnilydutsewlitnu(erawanuyllatoteraewhcihwfo,hceepsniseitiugibma

analyse and model these processes suggests that they have an internal richness that is partly

:mehtgnitsetdnasesehtopyhgnitalumrofgnidulcni,gninosaer,suoicsnoc,ticilpxeotsuogolana

as for example when perceptual cues are ambiguous and suggest alternative hypotheses which

sihtfI.)stenlaruennisessecorpevititepmocgnisuspahrep(denurpdnadetsetylsuoicsnocnuera

is so, then judgements of truth and falsity do not require consciousness, unless the claim is

sihtdiovaotseirtesorneP.ytislafdnahturtfostnemegdujsuoicsnocot,yllaivirt,detcirtser

circularity by restricting his claim to a subset of judgements: (p. 411) ‘‘Somehow, consciousness

ehterehwdna,stnemegdujwenmrofotevahewerehwsnoitautiseldnahotredronidedeensi

rules have not been laid down beforehand.’’ It is not at all clear what this means. There are

smetsyslausivlaminadnanamuH.smelborpwenevlosotnraelnactahtslaminaynam

constantly cope extraordinarily well with all sorts of novel configurations of objects producing

?’’dnaherofebnwoddial‘‘neebevahselurehterehwsesacllaesehterA.segamilaniterlevon
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emossevlovniyltnerehnignieestaht,yrartnocehtno,stseggusnoisivretupmocnokroW

problem-solving, whether we are conscious of it or not.

ehtdnassensuoicsnocfo’’sseneno‘‘degellaehtneewtebseigolanagnicnivnocnugnisU

superposition of many quantum states (page 399), does not help to make a muddled concept any

etarapesotninoisivid.e.i(erutcetihcrafodnikehtdnatsrednuewnehW.delddumssel

interacting mechanisms) required for human mental capabilities, I suspect we’ll discover that

lanretnifosdniktnereffidhtiwdenrecnoceratahtsmsinahcem-busynamyreveraereht

monitoring and control, and that we have only a dim and confused awareness of some of this

nI.’’ssensuoicsnoc‘‘ybnaemyehttahwwonkyehtknihtotelpoepsdaeltahtssenhcirlanretni

the long run, instead of being explained by new quantum mechanisms, as Penrose suggests, this

ylsuounitnocafotpecnocehtsaecnecselosboothtapemasehtwolloflliwtpecnoctnerehocni

enduring point of space: Here too it is easy to fool yourself into thinking you know what you are

ehT.ecapsfoledomcitsivitaler-erpaotsdaelsihT.tiotgnidnettaybylpmis,tuobagniklat

notion of a point of space as an indivisible entity with intrinsic identity that is preserved

laitapsfoylimafasaecapsfotniopafonoitpecnocehtotnidevlovesahyletinfiedni

relationships some of which may change while others are preserved. Similarly, early concepts of

dnastnemelelacimehcfoseiteiravehtfoyroehtrehcirrafaotnidevloveffutsfosdnik

compounds. Concepts of mental states and processes will also have to evolve if they are to be

.seiroehtyrotanalpxepeednidesu

14. Does consciousness entail the ability to understand Go"del?
ssensuoicsnoctahtstsisniylnotonesorneP.koobehtnitnemugraerocehtotwonemoceW

is necessary for the formation of judgements of truth and falsity but even argues that super-

otsnaicitamehtamnamuhfoytilibaehtnosihtsesabeH.desoppuserperaseitilibapacgniruT

understand Go"del’s proof. This is a very odd argument from the point of view of anyone who

ohwslaminanamuh-nonynamnitsixesessecorpdnasetatslatnemtaht)esornePekil(seveileb

are quite incapable of such abstract mathematical reasoning, to say nothing of human infants and

-atemdneherpmocotelbanuebotraeppa,sala,ohwsgniebnamuhfoytirojamtsaveht

mathematical arguments. His defence is that there is no other way to make his attack on Strong

.thgitretawyllacitamehtamIA

Surely any argument about necessary requirements for consciousness should focus on

tcelesehtfoseitilibapacehttsujtondna,stnegafoegnarediwaotnommoceratahtseitilibapac

few. But nowhere does Penrose give even a hint of an argument that the consciousness of cats or

mialcnacehtsomyrevehtoS.seitilibapacgniruT-repusseriuqersrelddotnamuhroseeznapmihc

to have shown is that mathematicians cannot be computers, or cannot be modelled on computers.

fomrofrehgihaevahyehttahteveilebotekildluowohwsnaicitamehtameraerehttbuodoN

mentality than the rest of mankind, and who might relish the thought that this is because their

.srewopgniruT-repusmehtevigotytilibapacmutnauqdootsrednu-llifodnikemosesusniarb

But they can’t expect the rest of us to take this seriously.
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Despite all this, it is worth looking at the argument, because it poses long term questions for

s’led"oGtahtsmialcesorneP.stesetinfinituobaknihtotelbissopsitiwohhtiwdenrecnoc,IA

incompleteness theorem shows that we do this using non-computational mechanisms. I’ll argue

oS.etanimretedniyllacidarsistesetinfinituobagniknihtruotahtswohsmeroehtehttahtdaetsni

we cannot ‘‘see’’ the truths Penrose thinks we can see, and there is no need to invoke quantum

!mehteesewwohnialpxeotanemonehp

15. Are mathematicians super-Turing machines?
What exactly happens when a mathematician understands and accepts Go"del’s proof?

sienihcamgniruTanahtlufrewoperommsinahcememostahtwohsotstroprupesorneP

required to account for this thought process. I shall attempt to expose and challenge assumptions

I.smroftnereffidlarevesekatyllautcastnemugrasiH.dessimevahotraeppascitirctsomtaht

shall concentrate on what seem to be the core ideas.

asiereht,srebmunlarutanfocitemhtiraehtsserpxeothguonehcirFmetsyslamrofynaroF

construction, using Go"del-numbering, of an arithmetical formula Pk(w), as follows. Pk is an

dnafiwregetniehtfoeurtsititahtosdenfiedylevisrucer,sregetninoetaciderplacitemhtira

only if for no integer N is the N’th possible proof in F a proof of the formula for which w is the

).srebmundnasalumroffostesetinfinirevogniyfitnauqsevlovnisihttahtecitoN(.rebmunled"oG

This predicate is used to construct a formula Pk(k) where k is the Go"del number of the formula

lautcaehT(.)F(GsaotderreferebhtrofecnehlliwFmorfdetcurtsnocsuhtalumrofehT.)k(kP

construction is too intricate to be described here. For more details see Penrose p. 105-8, Nagel

.)repapsihtottnavelernoissucsidhcumsedulcnirettalehT.]6[retdatsfoHro,]41[namweNdna

Go"del demonstrated that if F is consistent (strictly, omega-consistent) there can be no derivation

otyrtllahsI.etelpmocnisiFdna,elbadicednusi)F(Gtahtos,noitagenstiforo)F(GfoFni

present the rest of Penrose’s argument in as strong a form as I can, paraphrasing freely.

tahtsi,)wolebees-tressaotsraepparo(stressa)F(GtahW:sihtylhguorsitnemugraehT

G(F) is not provable in F. Therefore what it asserts must be true if F is consistent, since Go"del

larutanehtfoseitreporpehtfonoitacfiicepsanahteromelttilsiFsarafosnI.sihttsujdevorp

number series and operations on numbers, mathematicians can see that it is consistent (and

stressa)F(GtahwoS.tirofledomaedivorpsrebmunlarutanehtesuaceb)?tnetsisnoc-agemo

must be unconditionally true. So Penrose can apparently see something to be true which cannot

tuobasknihtesornePwohgninfiedmetsyslamrofehtebottnaemsiFfineveFnideviredeb

arithmetic! Suppose F is a more general system supposed to specify how Penrose thinks (a

s’esornePsebircsedyllaerFfi:seilppatnemugrafotrosemasehtnehT.)IAUehtfonoisrev

thinking then F describes something that exists and must be consistent, and therefore the

tahwsitahtecnis,dna,Fnielbatuferronelbavorprehtienebtsumalumrofled"oGgnidnopserroc

the formula says, it must be true. Penrose can see this truth, even though it is not derivable in F.

fonoitanalpxecimhtiroglaonsierehtdna,skrowehwohenfiednacFekilmetsyslamrofonoS

his thinking. He exults on page 108: ‘‘Somehow we have managed to see that Pk(k) is true

’’.metsysehtnihtiwelbavorpyllamroftonsititahttcafehtetipsed
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Of course, given any F, with its corresponding G(F), it is possible to extend it with

yltcaxetuB.elbaviredebnehtlliw)F(Ghcihwni,’Fmetsyswenaecudorpotsmoixalanoitidda

the same construction can be used for F’ to produce a new formula G(F’) which is not provable

ebnacsihtdna;eurtsieesnacesornePhcihw,’Fnielbavorptonsititahtsyashcihwdna,’Fni

continued indefinitely. After discussing this, he says, on page 110:

morftieviredtonnacewhguoht)k(kPnoitisoporpled"oGehtfoytidilavehteeseW

the axioms. The type of ‘seeing’ that is involved in a reflection principle requires a

tahtsnoitarepocimhtiroglaylerupehtfotluserehttonsitahtthgisnilacitamehtam

could be coded into some mathematical formal system.

:)714.p(sedulcnocehsihtllamorF

If the workings of the mathematician’s mind are entirely algorithmic, then the

tonsistnemegdujsihmrofotsesuyllautcaehtaht)metsyslamrofro(mhtirogla

capable of dealing with the proposition Pk(k) constructed from his personal

sihT!eurtyllautcasi)k(kPtahtees)elpicnirpni(nacew,sselehtreveN.mhtirogla

would seem to provide him with a contradiction, since he ought to be able to see that

.llatamhtiroglanagnisutonsawnaicitamehtamehttahtsetacidnisihtspahreP.osla

There are several standard objections made by critics of Penrose (and Lucas, whose

t’nsahesornePtahtsienO.]51[seiratnemmocSBB0991ehtnidnuoflla,)ralimiserastnemugra

seen that G(F) is true, because proving this requires proving that F is consistent. I don’t fully

ehtsahtiesuacebtnetsisnocylraelcsiFtahtylperdluocehtub,rewsnas’esornePdnatsrednu

natural number sequence as a model, a fact that we can somehow directly establish. Another

dnaelbillafgnisuybylnotub,eurtebotneessi)F(Gtahteergaotsinoitcejbonommoc

incomplete procedures such as would enable a suitably designed artificial mathematician also to

nielbillafgnihtons’erehttahttcejbodluocesorneP.odewsayawemasehtni,eurtebottiees

the derivation that enables us to see that G(F) is true. Unlike these critics, I’ll argue below that

.eurtsititahteest’nodew

Another popular reply says that even if G(F) cannot be proved in F, there is some more

otelbaebyamew.e.I.elbavorpsialumrofehthcihwni,F-atem,metsyslamrofgnissapmocne

prove something like

Provable(G(F), meta-F)

hturtesuaceb,eurtsi)F(Gtahtyrevocsid)degella(ehtroftnuoccatonnactiossisihtfinevetuB

is a semantic property, and establishing provability in meta-F merely establishes a new syntactic

deenllitseW.F-atemfoselurdnasmoixaehtmorfelbaviredsititahtyleman,)F(Gfoytreporp

some way of knowing that the axioms of meta-F are true. Penrose comments on page 108: ‘‘The

ehttuobaklatottonebspahrepdluowsihtdnuorategotyrtthgimtsilamroftcirtsatahtyaw

concept of truth at all, but merely to refer to provability within some fixed formal system.’’ That

lamrofwenehtnifoorpehT.eurtsignihtemostahtseesnaicitamehtamawohnialpxet’nseod

system merely demonstrates the syntactic derivability of the formula in the new system (trivially,

sitiwohtuobagnihtonsyasfoorpehT.)metsystahtetaercotmoixanasadeddasawtifi
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eromro,hturtfoytreporpcitnamesehtsahalumroflanigiroehttahteesotsurofelbissop

precisely that G(F) has a semantic relationship with F, i.e. saying something true about what is

foytreporpcitcatnysynaotdecuderebtonnacytreporpcitnamesfotrossihT.Fnielbaviredton

a formula in any enriched formal system. Most of the tempting objections to Penrose’s use of

citcatnysehthsiugnitsidotliafyehtesuaceb,tnemugrasihtsserddaotliafmeroehts’led"oG

property of derivability from the semantic property of truth.

?eurtebotdevorpneebecnetnesled"oGehtsaH.61
When I first learnt about the theorem I too thought I had grasped something that could not

ehT.gnorwsawI,srehtoynamdnaesornePekil,yhwnialpxeotyrtllahsI.dezilamrofeb

conclusion that G(F) is true feels very compelling when one has been through all the steps of

noitisoporpraelcasierehttahtnoisserpmiehtnoyllaicurcsdnepedsihT.tnemugras’led"oG

expressed by the formula G(F), and that that proposition can be expressed in English as

tcafehtnosdnepedsihttrapnI’’.Fnielbatuferroelbavorptonsialumrofsiht‘‘ekilgnihtemos

that besides the syntactic properties of well-formedness, derivability etc, there are semantic

gnignellahcmaI.sihtgnitupsidtonmaI.ytislafdnahturt,noitaciderp,ecnereferfoseitreporp

only the suggestion that the semantic properties of F somehow uniquely determine which

-hturtehtenimretedyleuqinutonnacyeht,odyehtsselnU.tuobadeklatgniebsiledom)etinfini(

values of all the formulas expressible in F. My argument that G(F) does not have the meaning it

ebnacnoitagenstiron)F(Grehtienesuacebtahttcafehtnosdnepedevahotnekatylnommocsi

derived in F, F will have some models in which G(F) is true and some in which it is false (the

fiylnoeurtebot’’nees‘‘ebnacFeroferehT.)sledom’’dradnats-non‘‘dellacsemitemosrettal

there is some means, other than F, of specifying which model is in question.

yrevniatrecatahtgniyasybhsilgnEnidesserpxeebnactahtgninaemasahylniatrec)F(G

large number k has a very complex arithmetical property expressed by the predicate Pk(k). This

tahtsevorpled"oG.rebmunralucitrapynaotnoitalernieslafebdluocroeurtebdluocnoitressa

whichever it is it is not derivable in F if F is consistent. But why are people so convinced that

s’led"oGybputessitahtgnippamehtnoyllaicurcsdnepednoitcivnocsihT?eurtsisyastitahw

numbering, which tempts us to say that ‘‘k’’ denotes not the number k but the corresponding

citcatnysatubsrebmunfoytreporpatsujtonsesserpxekPetaciderpehttahtdna,alumrof

property of formulas in F, i.e. the property of not being derivable or refutable in F. So we are

.e.i()k(kP.e.i,krebmunehtotgnidnopserrocalumrofehttahtstressa)k(kPtahteveilebotdel

G(F)), is not decidable in F. Then having learnt that the formula has the syntactic property of not

alumrofehttahwsitahttub‘‘:yasotdetpmeteraew)tnetsisnocsiFfi(Fnielbadicedgnieb

asserts, therefore what it asserts is TRUE (if F is consistent).’’ I.e. we infer the semantic

otdevorpneebtonsah)F(Gtahtdeugra]51[niesornePfoscitirclareveS.eurtgniebfoytreporp

be true because F has not been proved to be consistent. But I think that is missing the point.

ereht)tnetsisnoc-agemoro(tnetsisnocsinoitseuqniFmetsysehttahtfoorpadahewfinevE

would still be a deep flaw in the argument. This is because G(F) does not assert what it seems to

.tressa
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There are two crucial flaws in the argument put forward by Penrose (and others before him).

:scitircsihfotsomybderongisi,woleb)a(,waflrepeedehT

(a) Go"del’s argument makes people think they have grasped some semantic relation and had

sisihttub,alumrofafoytilibavorptuoba,noitisoporpniatrecafohturtehtotnithgisniemos

an illusion. k is, after all, just a numeral: it denotes a number, not a formula. Similarly, Pk is

ytilibaviredhtiwdenrecnocetaciderpaton,srebmuntuobaetaciderplacitemhtiraxelpmoca

of formulas in F. More importantly, because Go"del proved that G(F) is neither refutable nor

osladnaFot)F(Ggniddaybdeniatbosimetsystnetsisnocatahtswollofti,Fnielbavired

by adding its negation to F. So there will be models of F in which G(F) is true and models

oslatI.eurtebtsumtitaht’’nees‘‘evaht’nacesornePoS.eurtsinoitagenstihcihwni

follows that the derivation of G(F) from F does not have the certainty that Penrose claims in

:)496.p(gniyasot)F(Gfo’’hturtehtgniees‘‘tuobaklatmorfstfihseherehw,]51[

The ‘‘Go"delian insight’’ that enables one to pass from F to G(F) is just as good

rehtoynaerasadlomorfshturtwengniviredroferudecorplacitamehtamasa

procedures in mathematics.

He apparently has not noticed that the theorem implies that there are some models of F in

.eslafsi)F(Ghcihw

What has been missed is that G(F) does not express some definite true proposition about

.devorpneebtonsahtahtnoitressana,srebmuntuobanoitressanayleremsiti:Fnisalumrof

(Perhaps it will turn out in some of the ‘‘non-standard’’ models that make G(F) false, that

citsiugnilatemdnasnoisserpxelacitemhtiraxelpmocneewtebgnippamdemussaeht

statements about F goes awry?)

(b) It remains conceivable that if AI research ever creates an autonomous intelligent agent, it will

tcafnI.foorps’led"oGsretnuocnetinehwsthguohtnekatsimemasehtyltcaxeybdetpmeteb

it is very likely that any intelligent system will be misled in the same way because it too will

ecnis,snoitalercitnameshtiwsgnippamlarutcurtsesufnocotycnednetgnortsaevah

structural mappings are very often used as a basis for semantic relations.

eraeslaf)F(Gekamtahtsledomehttaht)a(tsniagaeugraotdetpmeteblliwelpoepemoS

irrelevant, because G(F) is true in the ‘‘intended’’ model of F, the model based on our intuitive

desoppusewerawohtuB.srosseccusstilladna0gniniatnoc,seiresrebmunlarutanehtfopsarg

to grasp which model we are talking about? How can we unambiguously identify this infinite set

tahtebtonnacrewsnaehT?srehtohtiwnoitacinummocfosesopruprofrosevlesruorofrehtie

we identify it using a formal axiom system, because Go"del’s theorem shows us that no such

moixaehtfI.Fekil,etelpmocniebsyawlalliwti:ledomynayfitnediyleuqinulliwmetsys

system is rich enough to include arithmetic there will always be models in which G(F) turns out

ylesicerpyficepsotwohemoselbaeraewfI.raeppastluserevitiutni-retnuocrehtodnaeslaf

which infinite set we mean, but only by using a non-formal method, i.e. something that cannot

fotesderiuqerehttsujsetarenegyleuqinutahtmhtiroglanarometsysmoixanasadesserpxeeb

integers, then Penrose has won this particular argument. (I return to this possibility later.)
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Perhaps the feeling that we can completely and unambiguously identify an infinite

ehtfonoitpecnocruo,etanimretedsitiknihtewhcumrevewoh:gnorwtsujsiteslacitamehtam

set will always include indeterminate aspects and will never distinguish ‘‘standard’’ from ‘‘non-

tnegilletnilaicfiitrarofdeenonsierehtspahrepneht,sihtodt’nacewfidnA.sledom’’dradnats

agents to do so either? If that is correct, there is no need for an AI theory to explain the non-

.smsinahcemmutnauqgniruT-repuSrofdeenondna,seitilibapactnetsixe

We have touched on several questions in the area of overlap between AI and philosophy:

alumrofatahtgnipsargnidevlovnisitahW?eurtgniebfoytreporpcitnamesehtsitahW

expresses a proposition with certain truth conditions? What is involved in ‘‘seeing’’ that such a

diassahIAnikrowYNAknihtt’nodIrafosdna,snoitseuqdraheraesehT?eurtsiytreporp

anything useful about them. AI, to my mind, hasn’t yet even given us a convincing theory of

dnimreven,odsnamuhsa’’BkcolBnosiAkcolB‘‘dnatsrednuotenihcamarofsititahw

understanding sophisticated meta-mathematical statements like Go"del’s formula. Understanding

tonsitihguoht,.cte,gniviecrep,gninigami,gnirised,gniveilebekilsetatsotdetalerebdluohs

exactly a precisely defined concept [22]. Without a good theory of what it is to understand

tuobaeugraoterutamerpebyamti,larenegniytislafdnahturtfostnemegdujekamdnaslobmys

Go"del’s formula. Nevertheless it is worth digging a little deeper.

?stesetinfinituobaknihtewnacwoH.71
There remains the question whether we have a non-logical, non-formal, way of specifying

ebtonnactahtnoitamrofnignitneserperfosyawevahodewtahtebyamtI?seiresetinfinina

modelled with full precision on Turing machines or equivalent computational systems. Various

dnagnitneserperfosdohtemeraerehttahtdetseggusevah)]4[tnuF,]02[namolS.g.e(srohtua

manipulating information using pictures, maps, models and other formalisms that are distinct

retupmocdnacigolfosmeroehttimilehthcihwotsmsilamrof’’evitacilppa‘‘ro’’naegerF‘‘morf

science apply. Is there some way of representing the notion of the infinite set of integers that is

aesuewdluoC?led"oGybderedisnocdnikehtfometsyslamrofafoesuehtmorftnereffid

physical mechanism for generating numerals, i.e. representations of numbers, indefinitely? Is it

gnitareneg-laremunetercnocahcusfoseitreporpgniviecrepfoyawemossierehttahtelbissop

mechanism that is different from a formal derivation or a digital computation? Some

psargehtfosisabehtsi’’1gnidda‘‘fonoitarepolatnemehttahtknihtotmeessnaicitamehtam

of the whole infinite series of natural numbers. Could this be based on something like perception

dnasmsilamrofhcusspahreP?seitreporpstidnamsinahcemevitaretifodnikemosfo

mechanisms would have to play a role in the thought processes of a robot mathematician with

.seitilibapacnamuh

Until it is demonstrated that we do have some way of completely specifying exactly which

evahotmialcnacewtahtesacehttonsitinehtFfoledomasatuobagniklateraewtesetinfini

seen that G(F) is true: for it will actually be false in some models of F and we have no basis for

tahwraelcnuyllatotsititneserptA.tuosihtselurledom’dednetni‘ehtfopsargruotahtgniyas

such a method of determining the ‘intended’ model could be like, except that Go"del’s theorem

.tuostniopyltcerrocesornePsa,secffiusdohtemcimhtiroglarometsysmoixaontahtswohs
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If the argument (a), above, is incorrect, and there really is a way of seeing that G(F) is true

erehttahtnoisulcnocs’esornePtpeccaotevahewspahrepneht,ytilibadicednulamrofstietipsed

is something mathematicians do that does not correspond simply to deriving formulas in a formal

ehtfignisirprusootebtondluohstahT.mhtiroglaynaybdelledomebtonnacdna,metsys

arguments given above against the UAI hypothesis are accepted. Moreover, if (a) is incorrect,

lanoitatupmocgnikeesemmargorphcraeserasaIAotnoitcejbonaetutitsnoctonseodtaht

techniques for producing intelligent agents. In particular, the difference between the semantic

simetsyslamrofemosnielbaviredgniebfoytreporpcitcatnysehtdnaeurtgniebfoytreporp

obvious without the paraphernalia of Go"del’s theorem. Even if some mild version of the AI

levelwolnoyletamitludnepedsessecorpdnasetatslatnemllatahtgnimialcnitcerrocsisiseht

processes that can be implemented as syntactic operations on structures, Penrose is still right in

dessucsidanemonehplatnemrehtoehtekil,thgisnilacitamehtamfononemonehpehttahtgniyas

above, needs something more than an algorithm for syntactic operations: at higher levels of

fonoitcellocdetaitnereffidylhgihagnitroppuserutcetihcralanoitcnufadeenewnoitpircsed

interacting mental states and processes, as explained above. These causal interactions between

rofstnemeriuqernoeromroF(.sessecorpcitcatnyssevlesmehttonerasessecorpcitcatnys

semantic capabilities see [22], [22a]. Rapaport [16] argues that syntactic processing is enough for

ehtegdelwonkcatonseodehesuacebsitahtspahrephguoht,sessecorplatnemfonoitcudorpeht

importance of these different levels of explanation.)

msinotalPlacitamehtaM.81
Penrose makes much of mathematical Platonism, claiming that certain mathematical entities,

ewtahtdna,sufoyltnednepednitsixe,testorblednaMehtdnaseiresrebmunlarutanehtsahcus

can somehow discover truths about them. His Platonism has exasperated some critics who regard

nielorlaicurcasyalpti,revewoh,esorneProF.esnesnonlacitsymrolacisyhpatemsati

explaining how we discover facts like the truth of G(F). He thinks that we have some kind of

emoS.mehttuobastnemetatspsargotsuselbanehcihw,seititneesehthtiwtcatnoctcerid

Platonists (e.g. Plato?) claim that if mathematical entities exist in a special non-physical realm

elbanetahtsmsinahcemlautiripslaicepsyolpmetsumshturtlacitamehtamfoyrevocsidehtneht

such entities to be explored. This would pose a real threat to the long term aims of AI as a

.dlrowlacisyhpehtnideddebmeyllohwsmsinahcemfoesuehtotdettimmocenilpicsid

However, Penrose does not construe Platonism in this extreme anti-physicalist form. In

nisitahtgnihtynanodnepedsnaicitamehtamfosniarbehttahteveilebtonseodeh,ralucitrap

principle beyond the reach of physics. All he is claiming is that mathematical truths and concepts

,eveilebI,sihT.detnevnitonderevocsiderayehttahtdna,snaicitamehtamfoyltnednepednitsixe

deprives Platonism of any content, and certainly leaves it as no threat to AI.

gnortsehtdna,msinotalPlacitamehtamfoecnefedsihotnistupesornePtroffeehtetipseD

counter-claims of others that it is a mystical, or anti-scientific doctrine, such disagreements are

ehtro,testorblednaMehtrehtehwgnihtynaotecnereffidfotihwatonsekamtI.ytpmeyllaer

natural number series, does or does not exist prior to our discovering them. The dispute, like so

tpecnocdenfiedylraelcasierehttahtnoitpmussanekatsimehtnosdneped,yhposolihpniynam
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htiwnoitseuqaetalumrofotdesuebnactaht)’’stcejbolacitamehtamfoecnetsixe‘‘esacsihtni(

a definite answer. We all know what it means to say that a unicorn (defined as a horse with a

tnereffidetiuQ.eslafroeurtsitahtrehtehwetagitsevniotwohwonkewdna,stsixe)nrohelgnis

procedures are involved in checking the equally intelligible question whether there exists a prime

raelcynatahtemussaotnosaeronsierehttuB.2Ndna1Nsregetninevigowtneewtebrebmun

content is expressed by the question whether all the integers do or do not ‘‘really’’ exist, or exist

otecnereffidynaekamtonnacsiht,elpmaxeroF.tonromehtydutsewrehtehwfoyltnednepedni

the design requirements for mathematical intelligence.

,foorpfoerutaneht,erutcejnocdnanoitarolpxefossecorpeht,scitamehtamfoecitcarpehT

the devastating effect of counter-examples, would all be the same no matter whether entities

stcejbolacitamehtamesuacebtahtdeugraevahstsinoitiutnI.tonroyrevocsidfoecnavdanitsixe

have no independent existence certain methods of proof, e.g. those using

p>-p∼∼
are not valid. But other mathematicians have happily gone on ignoring this stricture without any

ebnacsgnihtfosessalctnereffidhcihwnitcejbusasiscitamehtaM.secneuqesnocsuortsasid

studied and different methods of reasoning can be explored. Once a method is well specified we

dnathgirsienotahtgniugrA.tihtiwenodebtonnactahwdnanactahwtuodnfinehtnac

another wrong because certain things do or do not exist is pointless when the relevant notion of

sieurtsimsinotalPrehtehwnoitseuqehttahtedulcnocI.denfied-lliossinoitseuqniecnetsixe

just one of those essentially empty philosophical questions that have an aura of profundity, like

,enihcamtnegilletninA’’?woflyllaeremitseodtsafwoH‘‘ro’’?esrevinUehtsiyltcaxeerehW‘‘

like many intelligent human beings, may be tempted to misconstrue such questions as having

.senihcamtnegilletnifoytilibissopehtgnitbuodrofsisabonedivorpyehttub,ecnacfiingis

Penrose, unfortunately, not only believes that there is a real question whether mathematical

tahtesarhpfosnrutstpodasemitemososlatub,mehtfogniknihtruofotnednepednitsixestcejbo

do not appear to be consistent with his physicalist philosophy. He writes, on page 428: ‘‘I

s’otalPhtiwtcatnocsekamti,aedilacitamehtamaseviecrepdnimehtrevenehwtahtenigami

world of mathematical concepts’’, and later on the same page ‘‘...communication [between

gnitsixeyllanretxeemasehthtiwtcatnocniyltceridsihcaeesuacebelbissopsi]snaicitamehtam

Platonic world!’’ He seems to be quite insensitive to the fact that ‘‘makes contact’’ and

tcatnoctahwwonkeW.txetnocfotrossihtnisrohpatemerucsboyrevera’’tcatnocniyltcerid‘‘

between physical objects is, and what adjacency in the number series is, but what is contact

.sdrowytpmeeraesehT?rebmunadnadnimaneewteb

There is, however, a real problem here, which can be put in much more straightforward

dnatuobaknihtotelbaebotmialcsrehtodnasnaicitamehtamynamtahtgnitatsybegaugnal

communicate about types of abstract objects that cannot easily be specified by giving examples,

ehtsiselpmaxetsedloehtfoenO.noitacfiitnedifosnaemtceridnifodnikemosdeenhcihwdna

infinite set of natural numbers, or even the infinite set of numerals denoting them. We can easily

]8[tnaKleunammI.gnihtelohwehtreventub,stesbusegralylgnisaercnifoselpmaxetneserp

claimed many years ago that such infinite totalities can only be grasped via rules that generate

nidefiicepseraselurehtfi,evobadenialpxeev’Isa,tuB.deveilebylediwsisihtdna,meht
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melborpasierehttahtswohsmeroehtssenetelpmocnis’led"oG,metsyslamrofaekilgnihtemos

about whether the ‘‘intended’’ set can be specified completely. Unless there is some important

ton,sevlesmehtgnilooferasnaicitamehtamesohtlla,gniknihthcusrofmsinahcemderevocsidnu

about the particular theorems they prove, but about the nature of their understanding. If so that

gniyficepsfodohtemyrevefI.partemasehtotnillafyamsecnegilletnilaicfiitratahtstseggus

infinite sets is equivalent to the use of a formal axiom system, then Go"del’s theorem, far from

ecnegilletnifosnoitatimilemosotretniopasi,ecnegilletnilaicfiitrafoytilibissopmiehtgnivorp

in general.

19. Recapitulation
I have shown that there are several ‘‘strong’’ AI theses, the strongest of which (T1) states

latnemeblliwsecnatsniesohwfolla,IAUeht,noitatupmocfomrofemossierehttaht

processes, where computations are simply defined mathematically as ordered sets of structures

ylthgilsehtekil,sisehtemertxesihT.mhtiroglaehtnidefiicepsspihsnoitalerehtgniyfsitas

revised version, T1a, requiring temporally ordered structures, turns out to be obviously false. A

esohw)IAUeht(mhtiroglaemossierehttahtsetatshcihw,2TsisehtIAgnortSredlimylthgils

execution on a computer or a Turing machine would suffice for the production of mental states

foemosnoitucexefosedomtnereffideraerehtesuacebraelcnuylemertxeebotnwohsneebsah

which clearly cannot support mental processes, and no clear specification has been given of the

fo’’syalper‘‘gnidulcnisesacerrazibrehtodnaesehttuoselurtahtnoitucexefosedomdednetni

traces, processes based on precomputed tables, and the Chinese room. Moreover, even if it turns

lliw2Tsiseht,ssecorpdnamargorpneewtebnoitalerlasuacderiuqerehtenfiednacewtahttuo

still be misleading because (human-like) mental states and processes require not the execution of

-itlumatub,enihcamenonisetatsfonoisseccusralucitrapagnicudorpmhtiroglaenoyna

(virtual)-machine architecture in which several enduring states with their own histories interact

noitcellocasierehttahtsmialc3TsisehtoS.tnemnorivneehthtiwdnarehtohcaehtiwyllasuac

of parallel, enduring, interacting states and processes that suffice to produce a mind, without

tuoelurtonseodti,revewoH.mhtiroglaelgnisaybdecudorpebnacesehttahtgnimussa

implementation as virtual parallel machines on a single time-shared computer. T3 was implicitly

lufthguohttsomtahtIAgnortSfonoisrevehtylbaborpsidna,]12[koob8791ymnidednefed

AI practitioners would agree with, though it has a number of conceptual problems to do with

.)]32[namolSnidnaevobadessucsid(lortnocdnanoitcaretnilasuacfosdniktnereffid

It is possible that further analysis will show that the required causal connections between

laireselgnisanodeveihcaebtonnac)lortnocfoytilibailergnidulcni(sessecorp-bus

implementation of the multi-processing architecture. I argued above that an intelligent agent

otdeenehtfoesuaceb,rossecorpenonahteromdeendluowdlrowlacisyhpehtnideddebme

cope with asynchronous interactions with the environment. Perhaps, as suggested above, all such

nahteromelttilodtahtsrossecorptnegilletninuylevitalerybdeldnahebnacsnoitcaretni

buffering of input and output signals between transducers and a time-shared central processor.

tondluocrodluocrossecorplartnecehtnosessecorplellaraplautrivfonoitcellocemosrehtehW

suffice for the production of human-like mental states is a question that will remain unclear until
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we have done more analysis of the functional requirements for different kinds of intelligent

htiwsmetsysrofsngisedelbissopfoecapsehtfonoitarolpxecitametsysaseriuqersihT.smetsys

abilities close to ours (Sloman [26]).

The mildest version of the Strong AI thesis, T4, would claim that some collection of

yrevfonoitcellocaro(secivedlatigidrehtodnasretupmocfokrowtenanogninnursmargorp

fast Turing machines able to modify one another’s tapes and be modified by the environment)

Itub,eurtsisihtfiwonkt’nodI.sessecorplatnemrailimaffonoitcudorpehtrofecffiusdluow

suspect it is (though, for reasons given above, the meaning of the question is still unclear

tahtwohsthgimhcraeserrehtruF.)raelcnullitserasessecorplatnemfostpecnocruoesuaceb

even if it would be true in principle if there were no limits to digital processing speeds, actual

sihtnidetnemelpmiebecitcarpnitonnacstobor,elibom,tnegilletnitahtylpmistimillacisyhp

world without the aid of some analogue physical or chemical mechanisms required for speed.

)fosnoitatneserper(htiwepocnactahtsenihcamdliubotwohwonkt’nodllitsew,ecnatsniroF

complex shapes in real time, as squirrels, birds and monkeys appear to be able to do while

lanoitatupmocesopruplarenegesuacebyltraps’tahtspahreP.spot-eerthguorhtylkciuqgnivom

mechanisms can never be fast enough, including Turing machines. This leads to consideration of

.g.e(stnenopmocemoseriuqerthgimtnegatnegilletninafongisedehttahtswollahcihw,5T
chemical processes) of a type that would not normally be described as computational, even if the

.eugavyrevdnakaewyrevylraelcsi5T.lanoitatupmocerewnoitatnemelpmiehtfoklub

Another possibility, T6, is that a complete intelligent agent with mental processes exactly

anideddebmesenihcamlautrivnidetnemelpmiebdluocstcepsertnavelerllanisruoekil

suitably slowed down computer simulation of the total environment. This depends on the

dlrowehtfienodebtonnachcihw,retupmocanodlrowlacisyhpehtgnitalumisfoytilibissop

includes non-Turing computable information as conjectured above. This is perhaps the mildest

suounitnocyllaitnesseoneraerehttahtsemussatI.sisehtIAgnortSehtfonoisrevgnitseretni

processes at the basis of our interaction with the environment. If there are, then they cannot be

fI.)381-371.ppesornePro]5[kcielGees(citoahcyllaitnesseerayehtfiyletercsiddetamixorppa

they are chaotic, then the discrepancies inherent in simulation models, however minute initially,

.lavretniemitnevigynani,ytilaerdnaledomneewtebsnoitaivedegralylirartibraotdaelnac

There seems to be plenty of evidence for chaotic mechanisms in the environment, which rules

.tnemnorivnedetalumisanitneganafoledomretupmocetaruccanafoytilibissopehttuo

Even if it were granted that, because of the physical richness of the environment, actual

gnihtemoseriuqerstoborhcusfosnoitalumisetaruccarostobortnegilletnideidobmeyllacisyhp

more than computational mechanisms, so that all the above theses apart from T5 are false, a

niatrecatahtgnitats7TsisehteurtgnitseretnieromylthgilsaerehtsI.sniamernoitseuqrehtruf

important subset of mental functioning is implementable on one serial but time-shared computer?

noitatnemelpmirossecorpinuafinevetahtmialcdluow,8T,sihtfonoisrevrekaewylthgilsA

could never possess the causal powers required for any interesting subset of mental processes,

niamer8Tdna7ThtoB.dluoc,sretupmocfokrowtenanonoitatnemelpminasselehtreven

exceedingly vague until more is said about which subset of mental processes is in question. It

,serised,slaoghtiw,naicitamehtamdeidobmesidafosessecorplatnemehteb,elpmaxerof,dluoc
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sihT.sfoorpdna,smelborp,serutcurtslacitamehtamhtiwylnodenrecnoc.cte,snalp,sthguoht

kind of individual wouldn’t see fields and forests, nor experience tingles or itches, thirst or lust,

ylemertxednasmelborpniatrecgnivlostadesaelpebthgimtitub,ecniwroelimsreveron

disappointed on discovering Go"del’s incompleteness theorem and other limit theorems.

niecnegilletninamuhmorfreffidtaht,ecnegilletnifoseiteiravrehtoebyamerehT

interesting ways, waiting to be discovered as we explore the space of possible designs for minds.

dna,sesehtfoylimafsihtfonoitacfiicepsdeliatederomagnidivorpfosniamerksatehT

investigating whether any of them is true. By comparison, the issue of how to get a machine to

otlartnecrotnatropmiyrevtonylraelcsieurtgnihtemossyas)F(Galumrofs’led"oGtaht’’ees‘‘

AI, or cognitive science, since most intelligent animals cannot do that, and I have argued that

a,llitS.nacyehtknihtyehtnehwsevlesmehtgnidulederasnaicitamehtamdetacitsihposneve

complete theory of intelligence would have to account for mathematical thinking, including the

edulcnidluowsihT.partsihtotnillafsnaicitamehtamtnegilletnifosdnikniatrectahttcaf

explaining how they are able to think about infinite sets and why they have a strong tendency to

yehtnahtetanimretedyllacitnameseromerastesetinfinituobasthguohtnworiehttahteveileb

really are. If it turned out that this capability depended on some kind of inner inspection of the

ehttroppusthgimtaht,slaremungnitarenegrofmsinahcemevitaretinafoseitreporp

‘‘intuitionist’’ philosophy of mathematics. Similarly, a complete AI theory should explain why

otdetpmetylgnortssrehtodna,esuopseotdetpmetylgnortserasecnegilletnifosdnikniatrec

refute, mathematical Platonism and other philosophical vacuities.

noisulcnoC.02
Penrose has written a very stimulating book. As an introduction to various aspects of

afoweiv-dlrowehtfonoitatneserpasadna,ecneicsretupmocdnascisyhp,scitamehtam

distinguished scientist it merits attention, and there are many sections I am sure would repay re-

ehttuobadnimfoyhposolihpnisnoitseuqdnuoforpehtotnoitubirtnocasa,revewoH.gnidaer

nature of consciousness it is flawed both by the assumption that we really have a clear idea of

gnortsehtfosnoisrevemertxeeslafylsuoivbohsiugnitsidoteruliafadna,sissensuoicsnoctahw

AI thesis from weaker more interesting milder versions. His attempt to use Go"del’s theorem as a

ylsuoiresootsekattiesuacebsliafemmargorphcraeserIAmretgnolehtgnisicitircrofsisab

unjustified intuitions about what has been proved, though the theorem does point to some

etinfinituobaknihtnacsmsinahcemtnegilletniwohtuobasnoitseuqderewsnanutnatropmi

totalities. As a contribution to the study of the mechanisms of mind, his speculations about the

rofdeenehtleefotsmeesehdna,gnicnivnocnuyllatoterascinahcemmutnauqfoecnaveler

them only because he has not explored some of the more sophisticated types of designs that

.IAgnioddeirtylsuoires)tey(tonsaheh,trohsnI.IAnikrowmorfegreme,yadeno,thgim

Nevertheless, in reporting on his experiences as a creative mathematician, I believe he has

.g.e(sdnimnamuhlaeremostsaeltafoerutanehtgninrecnocecnedivelaciripmeemosdedivorp

a mathematical emperor?), and the sorts of experiences they can have. Any mechanism that

eromehtsallewsaanemonehpesehtroftnuoccatsumkrowsdnimnamuhwohsnialpxe

mundane phenomena patiently catalogued in the laboratories of psychologists, the notebooks of
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.noitidnocnamuhehttceflertahtslevondnasyalp,smeopynamehtdna,srehposolihp
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