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Information Processinc Aftllysit of Vision P .. e2 

1. INTRODUCTION. 

In recent yews there hal bHn 1 cre1tly incre"ed level of conver .. tlon 

between students of peycholci)', and of artiflclallntelllaence(AI). This Increase Memt 

to stem, on the one hand. from Art partial ICquieteence to the notion tt.t 

psycholoaJcal evidenc.. pwtlculerly • couched In the I'IIOdelt due to 

Neitter(Neisser,l967). Normen(Norl'ftll\1970) and others, miY hive 1 piece in Itt own 

thinkinalbout copitlve procet .... and on the other, from IIP'Ndi"'IPPt'ecietion on 

the pwt cf psycholoJish of the potential virtue• of the cornp&jatiONII metiPhor. Th61 

latter movement hat bee" J*1lculerly evident in the llt•atW'e on memory 

structurel(e.&.Anderton A Bower,l973), but teen~s • yet not to hive had llpiflcMl 

impact upon studies of the perceptual proce11. Thlt the study of tht mactwlltmt of 

perception of rNI-warld ICenet (which we lhlrply clttiw,.Jith frant the rncl"' 

proc .. s) 1,. 1\0l widasprlld in axperirr.-tll ~OIY II the preeenl niOIMnt ...,. 

pertly to be • mett• of fllhlon end. "*'• inlportlfttly, to be u to the .,.....,. 

&.NvlilabiHty of powarlul inftwMetlon-proclleine ....,tt on 1 .., with thole 

concerninc the orpmetlan of rMI'ftOf'Y· 

In thlt ...ay, we wilh to._... thlt .,.-.., ... in the conttructlon of 

611iftdll Yltlon tytl- provide .... point.. to IUCh • ~iM-proce.ll"' 

theary, tmd thel the tiftle it ripe tor 1ft effort to iM ...... • c:MpUtatlenll 1 ... lftd 

III!Pirical inYettiptlaft. In lttenlptinl to fu1hlr ttia .....aion, we Olih wMt we 

think to be tOme of the lllient and pot ... illly fNtfU CCIIICeptt which AI to. 

.......... WI review what we tlke to bt SGIM pertiNnt itweltiplione which MYI 
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lntormat ion Processinc Anelysis of Vi sian P11a3 

app•ared In the p~yehoiQiictl literature; and we attempt to -hf.r t"-•• twc threldl 

t01ether to beJin w"Yiftl the fabric of 1 coherent lnformetlon-proceniftl epproech 

to the perception of the vltull world. 

It would be wt .. It thlt point to l'lllka dew CMI" concern ov• the problem 

raised by the different hardwere ttructure• available to wtlfieill and ftllurll vtlion 

&)•stems: ol.r ereuments will stress commonality of computetlonll proc.ntet, rather 

than lit'/ feeturH of the implementation of these proc .. ..., whether in a di .. tll 

C•""P'J\er or the brail\ We tlink It worthwhile, however, to devote tome effort to 

•ucaest;nc how procettl"' which may be essentially serlll In ., ertlficia! syatem lft8'l 

to.ave its nature altered when it is considered in the ~ontext of the (at l ... t .,..-tly) 

r:arallel mechlni.- available to the brlil\ 
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2. DEFINING THE PROBUMS. 

In this section we attempt to set out whet we think to be tt. mejor problem• 

to whose solution 111 iilformetion-proceslinc theory of percrtptlon should aspire. A 

lerce number of these problemt stem from 1 reiiiHtlon thl~ 1 ler1• part of 

perc:eptlon it 1101 concerMd with r«otniziJtt .X,jeds which ft1IY llreldy have IPP8tred 

in the repertoire of ow experience, but rather with the cits.:rt,tloft of scenes. Thut ie 

to aay, the problem It thet of triNtormina a larte body of MMOrY dlt1, for .,..ae, 

intensity, colour end texture at 1 lwee Mt of points within the vltull fteld, Into a 

more compact description or representation of the scene beiftl viewed, 10 thlt thit 

description rney be incorporated into, end interact with, the l•1e corpue of 

il.'"'"mation, both vi'uel end non-visual, which may llreed)' be atored In memory. ()lr 

deim at lhet thi"' view of the nat11e of perception, ~rovertlel thaup it mey 

seem at flrat alanc.. Immediately r-.ces the u.efulnest of 1 l•p body of 

tedlniq~s. nistoric:ally labelled 'pattern d111ificeUon', end lerteiY bMed on tell'lpfete 

mc.tchint, which were developed for recoanilion of simple, pt.,.. .... ric pett.,. 

IUCh at .........,.c chncte~L Fu1hermlre. it _. .. , ta. I'IIClllllb for 

repreeentetiONI fom!lli ... which capture ln..,.. tmDOih Wfll the who~. , ... of 

MnMry ll1d t~ic inf.,....l• to whK:h hurniM hive ICC .... 

Severe! que~tlon• must II"!WWedietely be liked ()f thit det1-cleecriptian proceea: 

{e) juat which perceptual constructs ar• ebstrected frOIII tile MNOf'y dlla 

(b) whit ia the c~.tin llrudwe of thit procett Ill abttriCIInn which 

lives riM to theM COMtructtt 
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(e) how lon1 •• the retinal and edt• dtt1, etc., stored? Are they kept In 

short-term memory durin1 tOme verification procet" or for ctlc&Aetion of motion 

per ell ax; 

(c) ere tha date dltc•c:led It Ill, In fr.t, or do we ,......,.,. lfMifl tor lont 

periods') If not, jutt what form does the representation in lore-term memory tllke 

whieh allovws the reconstruction of the mental imeaes with which we •• IUbjectively 

familiar~ Is the representltion purely pictorial in r.ature, or ~urely tynlbollc:, or doet It 

have som& ot the cher~teristics of both? We conjeth.n that et the belie level of 

representation, there is no v6n~e i" 111aking a distinction betwMn the pictorlll n 

symbolic. Wh•.i"' we say 'pictoriill' we do not meen to suaest that the representation 

it isomorphic to a retinal imaae; rather, that the repretentation is • viPh-like 

structure whose nodes r•esent pictoritl el•ment• (e.l- ...... vertle.., r ... ont. 

volumes, &e.). These node• fftWf have verbal labels •tOCillld with lherrt. 

We epi)roech our leek lniti~ly vi• a fairly dettiled examinetlon of SCMM pouibte 

sta&es in the proeesslrc of vis.~al informttion: whit ldndl of citta •• needed at the 

v•lous !'Slacn?; whet kiftds of descriptive conatructe can each .... ....., ... on its 

own?; whak help it needed froM hi.,_. level prOCIIMI? OLr .. 1ltiCin .. thlt 1 

s\riclly hieru-ch1cal struch .... such 11 miaht be Inferred for inltMCI fror~ the wiiPMI 

Ideas of ~P Md Wittei(Hubel I Wletel,1968), it nat IPP"'Pfill• for the tatk In 

hand. A vttucl syelem which consist. of a clterete Ml of lftllytlclll .e...., MCh 

encodlnt itt own specialized c:onclustont for connuniclllon to en in!IM&ete ....,...., 

cannot, we wp, perform the killdl of COMp&Aetlone MCIMery f• thl &ftllrtlMCI,. 
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of visual input. The alternative structure is ltttmarclalcal, which It to Sly th!t there It 

no strict llneer orderin, of computation.; step• In 1 hetererchicll syttem, information 

flow can be bi-directional - advice and queries from more prcxlrnel tlllet can 

influe~e the behaviour of more distal 1t11••· We miP,t note in peasi"l that such en 

oraenization seems to be implied by several neurophytiolqlctl studies which have 

recently come to hand. Horn and Hiii(Hom & Hill,1969) demonstrated Flvltattontl 

(presumably vestibular) effects on the properties of visual orientation detecton in 

est striate cGrtex; Spinelli n hit collet~ue• (Spinelli,Starr I Barrett,l968), in a 

terios of studies, hava demanttrated tn influet'ICe of auditory lftd IOIIIIItthetl~ stimuli 

on the shapes of retinal receptive fields; and other stuclet hive shown chinle• in 

rel!nal receptive filtld lizea with chqi"l activity in the oNo-motor eyetem 

(eccomodation). Such effects ere consonant with the idea that context effects c~ 

.tter the behavlcu of even the mGSt elementary 1t11n of pr.;eptual lftllytle. 

We should also tlke note here that Mverll recent uperlmentll stud .. have 

tuaestad that t~ hier.-chiclll mechlni~m~ proposed by Hubel and WI .... to eccount 

for the epparent procre'Mive specillizalion of propertiat IIMIIpt ¥ilull cortiCII ceNt 

(frOf'l'l timple to CQMPhPc to hyperconlplex) -v not be cerrect. HoffiNft end 

StoneCWotfrnen A Stone,1971;Hoffnwt.1973) in 1 lludy of wrlletione between 

receptive-field propertltt lftd cortductlon vllocitiet of StiCh cell• :U'td, flntly, that 

.a lent 40 percent of COiftPiex cells •• ICtivated monoeynapticali~· by fnt efferent 

fibers with deley times of 1-2 msec., while li,._ Md hyper-coftiPiex celts •• not 

activated mono-syNPtiealty by fat lff•.ts. td ..,. prepartllft it ectlvtlled mano-
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synaptically by slow fiben (3-5 mtec.). Secondly, they have lhown that fatt lnd alow 

tiber activity it relayed ·~•ately in the lateral. 1eniculate nucleu~. They have 

•uaaestec:i thal simple, complex and hypercomplex cella proc .. a viSUII information In 

parallel rather t~m in the aerial menner proposed eii'Cier. 

We actually wM't to mike the ttronc dlim that vltual enalyala of ~eenea tuCh 

11 we aee in evel')' -day lift it much more difficult than ane mitht at first 11une, and 

that the very richnees of the ;,formation available to ut I~•• lianlfitant 

constraints upon the raeture of an analytical aystem whlch Is able to cope with it 

Consi•r some of the simplest probleme: 

(a) the voh.IM of dlt& It preeent the Hand-Eye project at St1nford uwt for itt 

visual aentor a television cemer1 which aeneratet data contistirc of a four-bit (i.e. 

16 ar•y-level) description of liaht intensity It eech of lbOUt 330 by 260 pointa. The 

c.-ra cenerlll•• theM dlta et lbout one teen every 60th. of a MCOnd.b&A It taba 

f• lonter to INIIyse !t •"~en tc; the flirty primitive ltvel thll we twve IChievld 10 

f•. The ~pitC8t., of 1ft eclp-aperllor to eiCh of thBa 80.000 palnta takes • 

mlrinun of 150 microeecondl/point Oft ow pr ... .a. ,..._ When une rHizn 
I 

further that this volume of .wlytit mey have to be dOne on N:h of NVtnl etereo 

pictures (for depth by correlation), with CGiour, it i•...,. tt ... that proceasi .. ttme 

can ee\ out of hind quilt riPdly. ~pwe this with tht .....,. Yi..a ~- which 

hal f.DOUI .. order of I'Miflllude IMI't retOivi"' power, tnd yet _., to do n-.ch 

mare tn • tm111 fr.ctiOft of • ..conci Nllurllly. the luMn tyllem ,_ ,... ,... 
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specia'ized hlt'dware, but we hope that IM point will ..,.,. thel even eo tt. ••• 

voh.ne problem 11 COI'Itiderlble; 

(b) nois~: the human r;: :3 nothinc like a perfect c.., a. bu: has contiderlble 

optical end electrical defects, enisotropiet in resolution and lbbe!':!!::r. ttfi~t-; 

(c) the eyes are not fixed; they move both with the reet of the body fr~me and 

lndf!pendenlly In t~'Jir orbits. Why is it then that the viiUII world .,_.,, to be 

stabilised under theee mo.,~menh? Helmholtz (Helmholtz, I 963) pointed out that 

passive movement of the eyeball causes a disconcertlnt shift In tt.~:~ perceived field. 

end Brindley and Merton(Brindley & Merton, 1960) showed that the apparent 1tebility 

is not due to feec'beck from pt•vp:-kceptor• in the orDit!! muld• themeelve .. but 

rather to corr~tion for the movement at 1 much hilhar level, In·. ,tYI"' clrect 

Interaction of the oeulo-motor and \'IIUal centera; 

(d) vwiable view point: t~.ree•dmenslonal objecl1, ~ike charactwa on 11 

piece of paper, c~ present many tnd v•ied appetrii'ICA Bee.,.. at the feet 

that we are separated from them in thr .... ._-, dislattions •• ca.ed by th. 

phenom.non of ~nfJ«tiw. !f we •e •• loi"' to .-.an 1 'lfiUII IYII• • we hive to 

htve tame f*ly tOPnitllcatld wr~ of reeoplitif11 abject• from v..._ 

viewpoints. n even l'ltllcinc precictlont about the appea'encet of Plf'l• of 

object• thlt we e•.1 see. Thetis tony, we muet hlvtt an effident w~ of mapplf11 

the viiUII appe•r.nce onto detcriptiont which we already have atored. We hive to 

•velop ways of delliftl wilh tr~n~formatlone which .. trantlllionll end 

rotational, end simult.-outly deal with ecale chlnl" 11 we wroech • recede 
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from objecta. For .. IPPf'od bleed on ma\&.hinc featur• from templet• in ~· 

limple-ninded way, In a ttv .. dlmenllonel world, the obecuretlan of one object by 

another yleldt y•t another fltel clfficulty. J~t how c:lfflcUt end subtle problema of 

thrH·dlmeneionel vleuel 1eometry ... It IUIIIsted by the feet thet It w• not 

I.M"tll the Renaisunca that ertlllt (dl Vlnci,1956;Aibertl,1547) were able to 

rormul1te rule• f'lf' the natunlittlc reprlllfttation of IPIC• in peintlftl Plinti"' and 

art in 1enerel rliw .wther iiSllet which it the inv•H of the probiM of everydly 

ecenes - that of t~ certoon. t.-frvt It it that 10 much viiUII lnformatiOfl can be 

conveyed by 1 few strok .. of the bruth or pen? What ere the mecNnitmt wNeh 

allow us to fill in? Art reveals mot~ clewly the itsue oi lnt..,..etltion of plct"et 

C tee for example the ~JCCe11ent d~CUG.;inn by GombrlchCGDI*ich.lltiO). Remember 

the duck/rabbit c•taan (Witllenttein,1953», end Borin~'• v... w ... /ad ... 

C8ori"'e1942) drtwinc. • we!l 11 exiiiPiet of fipre-..,..... CtWtfulklnt which ... ell 

aepecte of the very df~t ql*tlan of n!Utl-tl.We .tel• In viRn. which 

crope up both In depth--perception end in :nt.,....lnl HM · drawlrlp • ltrM 

dmenlionll ot:jeda. - ... the ,.... Cube ....,......, .... ... ..... tfne. 

c:lmentiONI •nterpret•lione. 11 well • the perfectly ....... two •••••• OM? 

Whit •• the ftdOtt which decide which of the stable dill• we In in, 

end why it it 10 difficult to twitch frOrA one .tate to -'W1 

ActUIIIy we hope thlt it wil becOIM d• lit• thll the IIYee ...... Oftllity 

of the wortd is 1 help rtlher then • hlndrtnee to ..,. ·Nylle. Tectriquea 

hllva been developeciNev.tia " antn, 1173) for """' depth ..... ion .... 
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for the sqmentation of scenet contllinilll CU"Y.ci object• and thae ...,. workers 

have proposed a volume-baNd , .... ntatlon far euch abject& We cltcUit thit In 

more detail in Sectian 5; 

(e) vwlability In lilhtinc: liaht cen be of meny coiOU"t nllntentity, nt came 

from one or more sourc ... 11 well 11 beinc reflected off tome surf.cet onto ldj~~e:ent 

ones. This aaain is a ICU'Ce both of annoyance n infGnnllion. It'• Mlf'IOYinc thlt 

one hat to keep chM&in1 the c.,..acteriltica of one's tlantOI"Y rltldwitm e!l the 

time - one has to adept for varyine li&ht levels. On the other hand, If one knowa 

somethin' about the li&htinc sitUIIion one can UM informetian fr011 thldowt lftd 

thedin1 to reconttruct some 11pectt of tl\8 shlpes of .abjectt. A Iller tedlon will 

clscuss some ,, the problems whtch .-1• in Ju:Wna, the c:aiOU"t of object under 

these kinds af c:lfficdtin. 1'hll too will be an eqmple "'her• thea •• wome quite 

pad informetion procesttiftfl modllt which .,. borne out by PI)'Ci'taph)'ek:ll dlla. 

Now thllt we twve llid out ICIM of the clff~Wtiel, we thUd ~rent 1ft wt1111 

we tek~ to be the cOI"Nd lftd incerNd methodt for copifw wtth t'*"- The bale 

thrutt of our .,...... will be thlt ftlive, brute-fne llllthldl tUCh • t-. 

developed In the fl-'d et Plltern dllltflcation ,_ , ....... priMm, hiNt-writ .... 

bLl)ble-chlnlber photocriPht lftd tO an· just witt not dl at 111 tw -~'"~ tha ldndl 

of ICeNn with which .._. .,. ••iiiiJ canfranllld. n.e - to t. ... v., 

strikin1 p.-allels here with tllemptt II IMChine ....., .. _... of Mtw" 

,..,.... At the bee•ftftl of the lixtiet, people ift thlt ~ 1M ...-.. et ttae MrT 

Schoal...,. et.on.ky, Fldor, Kala Md their cea .. -. t._.. ,._ the ww to 
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describe natural lantuate understandinc ·~stems (whether mtehine or tunan) was 

to write sophisticated conteKt 1ensitive generative 1r'""""'' of one kind or another.lt 

soon became cleer thet this purely aynt~etic way of 1oinc abo•.rt thin&• did not seem 

to work. Lancuate it not wholly a syttem of rewrillnt rue• IPP!IId to bite 

symbols to produce terminal strintt. It is inateld 1 eystem for conveylftl 

information. And information is not measured in t•'"'' of bytes: itt tilftlficence (itt 

contt-nti is very dependent upon the circumstances twrCK.Idnc itt utterence 

lftd reception. It is dependent upon a wider kind of context than the tr~n~formatlonel 

grammarians hid in mind • the context is the stale of the world pertlininc 1t the 

time somebody savs somethinc; and this stlte of affairs can lnvl'llve til klndt of 

non-lini'Jistic factors. So recently there has been 1 much more serious effort to 

develop truly undtrstancling llftiUII• processors (e.I-Winoarad.ll73). Ex.ctly thit 

kind of historical pattern hit been apparent in the ptyeholoo of viiUII .-ceptlon, 

but over & lon1er time teele. It may sHm .,..ldoxi~al in view of their well known 

antipathy thlt, loosely tpMktnc. the tate 19th. centwy behlvicuittt wtn lldn In 

their spirit to the l..,.llive syntacticists, In etre•tint the purwly .aomittic llructurll 

feahret of their retptJCt&va phenomena . The c..teltlet reldion went to the 

opposite extreme of strenint the wholiltic feahl'" of percepti., to tt• detriment 

of the possibility of pwtitiGii"l the ,.n:eptual procen Wo .,._ uteble fw 

empiricll invesliteUOft. 
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Before loinc hrther, WI mutt clarify QU' notion of 'level of nyllt'. We hive 

already introduced the notion of a heterarcNcll system without deflnlnt whet we 

mean by • 'level' or 'tlqe' within such 1 system. There teem to be two UMful wwyt 

of formulat Inc euch • definition: 

the first involves 1 dependence on the type of date which 1 procett ecceptt 11 Itt 

input. Accorclnt to such 1 criterion. prociiMt delllnt with raw lntentlty data (retinal 

receptors,blpolare, etc.)•• at the very lowest level; tho• which dell with edtn ere 

at a hither level, but •• themselvM IUbordinate to procestes which take more 

llobal input (from Hveral recions of the viiUII field, for example); 

the second wwy dependl upon the III'IKU't of 'advice' (l.e.inlerectian from procet ... 

et its own or 1 hicher level) that a proceu needl In order 1UCC•tfully to accompllth 

its tesk. By tnis criterion, the lateral inhibition lftd Retinex procnMt that we thall 

shortly detcribe •• et a dff6rent level from, for inetance, a r ... on-anodetion 

proceas.Cin fiCt, for cnet.ncy, we rite the level dlri\fed bJ IHI crit..., • 

lnvertety proportionll to the advice It needs). 

In • hlt«archicll ayat-, 11 we have dltcrfbed It, the d.- nottan of level we 

heve jUit llid eM become~ douded; a better .......,.. Is ...,..... tlw lnfC11111111CNI 

connectivity of a proceea, i.e. a .......,. 01'1 the ......... of tDUI'cet ,_ wNch it 

derivn advice .,.. iftetructfon. Crudllr ..,..ki ... the .._ advice thll a priiCMII 

need~, the ....,. likely it it to hive an afftdant iiiiPI....,.ation 1ft 1 ,....... • 

appo1ed to I ..-illl, ~ 11-. Of cow ... IIMce NY ittllf be tNited • dati. 
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J. AN ANALYSIS OF LOW·LEVEL MECHANISMS. 

In this sectio~ we will look in detail et the kinds of information processina which 

miP,t occur at some early staaes in the visual pathway; in J)erti~ular. we etk of each 

of these staaes what it can achieve on its own, 'with no euidance from other 

processes occurrine at the same or hiaher levels (usine •levels' in the rether careful 

sense that was laid out in the previous section). This analysis will altO reflect upon 

the areuments concernine serialism vs. parallelism which we brouaht up in that 

secti~. We mey find that there are some processes which can app•ently be c•rled 

out completely et one level (and J)rawnably implemented efficiently In parallel 

hardware); while~ in lookina at other processes, we will conclude that they CIMOt 

functi~ without Information from other staaes. and perhaps In the test lnttence 

wtthout non-vitual information about the nature of the wartd. 

(a) ldgts: 

Neurophysialoaical studies suaest that cejls in the ......aien viiUII cortex 

extract qes from retinal date (e.e. Hubal & WiAMI,1968). However, qee 

between reliant of uniform intensity are only one use"' perceptual construct. The 

8U"face• of heir, IMvn, f ... hert lftd f01m hive .irrecul .. textwe, • do othw 

eurfacH. Gibeon has of ca&ne ...- thlt textwH end .,..lnl, of t.tan .,. 

important perceptual ccntructs lGibeon,1950). AI hM only recently beaun to delll 

with text&M"ed ecenes; thne studies •• diaa•Nd in Section 3c. Since at.r 
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perceptual goals ere interpretations in terms of objects ni their spatial 

relatione, stereo n motion perallax depth perception c., llso provide 

Information most closely related to theM perceptuel 1oals. TheM eblllti .. •• 

apparently developed at birth (Bower, ). Perhaps other vlsualle•ni"' depend~ on 

the selfMntatlon struch1a provided ~· depth perception. AI studiae on depth •• 

diteussed in Section 3d. 

Natural scenes usually contain objects with well-defined '"fiCo boundarl•. 

The retinal projections of such scenes art patchwcrls of ., ... of oblcurlnc obj.cts. 

Some qes correspond to !'toundariet between objects, some to interior eds• of 

objects, others to turfece rnerklnp, others to lhldowl and reft-=tlont. Alt 

lilftlfy fMturet of pal.,.lll inter..t, tKA there 11 na clrect COfWIICllon betwMn 

intensit~ boundvies n:t the spatill intarpr.atetiOM whk:h •• the perceptUII pill. 

Thus, it is J)ftllbl~ to ftnd lntenllty dltcanllrdtl• on 1 local bellt, eYMt lhoulh ...,. 

edcet with low conlratt will be niaed. It is not pHelbla to find the ......_..,....j 
qes• on aloctll bMis, i.e. to lftlke I •pertect line driWinl". Cn.e- rnaan why 

recent tYCCet ... in the devea...-.. of hlaher level , ..... _. .. alpitlnl '-'• 

not mlde the perceptUII problem r~ - lit hpve ~ ~ Oft bel .. 
I 

provided with prefect HM chw'""P • i,.ul) PrM4ri tectri... of flnllnl 

intentity diCOfttilluitiH requtre edeneive ~Itkin tnd ... nal l'fJIIIy ldlquete. 

We expect thlt perf~ epproechifll hnM Yi ... ICUitr innerent~ cen only be 

IC:Ne¥ed It Feet ~~~klnll COlt (&I- the rllinl ,_ 1000 tiMe~ • l'llftY cell• " 

our TV ,,...., hive reeoiiAion ........ lftd thlt ldMII.-.tlll .. ..,..... in 
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computation we possible only ulin1 tttnPiine 'trat•li•• which llftO"e much of the 

imaee. Thl!s, aampHna coarsely allowa detection of extended boundtriet, from which 

man)' finer detaila (but not ail) eM be determined. For many probletM of interett, 

however, those reduced abilities ere adequate. In full'e, vision analysia provamt 

will have to devote much attention to strateliet which take account of extention in 

c;pace or continuity in time, or for which context creatly limts the reaolutlon 

necessary. 

'" this section we prefer to discuss boundtry finclna (for reaiont wlth<lut 

texture) in terms of computational COf'\PONtnts: local edl• operators and ed1e 

orcaniz.tion proceduree. In the biolocical system. the local 3dp operaton .. e 

Hubei·Wiesel cells, defined over tmall disks (typically 1 decree of we in the 

monkey). Theae cells ere stror'lly directional, havirc an anaular rnolution of 5 

decrees. There •• approximately 20,000 such call• In thl ltrlate c.tex. A 

r.omputational equivllent is the Hueekel operator (Huecket, 1971), •tined over a 

small disk. This oper•tor is dire--:tionel in that it calc:ulales morr~!'ds of thlt intensity 

function in a few clrections Wid determinet the clrecti~ of bett ftt of 1 tlnafe edp 

on ttle disk. We c.- estimate the computatiDI"al cost of semplinc 1 picture 

coersety With this operator. We w~nt to detect edces 81 all orienttliona. Since ow 

iftitial concern is with •-~•• which lt"e contiderlbly ..,.tillty extended we Clft a-t 

IIWIY with ..,.....,.. It only a few positions 1101'1 ...... W ,.... IIIIIPI• at "*'1 

positions perJ»>IIIicU• to an edc•· tt i• eftOUih to IIPPIY the~ operator 

et every oUM paint 11-. widely Hl*'ated verticil tnd horiMII N,.._ lei • NIJ' 
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we use 8 horizontal end 8 vertical iinet. At about 7 mttc. per application, this 

amountc to 15 s~K:onds for a 256 by 256 imaae, or 90 eecandt in three colows with 

stereo views. This is about a factor of 20,000 liower than comparable hunan 

operations, for nu:h coarser resclution (about a 1000 times fewer point.). 

What should be the desian criteria for a local edte operator? Such an operator 

describes the li&ht intensity surface over a small disk by 1 step function normal to 

a line throuch the ditk. Its utility is measured by its sensitivity end computational 

cost for a specified error rate {e.t. sensitivity defined by tt. contrast 

required for SOX potitive respor'ltes at an qe, for 1 thrllhold Mt for &X , .... 

POsitives where there is no qe). We Clft model litht intensity at an qe by 

the ed1e sip with detector 'MMM adc:ed. Detector noiM l'ftiY be confCM.ftted with 

surface specks and markinp. The former rney be redy modelled on the bMi• of 

electrical or electro-phylioloaicel analysis but the lett• Is bellctlly 1 lilftll which 

l"nniY or ,_ not be sitniflcant; the contrMt of such epecb rft1Y be arbitrriy l•ae: to 

attempt to eliminate respant~ to them by simply railinl ttnlhaldtl '"'*I low• 

sensitivity. They we tyttematic phenotnenll or. a IOCII ICIIe, but we 

chara&.te .. illd by the fact thai they •• not extended. It MUtt be left to the edp 

oraenizatlan process to deal with such tpeekt. 

There is a straipt-forwii"CC trldeoff between IMiitivity on the ana hind. 
end computltlon eost end r..-.ion on the other. This ._..., the we of 1 , ... 

of siz.. of oper.tors, with tizn covemi,. the .-:Inn ,,.. the ci,....OM of 

epec:k• to those for e~ended edpt. Unlortunetely. lila the Hulckel operator It 
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sensitive primarily to the intensity 1redient, non-uniform illumination, predominantly 

from reflections, can cause it to return fllse positive results over en entire tl.rfiiCe. 

The biolo1ical system is known to be insensitive to smooth aredients; laterll inhibition 

serves to eliminate these effects. An edt• operator usin1 this tecMique hat been 

desisned by Hnrn and Binford (Horn & Binford, 1973). A vlluable elucidation of its 

possible manifestation is liven b;· ~rn and by Marr (Horn, 1974; Marr, 1974) 

To what extent is improvement in sensitivity possible for local ed1e 

operators? The Hueclcel operator requires a threshold only 1.5 times optimum (we 

assume that the difference of means across an •de• is nell'ly optimal). If we .. sume 

that two multiply-~ operations per point it minimal, the Hueekel op«ator it llbout a 

factor of 4 slower then optimll. There seema little ··~ for drernatic improvement• 

in the computational behaviour of such edt• operalon. Fincll'll ecfle fr..,._.t It 

local in the sense that the aupport of the ctllc:.Jiation it 1 tnllll clek. 

One operation of tdtt Mfanization it lito locll: thlt of fincll'll edt• fr......,., 
which are near to each other end have simil .. slopes. LHtle It known from phytioiOty 

about mechanisms for the orpnizatiOfl of edge information froM ~-Wi...a cella. 

One conjectU"e is that their output 1081 directly to form 1 Fui• trensfamt. We 

er1ue later 11ainst the utility of that conjecture. There are liMY modelt from 

machine perception. One of these is the '*.~ of a connected reaion; another is 

the edle-foltowin, tectWc;ue; the edp II eiiCh polnl ctnleint clrKtlonllity 

information which Jftlbles an operator to be IPPiied only in retiont which •• 

predicted to have edpt trav•linc them. 
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Local edt• operators ere useful for CU'Vtl which •• locally llrlitht over the 

disk of tl-.e •rator. For a ler1e ditka, the lntenlity ufece will UIUIIIy be more 

complex thin 1 atep-func:tion. Tnere ere many mort postibilitiet in the c... of 

several lines, of cw-vea, or of smell textU'el feah.wes. One way of coplna it to find 

optimal cLrves which maximize some local contr11t function <•·I· the araditnt Ilona 
the curve). That approach it very expensive t.omputetlonelly bteiUII of the 

enormous IUnbtr of poslible enumerations of adjacent p:.intl, but by neatly 

enumeratina combinatoric• Md by use of continuity, the expect.c:l lhapt of the cw-ve, 

and het6istic seerch, these techniques have been made feasible in tituatlont auch 11 

nytil of X·rayt, in which the lhlpe Of the CLI'Ve il ki'IOWI'I in adv~~ 

Combinalorict ctn be mi,.;mized by 1 two ltep proe .. s of local edp h)';:ooU·•;!:. 

by thretholdi,. the CMAput of 1 leal edp operator fcilowed by edp arp~<tatlon. 

We •••ume that suet~ st11n follow the t-U:»et-Wietel operetan in biolotfcel tytt.,.., 

There ere two .. obal techniques which work well far streipt lines: ciUiteri"' of edp 

fraaments in the spece of line parametll'l (Mife and niniiiU'It clatance) (Perkint & 

&inford, 1973); end local ~uaterint of ecfee ~· projected alcw1c e Yll'lety of 

drections. For curve., no economictl tq&ivaltnl hal been found. 

Other teehniquet we loctl; the tinlpletl of tt'e" it the "''"' ,..,., fOI'f'ft of 

edp orpnization. Clearly, the -...y of the Mt of pointt which Ill llllitfy • 

f'elion-preclcate it en ectp. Thul ret~• ...-. it 1 perticullr ...... ,.,. of edle 

ora•tation. which leckl 1 notion of IIIIOOttNII which wtUd terve to bridle ppe. 

The lirl of the .,.. orpizalion proc .. It to liM edit ,..._,.., wNctt .,. nell'by 
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and have similar slopes. This may be done in en edt• followint mode (Tenenbewn & 

Pin1le, 1971 ), in which the qe operator is UMd to tr.ck elon1 edtet, or in its 

parilllel equivalent, when the edt• operator 11 applied in a raster acan; edae 

fragments as they are found are linked to one of a number of ne•by untermineted 

ed~es. It -1ppears to be difficult to extend the computation of a reaion uWforrn in 

intensity to reeions uniform in the tpatial distribution of features. We feel that these 

difficulties are rt:tlated in part to the inherent computatiONI complexity 8110Ctated 

with two-dimensional ceometry. 

Given a receptor mechaniil'l'l sensitive It thr.. ca1weni_.ly apaced 

wavelenJthi, such a• is available ir. ~he retina. OM milht thiNt that it w~ be 1 

relative!)· easy maUer to •rive It jqements af the calourt of points ar 

regions within a scene. Unfortunately this i1 not the ceee. bettuM the lftiiPPina 

from physical stimulut spece (i.e. that \:ontlinirc wav...,...h n irltentity) to 

sensation space it nolan isomorpht• Two operltiaM wtieh .. ....._. clfter_. 

are c~CKI'" metchinc on the one haftd. ll"'d col016 ,....,. on tha athlr. The rom. It 1 

resolution prablef'l\ while the l.ttlt' involvn the illportent phenoiMnoft af cocov 

c"".sran". 

One of the most el•l-'* demonstrations that tt.. relet•Gnlhip betWHft ftuc 

at variaus wavelenetht of reflected lilht end the .. IOdated colow ..... ._ 

ie not etrliaftlforwwd Wll Jiven by E.-in Lft in hie WillilfW J ... Lecbne et 
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Hervard (see Land & Mceann,1971). Hit experimental subject Wit a pastel drewint of 

a street scene by Jeanne Benton, which included a 1rMn ewninc on one tide Md a 

red door on the other. liaht at a lon1 waveleneth (650nm) Wll shone O!'to the 

awninc, while liaht of a middle waveleneth (540nm) we~ lhone onto the door In such a 

way that the same lq wave fi&.DC came from the centre of the awninc end the 

centre of the door, and stmilarly for the medium waveleneth. In other word., the 

total flux incident on the retina from the two rqiont Wit identical in 

intensity and wavel..,.th mixh.l"e. In IOftl wevelencth lilht llone the door eppeered 

'tlery lilht and the ewninc almost black, and the rev.... Wit true in mldcle 

wavel.,.th liaht alone. However in the mixhwe of Iicht, the IWnlna eppelt'ed areen 
and the door appolared red! Land in his Retinex theory (o,.tU.) proposed that the 

coiOU" of objects !s determined by their llf41'1tss computed It thrM distinct 

wavetenaths. rna lilhtnes• of 1 rqion it an ntimete of !ts reflect.ce II liven 

wavelen,th after hip-pess filterina hal been performed to remove slow chen~ .. in 

incident fllJ)(. This is bMed on the intuition that chances in reflectance •• lbrupt (M 

object boundlri .. ) wNie illumlnltlon c:hlnla •• ,... wedull. 1lu .... thtlt 

ore lilhf er in lone wevel.,.th and derk In middle wav...,..h liaN a~..,s look red, 

independently of the ectull wevel .... h cittribiAion in the reftect.t li ... Ar ... 

thlt look li&N .. ,.....,. • ., .. .,.. .. lftd dirk in .... .._. .,.. I*Cefved .. 

beiftllf"Hn. 

The Aetinex operation lllows a ~·• of et.d•w• end ...-.. 

brilhtnes• chlnpt auaee &ftfonw caleured re&i-. • 1110 correct• fw 
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colour casts, since the t:olour of any one reeion is not jiJdced lbaolutely, but 

relativ~:~ to the perceived colours of its near neiehooun. A prol"em he• been 

developt.od by one of us which simulates this model ot cotour analysis (Thomas,1974). 

It looks at the scene ttvouah three filtera, and uses the hlf\tness dtlta at these 

wavelengths to construct a colour trianele: the extremet of intensity at each 

wavelength define the vertices and the white potnt. This proaram has had some 

success in dealinc with lichtinc situationt invotvinc colored ~ and other dfficun 

casts, and has been found to pasa at least some standerd testa fOt" ~oua color 

vision. 

Horn (Horn.l914• end Mwr (Marr,l974) have inv•ticated the w:y in which the 

Retine)( operation which we described I"NNY be implemented in .-tific•al and nat&.ral 

visual Gystems, and the formulation of the RetiMK operttion that we heve lbove is 

eaaentially due to Horn. Marr hal sugested thet one function of the retiNI it tM 

computation of the Retinex liJhtness f\n:tion t!q fow ct.nelt (rod lftd 3 coloured 

cones) sit\Ut.,.Uy. and has shown how the slructure of the reline rillY be ldlpted 

for thft purpose. 

The ~etineK operaliGft it dewty well-adlpted tb ..... Clnied cd by ..,.011 
' 

.-.atel-proeetli"l hlrdw•., Mine 61Mriielly 1 OM-I" prac•-. INIIpendent of 

llt'J pwticuler knowtldplbout the tcene Dei .. looked at 
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(c) Ttrturt: 

Leu effort has been devoted in AI to out~., tcel'\8• than to toy 

scenes, probably because the problems are more difficult in the former. What does 

seem clear is that schemes for handlln1 natural tcenet which depend on 

detectinc the qes of '-1\iform intensity •• inedlqulte: whet ere needed are 

mecnanismt for the analysis of depth and texture. The anelyeit of te)Chre i• 1 

pat ticularly diffic"'t problem. 

Firat of all there can be a hierarchy of textures within 1 teene. Se\oo•~Y. it is 

Y""J difficult to arrive at satisfactory descriptors of tPlt.r'el featurH. That te)Cf.U"e 

and related components ere important in human vision it obviOUI from studies on 

the frequency characteristics of the vit&Jal system. Texhre it a tpetiel-c:lamein 

phenoMenon. but there have been ION proposals to treat it in the Fcuier clamein. A 

problem with such iriMformetiont it tt\ft they we essentillly bulk ~riptora: tt..ey 

emear out spatial information. We will treet this point fu1her below. An ict.el 

delcription of texh•• has to be I"''MJti-levet, .a that both Willi ICN:el fHlurH end 

l•pr anH wNd\ IIY tam~ boundlrin, can be ctph.red by it. 

ClmpMII _. othen (e.l- ~~ lr Robs)~\ 1961) Nve ..._,..,... 

peychophylicelt thll viiUII t~ ere ~rectly reilled to the .,.tiel frequency 

cornponefit of the tt-.s .. field. They llso lhowed thlt there n celts 1ft the 

cat striate c..tu which •• N&Ny teiective for the tpltlll fr...,cy of patlnp 

ov• e wide r..- of frequencies. Pollen (Pallen I LM,II7l) -..ereted thet the 
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simple cells described by Hubel and Wiesel we sentitive both· to the stimulut erea 

and to ih brlehtness, the implication beine that the data from a sinale simple cell 

cannot therefore provide a unique characterisation of a stimulus. He went on to 

claim that the visual cortex operates by 3 technique of strip inte&ration which cen 

be described a .. an operation in the Fourier domain. We take the view that the so-

called •c-ourier theory of vis1on' is of limited utility in a visual tystem. 

The Fourier transform model of vition is a version of the template matchine 

paradiem, which holds that the prirnwy task of a visual syttem is recoenitlon. i.e. 

matchini an imace (of an isolated object) with templates b;m previous lmaaee. 

The trmplates could be pgrtions of imqes "~ .jwantitiee derived from ima1ea. tuch as 

moments or Fourier coeff:.;ients. The set of problemt rnotivati"l thit parldlam is 

classifkalion of isolated, two-dimensionai forms amon1 a small set of possibilities: 

character recognition is typiral. We have cont~ thal template matchlnc Is 

inadequate for the visual requirements of a humant unforh••tely, the Fourier model 

is not vNy effective even tor template matchinc. A model for template rnatchlnt i 9: 

portions of previous 111111" we matched 11einlt linilw portions of the arrent 

imace. But whit Pll1 of the orilinel il'ftlp thoUd be a-., • t templlle? It 

appears thlt the visual system is 1 system capable of ........,.ation rather then a 

template matchi"l mechlnin. The templatM could be .upplled by revllltlon. 
.,.. 

or inferred from lftOiher (non templlte matchinc) fiCillty IUCh • raalion. In the 

template-matcninc ~ldlpn, the chief cifficulty it the computatlonll effort In metchinc 

templates to ecenet involvinc rotation, citation lnd lranelllion of objects. But 
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these are anly tne sin.plest problems: we contend that re.a world YiiUII problems 

involve articulatian, obscuration. and jqments of similarity of object• which are 

arbitrarily clifterent accordina to non-trivial metrics of template rnatchinc. The d111 

of cups is not identified by llf'J unique &Iobei thepe or by enurnentlon. but by beinc 

open containers (ciPible of holcinc liquid) of • certain volume. Thus, llnil.-lty 

depend• an • detcriptlon of three-clmensionll form; timllwity judptentt often lleo 

dr ~net an ft!Cilltl• ...,nentelion tnd locel deecriptlon. Even wltNn the 

template matchint .,..~e~am. the Fcut• tr-form model t. Mrioua 

dlfficultlee. The Fcui• trnform it equivelent to the orllinel l!'ft1181 it It u.ful 

only if there ... v•.t lirnplifications in the fraq.»ncy dornair\ The -..ppoMd 

advM'taae of the Fourier transform It trantlatiqnel lnvwl~nee. However, the 
\ 

transform it trenslatlonelly invwient only for periodic functiona. Objecta •• finite 

and lmea•• •• finite. 1ft this case, the transforma •• potitlon dependent. Another 

clfftculty it thlt If there •• Mveral object• in 1 -.the Fouier trtMforrn 

depends on all of them. The tpllltl template -'chine at l...t IHowl some 

loctliation to the ........ 

Exper.-.lla 1Nw thlt Mnelr &y$\- lfttlylie It ....... fer clelallllf'l 

the retpOMe of the YiiUII eysa.,. to VlricM stltUL F'wther, tMN • •• 

to be ....-t• clwNita with ._,. one octave width. The •ematw.. thal ttw 

syeteM edt • • tiftlle HftMI' fill•, ...... like 1 straw """ Ill up only to be 

knocked down, in vl.w of the wide ...,.. of talkt .... the ..,.. "'denL 

Experl..-a thow thlt ttw detldiaft threthold for.._.. WIYel ctn M predded 
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adequately from the eornponent of the fundamental frequeney. Further, •quare 

waves are dist1neuishable from sine waves only at COf\trath such that the third 

harmonic is above threshold. These results do not discriminate agline~ an ed1e 

detection ,,,echenisrn. however, since the ratios of sensitivities for s.-e weve to 

sine wave would be very similar, and wnatever meanc is used to 

discrimin:..te ;,etween the two stimuli must eive similar results, i.e. must be 

~\lmi~ated by the third harmonic. Any ed1e detector of fixed size must have a 

frequency responae with appro><imately one octave width. If for example, the spatial 

wei&htina is unity ecross the detector, the response is zero tor sine wevee with 

period half the width end the responte it half for sine waves with period twice 

the v11idth. 

In the lilht of tneM miseivinea. we must take 101M Plins to Mparate out thoM 

features of a Fot.rier-domlin description which we uufu tnd thole other 

conjectures which nave little ~~.~pport, trither theor;~ti~tl or experimental. An attempt 

to define useful texturll descriptors is an sunultan~ously an attempt to dee& with 

problems of pattern l'ouP"' .-.d proximity ir1 8!\ n-dirMMional feature space. 

E)(perimental studies of pro)(imit)l neve been carried out by Juleez (Juletz,l971), by 

Shepard CShepard.1964), ICI't.JU.II(ICrutkll,l964) and alhert. Sheptrd and hit 

colleacuet have developed tame powerful scelina technique• for extrectlna 

important stimulus dirnentiont from date about sensory j~t, and Juluz 

epplied them to jlJdiementt of similarity of visual te»c.lll'et; t~t fincfr1i wa thet the 

most dominant feature• wwe brijhtnesl(contrest) •~ Mi~~ntetion. Bajcsy'e 
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\Bajcsy,1972) work attempted to use somt tecMiquee In the FCKWier domain to 

delcribe such important features, and derived a way of meppin1 the information from 

the power spKtrum of a scene into textural propertiet In the spatial domain. 

Obviously the power spectrum of a scene ia invll'ill'lt under trantlation (If one 

i1nores windowine effects stemmine from the finite cherac:ter of imaltt), but not 

under rotation. so it provides 1 way of specifyi111 directionality. The phase spectrum 

on the other hand can be used io specify polition in the scene. She w11 able to 

show how such a powerful set of detcriptors fOf ti)C\ure could be con.tructed r.d 

used in an el1orithm far relion I"OWin,. The decitlon problems •• quite dlfficut, 

since ¥.hat is essentially involved in expandin~ retlont is 1 lll'lt runber of 

ji.Jdtments about proximity In n-spece. The sheaf r.,-ttentltion thet the UMd 

allows one to formalise the transition from local jqments to moro iJobtl structures, 

the whole process beinc imbedded in 1 hypothelis makintfverlficatiOfl paredllftl. Her 

pro1rem was able to extrac:t silf'iflcant textural lnforl'ftlllon from outdoor ICeMt 

involviftl trees, water, ern• end so on, and uae thlt informetlon to Hpllnt the 

scene in nahrll ways. She litO devoted 'arne thcqht to the ticniflr.ence of texture 

l"edients in the esti~ion of depth. llq the lines ..,...ted by Gibcon (op.cit) 

( ti) lJ,~ttlt: 

The m.ltUI"ement of depth is enother pod eancldlte f• • procees which NY 

••sentially be ~..,IN CMA In f*"allel with little lnformlllon other thin the raw 

Intensity deta from two ._.at• viewpoints a tf'MIII lf'lle ..... The ploneertnc 
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work of Julesz(op.cit.)has 'kown clearly that stereoscopic depth Information may be 

gained in the absence of monocular f.::atures by a bulk correlation between imaees 

from the two eyes. Of course, in normal vision, many other cues interact with this 

straight forward computation (f;,r example, monocular featU"ts, movement parallax, 

perceived size and interposition). Global features, and assumptions concernlnt the 

overall structure of the scene can be expected to help in removine local ambiauitles. 

Blakemore, in an ex;remely interesting study (Biakemore,1970) has shown that the 

eat's visual cortex has a joint feature/depth representation, in that all orientation­

specific columns of binocularly-driven cells are of either a conatant-depth type, 
f., 

viewing a thin sheet of visual space, 1 few degrees wide, at a liven distance, or of • I 

conshnt-directi~n type viewint a cylinder of visual space directed towards the inter-

ocular axis. The binocularly activated cells were optimally stimult~ted by dltparitiet of 

about 0.3 dee. horizaniP.IIy and 0.7 det. vertically, and the reeeptive field aizes were 

comparable to monoculerly activated cells. Adjoininc coh.nne ol depth-epeclfic cella 

differ by about 0.6 dq. while constant-directiGn coh•m• differ by about 4 det. So 

there are probebly about 500 constanl-depth and 300 constant-drectlon coiLmnt 

coverinc the entire visual field. 

A program has bee" w;itten It the Stanford AI Laboratory CPI"IIe & 

Thomat,l974) which cll'riet out a faah.re-clriven bulk-correlltion able to achieve • 

rest)...Jtlon of about lmm. at one metre. It is envisioned thlt thi1 provn will 

perform a crude 3-clmensional se1mentation of a viiUII ecene 81 • preface to further 

anelysis. 
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4. THE INTERMEDIATE UVEL. 

In this section we move on to consider the possible behaviour of 1 vision 

system which has been provided with the kinds of information which we discussed 

above. In particular, we w1ll be concerned V!ith separatina the setments of objects 

frnm the background and from each other, and with their ats"'ia\ion into coherent 

three-dimensional bodies. The stress will be on the wealth of possible partltionin1s 

which are possible for any reasonably interestina scene, end with the enorrnou. 

computational problel'!lS which arise from a failure to introduce WI adequate anti 

syiltematic semantics for pictures, wnere by 'semantics' t'tert we maen • Ml of 

interpretative rules consonant with the lerlet body of f.:tt, both intuitive end 

intellectual, which human observers brine to bear upon their percept.. 

The psycholoeical litereture on perception of ecenet is r1tlw' confused, 

and it really concerned only with perception of charxt•s (Ilona lnd in conteld) 

and line drawint• of 3-dimensional objects: only a vary few studies hive ever 

been done on perception of real wortd seen~• c~ainin~ leritt numbers of objects 

qainst a complex backaround (a.a.Biederman,1972; Biadarmii\,Gin• a StiC)', 1973) 

Some of the aerli•t tnd MOtt liplifictnl studies of the perception of 
\ 

flpwet were flooQS& on perception of retinally stllbilised lli...Ui, beciiWftl with 

those ~i Pritchard et.ll CPritchard,Heron & Habb, 1969) end of Mc:Farln 

(MacF.-Iand. 1968). When imaces of line drawinp we optlctlly stabilised on the 

retina, so that they do not move reletive to the receptor eurf.:e when the eyee 
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move, the fi1ures a"'e at first perceived normally, but soon the perceived ima&e 

be&ins to ditintearete end eventually dieappews alto1ether. Thlt it obviously 

because of the fatip of the receptors. What it intereatint It thlt the flaur•• 

do not disappear wholistically, but ratlw the pll'ts disappe• independently • the 

first thinf5 to co are vertitet, followed by iine ••aments. One mithl therefore 

ima1ine that vertices and line seamentt form the ~rimitive structures In perception. 

Qne miaht 10 on to IUII81t that D lood WI)' Of ttudyi"' the perception Of line 

drewin11 would be to cwry out eye·trtckina etuciea, lftd this was a~eed done by 

Kaufman and Richards (Kaufman & Richards,l969). They did show that ec:ute-ancted 

vertices are better attractants of visual fixation than obtuse ones. However they 

also show~ that in ficures subtendini len than 10 dec- of visual en&le, very little 

t~eanninc if eny is done. Instead the eyeg tend to fixate ri~Jidy upon tome potnt 

within the envelope of the fipe. To be more exact, fixation was predominently upon 

that point wtVch would form the centre of aravity of the object, •n• tt ,,,,_ 

.u .. ,.,utonal. Even at ttit primitive stllf' within the vi__. pror. .... pr&juclc .. lbout 

the interpretetion of the liM drawtftl •e llrlldy affectl"' Uw perceptual ......_. .... 

Other studi" hive examined the notion that ttv .. clilftlnliONiity lnd lin.plicity 

•• two or1anillliOMI principlet which we IGIIIehow inherent in the YiiUII 

proeMs. These two principles we but facets of the old a-tilt Pr~a.·p•11z IIW, 

whict~ tlid that sc.,.• are perceived .a:orcinc to the simpl .. t interpretalion whith it 

comp•tible with th.t sensory dlta. Hochb«& .nd McAiitter (Hoc:hl»rl A 

Mc:Aiister,l953) conducted some experiments on the perception of line drawinp 
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repre~entinc a cube in various orientations (due orieinally to Kopfermann). The clear 

cut result of their study was that the fieure possestina the best symmetry as 

a tru(l dimensional pattern was lt•ut oth:sn seen as a cubt (drawint Ca) in Fiaure 1.) 

This le-ads to a connection with the rules of tymmetry rruh ditcussld by the Gettalt 

psychologists. Consider the kinds of orsanisational croupincs that •• aoine on in 

figure 2 (after Attneave,l968). The case of the clusters of trianclst is a very 

interestina one - considered in isolation, any one of the$e trianales can appear to 

point in one of three directions. But when considered as clusters , ell the trienafes in 

a group appear to point in the same direction (even thoulf\ this dominant c:lraction 

changes from time to time). The conclusion from phenomena sueh 11 these is 

that the perceptual system cannot simultaneou,ly employ more than one axis of 

symmetry. Attneave (op. cit.) pointed out that when the triqles are viewed from 

an acute ancle, they opUcelly become isosceles. but perceptually they keep their 

arnbi,Iuity of direction. ..,, succested that the reason for this is that competition 

between the various eces of symmetry is &oina on not at the level of the retinal 

projection but rath« wttNn an internal model of 3-dimensiONI SJNC•· He fur1'­

suaceated that this internal model may consist of a Clrtetitn frlf'MIWOI'k, wherein 

FDtJP• of fii'JI'es such a• thole above may be described in two WIYt: 

(a) in terms of toe~ (firural axes) 

(b) in terms of the difference between the fipal a»ces end the 

ceneral axes of the visual field. 

The Praecnanz principle would then dictate that the dHcription choaen ln a 
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particular case would be that which :~ :;irnplest in terms of the orientation axes. 

Attneave has done some other sh.1 Jies sunestinc that we do Indeed have some 

represenh1tion of three dirnensic.nality in our perceptuel world mocWs. These 

involv.d showinJ that the apparent tridimensional orlenteUon of 1 cubictl 

fiture (repretented by 1 line li'awinc) is determined by tendlnciee to meke the 

object as simple 11 po111Die. For example, 1 ticur• auch at thlt in Fi i13 could 

represent any of 1 lar1• nlnber of possible pwallelopipedt: howev• if one ll.utnel 

that this fi1ure is 1 sllf'lted symmetrical ,ube, then qlite uniquely, the perceived 

a"rles «.1 and -r are all equal and richt-anetet. This homoceneity of qlea convey• • 

simplicity to the fieure and therefore it should, eccordinc to the minimal 

complexity principltt, be perceived usually as a cube (.t:ttneave&Fro•t,l969) 

Another interesti"' example ol a possible or11nisalional principle operatinc 

in the perception of polyhedra ~as been suuested by Perkins (Perkint,1968) in hfa 

eflalysis of the possible confipations that may be IIIU'IIId at cubicll corr.1. Some 

eombinotions of three linn meetin1 ~t a vertex iook like cornen of cubn. 

F'ipe 4 about t..• 

while ott~n do not. Why ia that? Obvioualy thit ~ ie 10verned 

to same extent by conte~, but there is also an Int.,. principle oper.tlnt- It 

seems a reasonable empirical conclusion to say that ,hrH line• ftiMli"' at a 

vertex form an acceptable representation of ! two-feed cubical comer if end 

only if it contatns 2 anJies less ~han or equal to 90 del whoM sum it arelter thin 
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or equCll to 90 dea.'. We tan then calculate which three line confiauretlons form 

viable corners. 

Thl$ little study by Perkins is a foretaste ot the t1-Nn1s we will tatk about 

next: attempts by des1pers of artificial vision systems to derive systematic rules for 

se1mentin1 seeMs, particularly those containina eonfilurtticns of rei'J• polyhtdra. 

We nope that corollaries with tNI psychotoeical evidence that hit jutt been 

prese"t ed will become evident. 

The earliest work in this tield was done by Roberts (Roberts,l965) ..vho 

concentrated on se~ntina and recoanisinr scenes eontainint only btocks of vwious 

rerular shapes The input was in the form of perfect (i.e. noi~ett) line 

drawings. 

Ado: to Guzman's work (Guzman, 1968) was 1 considerable advance, since it 

was the rird attenlpt to impart some meanlna to the J*'ts of picture• (rneaninc in 

terms of the relatiOMhlps between parts). This IPPf'OICh mitl&lled the probfems 

with the templ•t• matchinc appreiCh which wet l.lfttWtyt"l h\ Roberts• procrn. 

Guzmen't proarllft it two-pae~; on Ue first pass it lllhers loct& ·~~bout 

vertices i the second pest attempts to UN this evidence to ll:hieve 1 pl-.utible 

......,tation of the scene. Apin tto.. input was 1 noiseletS Une t1r1Wirc. The 

local evide~e Wll beted on certltr. hewistica 'oncemi"' possible 

confiawationt of ptane rqions at vertices. 

Fiaure 5 about hera 
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Each type of possible vertex contributes information ebout the reletions 

between neichbourinc recions. The "errow" link provides evidence for some 

connection between the two rtt&ions on either side of the shaft. The "fork" 

configuration provides evidence for linkar~ between the three contiauous 

regions. The "TEE" junction offers evidence of occlusion. ln~ernally, the 

relationships between faces is represented symbolically t:.y associated lists. At the 

lowest level, any two recions with a link between them are considered to be pert of 

tke same body. This can lead to trouble when fortuitous coincidences occur: the 

answer to this liber<l!ity of re1ion assodation is to require that there be two links 

between the reeions before they are considered to belq to each other. Some 

inhibitory heuristics were also used: for instance, there ~ld to be compatibility of 

interpretation between vertices belonging to the two ends ci • eiven line. Guzman's 

program worked quite well on scenes which contained lll'ce numbers of bodies in 

arbitrary conficurations, but was bothered by holes and other non-convexities. 

Further, 8i 1d more important, it was very poor at secmentint pict~e• which were 

missm1 data. ~.g. line-seernents. Falk (Falk,1970) approached this problem by 

usina Guzman type heuristics for associ1ting tdft$ r1ther then retiOM. He wes the 

able to use the verification methods we discussed urlier in connection with 

qe-followine !c predict the posit:on of lines in the scene: here is 1 cl•licet 

e)(ample of the kil'ld of methodoloiY that we have been advocetirc - i (f~irfy) 

hilh-level pro~ram concerned with analysin1 rqions into bodies is abl.a to Induce 

the lowest levels of the vision process to look eaain ,.,. ..... in tler.sitlvt; and 
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cr•~ial locatiow.;. For lnalysine real pictures, this method It quite superior to 

Guzman's. 

Huffman (t-h.Jffmar.,l S71) and Clowes have, independently, inveati1aled In a 

systematic way the possible c:onfisurationt of trihedral vertices seen from a position 

of nan-sincular perepective, classifyine edees as Convt:t, CDnttJvt end Obscurint. 

Fiaure 6 about here 

Such 1 labellin1 system immediately imposes quite atrin1ent reetrlctlons on 

the possible interpretations of tha vertices in this cube. They were able to show 

11-\81 only she l vertex labellinas and three eatt'l of fork and arrow lebellinet were 

possible eiven the above kinds of constraints. In his paper on lmpos11bie Objects 

(op.cit), Huffman point. out that there it a simifarity between the problem o~ 

attechine re~ltsable labeh; to an arbitrl'tf')' picture end that of P••ine a sentence 

in a lancuaee; he is able ta suuest tNt the reatOn impossible objects we so 

difficult to understand It that they •e the embodiments of ille1al par.lftlt . Weltz 

(Waltz,l972),in Hs recent thetis, deveiOJ* t._. idHI hrther: he e)(l)lnded the ••t 
of potlibt• llbellll''l' to take Into eccoari thldowt end ol,_ vlllri•• of 

illwninetion. and introduced 1 filterine mechanism involvi"l raolutlon of conflictinc 

information from neiahbourint qes as well as a few heuristics concen'lint l .. el 

lichtina &ttuations. etc. which ellowed his proararn to conver1• rapid)' onto a 

pfeutible interpretation. rather thin cwryina out 1 depth·firtt a ... ch of ell the 

po .. ible Huffman llbellinp. 
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5. A GATHERING TOGETIIER. 

Thia section will attempt to draw a•neral eonelusiont from the detliled pointe 

that hlv• been mede above, will lay out tome tUIIettlont for deteriptiOI'I 1ehemes 

for reel se.,.~ end ·•iii 10 on to contend that the&e ar.....,.ta have revelence for 

the contemporary controversy in captive psycholoty about the l"'.ature of mental 

representation. 

Given the initial point of view that the rY~tjor perceptual problem i1 that of 

destription rt!ther than recoanition, several eoncep~ual difficl.itlet triM which do not 

seem to have received \he attention we think they deserve, either In the 

ptycho!oaieal literatiM'• or in deticn• for wtificial vition aystems. rt.y .,.., firstly, 

thet of attenti011 : the problem of decidiftl at what levol of enalytis (in the MMe of 

Section 2) to ~PQroech a perceptUIII talk; Md, eecondly, that of errivi"'' It 

r•••entelionll formalisms which capl~e in tOfM IP/tOOth way the lfnllll"ttl lftd 

symbolic aspec;ts of humin detcriplion schemata. 

·a, ·d~scri l'tiMt .. wt clo not uslll4ll' IPIHI'I vtrlHII tlt~cri,itnts: .,, ••JI GJI 

abstract rltrta stru,turt in wlticlt art rt,rtstrttcd JH1ur~J, rtl4ttofu, jMvtlmu, 

rtftttreLt to orlln /'rltUJJ«J aJI~ "'"" iJtf.w•atiDft. BIM41s ,,,,st7ttt•l rM•ts 
t111tl rtlctifms HINttfl tldn.,s, dmripttoJU oJtA '01ll~1t iR.ferution a6oul tiM 
"latiw iJtt~ft171ct II} jHIUrts ltl Ollt 4JIIIt.\tr, l.f. ~Aid ,,.,_,S ttrl til h 
rtr4rdtd cU tUtfltial crul wAicA crt wurt~ 4W••Illlcl.' ( Mlwsl' fJI 

Pt~/'trt,l9?2) 

The attention probeem it intimllely bOU"Id up wilh ltw J*iiNw 10111• of the 

eystem at tnt liven mamer.t. For eqmple, in driviftl 1 cw, ane's lltenllon I• normelty 

devoted to the rold directly in front, but fit/ unexpected motion In t .. pertplwli 
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visual field receive• Immediate rek~ '" AI, this behaviOU' has been captured by the 

nation of a 'demon', I.e. 1 hiah·pnority intern~;·. proce'St which, wnen activated by a 

specific event (e.a. motion) can stop whichever coni;)Utation Is pretently in proll'ets 

and cause 90me other process to be run to deal wi~h the Interrupt. This would seem 

to be easily implementeble in a n~tunl vision syetem where problem• of tehedutlna 

ere reduced by the inherent parallelism. Most attempts at the development of 

artificial vision systems have devoted their efforts to extremely detailed analysis of 

the whole visual field, involvina tl'te a~tual rKo&nition of rvery viaible object, usually 

by matchinc &lainst some proto-type which ha• been learned and etored in memory. 

This prototype-matchinc matchin1 approach, which is ;,., some Wl'/1 1 eenerellzation of 

th€1 templete-metchinl tKhniques which we scorned e1rlier, also fail• to meet t)Uf" 

second r.riterion of adequacy, in that it is not aesily a)(pended to 1 trnooth 

repretentational formalism: it it overly concerned with localized fHh.w.., at the 

expense of l.ftierttandintl•eer-eclle characterietics of 1 viiUII teel'le. 

We will diteutt thrH tpproachet which belin to ftC• theta apparent 

defeett: the first, delcribed by Binford (Neveti11Binford.1973», involvu 1 

lerwtratised volume de&eript!on of CU'Ved objects; the MCond, u to Win.ton 

(Winston,l970) it the bepnninc of an attempt to •ec:ribe the relationt beh'I'Hf' 

object• in • aeene; and the third it Minsky's recent tua"tion concerninc the notion 

of frames (Minsky, 197~ 

A representation uHful for tl'te work of Binford et 11. with complex objects was 

chosen to Nlitfy deticn criteria which .,.. relevlnl to ...,_, percepl'on. The 
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repreMntation must be a..,...etlve, that 1., 1 rich tet of thepet should be 

conveniently 1enerated from local primltlvae. For that to be effective, the 

representation thould have a searnentation into J)art., which themlllvee may 

be formed of Qther pertt. for the part/whole tepnentation to be effective, the 

primitive parts muat be naturlily defined lnd computtlionelly ldequlte. In this 

ca~e it was decided to define prlmitivf! parte by continuity. Thit implies that 

the primitives are volume primitive• and not surface primitives, tince turfeces are 

discontinuous for objects with what we convenient!/ think of n a tina'• part <•·I· 

1 block). 

The representations de.,.nd upon lll"*'tatlon to detcribe complex objech 

in terms of parts. The representations· ere araph-structuriQ nodes correspond to 

parts, while arcs correapond to relations between parlt. Pll"tt may be compOW1d 

parts, i.e. II"IPh• of tt\e 111M form. Relations include relative potition Mtd 

orientation, decren of frHdom. .ymrnetry end IIYI specill Mowledie avllllble. 

The topoloticel operatlont of aj\inl ltld PMtina •• Ulld in JoiNni pwte. 

Normally, we think of hoi" •• ,.,.. by cuts nt protuberances n mede by ,_:.;tine. 

Primitive ~s are •m-lik .. detcribed 11 •JeMrlllized local cone•·· These 

parts are described foriMIIy in terms of ·..,...llized local trMSiational 

inv•i.-.:e•, 8ppropriaie to pirts whoM c:rott ~tettlont chinle .. owly 1101"1 101M 

space curve. A cenerei cyt\nder it formed by an ll'bitrwy croa section trll\l&ated 

alone • ttreiaht line. A cone hit a line. vlriation of cro~t MCtlon efOftl this exit. If 

the tclle of the cronsecUon it varied triOOtNy alq the .xit, we have whet mipt 
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be called a local cone. If the croll section is allowed to vary by dlttortion or rotation, 

and the axil It allowed to be 1 ~opaee curve, then we have •tenwalized local cone1•. 

These are t~e volume• swept out by talcint In arbitrary cro11 Mc:tion end 

transletlnl It alont 1 tptel curve. meanwhile verylnt the cr011 tectlon while 

holdin1 the cross Mc:tion normal to the path. 

F'iiure 7 about here 

Cross 1ections are represented in the same fnhion in two clmensions 11 

objects are in three dimensions. Atain. part/whole seamentation Is crucial. It Is 

required that parts be defined by continuity. Thus the parts must be .wee parts. not 

curve parts, since curvet are discontinuo~;: for plane flpes which wa normally 

think of as havine 1 slntle part. The primitivaa ar• ,detc:ribed by 1 erose tectlon 

(one-dimentional) veryina smoothly alone a plane curve. 

Flpe 8 about here 

Each element has a IOCII coordinate eyst.,.. EliCh joint canlline the 

trantformatlon nec .. sary to 10 from the coordinate tYttam of one aiMMnt to 

that of the other. This process of seementatl011 allows non-unique reprlllnlatlon., 

and permits us 1 choice of limple representations; wa c:e r.,ard the non­

U'iqueness 11 1n ldvtnt.,. in the Iicht of cu comment• lbove lbcU the lttentlonel 

problem. 

Fipe 9 about here 

The bnic philoeophy of WiMton's work is two-fold: 
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(a) that learnin1 is a process of constructinc compect detcriptlons of the 

meaninctul relationships between objects in the world; end 

(b) t~t'. such description construction is not to be achieved by 1 statistical 

learninl pa;·:Jdicrn, but rather by judicious teacninc, i.e. the choice by a teacher of 

examples which reveal the crucial features of a relation-description. Very 

importantly, it may involve exposin1 the learner to what Winston has called 'near­

misses'; situations which differ from the one another in tome tinaulerly crucial way. 

Firure l 0 about kere 

Fiiure 10 shows tM kind of data structure that Winston's proll'em constructs 

to describe the spatial relationships involved in a limple pedestal. One of the most 

crucial relations in this construction is that of support • a feature which Is absent 

from the 'near-rr::ss' examples. The role of the teacher in this cate Is to reinforce 

by mear.t of suc:n examples the crucial relationships which obtain in the scene. 

QbviOU&Iy there can be 1 nierll"chy of relations which c.n be extrlbited by such 

examples, some of which are more crucial then others. 

In this work, and In thet of Binford, we think that there are the Mctnninp of e 

viable and fruitful theory of scene det.criptions baled on structural dHc:riptions in 

which the topoiOIY is manifest. Developmental studies of huriWI perception, 

particularly by Piqet and his colleeeues (Piacet&lnhelder,l 967i heve of course 

reve.aed thet the ability to construct toploaicll delcriptione oceur·l ewtler then a 

more metric end 1eometric lbility. Minsky(ol'.dt.) In en lntM"ntl"l ptper, has 
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developed the notion of a 'frame' which i1 essentially a ltnerellzation of Winston'• 

scheme particularly adapted to revealinr at its top lev- thoM teeturet of 1 tituetion 

which arA believed to be most important: 

'Suing is fHIStd o'l tlt1 uu of Frarra,·-S,sttms. A fra'lfiN,sttm ls a data­

Jtructurt for rtprtstJ'Iting a sttrtolypt siruation • likt bti'lf in a ctrlain ltind of 

room. Atta(lttd to tltis Jtrutturt art ur•m;l Jr.inds of infor'1114tion. St>Wit of t/tJJ 

information is about W~ftat ont txfJtC!S to Aapf't11 ntxt. So"'' ts tJ6out wAt't to do 

if tx,tctatioru art no! co"firmtd. 

Colltcticns of relau.t frames art linlc.td togttlatr into Framt-J,stt"''· TAl 

tfftcts of important actions art mirrortd, transfor'llltl.lioru ~rwttn tlat Jramts 
of a S'JSitm.' (Min rlt.J,I974) 

We do think however that the eisentially non-metrical ehl!recter of Minsky's 

frames is somewhat unsatisfactOfy. His ar~rument cr;eems based on the belief that 

'people do not seem to have muck metneal ab1iity via-e-vis three dimensional 

imacery' (Minsky, C»J».cit.); this does no• fit well witn the studi .. of Attneeve thet we 

discussed above, which seem to demonstrate the conlrlf'Y. 

This difficiAty lea us naturally to discuss rhe relationship betwHn symbolic 

and pictorial methods of representation, and in particular the nature of mental 

i~na~ery. Of late, there has b-!oen considerable controversy in the literature 

(represented by Minsky's paper diecus!&d lbove, end l;,y ~ eleaant diecunion u to 

Py\ystlyn (Pylyshyn,l972)). We will not, in this HHt, devote d6teiled diacuation to 

this problem: 1 paper Is forthcominc by one of us (AJT) which II"IIJ8S, coftlrc ~lyshyn, 

that mental ima~er.t is 1 valid phenomenolotical concept, lnd that while It may be 

true tt\at the aeneral netwe of memory structwe it that of • symbolic network, It 
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does not therby follow that either the subjective experience of ima1ery or the 

considerable bcdy of structural investieetion, e.e. by Shepard (Shepard,l971) and 

especially by Cooper (Cooper,1973) on mental ima1ery tasks involvinl random 

three-dimensional forms, is thereby to be faulted. The araurnent It baaicllly that the 

symbolic/ pictorial distinction it a functional and co~putational one, and that aome 

form of the dual-code hypothesis advocated, for example, by Poaner (PoaNr,1972) it 

a likely beainnine of a satisfactory theory. The major question is whether it Ia correct 

to think of perception 11 1 combination of a diatal atimulua end a mental im(.ll 

thereof, and converaely whether the perceptual mtehinery is ~ 'lve durin, pictorial 

ima1inina. Advocate• of a dual-code type of hypothesis,(e.a. Bower,l972' have 

ar1ued In favour of a commonality of eeneratlon of both pictorial and llnauistlc 

structures. Powerful and interestine evidence for a role of perceptual concepts in 

line~stic operations comet from atudies of acquisition of lana._..._, by children. 

Postal's Universal Semantic Primitives Hypothesis (Pottll,l966) maket the claim 

that lin1uistic primitives must reflect closely the primitive relatlonshipt extMt in 

the oreanism's world, while Bierwisch CBierwisch,l969) has made the point that not 

only must a child have such a set of primitives, but he must elao leern to recopse 

them for what tney are. E.Ciark (Ciark.1971) has "'""ted that at an early ateae 

a child who is just beeinnin, to uae words doe• not know their full IIIHni"'lt but 

ra!Mr identifies them initially with only a few features of the meanina, which ere 

criteria! for its use of the words. Frorr. ow point of view here, the CI'U)( of her 

hypotheeie lies in the netwe of such features: 
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' ... tAt first JtWiantic ftatum tAat a cAild usts art lialllt to Ill d~riwd fro,. tAt 
tncocling of lais fJtrctfJts; .... at a lattr stagt, as tAl c!tild lt.lrns WIO, about 
t/11 structurt of Ats lanfUtJft as a a~ltolt, Itt will /tam a~lticlt fmet,t-dniwd 
Jtatum pta, a particular lincutstic rolt, and wAiclt art rtlattwl' 
rtdt~.ndant.'(Op.cit.) 
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For example studies on over-extension of relatione! terms (e .•. the UN of the 

term 'doa' to name all four-leged animals. independently of aize, &c.) tre ptrticulerly 

interestine: whe"' two words are closely related, e.1. W~orelltss, sa1r.t/difftrtnt. 

bcfortlafta, tt-te t4tndency in confusion of use by a child is towll"dt the use of the 

unmarked membt.r of the pair in place of both meanincs. In the studies by Piacet and 

others on over··extended use of synonyms •I· boy/brother, there is 1 IUII••tion 

that the tendency is to use such words synonymously until the relevant 

discriminatinc feahwes ere lell"necl end lidded to the lexical entry. H.Cierk 

(H.Ciark,1971) hts carried this way of thoucht 11 far as to qaest that ., 

isonlorphism exists between the lincuistic and perceptual domains. He proposes that 

asymmetries seen in the use of pairs of polar adjectives 1.1- bll/smell, tell/lhort, 

in fro!'\t/behind are due to anelotous asymmetrlet which exist in the viiUII flead. It It 

as if there existed reference points within this field, about which clrectlona 

tend to be defined as either potltive or l'Wiative. dependlnc on tl'*r 
I 

\ 

perceptual predorniNnCe. 
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6. CONCLUDING R1SMARKS. 

We hope that, t!V'qhout the preceedlna ~ectlons, the reeder ha been lble to 

trEice the two skeins of our ar~U~Mnt: 

1 a) that a vision system, whether net ural or ertificial, cannot function in the 

absence of a tw:,-way flow of information to and from almost every stace of analysis; 

and 

(b) that the crucial problem in understandint or desiani"l such systeme must be 

the formulation of a representational formalism which captures both parceptual end 

non-perceptual information, and allows a smooth transition between them. We have 

sketched what we tlke to be the belinnlna• of such 1 formlliem, but we find that we 

have to admit thlt even theN betinnlnp lr'e at pr...,.. quite incomplete lind 

unsatis~actory. 

Our hope it that thit pe,er will have aone tome Wf11 towardl reduci"l eny 

difficu!ty due to terminoiQiical n conceptual differences which IJCist between AI end 

psychoiOty, and which heve inhibited a potentially fruitf~ diiCOU' ... 
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FICURE CAPTIONS 

Fieure 1 

Possible conficuretions of tri-hedral vertices. Only tome ll'e convlnc:lncly parte of 1 

cubical body(after KopferrnaM) 

Fieure 2 

Ambiguous trianele contiet~at•ons (after Attneave( 1968)). The equilateral triqles 
appear in one of tlvee oritntations dependina on the domi!W't aymmetry axis of the 
whole aroup. 

Fieure 3 

Constraints on the percllplion of 1 parallelopiped 11 1 cube (eft• Attneeve & 
Froat( 1969)) 

Some further constrlints on the perception of cubical comerl(after P.Wnl( 1968)) 

Fisure 5 

linkin• retiont ut4nc Guzmln's tehe."fte (after ~ 1961)) 

Ficu-e 6 

Huffman labellina sc:heme ;or 3-cirnensiontl polyhedra: plue mtrkt • convex Mdle, 
minuw e concave edp end ., arrow marks qea where cny one fece it vi._.• of 
the two which ,.. up the ..,...(lfter ..,_1171)) 

Fisur• 1 

Binford Generllized Cylinder repr...Cetlon for 1 ~~ (eft• A.fld.l972)) 

Fisurc a 
L~ rlnlint det1 for 1 toy doll \frOM Nevatil( 197~) 

Fipe 9 

Sepnentetion of 1 toy doll llq •v•al --. derived troll the ,.,.. dlle of Flpe 
9 (from Nevllil(1974)) 
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Fl1ure 10 

A structural description of 1 timple pedettel(lfter Winaton(1970U 



'"' "'' 

lei 

Fiaw• I: Kopter...-.n cubit 
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Fiaur• 3: Permissible -cles at • cubicll cll'l'ler 



I 



-~ 
\ 

I 
I 



Ficur• 6: HufiNn ,..,... • ..._ 



Fisur• 7: Generalized cylinder repr ... ntation of 1 screwdriver 



Fi1ure 8: L...,. ''"''"' d1l1 for 1 toy doll 



Fi&ure 9: Derived ••es of se&Mentation tot a toy doll 



Fil~"• 10: WiMton schema tor a pedest.t 


