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Abstract 

In the domain of visual perception, contour closllrt, has b('('11 "t.ucli('d as 

a perceptual featme, extraded by preatt,('ntiv(' visuéll proc('ssc'~. Mol i­

vated by basic results in topology and geonll'I l'y, 1 ad \'ali ('(. a di fr(,(,(·I\t. 

hypothesis: perceptual closure should bt' S('('II not as a fl'al. Il l'C' , bill. as 

a means; a dimensional bridge, continllou" in natlll't', which allo\\'s 1 Ill' 

inference of planar and solici shape from olH'-dilll<'IISional cOlllollr. 1 SlIp­

port this hypothesh with a seri('s of visuai l'pareh ('xperil1H'nls in which 

subjects discriminate outlint' figures hy JJWélns of t.1H'ir I.wo-dilllC'lIsional 

shape. By modulating the degrcc of cloSUI't' of tlw 01ltlilH'S, 1 show ,,!till, 

two-dimensional shape processing is rapid fol' dos('d st.imuli bllt. slow for 

open stimuli. 1 furthcl' show that search SP(,(,t\ can 1)(' charact.(·1 i:t,(·d dS il 

smooth, monotonie function of the d(>gree of c10slI re, slIpport.illg t.he no­

tion of a perceptual dosure continuum. Tills (olltil\lIl1l11 is showli f,() 1)(' 

naturally parameterized by a dot-spacillg 1lH't.ric, and (·xIH'rillll'lIt.s wit.h 

different types of fragmentation Icad to t!)(' hypot.l)('sis of a M inirllax PI in­

ciple of dosure, which imposes a partial ord('rillg owr ail frrlgllll'lIt.dt.i()lI~ 

of a given contour. Using search specd as a llH'trÎ<: for t1J(' 1>C'J(·('pt.lIalllo­

sure of various figures leads to ail cquivalC'IJ('(' J'(·latioll l)('t.W('(·11 1H'J'(·(·pt.llal 

closure and the confidence of object iufewflc('. Ulld('r this Il){': ric, I)('r< ('1'­

tuai dosure is found to be indepclldC'ut f rom variOllS SHI f,tce' rol!l pldioJl 

and texture processes and highly sen~itivc to ('ollt.rast sÎgll n'wlsal, Sllp­

porting the existence of a limited-complC'xity shape' from cont.our IHO(,('SS 

in early vision. Perceptual closure is shown 1,0 },e nonlilJ('ar in "('v('ral 

respects: a simple model of one such nonlincarity is propor-.cd. 



Sommaire 

Dalls le domaine' d(' la perœption visuelle, la fermeture du contour a 

(.1.(\ étudii-e COli 11 11(' UII trait [wl'ceptucl, extrait par des processus visuel 

rm\attclI t ifs. Motiv(. par des rpsultats fondamentaux de topologie et de 

géométrie, j'avallce une hypothèse différente: on doit voir la fermeture 

du contour non pas comme UII trait, mais comme un "en: un lien dimen­

siolH'l, ayant UIW lIature contillllP, ct permettant l'inférence d'une forme 

plallair<' <'1, solide' à partir du contour . .Je soutiens cette hypothèse par 

1111(' s(~rj(' d'('xp(~ri('JI('('s dans lesquelIPs des 3ujets distinguent des contours 

de figul'(' SIII' la haM' de la fOl'me bidimension('lIe associée. Par la modu­

lat.ioll du d('gri' <1(, la ferllld1ll'e des contours, je montre que la distinction 

des f()rlll(,~ hidilllensiollclles est rapide pour les stimuli frl'més mais lente 

pour h·s stillluli o:JV(~rts. .Je montre de plus que la vitesse de la dis­

t.illction P{'lIt i·.,l'<' ('aractérisée colllme une fonction lissc ct monotonique 

du d('gré d(, la f('rlllc!.ure, de ce fait supportant l'idée d'un continuum 

dl' la f('I'III(·t.III'(· pCI'C<'ptuell(·. Des rxpériencet1 avec des fragmentations 

(IiVl'rs(':" 11I('IH'lIt à l'hypothèse d'un principe de fermeture dit du "mini­

max". Cl' principe imposp un ordre partiel sur les fragmentations pos­

sihl('s d'ull cont.our donné. L'ut!lisation de la vitpsse de discrimination 

('Olllll\(' métriql\c pOli\' la fermeture per('eptuelle de form('s diverses mène 

à 1111(' relat.ion d'i>quival('Jl('(' entre ('elte même f('fmcture perceptuelle et 

la cOllfiallf(' ('11 l'illf~ren('c d'un .:>bjet. Sous cette métrique, Id fermeturr! 

P('I'('('ptuelle (·st. trollv('c être illdép('IHlante de la texture ct des processus 

d(' la cOlllpl(\t,ud(' modale et amodal(" mais très sensible au changement 

de' sigll<' du cont.raste, supportant l'exist.ence d'un processus de la vision 

primail'<' qui illf(-J'(' des propriétés dt· la forme bidimensionellc. Je mon­

t re ql1e la f('l'md,urt' perceptuelle est non-linéaire par certains égards: un 

moc!Np simple d'UIl(' propriétp non-linéaire est proposé. 

11 



1 

Acknowledgements 

1 thank a1l29 of my haplcss subjects for al\owing Ille'"' t,o 1>1"0\)(' t.!\('ir illllf'l 

souls: they certainly didn't do il for t.li(' III 011 l'y, alld will ha\'(' t.o lu' 

content with fame and glory. 

Many of my colleagues have Ilt'lpt'd (,ollsid('rahly iu l'~'vif'win~ t.his 

work or previous versions of il. They illdud(' Allan Dohbills, (:J'('g Uud('k, 

Thomas Jelonek, David JOlies, Michael K(·lIy, !\1 ich'H'1 Lall~('J', FIC·(II'I ic 

Leymarie, Anna Lin, Ron Hell&ink alld Frall(,('s Wilkinson. 

It IS customary to thank one's supt'l'visor fol' f('('d\'11( k alld gllid,lIu'p. 

1 would like to take ther.e as assum('d, and sa\'(' Illy t h,lIIks fOI sOIlH'f.ltinp; 

less common. The computC'r vision lab of MdH ~IM is provocaf.iw ,lI\(1 

fun: a place where one cau he passionat.f' ahollt. idpélS. III Illy OpillIOII, 

this is due in large part to Steve Zuck(·r. lIis id('als Illovid(· a (low('l'flil 

and exciting structure in which to work, to (krillP o!\P;;!·lf for or a~aillst.. 

1 am lucky to be hcre. 

Deepest thanks are saved for Illy parent.s, Harvey ilIId Marian, fol' 

their support, their love, their cthics and ideals. 

III 



Table of Contents 

Chapter 1 Overview ......... . 
1.1 Contributions............ 
1.2 Things to Sce Whik in this Thesis 

Chapter 2 Introduction ..... . 
2.1 Contours.......... .. . 
2.2 BI idging tht:> Dirnellsional Gap. 

Chapter 3 Background....... 
:J.I Closu\'(': A Principlc of Organization 
3.2 Ft'atllr(,s and TextoJls .. 
:1.:1 A ttclItion 
:1.4 POIlH'ran!.l,. 
:1.5 .1 lll~sz .. . 
:1.6 Treisrnan. . 

:J,6.1 Psychophysical Methods 
:J,6.2 Dcgrt:>es of CloslIl'e 
:J,6.:l S('ardl Asymmetry 

:1.7 DOIllH'lIy. . . . . . 
:1.8 llllman....... 
:J.!) A New Perspective 

Chapter 4 Experiments 
4.1 Methods ...... . 
4.2 Subjects. . . . . . . 
,1.:1 Shap(' Discrimination for Open and Closed Fie;ures 
-lA COJ'll('\'s, COl1llecl.edness or Closure? 
·1.5 Superposition ................ . 
·1.6 COlllp('ting Organizations .... . 
4.ï Is ('Ios\ll'(' a Floating P<')'C<'ptual Property? . 
4.8 The P(')'cept ua! Closu)'e Cont.inuum . 
,1.9 A ~lillil11ax Gap Principle of Closure 
-LlO '('('Xt.OIlS a)'e not Gluons ..... . 
-UI ClosUl'l' and Amodal COlnpletion 
4.12 ClosUl'<' and Modal Complction . 
4.13 S<,ardl Asymmet)'y . 
".H Closnr<, and COlltrast. ...... . 

1 
4 
5 

7 
7 

10 

12 
12 
14 
15 
16 
20 
22 
22 
24 
28 
29 
31 
32 

35 
35 
37 
37 
40 
43 
45 
48 
49 
51 
55 
59 
62 
64 
67 

IV 



, , 
1. 

, 
l 

4.14.1 Contrast Cont.rols ....... . 
4.14.2 fntra-Figure COlltrast. Variatioll 

4.15 Discriminating Shape .. 
4.15.1 Size ..... 
4.1.5.2 Linear Filters 
4.15.3 Symrnctry . 

Chapter 5 Discussion. 
5.1 Clo'.Hlre as a Measurc of Single Ohj('d COllfi·J('n('(· 
5.2 The Why and How of Perc('ptual Closul'(' . 
5.3 Mathematical Tools for Closuf(> . . . . . . 

5.3.1 The Jordan Curve Theor('111 . . .. 
5.3.2 The Thcol'em of TU\'I1illg Taflg('Ilt.s 
5.3.3 The Willoing Numl)('r of a Cur\'(' . 

5.4 Met.aphor . . . . . . . . . . . . . . . . . . 
5.5 The Nonlinear Nat.urt' of Per('('pt.ual Clos 111'(' 

Chapter 6 Cond usion ............. . 

Appendix A An Unbiased Visual Search MethodoJogy 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

v 

tiH 
71 
77 
ï7 
SI 
S·I 

88 

103 

107 

112 



( 

( 

List of Figures 

2.1 Shap(' revealcd by occlusion contour. . 9 

a.1 Gpstalt illhstration of the pl'inciple of c10sure . 13 
:1.2 An oddity task to ter,t for con hg. l'al superiority 17 
:1.:1 SI'I(·C'ted stimuli relevallt to contour c!osur(' . . . 18 
3.1 Iliuhory con~ mctions of lirws and ('ongles. . . . . 25 
:1 .. ) IlIlIsory nmjunctions of lilWS, angles ,tnd c10sed ,=ontours 27 
:J.fi 'l'Il(' (·(f(·( t. of glohal ohjf'ct descriptions on stimulus salience . 30 

4.1 Visllal S('i\frh S('(P1Œ(,(' . . . . • . • . • • • . • . . . . • • • • 36 
4.2 St.illlllii and ('xiunpk displitys for op:-n ar d dosed outline shapes. 38 
4.:1 SpaJ'( Il l'('sults for dos{'d and 0lwn figures . . . . . . . . . 39 
4.1 S('al('h n'sld!.s for 1I11collliecled figures. . . . . . . . . . . 41 
4.5 Spal'ch n'sldts for figllres with inward or outward CJrners 41 
4.6 SNLl'ch r"slJ!ts for COIlIl(·ct.ed stimuli . . . 42 
4.7 
4.H 
4.n 
,LlO 
4.11 
4.11 
".1 :1 
4.14 
·t. 1 ;) 

·t.1 fi 
·t.17 
,t.18 

4.1 H 
4.10 
4.11 
·1.21 
·1.2:J 
·1.1·1 
4.25 
·t.2() 
4.2ï 
·1.2S 
·1.2H 

Inwald and olltward COJ'T}(,I' superposit.ion ........ . 
S('<lJ'( h 1 (·hlllt.f> for su!>el'po:,itioll stimuli . . . . . . . . . 
11lt.(,l'pl'dat iOIl of stimuli with outward-oriented corners 
S('ctl'ch 1 ('stdts for Spctl'f>t' stimuli . 
EllcloM·d :,;tilllllli . . . . . . . . . . . . . . . 
S('al'ch J'('!-Iults for ('ncloscd stimuli . . . . . 
Salllplillg c1O!-lur(' wit.h 2-fragment stimuli. 
Clo!-lu 1'(' rollt.i Il li li III . . • . . -. • . , . . • • 

Boul:dary dot. st.imuli ........... . 
S('éI rcl 1 iesulbj for boundary dot experiment . 
Spal ch sp(·(·d as a fUllctioll of dot, spacing .. 
St.imuli ul'l(·d for texture ex peri ment . . . . . 
Search reslllt~ for st.imuli with interior texture. 
Stimuli used for occlusion experiment . 
St'al'ch n'~ults for occlusion pxpcrimpllt ... . 
Cla,'lsical {'xalllple of modal completion ... . 
St.imuli us(·d for modal complct.ion experiment 
St'arch results for llIüdal completion eyperiment 
Spa('ch l't'sult s for s('arch a"iymmf'tryexpcriment 
Contrast ('('\'('rsal kills short-range grouping structure 
I\lodal cOlllpletjoll of re\'ersed-contrast contours .... 
Spa l'ch r{'sldts for contrast control experiment . . . . 
St'arch display with a mixture of black and white stimuli. 

VI 

43 
44 
45 
46 
47 
48 
50 
50 
52 
53 
54 
57 
58 
60 
61 
63 
64 
65 
66 
67 
68 
69 
70 



... 
4.30 Search results wl1<'11 target cOlltl'a.~t is un~lIowll 71 
4.31 Seareh results whl'Il targe! contrast is knowll . . Tl 
4.32 Closing the figures with ndllcfd and f'{ l't rMd conlla ... t:-.. ï:I 
4.33 Seareh resldt.s for contrru,t I"<'dudion and <olIt rel!->I lI'\('rsa1. 7·1 
4.34 Seard. results for l'l'duction/n'vt'rsdl cOlllrd~t co lit 1'01 75 
4.35 Reversing contra.-;t along straight sl'gmC'lIt~ of COlltOll1'. . 7ti 
4.36 Search results for straight ~('gn)(,llt n'\'('rsal . . . 77 
4.37 Stimuli of various widths . . . . . 7~ 

4.38 Size di:,crimillation ver:,us shapc dÎh<Tilllillill ÎOII 7!1 
4.39 Seareh resliits for size and sliapc discrilllilldl iOIl HO 
4.40 Filter respons('s to dos('d and 0llPn :-.tilllllii . . . H~ 

4.41 Filter J'(·spon::.es Lo clos('d ~PIl\(I1('s of variolls :,iz('<; ~ 1 
4.42 Filter responses 1.0 clo:,('d barn'I:. of Vell iOlls si",(,s Hf) 

4.43 Shearec! figures .. . . . . . . . . . . . . . . . . ~f) 

4.44 S.~arch rcslIlts fol' figlll'(' s)'IIlIll('fry (·xlH'rillH'IIt.:-. . S7 

5.1 A summary of scll'ct(,<! l'('SIIIt.S . . . . . . . sn 
5.2 A ciosed figure with 0 CtlJ'\'d.ttm· . . . . . . llli 

5.3 Opell figures with large willdmg 1lI111l1H'rs. ll7 

5.4 Closure as a !1H'a',III'(' of t!w abilit.y Lo ('OlIt "ill ... llIlf. !l!l , 5.5 Nonlin('ar intcgration llIay \('ad Lo ~I\IIilllax Gop l'I'ÎI\C'ipll'. \02 
~ 

A.1 V;sual s('al'ch res"I\':, lIsing th(' c1as:'1< al pron'd 11 J'(' • • • • 1 (Il) 
A.2 Compal'ing sea:ch \'('sulb for two PI'O('('<lIII('S . . . . . . . 1111 
A.3 Mean ('l'for rat('s [or tlU' dassical vbllitl S('ill< Il ))J()('(·dIl J'(' 1111 

1 
VII 



, 

IJist of Tables 

4.1 Luminance values used in contrast experiments. . ....... , 68 

A.1 Lincar fit parametcrs for scarch results using c1assical procedure III 

Vlll 



l 

Chapter 1 Overview 

Amongst the many contours in an image, t.her(' will he SOIll(' whi( Il proj(>c\, 

from the boundaries of objert:J. Integl'aling informat.ion Crom t Iw:.;(' 0('­

cluding contours allows ti,c infel'(,llce of two and t.hr<>(·-dilll('llsionr4J sllap .. 

properties. The trick is 1.0 pick the 1'ight ("ontollrs to illtq.~r<lt(', HO t hat. 

non-occlusion cont.ollI's, or occlusion cont.olll S from dist.il\( t. hOlllldal iC'~:, 

are not integl'ated into rCI)fCsf'lltations of nOlH'xisl.(>JlI. ohjt'd,s. 

The hypothesis motivat.i ng this wOl'k is thal t.h is PI'O(,('SS of sele't't.i v(' 

integration is based upon contour dosure. This 1)(> l'("('pl. \1 (1 1 c!OSIIJ'(' is 

presurned to have sorne corrcspond<'n('(' t.o mat.ll<'tllat irai alld illt.uil.iv:' 

notions of dORure, but also to ha ve !>J'op('rtic's sIwei fic t.o a JH'rC'('pt.II~t1 

context. 

This hypothesis is based on the fact thal \.II(' bOlll!d,uy of ail 1111-

occluded object with a sim ply (,ol1llcctcd slIrfil('!' proj('ds (lS il silllplt', 

closed contou\' in a retinal image'. A dassica.1 mmlt in t,opology k1loWIl 

as the Jordan ('urve theorc:n states that such a coutollr !Hll'f.it.ioIIS !.II(' 

plane into two sets: an inside (figure) and ail oll!.sid(' (grollllcl). This 

partition j .... crucial bccause i t allows th{l defi lIilioll of I.wo di rJI('lIsioll;!l 

shape propel lics such as curvatuf(> sign, cOllcaviti(·s, conVf'xi!.i('s, 1l<l.l'row­

ings and bulges. Such propertirs ha.VI' in tUl'n Iwpu showlI t 0 illlpos(' 

strong consl.raints on the shape of tlw thrcc-dirrH'lIsional surfile <'s ill I.h(· 

scene (Biederman [1988]; Koenderink [H)84]; Low(' [I!JH!)]; Marr [1!IH2]). 

Thus, c\)mputationally, notions of cont.our dosure and shape af(~ d('('ply 

entwined: contour closurc mak('s the infprence of shap!' from (Oll!.our 

possible. 



1. Overview 

While in topology there is no concept of partial contour dos ure (a 

curve is f'ither dosed or it 's not), in perception, shape can still be per­

ceived even when the bounding contour is fragmented by occlusion, shadow 

or low refl(·ctance ('Ontrast. What then is the role of dosure in the per­

ception of shape'! 

My hypothesis is that in perception the notion of a closure continuum 

f'xists and that it is this PC7'ccpluai closure which mediates shape percep­

tion. This hypot,hesis conllecting c10sure to shape has never been tested: 

cOlltempol'al'y rcseal'ch has illstead divorced these two notions, charac­

t.f·rizing c1osur(' as an "ellwrgent feature", "completely abstractable from 

shape" (Tl'cisman & Paterson [1984]). 

1 support this hypothesis with a series of visual search experiments 

If) which subjcct.s discriminate outline figures by means of their two­

dilllclIsiollal shape, The stimuli are designed so that the clos ure of the 

olltlill('S can 1)(' vdrÎ(·d without changing the contour features which dis­

t.illguish t.he t.arge!. hom the dist ractol's. By modulating the degree of do­

Slll'(' of the targf't and distl'actors in tandem, 1 show that two-dimensional 

shôpl" pro('('ssing is l'apid fol' c10sed stimuli but slow for open stimuli, 1 

flll'l.h('1' show t.ha t. s('ôl'ch spœd can be charact.erized as a smooth, mono­

t.onie fundion of th(' degl'œ of dosure, support.ing the notion of a per­

('('pt.ual c10SIlI'(' continuum. 

Using s(,éll'ch specd as a mct.ric fol' the perceptual dosure of various 

figlllf's leads t.o a Ilumber of pl'Operties of perceptual dosure and several 

pl'incÎpl('s gov('rning the percept.ioll of shape from contour. 

EXpt'l'il1l('nt.s using partly closed figures of various fragmentation ge­

ollwt.l'ies leatl to the hypothesis of a Mmunax Gap Principle: given a 

If'ngth of contour and a region to be bound, maximum dosure is ob­

t.aillt'd by minimizing maximum gap It'ngth. A simple mechanism based 

2 
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1. O\,(,f\'it'w 

upon nonlinear operatol's is proposcd as a possible basis for t,his pril\t'ipl('. 

Experiment.s wit.h cont.rast-reversing contours lcacl loo Cl C()1/I'·(I.~1 Slg1/ 

Principle of dosure: perceptual closure is a function only of couloOUl' of 

a consistent contrast sign. This pl'inciple associates p<'rct'pt.ual clos Il 1'(' 

with other short-range contour grollping process('S and dist.ingtlil'llI's il 

from more complex, long-range slll'face infercnCf' pro('('ss('S, slIppol't.ing 

the l'ole for dosure in early vision. 

Experiments using first-ol'der random-dot t.CXt.UI'f'S OH~I' t.h(· 1IIt.('l'iol' of 

fragmented out.1ine figures reveal that large t.extul'(' dirr('I'('I\('('S I)('t.w(·(·u 

figure and ground do not specd the format.ion of planaI' shap(' l('p1'<'s('n­

tations, suggesting a lack of COOpCl·dt.ion }wtw('ell fegioll alld hOIlJl(lary 

pro cesses at an early stage. 

Further experimentation shows that modal or alllod,,1 wlllpld,ioll of 

partly closed figures also does Ilot spf'cd shape discriminat.ion, s'Ippol't.ing 

the existence of a limited-complexity shape fl'OlIl COlltOUI' pro('('[,s ill (·ady 

vision. 

Figure symmetl'y is seen to affect discrimillatloll ill Lwo ways. !tp­

ducing symmetry of high:y closed figures is shown t.o slow discriminat.ioll 

mi/dly, reflecting the existence of a symmd,ry nonll in t.11(' coding of 

shape. Reducing symmetry of figures with low clOSUl'f' is showlI t.o slow 

discrimination dramatically, rcflecting t.ht' exploitat.ioll of sylllrr)('t.l'y ill 

perceptual grouping. 

The majority of my results can be unified Ilndel' a fllnctiollal vi('wof 

perceptual dosure as do measure of the confidence wil.h whieh (,OIlt,OIlr~ 

can be interpreted as pojections from a single ohject, hOllTldary. This 

leads t.o an equivalence ,'elation between perccptual c10sure and Hin!/If! 

object confidence. 



( 

( 

1. Overview 

1.1 Contributions 

• Countering the prevailing view of contour dosure as a perceptual fea­

turc, J propose an alternate view which relates ideas in topology and 

gcornctry to perception, providing insight into the inference of multi­

dirncnsional shape from contour. 

• Through psychophysical experimentation, 1 support my hypothesis by 

dcmonstrating that contour dos ure is a strong determinant of rapid 

two-dimensional shape discrimination. 

• J show that for simple figures, discrimination speed can he used as a 

mctric for pCl'ccptual c1osure, and provide experimental support for the 

not.ion of a pCl'ceptual dos me continuum mediating shape perception. 

• 1 show tltat the perccptual dosul'e continuum is naturally parameter­

ized hy a dot-spacing metric, and provide support for a Minimax Prin­

ciplc of closure which imposes a partial orderiag over all fragmentation 

g{'ollwlri{'s of a given contour. 

• 1 propose an e1uivalence relation between perceptual dosure and the 

confid('Jlcc of object inference, and provide experimental support for 

this l'dation. 

• 1 demonstratc the scnsitivity of perceptual dosure to contrast sign 

l'l'versai and the independencc of perceptual dosure from surface com­

pletioll and texture llIechanisms, and argue that these results provide 

<,videllce for the existence of a limited-complexity shape-from-contour 

pron'55 in eady vision. 

• As a methodological aside, 1 present evidence that the traditional psy­

chophysical pl'Oc<,durcs used for visual search produre hiased results, 

and dcmollst.l'ate an alternatc proc.?dure that avoids this hias. 

4 
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1. O\'('rvit,w 

1.2 Things to See While in this Thesis 

In the next chapter, 1 diseuss the different sorts of ('OIüours ont' finds in 

images, and motivate the role of closurc in thc infcf('Il('(' of shap<' from 

contour. 

ln chapter 3, 1 provide a brief review of pn'vious res('arch on the' role' 

of closure in visual perception, from the Gestalt years t.o t.1)(' pn's('nt. 

The heart of the thesis is the Experiment,s chapte'r (chapt,t'r 4), ln 

order to make it slightly less soporific, 1 have includ<·<1 sonlt' disnlssiotl of 

results with the presentation of each cxperiment. lIow('ve""' t.1J(' pict.urc's 

still tell most of the story, and the Table' of Contents slwuld Iwlp you \'0 

zero in on experiment.s of part.icular inlerest.. 

j strougly recommend the fhst section of chapt('r 5, as il. wraps t.JJ(' 

results of many of my experinwnts int.o a fllllctionai vipw of c!OSIII'(' as 

a measure of sir.gle object confide'nce. The second s(·ct.ion dist,inguisllC's 

between the confidence with which an in[eret\ce can be drawlI, giV('ll a 

particular image, and the computation requin-cl 1.0 <lraw iL This dis­

tinction allows us to better understand the Iimits of t.!w sillglp ohj('('f, 

confidence hypothesis in predicting discrimination s[>('('<1. '1'1)(' t,hinl sC'c:­

tion shows how limited simple topologic:al and g('()nwl.l'ical t.ools arc' for 

modeiing perceptual closure. The metaphor in the fourtll sc·('t.ioll is for 

fun. 

The final section of chapter 5 discusses the variolls notllilwar a,"pect.:. 

of perceptual dos me revealed by my experirnents, and propOS('S a simpl(' 

mechanism to model one sueh aspect. 

ln the Conclusion (chapter 6), 1 brieny discI1SS the implicatiorts of 

my results for biological and machine perception, and suggest id(~as for 

further experimentation. 
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1. Overview 

ln the appendix 1 validate my basic results using the standard vi­

suaI scarch methodology, and present evidence that this methoôology is 

subjcct to a systcrnatic bias which my method avoids. 
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Chapter 2 Introd uction 

2.1 Contours 

An important class of visnal tasks (e.g. l't'cognition, discriminat.ion, ma­

nipulation, inference oi function) requires the not.ion of a physical ohj('ct 

and its shape. An object is SOI1W boundcd strudur(' in t11<' world, typi­

cally with a significant. set of common prop('rti('s. WhilC' t.!\(' prolU'rt.it·s 

which determine whether we cali somcthing 011(' ohjt'ct. or t.wo art' SOIlI('­

times of a semantic nature (e.g. a Clip alld a salln'I, sinn' Uwy fil Il et. 1011 

as a unit, may at times be considel'cd one ohje·ct), then' an' mally prop­

erties, geometric in nature, which d('tC'J'minc' ohj('ct, IIl1d('r 1II0rt· g('Ilt'ral 

premlses. 

By the shape of an object. 1 simply IIwan its spatial OI'!~aIlÎ~élt.ÎOIl. 

Since most properties which we can scns(' arC' of t.11<' .'tIu/(u.,. of éln oh­

ject, it is really t.he organization of this surfa.ce t.hat wc' an' illt.(·f'(·st.t'd 

in. The human visual system picks up surfa.œ propert.it·s IISÎlIg st'wral 

basic sensory quantities: light intensit.y, ('olouf, tillW, rd.Îlléll posit.ion alld 

multi-sensor disparity. [n my cxp('riments 1 J'(·st.rict, Illy fonts 1.0 jllst. two: 

intensityand position. That these alonc are rich sourn's of inforlllat.ion 

is evidenced by the value of black and white· phot.ography and drawing. 

Difference encoding is one of the key principles of the n·t.ina and L< iN. 

In the spatial domain, this is accornplished by mpans of C('ntt'r-suJ'lolI/ld 

ceUs, which compute a measure of local contrast. Cortical pron'ssiflg 

of visual information in primate brain begins in the strialt' corlpx (V 1 ), 

which receives a precisely organized projection from th,! LGN. Whilf! 
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2. Introduction 

LGN neurons arc typically circularly-symmetric, most striate neurons 

exhibit oriented receptive fields, often quite narrowly tuned (Hubei & 

Wiesel [W68]). Thus, while cells in the retina and LGN are responsive 

to local change, striate cells respond to local, oriented change. 

Oricnted image change can arise from a variety of scene events. This 

tliesis is cOllccfllcd with the orientcd structure of image contours, which 

projcct fl'OlIJ space curves in a scene. These space curves and their projec­

tions arc of thrcc types: occluslOn curves demarcate the visiLle portions 

of surfaces, r('jhclancc CUfVfS outline surface regions which are distinct 

in SOllle material pl'operties, and shadow CUfves bound surface patches 

which an' ('dipsed by other surfaces in the scene. Note that while oc­

clusion flll'VCS dCJ)(,lld llpOIl viewcr geometry, and shadow curves depend 

upon light. sOUlTe geom<'lry, reflectance curves are often independent of 

both. Ali tlir('(' tYP('8 of cOlltour embody information about the surfaces 

in t.he 8('('11('. 

Drawings which represcnt only ofclllsion contours are often excellent 

d('pict.iolls of visllal scenes (Fig. 2.1). Ocdusion contours are intuitively 

import.ant: t.h('y pl'Ovidc cOl1straints on the extent of different objects in 

tl\(' S('('I)(', t)u>y giv(' us a 'slice' of the surfac( lhape of these objects, and 

t.hl'Ough 1.11<.' infer('lIcc of feat.ures such as T-junctions, they can inCorm 

us of the <1<,\>th ordering of surfaces relative to the perceiver (Nitzberg 

[1991 D. 
OCdllSioll eontollrs are also unique in the diversity of '1isual qualities 

hy whifh th(')' may be d(~fined. While wc may normally think of object 

hOlllldaries proj(,cting as luminance edges, occlusion contours are often 

d('(im'd by ('dges in disparity, velocity, texture and colour as weil. Coin­

cidcnt chaugt' in s{'wral of these properties can thus serve as a means Cor 

distingllishing occlusion contours from reflectance and shadow contours. 
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2. 1111 roducl iOIl 

(a) (1)) 

Figure 2.1: a: Nude, Henri Matisse (Clark [H)5n]). b: COIlt.our dl'awillg of 
figure from Studies for the Libyan Sibyl, Miclwlang<'lo (Niwlaïdps [Hill D. 

Reflectance contours are also important. CC'rtainly Uu' hair lIIarkillgs 

of giraffes, zebras and leopards are rpcognizabl(' alld IIS('flil fol' ie!('Ilt.i 

fication. Of course, you would not be able 1.0 r('ad .,lIis S('III.'·Il( (', 1101' 

appreciate Fig. 2.1 were you not able to l'f'presl'ut ami illt('11)!''''' shalH' 

from reflectance contours. The shape of shadow COIlt.OUI cali also 1", ill­

formative, both about the shape of the surfa('(' h('ing shadow('d aile! t.1t,· 

shape of the shadowing surface (Cavanagh & L"c!,'rc [1 !JR!J)). 

This thesis is primarily conccrned with occlusion cont.ours, or depj(·­

tions thereof, and how t.hey can be mwd to inf('r rnulti-clilTJ(·nsional sharH' . 
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2. Introduction 

2.2 Bridging the Dimensional Gap 

Typical scelles generate many contours in an image, and these contours 

are in sorne way f'ncoded by the brain. But how much does this have to do 

with our perceptions and behaviours? Surely what we are most interested 

in is the charader of surfaces and volumes in the world: should we not 

be trying to comr"te representations of these? 

Indecd we should. M uch of modern vision research, particularly com­

puh'r vision n'seal ch, has focused on methods for estimating relative 

de'pUl alld ori('ntatioll of Slllooth surfaces in a scene, using measurements 

of mot.ion, disparit.y, texture, shading, etc ... (Marr [1982]). These meth-

()(Is have (>njoyf'd some succcss in determining local surface geometries, 

at I('ast. withill the assumptions (oft('n severe) required by their methods, 

t.ltough tltey have contributcd very little to our understanding of what 

is import.ant. ahout shape and how we might. go about representing it 

(Witkill & '}'torICnbaulIl [198:3]). 

ft dO(>8 8('('111 logical to analyse local propcrties of image patches which 

ar(' projcct.iolls of surfaces in thc scene in orèer to infer surface shape. 

lIowcver, wc l\('e<1 only glance agaîn at the fOrlTIS in Fig. 2.1 to be re­

llIilldcd of t1l<' powerful percept.iolls of threc-dimensional shape which 

(:an \)(' c1icit('d by contour alone. MOI'(>ovcr, when occluding contour and 

shading infollllation ('onniet., contour typically determines the percept 

(Bi('<!('rllIan [1988]). Sornchow our visual system can and does form ex­

('('))cnt two- and three-dimensional percepts solely frOID one-dimensional 

contour infonnatiol'. 1I0w does it bridge this dimensional gap? 

1 will argue' that. a key step in this effort is the exploitation of contour 

c1osul'f. This hypothesis is based on t.he fact t.hat the boundary of an 

unoccludcd object with a sim ply connected surface projects as a simple, 
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closed contour in a retinal image. A classical reBult in t.opology known 

as the Jordan curve theorem states that sllch a contolll partit.ions t.ht' 

plane into two sets: an inside (figure) and an outl'idt' (groulltl). This 

partition is crucial because it allows the definitioll of twu dillH'f1sional 

shape properties such as curvature sigll, cOllci\vitit's, cOllwxit.i(·s, Ilarrow­

ings and bulgcs. Such properties have in t.um lwen shown t.o i III post· 

strong constraints on the shape of the thr('C-dinwnsiollal sllrfan's in t.11f' 

scene (Biederman [1988]; Koendcrink [1984]; Low(' [198;']; M.t11 [W82]). 

For exarnplc, the sign of Cllrvature of ail occludillg fOllt.OIll' COllst r<tins t.Ilf' 

curvature of the projccting surface. If tht' COI\t.01ll' (·IIfVat.lllt· il' Il<'gat.iw 

(thus forming a concavity), then locally t.ht' surfan' II1I1St. 1)(' hypt'rholk 

(saddle-she,ped). If the contour CUl'vatUl'e is posit.iv(· (fol'Illing d ('OIlVt·X­

ity), the surface is elliptie and eonvex. If the cOlltollr hdS ;'\('1'0 ('11 l'Viti. Il 1'(', 

the surface is parabolie (eylindrical) (Ko('lId('rillk [198·1]). 

There is no question that wc can pen'('ive 1Il1l1t.i-diIlIt'IISiollal sllapt· 

from contour. Recent physiologicalrcsults providt· lIlore food for t,laollght.: 

sorne neurons in area TE of primate cortex respond scl .. ct.ivcly 1.0 shap .. 

properties (coneavities and convexit.ics) whicIJ art' strict.\y t,wo-dinH'lIsi(}IIi11 

(Tanaka et al. [1991)). Mathcrnatical r('sult.s indici\l,(· t.hat. sw h (,()lHpU­

tation depends upon the propcrty of contour c\osure. D(ws this Il)('<1.11 

that the brain computes topological prop<'rtics? If flot, t.hm what. do W(' 

mean by contour closure in the domain of visuaIIH·r('(·pt.iofl'? This is U ... 

topie of my thesis. 

Il 
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Chapter 3 Background 

3.1 Closure: A Principle of Organization 

The importance of contour c10sure to perception was observed and dis­

cuss(~d by Cestalt psychologists in the 1920s and 19308: 

Ordinary lines, whether straight or curved, appear as lines 

and Ilot as arcas. They have shape, but they lack the dif­

fcrenœ bct.w('('n an illside and an outside ... If a line forms a 

c1osed, or almost c\oscd, figure, we see no longer merely a line 

on a homogcllcolls background, but a surface figure bounded 

by the linc (I\offka [19:3,5]). 

This short excerpt captures the Gestalt view of dosure. Therein we 

rind the dist,inctioll bct.wcen I-dimensional and 2-dimensional ('surface 

figllre') shal>(" We find a clear t.ranslation of the Jordan curve theorem in 

t.h(' dist.inction of inside and outside, but at t.he same time an appreciation 

of t.hc importance of partial dosme. 

Fig. :l.l, taken fl'Om the sa me source, lS one of the c1assical illus­

t.rat.ions of t.he G('st.alt theOl'y of perceptual organization, illustrating in 

t.his casc the predf)Jninallce of dosure over proximity in determining the 

p('rccptll~1 orgauization of the figure. 

Thes(' id('as (the dimcnsional nature of shape, the appreciation of the 

.Jol'<!an Clll'VC t.hcorel11 in il pCl'ceptual context, the concept of partial do­

sme, t.h(' vi(>\\' of compet.ing and cooperating factors) form the basis of 

Illy work. It is. ho\\'('vel', at least as important to see the bounds of the 

12 
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Figure 3.1: Gestalt illustration of th(' prindpl(' of dosurt' 

Gestaltists' conceptions as il. is to s('e tht'ir ex tf'Il t . In part ÎClllar, t'vÎ­

dence of their loosely-stated claims about c1()~t1f(' was lilllilt·d ('lIt irt'Iy to 

introspective evaluations of a single figlll'" (Fig. :U). Wh .. t is tilt' Iw­

havioural re)evallce of these ideas? COliid 1.11<'sl· factors gl'llt'l ahZ<' IU'yolld 

simple drawings, 01' even beyond this 0111' si III pIt' figllll''! Was t I\t'n' ally 

way to more precisely statl:' th('se principll's'! '1'0 <jllol.l' I\olfkcl hillls('lf 

.. .1 should be the last to he satisfil'd with Illy hypotllt'sis. 

No. only cloes it, as yet, lack experillH'lIt.al evid('I1(,(', hut. il. is 

not explicit enough, it colltaills no statt·IIH'IIt. abOlit, t.Iw act.lIld 

forces along the contour 11n(' ... (Koffka [19:1;)]) 

This thesis takes up the challcllgl' of exp(·l'iuH'lIt.ally d(·t,(·rJninillg t.!)(' 

role pJayed by closure in tl1<' p('rc<'ptioll of shapI' froll: ('ont.OUL F:lsl., 

however, we must jump ahead anotlwr 50 y.'ars to \'11(' e OIl!.<'X\' of ('01lt.(·111-

porary perceptual research. For altllough 1,11<' spint. (Jf Illy work spriugs 

more from the Gestalt pel'iod than our OWII, t!w psy('hophysi('al t.('('I1-

niques and, perhaps more importalltly, thl' de'sin's for mon' J>r<·(·i:·){' (f(·ad 

exploitable) rnodcls are definitcly modern. 

To my kllowledge, reseal'ch on contour c1osun' in I)('f( <'ptioll lay dor­

mant until quite rccently. In the last fiftœn y<,ars, how('V('r, ~t'V('r al dif­

ferent labs have publishecl l'devant expC'I'im('ntal J'('Slllt~i- Whilt· pat h of 

these labs has its own set of rsychophysical tools and sr)('cific lIIod('ls, tJw 
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3. Background 

silIliJarit.it·s in tJwlr approachcs and conceptions, particularly when con­

sI<Jered ill li\(' colltext of their Gestalt precursors, are far more striking 

thnJI t./wir differcnCf'1>. Thus, while 1 will briefly outline their respective 

f('sults with f('1>lwct 1,0 c1osure, Illy primary goal here is lo clarify the 

('111'1('/11, ('ollvt'/ltiollal wisclolIl, as clcfincd implicitly by these labs, and to 

IH ing that into ('(·Iit'f agaillst the original Gestalt ideas and my own work 

to 1)(, dt'scril)('d. 

'l'lu> appIOaches taken by thesc labs are greatly influenced by two 

iJlajor conl,('lIIporalY eonœpts of vision research: those of features and 

ail ('11110 n. 

3.2 Features and Textons 

'l'Il(' major inspirations fol' 1Il0dt,I'II featnre theory were early physiologi­

('al f('slIlts l'(·v(·aling pl'op('rt,ies of the visual systems of animais snch as 

flOg (Ldtvill et, al. [1959]), ('al, (Illll)('1 & Wiesel [1960b]; HubeI & Wiesel 

[1!Hi2J; Kum('r [HI5:J]) and lIlollk<,y (Hubei & Wiesel [1960a]; Hubei & 

Wit·st·1 [1 !)(iH]). Tlu'se t'xpcl'Il1wntal resu!t.s were exciting as demonstra­

tions of t.llt' highly structlll'ed nat me of visual pl'Ocessing, in which differ­

t'Ill, lIt'lI1'OIlS and fihrcs ('IH'ode diff('('('rlt attrihutes of a visual scene. The 

fa.-;hion in pCJ'( ('pt IIdl ol'ganizat iOIl l't'search has been, however, to extend 

.\11<1 simplify tht'st' l't'stllts to declal'e the existence of primitive feature de­

!t'dors which def<>l'llli/lc OUI' abilit.y to rapidly discriminate small figures 

01' text tlf'(·~. 

This vi('w holds that t.he first stage of human visual pl'Ocessmg IS 

cl. rapid. spatial!y parallel transformation of ima.ge information into a 

slllaH Ilumht'r of indepclldent, rd.inotopic fcaturc maps. Each of these 

lIlaps rt'giloolt'rs t ht' presel1ce 01' absence of simple image features at every 
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location in the optie array. The pl imary goal of thcse n'seal'ch('!'s is to 

identify just what these features are. 

This is of course a caricature of i' whole field of n's('arch, and t.ht' 

papers 1 will discus'l deviate somewhat from the canon. For ('xampl«., 

Pomerantz et al. (Pomerantz, Sager & Stocwr [Inn}) ('IIt('l tai n t.h(' no­

tion that different features may not be complct<'1y irH\('pelld('nt, in that 

one may he used in the computation of a second, "f'll\el'g<'nt." f<'at.Ill'('. 

Julesz (Julesz [1991]) considers his tex!,oll theory illd('p('nd(,lIt. of 'J'n'is· 

man's feature theory (Treismall & Gcladc [1980]), !)('calls(' he lises 1Il0l'(' 

crowded visual displays in his experiments and is lIlotivat(·d hy t.hl' plOh­

lem of segmenting an image int.o projections of dirr('l'(·nt. slll'fac('s based 

upon differences in image t.exture. The ('lclll(,lIt.s IIldking IIp .J1l1('slf,' t.(·x­

tures, therefore, are pl'f'sumably depictions of surfacf' IIHtI kings. ')'n'iH­

man's visual search experiments, on the ather hand, an' lIIotivat.(·d by t1w 

prohlem of finding sorne targe!. ohicct in a jUJ1Ibl(' of distrad.or ohj(·('t.H. 

The stimuli uscd in these experirncllt.s muid t.hen·fore SOIlH'tillH'1-. <f(·picl. 

occlusion contours of separate object s in a pot.cnt.ial sn·IH'. 

Despit.e these differences, the basic hypotIwsis (rapid, early t.ransfor­

mation to maps of simple primitives) is ident.ieal acroHH tlws(' tlwori(·s. 

For all of these researchers, t.he prime research (J1J('st,joll /H'r!'ailling 1,0 

closure is: is dosme a percept.ual primitive? 

3.3 Attention 

There is ample motivation for the concept of attcnt.i(;/) in pern·pt.ion. 

We clearly have an introspective under1>tanding of af.t(·nt,ioTl, sillCf' we 

can change our awareness of different. objects in t.he visual field witbout 

changing fixation. Since so many things of intercHt in our world are IO('al-

Jr, 
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ized in spaœ and time, the ability to transfer computational machinery 

to different locations at different times is highly useful. 

The mod(!rn view is that the human visual system can be partitioned 

into a "pre-attcntive" and "attentive" system (Neisser [1969]). The preat­

tentive system is responsible for the parallel transformation of image in­

formation Înto feature maps. The attentive system does everyti.ir-g eIse, 

and it do('s it in a seriaI fashion. 

While the concept of attention pervades modern research in percep­

tuai organization, the precise terms used vary. Pomerantz used the terms 

l)(LmUd and seriai rather than preattentive and attentive (Pomerantz, 

Sag('r & StO(>vcr [1977]). Julesz has used terms su ch as spontaneous 

(J ul('sz [19(i2]), wilhout scruliny (Julesz et al. [1973]) and effort/ess (',jaelli 

& Julesz [1978]), ail corrcsponding roughly to the term preaftentive. Ull­

man refcrs to carly visual processes and later visual routines. 

Thc conn'pt of a.tt.ention is crucial as the link between feature theory 

and psychophysics. If two textures cannot be discriminated within a 

('ertain time Iimit, 01' if the time to find a target stimulus depends upon 

how mally distradors are in the display, it is assumed that the stimuli 

or texture el('mcllts canllot diffcr in their primitive features. Otherwise, 

t.he prcatll~nt.iv(' system could havp been used to rapidly solve the task. 

'l'hl' feature map/ attention story thus forms a basis for the interpretation 

of visual sc arch and texture discrimination results. 1 will briefly discuss 

sOllle of tll(, rcsnlts that. pertain t.o the subject of contour closure. 

3.4 POluerantz 

ln t.heir 19ï7 paper, POI1lCl'antz et al. set out to test the effect of stimulus 

cont.cxt. on the dis('rimination of simple contour drawings. Their inves-
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3. Ba('kgrou nd 

(h) 

Figure 3.2: a: Square array for oddity task; b: Circular array for oddity 
task 

tigation was based 3n what they called an 'oddity task'. Suhj('Ct.s W('J'(' 

presented with a sequence of displays containing a numbcr of st.imuli ar­

ranged either in a regular square array (Fig. 3.2(a), or l'{'gularly spa('(~d 

around an imaginary circle (Fig. 3.2(b)). For cxpcrimcnts bas{~d on th(~ 

square array, subjects were to identify the quadrant. in which t.he st.imuli 

were different. In the experiments using the cir('lIlar g{'orru't ry, sllhj('ds 

were to respond if and as soon as an odd stimulus was dd('et{·c1 i .. OU' 

display. 

Pomerantz et al. found that addillg identical stimllius information t.o 

both the odd stimulus and the background stimuli could eitl){'r spl·(·d, 

slow or have no significant effect on discrimination, dcp('nding UPOrt t.hf! 

nature of the original stimuli and the additions. They took great,(·sf. 

interest in those cases whel'e adding the information speed('(l d(·f.ectioJJ. 

For example, they found that adding 'matcs' to Uw cOJltours of Fig. 

3.3(a) to form the stimuli of Fig. 3.3(b) substantially speed(!d discrirni-
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(a) (b) (c) (d) (e) (f) (g) (h) (i) 

Figure 3.3: Selected stimuli relevant to contour c10sure 

nation. This cffcct could be rcduced by moving the two contour segments 

apart, as shown in Fig. 3.3( c). 

In furthcr cxperimellts, thcy found that discrimination of the corner 

stimuli of Fig. 3.3(d) could be gl'catly speeded by the addition of several 

regularly arrangcd cornNS (Fig. 3.3(e)) or a single diagonal line (Fig. 

3.3(f)). Similady, t.he discriminat.ion of two orthogonal line segments 

(Fig. 3.3(g)) muid he enhanced by adding a corner (Fig. 3.3(h)). To 

hal.'Ulce t.hes(· examples of what they called a "configurai superiority ef­

fed", they showed rnany counterexamples where the addition of context 

significantly slowed discrimination (Fig. 3.3(i), for example). 

In a fiual experiment, Pomerantz et al. used the circulaI' display ge­

orm·t.ry to test. the dcpcndence of discrimination speed on the numher of 

st.imuli in the display, usillg the orthogonalline segments with no ('ontext, 

'good' cont.ex!. or 'pOOl" context added (Fig. 3.3(g), (h) and (i) respec­

tivdy). They round that while discriminat:on with no context or good 

context depeuded only mildly on display size (slope = 2.3 ms/item), with 

pOOl' cont.ext this dependence was quite significant (slope = 76 ms/item). 

While POlllerantz et, al. did Ilot invoke the concept of attention by 

name, they inlerprt'ted l'esults by positing two extremes of processing. At 
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one extreme, they proposed that subjects could he pmct'ssing the displays 

in a serialfashion, one stimulus at a time. At the other t'xtrt'lI1e, subjects 

could be processing the stimuli in parallel. 

They concluded that in sorne of their experinwnts, discriminat.ion 

was performed serially, and in other cases in p,~rall<'l. In particular, thc'y 

claimed that the addition of good context could change a seriaI ta..,k into 

a parallei task. 

These experiments cause problems for feature theories which aSSUIl1(' 

that features are compUi,ed independ<.ntly. The results of these ('xJ)('ri­

ments c1early show that the context of a local stim\llus proJ><'t't.y gn·at.ly 

dctermines our ability to discriminat.e it, recaIling the clal'sÏ<'al Gc·stalt. 

conel usion: 

We could solve no problcm of orga.nizat.ioll by solving it 

for each point separately, one after the other; the solution 

had to come for the whole... ft has been said: The whole is 

more than the SUffi of its parts. Il is more correct to say that 

the whole is something else than the sum of its part.s, I)(~causc 

summing is a meaningless procedure, whereas the whol('-part 

relationship is meaningful (Koffka [193.5]). 

Pomerantz et al. att.empted to resolve these prohlerns hy proposing 

the concept of "emergent features" which might. be (~ither local (vcrtiC('H 

and intersections, for example), or global (symmetry and do.c,,,(ln(;fifi). 

They argued that "wholes are perceived by thcse emcrgent. featur<,s which 

are not the parts themselves but rather stem from the' int.eraction of t.!wHe 

parts" . 

Thus the concept. of contour closure is rcintroducecl to J)(~r("ept,i()n as 

a potential "emergent. feature" computed in parallcl hy the brain. 
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3.5 Julesz 

In the early 19608, Dela Julesz published results of discrimination ex­

pcrilflcnts using random textures designed to minimize the familiarity of 

the stimuli (Julcsz [1962]). Julesz argued that displays generatcd from a 

stochastic process would be "dcvoid of familiarity clues" and would thus 

"reveal some basic organization principles of information processing in 

the s(msory nervous system". 

ln this eady work, JuJesz characterizcd textures in term~ of their 

Nth-order statistics, dcfillcd as "".the probability that the vertices of an 

'N-goll' (c.g. a hexagoll, pcntagon, etc ... ) thrown randomly on a texture 

fall on ccrtain N coIOl's." (Julcsz [1991]) 

White one of Julcsz' goals at this time was to study textures with 

idcntical N-t.h ol'dcl' statistics and to determine "the highest N that still 

yieldcd tcxt1ll'f' s<'gmcntation" (.Julesz [1991)), the conclusions drawn in 

the original paper (JlIlesz [19(2)) are actually of a local nature, in con­

trast to the global statistical approach taken in genp.rating the figures: 

" ... discrimination was found to be based primarily on clusters or Hnes 

forlllcd by proximate points of uniform brightness." 

Furthcr (,xp('rimentation rcvealed that this uniform brightness con­

st.raint. <:ould b(' rclaxcd to what may be best termed a 'uniform contrast 

sign' constraint, whel'e sign is dctermined relative to the mean luminance 

of the' t.ext.UI'e. 

JlIlesz d('scribed discrimination based upon these local properties as 

·'connectivit.y det('ction", and went on to propose that texture discrim­

ination is bas(·d on the existence and local properties (size, orientation, 

d('llsity) of locally connecled regions of the textures. 

In spi te of the fad that the hardest conclusions from Julesz' 1962 
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paper were concerned with local properties of textures, what s('t'Illt'd t.o 

stick was the fact that most of the textures deviscd by Julesz t.lrat. w('n' 

identical in their 2nd-order statistics were diflicult to discrilllinah'. Thus, 

for example, mirror inverses are usually hard 1.0 discriminat.e, sillCt, any 

pattern is identicaJ 1.0 its mirror inverse in its 2nd-or<l('r st.at.lst.ics, t.houglr 

it may differ in its 3rd-order statistics.1 

Eleven years later, Julesz published allotht'r paper pl'Oviding t'xampll's 

of textures which are nearly identical in their 2nd-order st.at.ist.ks and yd. 

can be easily discriminated (Julesz ct al. [1973]), ln this papt'r, .Jul(·sz 

proposed a fairly specifie two-slage model of t.t'xt.nre discriminat.ion. 'l'II(' 

first stage of this model consists of "carly local featurt' t'xt.ract.ol's" t.ha.1. 

can detect only simple features such as dot.s and edg('s of giv('n siz('s and 

orientation~. He modeled thesc feature extractors on "KllfflN \lnits" and 

"Hubei and Wiesel units": that is, idcalized 1Il0df'ls of r<,Ct·pt.iv(· fi('ld 

structures found in the .. etina, LGN and cort.ex of cat. a.nd Illollk('y. 

The second stage of this model computes sorne global f\llldiOIl has('d 

upon first- and perhaps second-order slatistical diffen'Ilct's in t.ht' outpllt.S 

of these feature extractors. 

In this paper Julesz did not charactcrize tht' hypoth('siz('d local f('itt.1II'(· 

extractors by psychophysical or thcoretical means, he simply asslIllIf'd 

they would have the idealized response properties of m'IIIons fOHnd in 

early visual areas of cat and rnonkey. In two later papen; (Ca.(·1Ii & 

Julesz [1978]; Caelli, Julesz & Gilbert [1978]), results of t('xtur(' ('x peri· 

ments were used as evidence for thrce such "pcrœptual allaly~erli" , t.1IJH't! 

to deted dots forming quasi-colincar, corner or c/o!Jfd st.ructures, and 

serving as the "precursors of form perception". Ca.clli et al. ref(·m·rI 

IThis is due to the ract that a dipole and Îts reflectlon are rclatcd by li tranHlatioll 
and a rotation, while a scalene triangle and its reflection are not. 
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to these a.c.; "Class B" def.ectors, to complement. an hypothesized "Class 

A" set of detedors which distinguished differences in the second order 

(dipole) texture statistics. 

Caclli et al. claimcd that the nature of the Class B detectors indi­

cat.cd an ulldcrlying "visuaJ gcometry" which can bridge the processes 

of "effortlcss" tcxture perception and figure perception "with effort". In 

particular, tll('y suggested that these Class B detedors could be the basic 

p!'imitivcs initiating the discrimination of figure from ground . 

.JUlf·SZ soon revised this thcOl'y 1,0 postulate only two types of fea­

turf' dde'dors: olle for "elongated blobs" and one for "blob termina­

tiolls" (JUlf'SZ [1981]). Thus he argued that preattentive discrimination 

of c10scd triangles from arl'OW patterns occurred on the basis of the Hne 

t.enninat.ions, and not the property of c1osul'e itself. 

Julcsz daimcd that two textures are pl'eattentively discriminableonly 

if they cont.ain different numbers of a particular type of texton. Further-

11101'e, he clailllcd that preattentive vision ignores the positional relation­

ships betwee'lI text.ons and t.he exact shape of the blobs, being sensitive 

only to thdr avcl'age width, length and orientation. 

Although Caelli, Julesz et al. originally pm .• ted the existence of early 

visual dosure detectors (Caelli &. Julesz [1978]), the most recent state­

ment from Julesz is that dosme is not a tex ton (Julesz [1981]). 

3.6 Treisman 

3.6.1 Psychophysical Methods 

Trcisman et al. dC'fine a dimension as "a range of variation which is sepa­

l'at.C'ly analyzed by some functionally independent perceptual subsystem 
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(for example, shape, colour or orientation.)". and a jf'allt1Y' as a valUt· 

along that dimension (e.g. circular, red, or vertical) (Tn'isman & Gt'Iadt' 

[1980]). 

Treisman's Feature Integration Theory can b(· st.ated Cjuit.(· simply: 

The visual scene is analyzed at an carly stage by sp('­

cÏalized populations of receptors t.hat respolld sd(·rtively to 

such properties as orientation, colour, spatial fr('qu('Jl('y or 

movement, and map these pl'Operties in differ('nt an'as of th(' 

brain... Features are registered early, au\'omat.ically and in 

parallel acl'OSS the visual field. Ohjects are id('ntifi('d St'pa­

rately at a later stage, requiring focussed aUelltioll (Trt'isman 

& Gelade [1980]). 

Using these defillitions, Treisman and her colleagtH·s have t.l'iC'd to 

identify these primi tive features using prirnarily two psychophysintl t.(·(·h­

niques. In their visual se,Ltch technique, subject.s must find a t.arge·\' st.im­

ulus amongst several distractoJ's. If the time rcquired for a suhj('('\, t.o 

find the target depends insignificantly or mildly on tht· t.otal 111IIIIb(· .. of 

stimuli in the display, Treisman concludcs t.hat the targd posS('SS('S il f('a­

ture which none of the distradors possess. If, on t,lJ(' otlH'r haIHI, s(·a .. d, 

speed depends strongly on the nurnbcr of stimuli in the display, 'j'n·iSlllall 

concludes that the target holds no such unique f(·itturc. 

A second psychophysical technique is based !lpon Tn'Îsman 's id('a of 

attention as a spotlight which determines the accllracy wit,h which f('a­

tures can be conjoined. In particular, if two or OlOf(' items fall within tilt' 

spotlight, their features could be intcrchanged, as could thos(' of IInat­

tended items which feH outside the spotlight. She lahelled tllt'se !typoth­

esized phenomena illuso7'y conjunclions (Treisrnan & Schmidt [I982]). 
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3. Background 

'freisman ct al. dcmonstrated that when human subjects are shown 

visual search displays for very brief periods of time (120 ms, for example), 

and are askcd to describe what they saw, they oCten make mistakes. They 

rnake evcn more mistakes if their attention is diverted. 

The typical resliit of these iIIusory conjunction experiments is that 

slIbjects are more likcly to make errors by incorrectly combining two fea­

turcs that are in the display than they are to make an error by combining 

olle fcature in the displdY with another feature not in the display. Thus 

features arc not strictly tied to retinotopic locatÏc . they may "float" 

1.0 colljoin with featllrcs at other locations. 

3.6.2 Degrees of Clos ure 

In (Treisman & Paterson [1984]), Treisman et al. set out to test the 

hypothcsis that closul'c is an emergent feature. They performed five 

rdevant exp('l'imcnts: 

Experiment 1: Illusory Conjunctions of Lines and Angles 

Examplcs of the displays used in this experiment are shown in Fig. 3.4. 

The expt'riJllcllt was pel'form<>d in two blocks: in one block the target was 

an al'row junction, in the other a triangle. In both cases, the distractors 

Wl're the right. angle; and tiltcd line segments shown in Fig. 3.4. Exposure 

dlll'ation was limitt'd to betwccn 45 ms and 270 ms. 

Fig. 3..1 shows example displays in which the target is not present 

(Figurcs :J.4(a) and (b)), and displays in which the target is present 

(Figun>g :JA(c) and (d)). A target was present for only 20% of the trials. 

Subjects wer(' requirrd to indicat.e whether they saw a target by pressing 

ont' of two buttons. 
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L// '" L '" 
LL/ L '" '" //L '" L l_ 

(a) (Il) 

L// '" L '" lLL/ L '" '" //L '" L ~ 
(c) (d) 

Figure 3.4: Stimuli used to examine the iIIusory cOlljunct.ioll of Iin('s and 
angles. 

The main result of this experim<,nt is thal suhj('cls mad(' more ('011-

junction errors with an arrow tal'gct and likc-ori(·nf,(·d distract.ors t.hall 

any of the other combinations, inc\uding that. of t.!w trianglt· t.ar~d wit.h 

Iike-oriented distractors. 

Why was it harder to see an iIIusory triangle? 'l'r('isrnan arg1l(1od litaI. 

a real triangle possesses a feature that an illusory mnj lJuct.ion of allgle 

and tilted line segment does not have: c1osure. 
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Experiment 2: Search for Arrow and Triangle Targets 

A standard present/absent visual search experiment using displays simi­

lar to thosc shown in Fig. 3.4 revealed that search for the arrow target in 

Iik(~-oriented distradors was slower (7.7 ms/item for the target-present 

condition) than for the triangle target in like-oriented distractors (less 

than 2 ms/item for the target-present condition). Treisman Jses this 

rCHult to support her hypothesis that the triangle possesses a feature 

t.hat t1w arrow lacks, allowing discrimination even against like-oriented 

distrartor fomponcnts. 

Experiment 3: Texture segregation 

This expel'illwnt used texture patterns formed from the stimulus items 

shown in Fig. 3.4. Treisman ct al. found that t.he texture involving 

t.he c\osed triangles was more l'apidly discfllll.nated than that involving 

t.he arrow junctions. Again, tltey concluded that the triangles possess a 

distinctive feat.ure that the other figures cl" not possess. 

Experiment 4: The "Psychological Reality" of Triangle Lines 

llIusory conjulIctioll experiments were designed using the stimuli shown 

in Fig. 3.4, togt.·t.her with the character 'S', as distractors, and the symbol 

$ as target.. The results showed that in fact a.1l of the distractors: arrows, 

t.riallgles a.nd separated angles and tilted li ne segments produced illusory 

conjunct.iolls wit.h t.he S characters. 

The aut.hors concludcd from t.hcse r('sults that, white the angles and 

t.ilt.t'd Hue scgnlt'nts do not easily conjoin to form illusory triangles, the 

line compollcnts of t\'iangles can conjoin with other display elements to 

produce llew figures. They used these results to support their idea of 
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0// 
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Figure 3.5: Display used to t('st the formation ofillllsory ronjllnctious from 
angles, lines and c10sed contours. 

a separate, emergent c10sure feature, and to argue against. a "holistic" 

version of perception, in which the e1emellt.s of the t.riangl(· arc "gltU'eJ" 

together and th us prevcnted from conjoining with otl\('r (·\<'IIH'nl.s in t.\ ... 

display. 

Experiment 5: Illusory Triangles From Angles, Lines and Clo-

sure 

In this experiment, Treisman again used the iIIusory conjllndion paracliglll 

to see if adding closed contours t.o the displays containing angl('s allcllirws 

could increase the incidence of illusory conjunctions into dos(·<1 t.riangl(· 

figures. An example of the displays used is shown in Fig. :J.fi. 

The results show that adding the c10sed circles to the displays do('f; 

increase the incidence of closed triangle conjullltion. The aut.hors IIS(' 

this faet as further evidence for the existence of closure as an i n(lependeut. 

feature. 

A relatively high number of closed triangles were also reported when 
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S distractors were used. This led the authors to speculate on the graded 

nat ure of closurc: 

... the pCl'ceptual definition of clos ure does not require con­

neclcd lines but simply a space that is partially enclosed bya 

cOllvex contour. There may be degrees of dosure rather than 

all-ol'-nothil1g presence 01' absence. 

3.6.3 Search Asymmetry 

GiVŒ t,wo difreJ'('lIt stimuli A and B, search speed for a target of type A 

amollgst distradors of type B is oCt en very different from that for a target 

of tyP(' B amongst distractors of type A (Treisman & Souther [1985]). 

Of most rd('vanee to the topic of perceptual closure are the asymmetries 

found betw('<'11 open arcs of cirdes and closed cirdes (Treisman & Cormi­

can (1988}; Tr<'Îsman &, Souther [1985]): while search for an arc of circle 

amongst drcle distradors i8 parallel (does not depend significantly on 

display siz('), search for a circle in arcs is seriaI. Of even greater inter­

est is th" fad that the asymmetry in sea.rch speed increases as the arcs 

of cil'cl<· ar(' made more closed. Treisman saw this result as additional 

support fol' t.he not.ion of dcgrecs of dosme: 

... Iine cnels marking t.he gap are preattentively detected in 

parall('l, wh('rcas line cOllnectedness is not. Instead, when 

the targ(·t is a clos('d circle, the relevant dimension appears 

to be a continuons one - degree of dos ure - that is shared 

to differing degl'c<,s by the distractol' cirdes that have gaps 

(lh'isllIan & Gormican [1988]). 
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Treisman has thus concluded that contour closurc is a pcrceptual 

feature, extracted by a preattentive visual system, but that it difft'rs 

from other features in its cOlltinuous quality. 

3.7 Donnelly 

The effect of closure and good continuation on the rapid grollping of 

contour fragments into global object descriptions has r('C('nt.ly b('('n in­

vestigated (Donnelly, Humphreys & Riddoch [H)91]). DOllllt'ly l't. al. pl'r­

formed visnal search experiments in which cach 1)('111. ('0111.0111' 1'1 aglllt'llt 

was considered a separa te stimulus, and t.he fragmt'Ills w('rf' alTlInged Ilot 

randomly across the display, but l'cglllarlyalong a circulaI' pllt.h ('('111.('1'('<1 

on a fixation point. 

In one expel'iment, the fl'agmcnts werc arrangt'd so that t.1)(' orit'lIt.lI­

tion change in each distractor fragment was toward t.he ('('III.H'of fixal.ioll, 

and for the target was away from the centre of fixation (Fig. a.6( a)). ln 

this case, the time required to find the targct WllS indp/)('IIt!I'nt of t.he 

number of fragment.s in the display. 

If, on the other hand, the distractors w('re arrallgt'd to chang<' mil'II­

tation away from the centre, and the target toward (Fig. ;J.()(h)), ~i('ar('h 

speed depended strongly on the number of fragmC'llt.s. 

The authors daim that thcir findings suggcst a pal'alld, pn'al t,(·nt.iV(· 

mechanism for intcgrating fcatmes into cornbined ohj('d, d"s( ri ptiolls. 

They argue that in the first cxpel'irncnt, the distrador fragmellts am 

positioned and orientecl to fonn a composite structure with t,}1(' ('rnergl'Ilt 

properties of closure and good continuation. The target ill tllis cas(' Îs 

inconsistent (does not group wit.h) this structure, and is th1ls s('led('d as 

salient. In the second eX;Jeriment, no such global structme forens, ami 
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L 
(a) (b) 

Figure 3.6: The importance of global structure in determining search per­
formance 

Uw subjects are fOl'ced to consider the fragments individually to find the 

targct. 

'l'Il<' restllts of a final experiment in which the subjects are required 

to find an inconsistent fragment which may be in one of two circulaI' 

cOllfigurat.ions lead the authors to conclude that objects can be "selected" 

only one at a time, though sorne preliminary object computation may 

lw dOIl(, in IMl'alld. Wit.h their stimuli, t.hey estimate that this object 

s<'ledion n'quit'es about 200 ms. 

Pointing to the smooth degradation of se arch speed with fragment 

jit.ter, the' authors conclude that 'objectness' is a graded characteristic: 

Perc('ptual structures vary in the degree to which they can 

l)(' s('I(,('t,ed as single objects, according to the degree of cIo­

SUI'e', good continuation and so forth ... The graded nature of 

object ('oding allows fiexibility of selection under non-optimal 

vie'willg ('Ouditions, when partial or incomplete visual infor-
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mation is present. 

3.8 Ullman 

While debate has raged over whether to award closure the covetcd featul'c 

status, very little thought has been given to how dos ure Illight he com­

puted. One exception can be found in Shimon Ulhnan 's Visual Rout.inf's 

paper (Ullman [1984]). 

Ullman argues that certain operations, su eh as detcrmilling wlU'tht'r 

a point is inside or outside a c\osed curve, or detcrmining wh('t.!tel' a 

curve is in fact closed, are "essentially sequential": that is, t.h('y 1'('(/uirt, 

a sequential pl'Ocedure for their solution. For t.he insidf'/oul.sid(' pl'Ohlt'Ill 

he suggests two procedures. The first involves drawillg a ray from Uw 

point in question to infinity, and counting the numh('r of int('rs('diolls of 

the ray with the contour. If the number of intersections is odd, t.he point. 

is inside the closed contour. If it is even, the point is outsid(~. 

Observing that this algorithm is limited to images eOllsisting of a sin­

gle closed curve, Ullman suggests a "colouring" or "boundcd act.ivation" 

scheme as an alternative. In this scheme, a colour is sprt'ad from UIt' 

point in question to neighbouring points in the image. Coloul' Hr)f'PéHlillg 

is continued subject to the condition that u.;>reading cannot oC("lIr across 

a contour in the image. After some time (a practical rf'presf'ntat.ion of 

et.ernity) , a far-away point in the image (a practical repf(~sent,ati()n of 

infinity) is checked. If it is coloured, then t.he original point is olllsi(ü; 

the closed contour. Otherwise, it is inside. 

To determine dosure, Ullman suggcsts a contour marking and tradng 

routine. If in tracing a contour a tcrmination point is (·ncount.ercd, Hw 

cUl've is open. If the startillg point marker is encount.ered, the (·t1rv(~ is 
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closed. 

This is a pretty naïve scheme, and it should become clear from my 

experimcnts that it has little to say about perceptual c1osure. 1 will 

return to the subject of visual routines in the wnduding chapter of this 

thesis. 

3.9 A New Perspective 

Jt rnay be tempting to conclude that the most significant difference be­

tween the Gestalt rnovcrnent and the modern approaches just described 

lies in mcthodology. The Gcstaltists relied primarily on qualitative sub­

jective impression. Treisman 's wo)'k, on the other hand, emphasizes 

(juantitative behavioural experimentation. 

Thcre is actually a much dceper difference. In seeking to understand 

pp)'ceptioll, Gestalt J>sychologists sought princip/es which govern how we 

put image information together to fonn global percepts. Proximity, simi­

larity, good continuation, dosure, symmetry, pragnan::: these terms suffer 

from a lack of precision, but we cannot den y that, through inspection of 

tl)(' beautiflll illustrations from this period, we understand at sorne level 

what thes(' labels mean to perceptual organization. These are the forces 

t.hat. guid<.' the construction of percepts. The term forces, while sadly 

associatcd wit.h brah field theories, is apt because it captures the notion 

t.hat t.hC'se differ('J}t. principles are not binary rules, but smooth influences 

t.hat. cooperat.e and compet<.' in dctermining consistent interpretations. 

The model'll approach, weil represented in Treisman 's Feature Inte­

gration theo!'y and Julesz' Text.on t.heory, is very different. They are 

(J/omiS/IC as opposcd t.o mechanislic. They seek t.o discover a "srnall set 

of simple, independeut. fcatures" (Treisrnan & Gormican [1988]) or "per-

32 



1 
3. Background 

ceptual quarks" (Julesz [1991]) upon which higher percepts ar(' ba.'\('(1. 

While the Gestalt psychologists aClOunted for the richncss and subt.l('ty 

of perception with the concept of continuous effeds, thesc modern f('ature 

theories seek singular "atoms". 

These differences are no better exemplified than in the stlldy of con­

tour closure. Julesz sought to answer the question "Is dosure a textoll'!". 

Treisrnan wondered, "Is dosure a {eature?" Answering th<'se questions 

through psychophysical experimentation is complicated by the {ad that 

presence or absence of dosme is never the only diff('l'ell(,(, betwt'(,11 t.1U' 

target and distractor stimuli. Thus, white some f('seardwrs haw eon­

cluded from these experiments that dosme is a f('at.tlre (Ca('lIi, .J ulesl. &. 

Gilbert [1978]; Pomerantz, Sager & Stoever [1977]; Tl'eisman &. GOl'lIli('all 

[1988]; Treisman & Paterson [1984)), othel's daim t.hat. JiJl(' t.(,l'Illinat.iolls 

are the salient features, and it is only their absence whkh f<'gistt,l's dosm(' 

(Julesz [1980]; Julesz & Bergen [1987]). 

These questions have little to do with the line of (,1I<jllil'y folloW('d by 

Gestalt researchers, who sought to undefstand how c!OS\II'(' mllld aff(,(,t 

the organiza.tion of perceptual information and the definit.ioll of figllr(', 

1 take a view much closer to the Cestalt view. 1 will ilOt, t.l'y t.o 

even define the term '~feature\\, and 1 cert.ainly will Ilot try t.o (Iailll t.hat. 

dosure is or is not sueh a beast., Inst.cad, 1 will ('xplof<' tlU' 1'01(· t.hat. 

contour closure plays in determining our !>('rccptions of shapl', ln this 

view, closure is not seen as a fcalurc, but as a meurt!;, involved in the 

construction of representations of shape. 

Earlier, 1 motivated the hypothesis that dosme plays a role in 0111' 

perceptions of objects by the fact that the boundaries of tlJ('se objeds 

projed as closed contours, and by topological and rnathernatical argu­

ments which relate this propcrty of contour c10sure to pro[)('rt.i,·s of shap(~, 
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But while in topology there is no concept of partial contour closure (a 

curve is cither closed or it's not), in perception, shape can still he per­

ccivcd evcn whcn the bounding contour is fragmented hyocclusion. What 

then is the role of c10sure in the perception of shape? 

My hypothcsis is that a closure continuum mediates the perception 

of shape from contour. This hypothesis has never been tested: white 

Trcisman has suggcsted the idea of a continuously coded closure feature, 

she has in her own work divorced the issues of closure and shape, char­

actcrizing dosurc as "completcly abstractahle from shape" (Treisman & 

Paterson [1984]), 

1 also use visual search techniques to explore properties of perceptual 

c1osure. In my experimeuts, however, discrimination is based not on the 

p.'cscnee or absence of uosure, but on the two-dimensional shape of the 

targl't and distractor. Dy modulating the degree of c10sure of both the 

targct and distractor in tandem, 1 am able to characterize the influence 

of c10surc on shap(' perception, and to isolate certain properties of this 

perccptual c1osure. 

34 



\ 

l 

Chapter 4 Experiments 

4.1 Methods 

Visual search displays were created on a 60 Hz, noninterlaced colOlar 

Amtron monitor, dl'Îven by a Symbolics 3640 computer. Subj{'ds sat in 

a dimly lit room, approximately 1 m from the sereen. A 7° x 7° l'Iquar(' 

display window of luminance Il ed/m2 was positioned in the ('('lIt,r(' of tll(' 

screen against a background luminance of 0 cd/m2. Stimuli were norl1lally 

drawn in the display window at 72 cd/m2. Figure lUllIinall('('s Ils('d for 

experiments examining the cffeds of contrast revcrsal are sl)('('ifi(~d III 

table 4.1 of section 4.14. 

AIl stimuli were approximately 0.50 x 0.50 in size, of ranc!olll orif'll­

tation and randomly jit.tered position (minimum inter-stimulus HIHtdng 

= 0.8°). In most experiments·, displays contained cithcr 7, 15 or 2:1 

distractor stimuli and one tal'get (display SiZ('H of 8, 16 or 21 stimllli). 

The procedure is illustrated in Fig. 4.1. First, an exarnpl(' of OH' t.ar­

get for which the subject will he scarching is shown (Fig. 4.I(a)). 'l'II(' 

subject then presses a mouse hlltton to trigger a scqll('rl('(~ of :m visual 

search trials (W for each display size, randomly interlpaV(~d). In ('ach 

trial, é~ display is presented whidt always contains cxactly olle targd 

(Fig. 4.1(h)). When the target is detcdcd, tlH' subjpd c1i<'ks a UlOllse 

but ton and the responsc time for detection is recorded. At the sarn(' time, 

the visual seareh display is replaced by a validation display in whidt the 

• In sorne of the later ~xperiments, only one display Bize if> uscel. The changeH in 
method are noted in the appropriate sections. 
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FigUl'e 4.1: Visual search sequence 

st.imulus positions are reprcsented by small reference dots (Fig. 4.1(c)). 

The subjcct must correctly identify the target location (by clicking on 

the aJ>propriat(~ dot) for the trial to be con&idered valide If an errùr is 

made, the trial is rejected, and another trial with the same display size 

and stimulus type is randomly inserted in the sequence to replace it. 

This proccdlll'e differs from traditional methods, in which half of the 

displays shown to each subject contain a target and half do not (Treisman 

& Gcladc [1980]). In t.his procedure, subjects press one of t,wo buttons, 

d('p('Jl(Jing UpOH whcthC'r they pcrccive the target :ts present or absent. 

One advant.age of my proccdure is the relatively low error rates, which 

aV(,l'a!.(,d 1.7% and w<>l'e less t.han 5% for aIl experiments. More impor­

tant.Jy, 1 bdicve that the traditional method is subject to a systematic 

hias which Illy m<'lhod avoids. 

1 have rC'produced the basic results of titis work using the more tradi­

t.ional procedure. These results, together with an analysis of the problems 

wit.h t.radit.ional tt.'chniques, can be round in the appendix. 

Befol't' each sC'ssion, sllbject.s complete a practice procedure identical 
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to the recorded session, but including only 2 trials for ('ach display con­

dition. In addition, for every block in the recorded session, t.ht.' first thr{'(' 

trials (one for each display size) are used as practiœ, and tht' respOI\S(' 

times are not used in computing mean results, which are th us awrag('d 

over 9 trials for each stimulusjdisplay size condition. 

4.2 Subjects 

A total of 29 subjects (21 male, 8 female) were used for tJI(' 40 ('xper· 

iments described here. Betwcen 10 and 14 subjccts W('fe uSf'd for each 

experiment: the exact number is st.at.ed with the r<'slIlt.s. Snhj('ds rang('d 

from complete naïveté to full awal'Cness regarding t.he goals of t.he study. 

AlI subjects had normal or correcicd vision. Results are avc'ragt'd ov«'r ail 

participating subjects, with error bars indicating standard e.-ror of UU' 

mean. 

4.3 Shape Discrimination for Open and Closed Fig-

ures 

The basic stimuli (Fig. 4.2(a)) are composed of two tlIICollllt'd,('d but 

nearby contours. The contour segments are the saille' for hoth t.1\(' t.arg('t. 

and distractor, which th us differ only in how the segnlC'flt.s are pla,ff'd 

relative to each other. In the target stimulus, they are arranged to 1)('lul 

inward, forming a 'spindle' shape, while in the dist.rador stimulus tl)('y 

bend outward, forming a 'barrel' shape. The stimuli have tiPIS IWf'n 

chosen so that the discrimination must be based on mC'asurernents whic-h 

are two-dimensional and extrinsic to the contour Sf!grrJl'nts. 'l'ha" is, 

information from the two contour segments forrning each stimulus mllst 
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Figure 4.2: Stimuli and example displays for open and closed outline 
shapes. 

he gl'oupcd into a composite representation which can then be used to 

discriminate the tal'gct from the distractors. 

With the addition of two identicalline segments to each of these open 

figures, two closcd figures are formed (Fig. 4.2(b)). The length and rela­

tive spatial position and orientation of these segments is the same for each 

stimulus, tllUs by themselves they provide no direct means for discrimina­

tion or identification. Note that closing these figures endows them with 

I\('W two-dimensional shape pl'Operties. For example, the closed spindle 

possess('s two cOl\cavities and a narrowing which the closed barrel does 

Ilot possess. These propertics play a large roll' in computational theorjes 

of planar shape perception (Blum [19ï3]; Hoffman & Richards [1985]; 

Kimia, Tanneubaum & Zucker [1990]; Ley ton [1989]) and so it is natural 
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Figure 4.3: Search results for closed and open figllr{'H, aV('rag('d OVN 14 

subjects. 

to wonder whether closure, by making these propcrt,ics w(·II-dt'filU'd, will 

make these shapes casier to discl'imillatc. 

The results show that closing the curves dramatically ('nhall(,('s dis­

criminability (Fig. 4.3).2 While search spc(~d for th(' OpPI1 shapl's <I('I)('lIds 

strongly on the number of stimuli in the display (slop<, :::: R:J Ifls/il.(·rn, 

intercept = 555 ms), search for the closed shapes depPIHls ollly w('akly 011 

the number of stimuli (slope = 14 ms/item, intcrc('pt = !i46 ms), alld is 

within the range of what is normally considcred preait,l'utiw' I)(~r(,l'pl.ioll 

(Enns & Rensink [1991]; Julesz [1986]; Treisrnan & Gorrnkall [198R]). 

In order to dl'aw solid conclusions, howcvcr, we must. ('xalllill(' t.h(~ 

other changes introduced by closing the stimuli. For cxamplc, tJw c1os(~d 

2S1opes and intercepta wcre subjected to pair-wise one-tail"d t-t"HtH will! a dloHfm 
significance level of 0.05. C!osing the stimuli slgnificalltly rN!uced Hf·ar!'!. IIlop" (T' < 
0.005), but had no significant etrect on the intercept cstimatc (p > 0.1) 

:m 



l ... 

4. Experiments 

contours posscss four corners (orientation discontinuities), which could 

provide local information sufficient for discrimination. AIso, the closed 

figures arc cOllnected. Connectedness has been proposed as an important 

ru le of pcrceptual organization (Rock & Palmer [1990]): perhaps this 

property of connectcdness is respoosible for our results. 

4.4 Corners, Connectedness or Closure? 

TInee cxpcriments wel'C pcrformcd which evaluate the importance of do­

sure relative to othcr stimulus factors. 

In the first of thesc (Fig. 4.4), the end quarters of the closing segments 

were removed to fonTI stimuli possessing neither local corner information 

nor the propel'ty of conuectivity. Although the stimulus contours are no 

louger topologically closcd, intuitively they rernain highly closed. The 

l'csults con fi 1'111 that while the absence of corners and connectedness does 

Ilot null the ('ffeet, seal'ch performance is mildly degraded, consistent with 

a srnall declinc in pel'ceptual c1osure3 (slope = 25 ms/item, intercept = 
483I11s). 

The Bext ex periment fUl'ther investigates the role of local information 

in this visual search task. Two pairs of stimuli were constructed, which 

both possess local corner information, but differ in their degree of appar­

ent c1osu)'e (Fig. 4.5). The length of each horizontal segment forming a 

corner is one quartcr of the total gap size. 

The )'esults show that, white the local information is the sarr,e in both 

('as('s, thel'c is an imlllCllse difference in subjects' ability to di5crirninate 

3Removing the end quarters of the c10sing \ine segments resulted in a significantly 
grt'ater seareh si ope (p < 0.025), but had no significant effect on the intercept estimate 
(p> 0.1). 
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Figure 4.5: Search results for figures with in ward or ou t ward cornNIl (1" 
subjects). Results for open and c10sed figures are shown dotted for f(~ff>f('nre. 
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Figure 4.6: Search results for connected stimuli (14 subjects). Results for 
open and closed figures are shown dotted for reference . 

t.he shap(~s.4 Whcn the corners 'Nere oriented inward to partly close the 

shapes discriminat.ion was re!ativcly rapid (slope = 27 ms/item, inter­

Ct'pt. = .535 ms). Whcn the corners wcre oriented outward, discrimination 

was v('ry slow (810pe = 112 ms/item, intercept = 891 ms). Clearly, the 

global dosmc information is far more important than these local eues in 

fUl'l11illg the repres('Iltations l'equircd to discriminate the stimuli. 

A t,hird expcl'iment. fUl'ther investigates the difference between con­

n('ct.edl)(,:'~ and closure (Fig. 4.6). Bot.h experiments invo! ve connected 

figurt's, but. while t.he contoUl'S of one stimulus pair can be il1terpreted as 

pc\rt.ial ohj{'d boundary projections (intermediate dosure), those of the 

otll('r pair al'(' inronsistellt with sueh an interpretation (poor closure). 

Search spl'ed for the stimuli c10sed at one end was intermediate be-

4'1\lfning the corners out ward result.ed 1IJ a sigllificantly greater search slope (p < 
0005) but. had no significant effcct on the illtercept estimate (p> 0.05). 

42 



1 
4. Expt'riIlH'uts 

1 l l 1 
Figure 4.7: Inward and outward corner superposition 

tweeD open and closf."d (slope = 40 ms/item, intercept = 556 ms), whilt, 

search speed for stimuli connected at the middle was slow (slopt' = 100 

ms/item, intercept = 466 ms).5 Connectcdncss was not tlU' dominant 

influence here. 

4.5 Superposition 

The second ex peri ment of the previous section d(·lllonstrat(·d that t.he 

orientation of corners in contour fragments has a dramatic (·freet on tlw 

closure of the composite stimulus. Inward corners res"lt ill a high df'gn'(' 

of closure, while outward corners rcsult in a low dcgrc(' of c1osllr(·. If. is 

natural to ask the question: "What if t.he stimuli have both?" Fjgun~ 1.7 

shows figures which do. 

The results (Fig. 4.8) show t.hat scarch for thcsc stimuli is in fad. 

significantly slower than that for both inward and outward ('orr)('r st.imuli 

(slope = 177 ms/item, interccpt = 244 msjitcm).6 

5Search slope for the stimuli connected at olle end was sigllificantly grr-atl'r tltall 
that for closed stimuli (p < 0.005) and &igllificantly less than that for OpP.1I st.imull (rI < 
0.005). Search slope for the stimuli connected at the middlc was signifiralll.ly gu·al.pr 
than that for the stimuli connected at one end (p < 0 005), but not sigllIfiralltly 
different from that for open stimuli (p > 0.1). Interrcpts for the end-colJ/wrlf-d and 
mlddle-conllected stimuli do Ilot differ sigllIfirantly from carh oUlf'r or frolll thoHf- for 
the open and closed stimuli (p > 0.1) 

6Search slope for the stimuli with both inward and outward corrwrs was siglllfi­
cantly greater than that for the stimuli with outward corrwrs only (p < 0(25) and 
for the stimuli wlth inward corners only (p < 0.005) Intercl'pt for Hw HtHlIuli with 
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Figure 4.8: Results for junction stimuli (10 subjects) 

While adding inwal'd corners to the original open stimuli of Fig. 4.2( a) 

incrcased pCl'ccptual closure dl'amatically, adding inward corners to the 

outwal'd-col'lwl' stimuli SCCIllS to reduce perceptual dosure. This finding 

is consistent. with a vicw of pel'ceptual c10sure as a measure of the confi­

d('lIc(' with which th(' contour fragments can be inferred to project from 

t.1l<' boundal'Y of a single object. The contour fragments of Fig. 4.7 are 

not cOllsistf'ut. with such an int('1'Jm~tation. 

While thl' ('vidcncc for int.cgl'ating the contour fragments composing 

t.he ollLward-col'llcr st.imuli is also poor, they could still be interpreted as 

fl'aguH'llts projPct.ing from 111'0 distinct objects. In the case of the spindle 

fragllwllt.s. t.!tes(' objects would be seen as convex, white for the barrel 

fJ'élgllH'nts, t.hey would be sccn as concave (Fig. 4.9). This would provide 

bot h inward and outward corners was slgmficantly less than that for the stimuli with 
ollt.ward cortler!! ouly (1) < 0.05), bul dld Ilot differ siguificantly from that for the 
st III III li wlth iuward corners ouly (J) > 0.1). 
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Figure 4.9: Interpretation of stimuli with outward-orienled mrners 

sorne two·dimensional basis for discrimination. 

4.6 COlll peting Organizations 

The visual search displays used in the abovc expcrimenls consist of lIIult.i­

pie stimuli in relatively close proximity to cach other (Fig. 11.2). Pf'rhaps 

the most basic of the odginal Gestalt laws of grouping is thal. of pl'OX­

irnity: nearby image elements t.end to group togct.llf'r. In our displays, 

if grouping was bascd upon image proximity alonc, U\('r(' ntight Iw cas('s 

where contour fragment.s of diffe 'elll stimuli would group t.og(·Ou·r, forlll­

ing composite representations tltat resemble neit.her t1H' t.arg(·t !lor t.h{~ 

distractor. This confusion could plausibly lead to slowf'r sf'arch, ami in 

particular larger search slopes, for the incidence of sUrll (ollfusioll ('an b(· 

expected to rise with the numlwr and decsity of st.illlllii in t.1\(' i III age. 

It is therefol'e possible that the role of c1osu("f' in UWSf' (·xl){·riJJU'IIf.s 

is as a disambiguating image propel'ty, a fador which (·ompl(·f1H'lIt.s tJJ(' 

influence of proximity in determining the pf'rccptllal organi;"atÎon of HIt' 

Image. 

1 have tested this idea in two v;~:;s. First, 1 r('peil.t.(~d t!w original 

experiments with c10sed and open stimuli, but with il. !)()% ill('J'(~asf' in 

inter·stirnulus spacing. The results (Fig. 4.10) show that substantially 
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Figure 4,10: S('arch results for sparse stimuli (14 subjects). Results for 
c10sed 'l',d open stimuli at tht' standard density are shown dotted for refer­
cnce. 

d(~fI'casing the proximity of neighboring stimuli has no significant effect 

on s('ard, specd. (For the closcd stimuli, slope = 16 ms/item, intercept 

= .148 ms/it('Ill. Fol' the open stimuli, slope = 9.5 ms/item, intercept = 

2,10 ms / i t.(,111 ).7 

Whil(, inkrpretation of this result is complicated by the simultaneous 

in('J'('as(' in total display size (from 7° x 7° to 10.5° x 10.5°), it does suggest 

t.hat dosur{' has a lal'gel' l'ole to play in perceptual organization than as 

a simpl(' count('racting factor to proximity. 

ln addition to the traditional laws of grouping such as proximityand 

dOSlll'e, Pallller has sllggcstcd a law of common region or enclosure: im­

ag(' f('atun's that belong to the same region tend to be grouped together 

7 Although tlU'ft' WIIS no significant difference in search slopes (p > 0.1), increasing 
tht' illtt'f-st illlllius spaclIlg did significant.ly decrease intercept for the open stimuli 
(l' < 0,05). 
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Target Distractor 

Figure 4.11: Open stimuli were enclosed by cirdes approximately 0.90 in 
diameter. 

(Rock & Palmer [1990]). To test the import.anft' of this prolwrty, 1 re­

peated the experimellt for open stimuli but this time t'Ilr!os('<! ('a,," st.illl­

ul us wi th i n a cit'cle (Fig. 4.11). 

The results (Fig. 4.12) show that cnclosing th(' Op('11 stimllli in t.his 

way has no significant effect on the parametcrs of a })('st-fitting lilwar 

model (slope = 101 ms/item, intelccpt = 532 ms/itf'rn). AIt,hollgh sloJ>('s 

and intercepts of a linear fit to the uncnclos('d and ('ndos('d 01U'fI stimuli 

do not ditrer significant.ly (p > 0.1), fitting a s('('ond-order 1110<1('\ t.u tilt' 

response curve for this enclosure expf>rimcnt revcals a sigllificallt. posi 

tive curvature (p < 0.02), and the bcst-fitting sf'cond-ord('r flIod('ls for 

the unenclosed and enclosed experimcnts are signifkant.\y difrf'l'('nt in ail 

three parameters (p < 0.05). 

Thus, although it appears that endosing the stimuli ('(·rt.aillly (I()(·s 

Ilot make the task easier, the addition of tll<, circl(~s do('s ('h(L1l!/t t.he 

nature of the ta~k: essentially making the t,ask more dimclllt at, larg('r 

display sizes. This may be due to th<' increascd complexity of Hu' display 

with the circles added. 
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Figure 4.12: Search results for enclosed stimuli (14 subjects). Results for 
original open and c10sed stimuli are shown dotted for reference. 

4.7 Is Closure a Floating Percept ual Property? 

TreÎsman has suggested (Treisman & Paterson [1984]) that 'emergent 

propel'tics' such as dosme can 'float' and conjoin with other parts of an 

image. SII(, shows (sec section 3.6.2) that when asked to report on the 

preS('Hf(' or absence of a certain stimulus in a briefly-presented display, 

subject.s sonwtimes inconcctly report it pres"'nt. This tendency increases 

if Hu' display cont.ains elements which can be conjoined to form an in­

stance of t.he.' tal'get.. 

In UWS(' experimcnts, the task is made difficult by a very brier expo­

surt' duration (b<.'hvcen 45 and 270 ms), a stimulus mask, and a distract­

ing ta."k wllich prc\'ellts subjects from attcnding to the stimuli. Under 

tht'SC strt'sst'd conditions it is not smprising that when forced to make 

a choicc, subjects somctimcs make mistakes by incorrectly conjoining 
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features of different stimuli. 

My experimental technique is very different. Subject.s are Ilot ask{·d 

to report what they saw, but know in advance that a targct is prl'sl'Ilt 

and are asked to find it. If closure is a floating pt'rceptual prop<'rty, it, 

is reasonable to expect that the closed circles of Fig. 4.11 would cOlljoill 

with the contour fragments enclosed, thus speeding sean'h fol' t.his task. 

The fact that this does not happen suggests that we canllot. think of 

closure as a floating perceptual property in this kind of task: it IS a 

property of contour, and affects the way that cont.our is pt'I'Ct'iw(1. 

4.8 The Perceptual Closure Continuum 

The experiments of section 4.4 suggest that pere('ptual dosUl'e is Ilot 

well-modeled as a topological property: whcn the boullding COllt01Jf is 

fragmented, the ability of the human visu al syst.elll to !>('r('('iv(' t.wo­

dimensional shape is degradcd but not destroyed, 

To further clarify this, 1 created a new set of stimuli hy ill('r('IIU'Il­

tally adding contour to the original open barrel and spindle (Fig. ~,I:I). 

1 conducted visual search experiments using these stimuli wit.h a fix(·d 

display size of 16, charactel'izing search spe('cl by th(' lIu'all J'('SPOIlS(' t.in\(' 

for each stimulus pair. The results are shown in Fig, ~.14, witt. r(,spollse 

time plottecl as a funetion of the number of pixels add('d t.o Hw <'p('n 

stimuli. Pixels added to fOfln corners away from tlH' fig\lf(' an' plou'pd in 

the negative abscissa range. 

Intuitively, the stimuli in the high positive abscissa rang(~ have a very 

high degl'ee of closul'e, while those in the high negative rang(' haVf' a 

very low degree of closure. The results of this f"xperirnent show that 

this intuition does correspond to the way c1osur(! is I1s('d to forrn rapid 
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Figure 4.13: Samplillg closure with 2-fragment stimuli. 
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Figure 4.14: Lilu'ar and Quadratic fits to search results for 2-fragment 
stimuli (10 subj('cts, display size = 16). 
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representations of shape. For stimuli that we think of as highly dosc'd, 

response time is rapid, and for stimuli that we think of as poorly dos('d, 

response time is slow. The concept of a continuum of }>l'rceptual dOSurl' 

is highly useful here. 

A linear model of response time as a function of the It'ngth of t.h(' ('Or­

ner extensions is inadequate, however quadratic and ~xpOll('lltial J110dds 

both provide good fits. 8 Both of these models have positiVt' furvatlll'c', 

indicating that contour fragment extension has a bigger impact Oll the' 

absolute time l'equired to pCl'fol'1ll the task wlwll tll(' d('gr('(' of c1oslIrC' is 

small. 

4.9 A Minimax Gap Principle of Closure 

The previous expe1'Ïmcnt shows that as wc add pix('ls t,o f'xt('IIc1 cOJltour 

fragments so as to increase the closure of the stimuli, s('ard. stc'a<lily 

quickens. If we add pixels to ex tend contour fragllwllts in a dire,(·tion 

away from the figure, so as to decrease c1osur<" s('ard. slows. 

It is natural to wonder how Illuch of this bchaviour dt'pc'flels UpOIl tll(' 

way in which we extend the contour fragments of tl\(' stimuli. If wC' arl' 

adding pixels along the figure boullclary, do('~' it matt('r wll('f(' W(' iul(1 

them? 

Two specifie aspects of this question are: 

1. Is it helpful if the pixels are added in a contiguolls fashioll, so as t.o 

8The X2 for each fit was computed using the st.andard d('vmtloIlH for ('arh 
stimulus condition. Each fit involved 1080 data poillts (IOHuhJ('ctH x !)t,riaIH x 
12stimulusconditions), The lillear modcl has 2 df'gr('('s of (m·dom (y = (J + br). 
the quadratic (y = a + bz + cz2) and exponrntlal (y = (J + be-a') moddH haVl':1 Th(! 
X2 for the hnear model is 1120, Since the probability Q that, given a Illwar Ulo(!t·I, 
the X2 would exceed 1120 is 0, tlais if> a poor mo<!t'i The X2 for Hw 'l'H!.c1ratlr ami 
exponential models are 1074 and 1075 respectively, both ywldlllg Q = 1 
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estahlish or extend oriented structure along the figure boundary? 

2. 18 it hclpful to add information in the vicinity of points of high 

curvatUl'<' along the figure boundal'Y? 

The first question is partly motivated by the grouping law of con­

Ilf'ctcdl\(,SS pl'Oposed by Palmer (Rock & Palmer [1990]). The second 

questioll is lllot.ivêÜed by models which stress the importance of informa­

t.ioll at points of high cUI'vature (Attneave [1954]). 

The stimuli showll in Fig. 4.15 wcre designed to shed sorne light on 

th('se issu('s. 'l'Ire stimuli were constructed by adding isolated, uniformly­

spaced dots to the open stimuli along the boundary of the shape. 

Fig. 4.Hi shows the rcsults of this experiment, plotted with the 

(positive abscissa) rcsults for the previous experiment. As in the pre­

vious expt,!·juwnt. adJing pixels along the figure boundary speeds search 

in a ('()J\t.iuuous, mOllotollÎc fashion. However, the addit.ion of isolated, 

lIuiformly-spac('d pixels has a mueh larger impact on search speed than 

t.h(· addition of pixels cOlltiguOlls wit.h existing cont.our fragment.s. The 

l't'suit is a higlrly nonlillcHI'. concave response curve. 

Tlwst' results suggest a modcl which, rather than imposing tight con­

st raint.s of COIIII('ftc.'dness on cont.our structure, not only allows the con-
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Figure 4.16: Results for boundary dot experimcnt (10 subjects, display 
size = 16), Results for continuous boundary extension ex periment an' shown 
dotted for reference, 

tour information to be sparsely distributed, but in fad pre/,"'s it, P('r­

haps the most compelling evidence of this lies in the impact. of adding 

just one pixel in the centre of the gap at both cnds of th(' figur(·. In this 

case, we witness a very large improvcment in s('arch p('rformanC(', whil(' 

many contour grouping models would deny the addition of any ori('lIt('d 

structure at ail. 

While a quadratic model for this data was found to he iuapproprial(:, 

an exponential model (shown in Fig, 4.16) captures the shape of th(· data 

extremely well.9 

However, there is a better way to look at th('se data. HaUwr than 

9Each fit involved 630 data points (10 subJects )( 9 trials )1 7 HtllrtuluH cOIUJit.lOrtH) 
The X2 for the quadratlc model is 636, yielding Q = O. 'l'h,! x2 for the f!XpOllf'lItlal 
mode) is 627, yielding Q = l, 
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Figure 4.17: Linear fit to boundary dot search results, with response time 
ploUed as a funet ion of dot spacÎng. 

tn'ating t1w Humber of dots added as the independent variable, one can 

instead considcr thc s}Jacin!1 of dots in the gap. Fig. 4.17 shows that 

r('8\>on8e time can be wcll-modeled as a simple tinear function of dot 

spa<"Ïllg. 1O 

Contrary to what olle might expect, the value of contour in determin­

ing c1osllI'f' is Ilot highcr at points of high curvature. Note that this does 

1101 illlply that. support at points of high curvature is not important for 

dd('rlllining t.he perception of local shape features. The degree of per­

('('ptllal d08ll1'(', how('vcr, is primarily a function of how weIl the contour 

is distribut<'d about the boundal'Y. 1'0 argue somewhat heyond the spe­

('ifie J'(>slllts of t.hesc cxperimcnts, 1 suggest that this last finding can he 

chara('t<'l'ized as a Minimax Gap Principle: Given a certain fraction 

lll1'h", \ 2 for t Ilis lIlodd is 625, ylt>lding Q = 1. 
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of contour to bound il defilled regioll, marimum closttl'r is achit't't'd by 

minimizing the maximum gap length. 

The application of this principle depcnds UpOII the domain in which 

it is applied. ln the continuous domain, the contour can b(· divided and 

distributed in 5uch a way that the maximum gap is driVt'1l to Z("o'O. Per­

ceptually, this would result in a c\osed conteur with a r('t!uf(·d ('(mtrast. 

In a discrete domain, the uniformity of the distribution is Iimit.('d Ly tht' 

pixel spacing, 50 that, given a contour which is shorter tllan tilt' I)('rilll('­

ter of the region to be bound, application of the MillilllilX Gap Principl(· 

will still producc finite boundary gaps. 

The Minimax Gap Principle can also be stat{·d in a lIIallll{'r I(·ss d(·­

pendent upon the nature of the image space: Gh'fT/ Iwo dil',,.,.,'''' fm.q­

menlations of the same boum/mg contour, IIll' jmgmf'Tllfll;o" /IIi/h IIlt, 

fesser maximum gap will have the g,.caler clOSUl'c. 

4.10 Textons are not Gluons 

Consider the experimental results presented thus far. 1 hav(' showli that, 

in a discrimination task reqlliring the r<'presentation of t,wo-dinH'lIsiollal 

figure, performance is gl'eatly determined by the' rl('gf('(' of c!OSllrf' of 

the figure boundary. P .opcrties such as conn(·d(·dl)(,s~, lo('al (orrH'I'S alld 

enclosure do not seem significant with rcspC'ct 1,0 this ('(f('c!.. Psydlopltys­

ical performance il'} this task val'Ïcs a.<; a continuolls, lIlollol.onic flln('1.ioll 

of closure, leading to the concC'pt of a. pC'rn'ptual clO~Ilf(' COUl.illllll/ll. 

Greater closure is attained when contour is spf(~ad ou ~ arolliul lit(' figllf(~ 

boundary, rather than concentrated at, points of Itigh c"urvat.Uff·. Titis 

observation has lead to the Minimax Principlc stated above. 

Most of these experiments have involved manipulat.lOn of tlU' 011t,-
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linc boundary of the figure: changing the boundary to increase clos ure 

seems to enhance the grouping of the contour fragments, sharpening the 

definitian of figure and ground. 

ln most images, while there may be a high luminance gradient at 

the object boundary projections, there is typically sorne luminance pat­

tern ill the figure interiors which projects from reflectance variations over 

surfaces in the scenc. Such patterns are typically referred to as textures. 

Since in g('lIeral diff'crent surfaces will project different texture pat­

t('I'IIS illt.o :./1 image, ('haraderizing texture differenccs can potentially 

assist the segmentat.ioll of an image into regions or figures arising from 

di~tiJl('t surfaces in a scelle. This has motivated a broad program of re­

l'pardi attcmptillg to ch:tl'acterize and model the psychophysics of texture 

segnU'ntatioll (Julesz [1991]; Malik & Perona [1990)). 

Such r('gion-based texture professes would seem to form a useful com­

pl('ITU'lIt 1.0 the' boundal'y-bascd processes 1 have been studying. In a real 

imag(', wllC'r(' houndal'Y gradient signais are somctimes poor, region-hased 

t.extUI<· pron'SS('s eould potent.ially support iigure/ground hy;;otheses. 

The interaction of tlacse boundary- and region-based processes can be 

st.udil'd in the ('ontext of Illy closure experiments. V/hen closure is pOOl', 

tllPl'{, is amhlguity about whethcr the fragments should he interpreted 

a.s proj(·ctions of a single object boundary. What if texture differences 

I)('twl'l'Il the' an'as int.erior and f'xtcrior to the figures could resolve this 

amhiguit.y? 

To answer this question, 1 have designed the three sets of textured 

st.imuli shown in Fig. 4.18. In the middle set, 1 have augmented the 

original open st.imuli with a texture of random dots, distributed over the 

t.wo-dimt'llsiollal regioll bet \Veell t.he opposing contour segments. Each 

stimulus is t !tus dt'filled by bot h contour fragments and a two-dimensional 
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Figure 4.18: Stimuli used for texture expcrimpnt 

texture, differing from the background in its first-ordcr st.al.isl.ics (rrwall 

luminance). The independent variahlc in thesC' st.imuli is the inf.Nior dol. 

density, which is varied betwcen 0% and 10% in 2% in(T('rrwnt.s. In 01<' 

top set of stimuli, the same texture patterns arC' add('d 1.0 the original 

closed contours. In the bot tom set, the st.imuli are defim'd by UI(' t.exture 

patterns alone. Note that although the texture llsed for each st.imulus 

in a display is drawn pseudo-randomly from the same uniform dir-,trÎ· 

!)7 



,.. 
\ 

-VI e --ë 
':::2 

~ c: 
8. 
VI u 

QG 

4. Experiments 

6(0) 

5(0) 

' .. 
". 

4(0) 

](XX) Interior only 

2000 

I·i 1 s ...... j _ .......... "i ... Open 
100> • • • • . .. Closed 

0 
0 2 4 6 8 10 

Dot density (%) 

Figure 4.19: Search results for stimuli with interior texture (12 subjects). 
A display size of 16 was used. 

butioll, each is illdependcnt., resulting in a certain degree of distractor 

lu,t,erogelH'i t.y. 

The r('sults for these experiments are shown in Fig. 4.19. First, ob­

serve Hu' respollse Ume curve for the stimuli with the interior dots aJone. 

Data WC'I't' ilOt. col\ected fol' densitics less than 6% (about 40 dots per 

stimulus), bC'caus(' subjects typically could not discriminate thcse stim­

uli. Eveil fol' dellsit.ies grealer than 6%, the response time was very slow 

whell uo coutOtlJ' information was present. Wc can conclude from this 

t.hat fol' the rauge of dot d('nsities examined, the added dots do not make 

a signi{kant. ({n'CCI contribut ion to the figure boundary. Thus any effect 

t.hat. W(' observe lIlust arise from a region process serving to segment the 

t.extllred fig\ll'es from the background, thereby facilitating the grouping 

of t.h(" conto\ll' fragments into repl'('geutations of two-dimensional shape. 
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Modeling the response time curves with lil}('ar fundions sllggl'StS an 

insignificant effect of dot dcnsity on responst' tillH' for bot.h t II(' c\oS('d 

and open contour stimuli: the gap in discrimination perforlllal)(,(' h(·· 

tween open and closed stimuli is Ilot narrowed by th(' addit ion of text 1If(' 

information.ll 

This is most remarkable in view of the dramatic s('nsit ivity of s('arch 

performance with respect to boundary manipulat.ion. Whl'n'as t.h(· addi· 

tion of just 4 dots along the boundary of the figure eut the gap in s('arch 

speed between c10sed and 0IJen stimuli by 70%, t1w addition of IIp t.o 7:, 

dots to the figure interior ha.'3 no significant (·[('et. 

4.11 Closure and Amodal Completion 

Boundaries of occluded objects project as open and ofü'lI fraglJ\(·nl.(·d 

contours in the image. 1 have argu('d that a figurai syst,('1II baSf·d lI(>on a 

perceptual dosure continuum will be rohm t to su eh O('('\IIT('II('('S, allowing 

the representation of object shape d('spite occlusion. 

If robustness to occlusion is a prime d('terminallt of Hw (()lItillUOIIS 

charader of perceptual closure, it is reasonable to ('xIH'ct that addillg 

additional evidence for occlusion to the imagt' would rlssist. (OIl~t.nJ( t.ioll 

of shape representations and hence spt'ed discrimillatioll. 

To test this possibiIity, 1 collstructed the st.imuli showJI in Fig. 1.:W. 

Starting with the partly closcd figures on th<, 1 .. [1. as a "asis, 1 haVI' ('ff·· 

ated the set of figures showll in the middl(' by addillg rt·da.ngl(· OlltlilH'S 1.0 

each partly closed figure to produc(~ a slJbj(~divf' impn's~icJJ of 0( ( IIISioll. 

Note that in these figures, wc pern'ive the spindlf' and ba.rJ'(·) (J"j('( t.s as 

llSlopes of linear fils to responHe time as a fUflctlOn of tpxtur(> d/>f1klty for O,WU /lud 
closed figures do not dlffer significalltly from 0 (p > 0,1) 'l'tif' J/lll'rr/'pt/; (75(i HlH for 
c10sed figures, 1413 ms for open figures) do differ slgllIficantly (JJ < 0 (JO;') 
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l 1 

C J 
Figure 4.20: Stimuli used for occlusion experiment 

b('ing cOlllplete, but obscured by an intervening object. Kanizsa (Kanizsa 

[1 ~)79)) has tCl'llIed this phpnoJ)wnon amodal completwn, hecause the per­

('('ption of ('o/llpletell('ss is accomplished without direct verification by any 

sellsory lIlodalit.y. 

The set of figures on the right of Fig. 4.20 \Vere used as control. These 

have bcell ('J'('atcd frolll the second set by removing the contour segments 

of t.h" o('('ludillg rect.angle that fall in the interior of the original figure. 

Tht'sl' figurt's could be said to have the same 'shape' as the second set, 

but. an' S('('II as sillgl(' c\oscd figures with significant protrusions rather 

t.hdn as t wo figll1'es in occlusion. 

The n'sult,s of t.hl'se expel'iments (Fig. 4.21) are provocative in sev­

('ral ways. First, sin((~ the search for the occlusion figures (slope = 53 

IlIs/it,('Ill, illt,(·I'(,(·Pt. = 511 ms) is significantly slower than that for the 

origillal fl'agllH'lIt.ed figures (slope = 2ï ms/item, intercept = 535 ms)12, 

12Scarch slopt· for the occlUSion figures is significalltly greater than that for the 
fraglllt'ult'd figurt·s (1' < 0.01) Int.eret'pts do not, differ sigmficantly (p > 0.1). 

60 



1 
.1. Ex pf'fi 1lU'1l 1 S 

2200 

2000 U -fil 1800 e -~ 1600 l@J .: 
M 1400 
C 

[[TI 8. 
fil 1200 
~ 

1000 

800 

600 
8 16 24 

Display size 

Figure 4.21: Search results for occlusion experinwllt (1-1 suhj(·(·ts). 

the idea that introducing explicit occlusion eues would s(>('('<1 shap{' pro­

cessing is clearly wrong. 

The rad that search for the dosed protrusion figlll'{·g (slol)(' = 4!) 

ms/item, intercept = 454 ms) is also significantly slow('r t.hall for t.Ilf' 

fragmented figures 13 suggests that the geornetric cornplexity of tll{' shap{'s 

has a strong impact on our ability to quickly discrirnillal,(' Ulf'fTl. W{· must. 

be careful when we daim that dosure !(!ads to more rapid PW('('ssillg of 

two-dimensional shape: clearly the nature of tilt' dosing cout.our lias a 

large effect on this processing. 

13Search slope for t.he protruslon figures IS significanUy greatf'r than t.hal for !.tif' 
fragmented figures (p < 0.01). Intercepts do not d.lfer sigruficantJy (rJ > () 1) 
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4.12 Closure and Modal Completion 

While boundary fragmentation can be caused by occlusion, it can also re­

bult frorn poor boundary contrast., caused by an unfortunate combination 

of phot()rn(~trif variables. 

The r('sronse of the visual syst.em to an extreme version of this prob­

lem is reV(~al(·d hy the phenomcna known as anomalous contours. These 

are cont.ours whkh, though dcfined in places by good luminance con­

trast, arc without cont.rast support for significant stretches, and yet are 

p('r('civ('d as uuinterrupted. I\anizsa refers to these contours as modally 

(;o1Tlpldc b('caus(', l'ven for the stretches without contrast support, the 

nmtours produ('f' the perception of a luminance edge (Kanizsa [1979]). 

While amodally completed contours are perceived as occl 11ded, modally 

('ompleted ('Olltollrl> arc pCI'C<'ived as occluding. In particular, most anoma­

lous contour d(·JIlonr,trat.ioIlS involve hasically regular silhouette figures 

wit.h a shal'!> il'I'('gularity 01' incompleteness. This incompleteness can 

Iw (·xplained if wc' suppose t.ht· figlll'es to he occluded by another fig­

ur«' with r<'lle·d.ance l'quai to that of the background. There seem to 

1)(' thr('(' (·()ll\pOIl(·IIt.S to t.his 'illusion': the perception of the anomalous 

('OlltOur itself, the )><'l'feption that the ocduding surface is brighter than 

the background, alld the pt'rn·pt.ion that it is doser than the occluded 

figmes (Fig. 4.22). 

TIlt' visual syst('1ll t.hus appean~ to have a well-developed system for 

Illodally fOlllplC't i IIg the contours of sueh figures. Could this completing 

proress SP('('<I the formation of two-dimensional shape from fragmented 

image ('Ont.oUl's? 

Fig. ·1.23 shows stimuli desiglled to test this question. The stimuli 

on t.he Il'ft art' l1l0dally complete. In the control s'imuli shown in the 
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Figure 4.22: Classical l'xample of modal fOIllI)!l'tioll 

middle of the figure, the occluded silhouette figuf('s an' n'plan'd hy t.ll('il' 

outlines. On the right, the stimuli are further redllccd t.o indlld(' only t.l1f' 

components of the outlines Iying along the OCcllldillg figllf(' hOllndal'i(·s. 

The results of these experiments (Fig. 4.24) fail t.o show ally sigllifi­

cant difference in search speed for modally completed Wlltours (~Iol'(' = 
74 ms/item, intercept = 591 ms) over the fragment controls (slope = .5;' 

ms/item, intercept = 388 ms)}4 

The perception of modally and arnodally complet.(·d figllf('s ran 1)(' jus­

tified by the prevalence of occlusion a.nd low boundary coutrast in l'('al 

images. In such cases, eues based on occlusion and figurai in('olllplt>t,('rH'ss 

lead to the perception of whole figures despite bOlllldary fragllU'utation. 

The fact that such clues do not speed shape discriminat.ion rf'flc'ds dif­

ferences in mechanisms for low-Ievel grouping based upon cont.our ami 

more sophisticated processes requiring the inference of multipl(' oVf'r1ap­

ping surfaces. Note that to follow the 'Iogie' of modal or amodal ("ornpl(·­

tion one must first assert the existence of several overlappillg surfaœs. 

14Neither slopes (p> 0.05) nor intercepts (p < 0.1) chfferf!d 'lIgnificantly 
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Figure 4.23: Stimuli ubcd for modal completion experiment 

It is Iik('ly that. such assertions arE' prcdicated upon the very houndary 

pW('('sscs that. 1 hav(' shown to be stl'Ongly determined by closure. 

4.13 Search Asymmetry 

III ail of th~ ('xperilllents thus far dcscribed, the target has been spindle­

shapu; .,:.-1 tll'-' di8tractors have been barrel-shaped. This was an arbi­

t.ral'y dlOin', and it 8(,(,I1)('d worthwhi1e to measure se arch speed for the 

n'v('I'S(' eXperillll'llt. 

Fig. 4.25 shows the r('sults of visual search experiments using the 

ol'Ïgillal 01)('11 and doscd stimuli of section 4.3 but with the roles of target 

and dist.ractol' r('\'(,l's('d. Th(' l'csults show no asymmetry in search speed 

for Hl<' dos('d stillluli, but a significant asymmetry for the open stimuli: 

sl'arch is fa!'it<'1' for ail open band target in spindle distractors than for 
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Figure 4.24: Search rcsults for modal complctioll htirnuli (11 slIhj('(·t.s). 

an open spindle tal'get in banel distractors. 15 

Treisman uses search asymmetry l'esults to hdp ide'ntify ()f'J'('('ptUil! 

features (Treisman & Cormican [1988]). Howcvcr, tll<' s('arch aSyllllJJ('t.ry 

between open spindle and bancl figmes admits a <Iuit(· difre'l'ent illt.<'I'pn·­

tation. 1 believe that the asymmetl'y arises from t.he· fad t.hat. tll(' <'Oflt.our 

fragments making up the spindle figure ar(~ doser togd!wr than I.II000w fol' 

15Search for a c10sed spilldle target yielded a 14 IlIs/ltelll slop!' and a ;)1fi IIIl! 111-

tercept. Search for a closed barrel target yielded a 15 rns/lt,('f!l SIOJlf~ and a 4!}7 fIIl! 

intercept. Neither slope nor illter('cpl ditrer significantly (,) > 0 1) S('ar('h for ail 
open spindle target yielded an 83 ms/item slope and a 555 fIIl! 1I11f'r('('pt. Sf'ar('h for 
an open barrel target yielded a 46 ms/item slope and a 677 filM mlf'ref'pt Though 
intercepts do not differ significantly (p > 0.1), search slope for an 0l)('l! harrel targd 
is significantly smaller than for an open spmdle target (p < 0.01). 
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Figure 4.25: S('arch reslllts for barrel target amongst spindJe distractors (14 
subjl'cts). ne~ults for spindle target amongst barrel distradors are shown 
dotted for comparisoll. 

1.11(' barrel figuJ'('. This proximity advant.age limit.s grouping ambiguity 

and l('ads ~o fastel and more l'diable figure representation for the open 

spindll's than t.he 01><'11 barrels. There will therefore be less ambiguity in 

a display with 23 opell spinelles and one open barrel than one with 23 

01H'n bal'\,(')s and one open spindle. Less ambiguity leads to faster search 

on av('rag('. 
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(a) (h) 

Figure 4.26: The destruction of short-range struftur(' hy (Ontra!>t. f('wr­
sal. Pattern (a) is created by the superpositiou of a patt(,fI\ of dols and a 
duplicate pattern rotated hy 3deg. Pattern (h) il' id(·ut.kal to (a), with llu' 
duplicate pattern reversed in coutrast. ACter (Gla!>s & Switk('s [W7()]). 

4.14 Closure and Contrast 

From previous studies of contrast sign sensitivit.y, two c1assps of J)pITe'p­

tuaI phenomena have emerged. Phcnomena hasc'd on li .. · short.-ralll1/' 

grouping of dots iuto one-dimensional structUf('s (<:OlltOIll'S) (fUI he clc'­

stroyed by reversing the contrast of altcrnatc dots «ilass & Switkc's 

[1976]; Prazdny [1986J; Zucker & Davis [1988J; Zucker, Ste'V('IIS & Saruh'r 

[1983]), A beautiful cxample of this, due to Glass & Switk('s, is showlI 

in Fig, 4.26. 

On the other hand, phenomena t.hat dt~pcnd upon louge·r-range· group­

ing into two or three-dimensional structures scern to be robust. 1.0 coul.rrt.o;t, 

reversai (Prazdny [1983]; Shapley & Gordon [1985]; ZuckC'f [1!JS(j]). For 

exampIe, (Prazdny [1983]) has shown that modal cornpleticm will on IIr 
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Figure 4.27: Modal completion of reversed-contrast contours. 

Level luminance (cd/m2) 
1 0 
2 11 
3 37 
4 72 

Table 4.1: Luminance values used in contrast experiments. 

for contrast-l'cvel'sing cont.ours (Fig. 4.27). 

If doslII'e is a bridge bctween one- and two-dimensional structure, 

and \){'tw(,l'Il local measUl'ements and global figuraI representation, into 

which dass will il. faH? 

ln expcrilll<'nts d(>signcd to ans\Vcr this question, 1 used the four dif­

f('('('lIt IUlllinall<:C levds listcd in table 4.1. Level 4, the brightest, is the 

Iuminann' lIsl'd to draw the figures in aIl of the experiments described 

to this point. Leve! 2 is the background luminance used in these ex­

pt'ril\lt'Ilts. L('vel:1 is an intcrmediatc luminance which will be used to 

examiut' the dft·ct of reclucillg figure contrast, and level 1 will be used to 

t'xamillt' the cff(·ct of l'cttc/'smg contrast. 
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Figure 4.28: Search rcsults for contrast control (lXperillU'lIt ( 10 su hj(·('ts). 
Results for black stimuli arc shown l>olid, thos(~ for white ~tilllllli art' show/l 
dotted. 

4.14.1 Contrast Controls 

The first expel'iment is a control to cnsure that s('al'ch sl)('('<I d()('s ilOt. 

depend upon whether t.he stimuli are drawn in whit(' or bla('k. 'l'II<' n·Htllt.s 

(Fig. 4.28) fail to show any sigllificant dcpendf'nc(' of sf'arch Spf'f'd 111'011 

the contrast sign of the stimuli. \6 

Our next two experirnents an' also cOlltrol (·XI)(,l'ill)(·nl.s, dC'sigrH'd 1.0 

determine whethcr variation in contrast over tlw ('ut.in· clil>play IC'acls 1.0 

16Seareh using c10sed stimuli drawn in white Yleldcd a I!J rn"/ltf'/11 "Iop" alld li 4!J() 
ms intereept. Seareh uSlOg c10scd stlll1ull drawli in blaek Ylf'lcj,'d li ,waret. 1I10p/! of 
14 ms/item and an intereept of 692 /ilS Seareh usmg Opr'lI lit JJ1l11h drawn III wlllt..· 
yielded a 93 mS/Item slope and a 340 ms intcrccpt Scareh 1111ing (1)1'11 lit 11111111 drawil 
in black yielded a 105 ms/item slope and a 444 ms mtf!re('pt Stl/llullili ront.r;u;t dO"H 
not signifieantly affeet search slope or mterrept for c10HCd or opt'n lItllllUIt (II > (J 1) 



4. Experiments 

Figure 4.29: Scareh display with a mixture of black and white stimuli. 

slower scarch spced. In both of these experiments, figures may be drawn 

cithcr in black or in white (Fig. 4.29). In the first case, the target could 

he of cither contrast. In the second case, the target was always white, and 

subjects were told this in advance. These experiments were performed 

ollly for the c10scd figures. 

Wlwn slIhjects did not know the target contrast in advance (Fig. 

4.:10), s('arch was slower than for the single contrast displays17 (slope == 

·1:1 ms/it.elll, illt.erccpt = 522 ms). However, when the target stimulus 

was always whit.e, scal'ch was ll1uch (aster (slope = 23 ms/item, intercept 

= a·H) ms) and did not differ significantly from the single contrast search 

(Fig .. \.31 ).18 

I7Scarrh 810pr 18 slglIIficantly greater thall that for white stimuli (p < 0.025) and 
for black stlllluli (p < 001). Intercepts do nol differ slgnificalltly (p > 0.1). 

IIiScarch slopt' for the mixed stllllulus dlsplays where the target contrast is known 
dOl'S 1101 lhfft'r siglllflcanlly from slopes for ail-white (p > 0.1) or ali-black (p> 0.05) 
tll!>plays. IUlt'rct'pt for tl.l' mixcd di!>plays do('s Ilot, d.ffer from that for the ali-white 
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Figure 4.30: Results of tiearch when subjects do not kllow the ('Outrast Rign 
of the target (10 subjects). Results for single-contrast s{'ar('h (either whih' 
or black) are shawn dotted for rcfcrence. 

1 conclude from these two cxperiments that it is primarily the 1I11CCr­

tainty in the nature of the target that lcads to slower s('ar('h sJ>œd: as 

long as the subject knows what ta look for, contra..,t variation across t.he 

dis play does not significantly affect results. 

4.14.2 Intra .. Figure Contrast Variation 

The control experîments have shown that se arch is independf'lIt of the 

contrast sign of the figmes, and is not slowed by displays rnixing figl/f<'1i 

displays (p > 0.05), but is significantly less than that for the all-hlack dlHplaYH (,) < 
0.005). 
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figure 4.31: R(lsulls of search when subjects know the contrast sign of 
tlU' targ<,t (JO su hj('cts). Results for single-contrast scareh (either white or 
hlack) art' showlI dottcd for r('fercnee, 

of opposit(, (01lt.1 asl. sigll~, Wc can now examine the effect of varying 

contra.st. alollg the contours of illdividual figures. The two stimulus pairs 

lIS('Ô for 1 his ('xperill\('ut. arc shown in Fig. 4,32. In both pairs, the side 

fraglllc.'lIts of 1.11(' figllrl'1> are dJ'awn at luminance level 4, For the pair on 

t.1\(' I('ft., llae (olllH'ding bars al'(, drawn at luminance level 3, resulting in 

a /,n[lLci iOIl of COllt rast., whcl'('as for the pair on the right, they are drawn 

al 11I1IlillaJlC(' levcl l, rcsulting in a reversai of contrast. The results 

an' shown in Fig. 4.33. While rcducing the contrast results in only 

a mild d('cline ill pt'I'fol'mance fl'Dm the original closed figures (slope = 
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Figure 4.32: Closing the figures with rY>dll('f(/ and rY'l'tr'M'fI wlllrast.s, 

22 ms/item, intercept = 450 ms), reversing the cout.rast. pro<lll(,('s n\SIIIt,s 

nearly identical 1.0 thosc for the original open figures (~Io,,(' = 90 lIl/iÜ'II1, 

intercept = 458 ms): contrast reversai c1iminatt's P(·H't'pt.llal dOSllrt',1\I 

Repeating the reversai CXpel'ill1<'lIt. with black figlll'('s ail.! whil.e clos­

ing bars (Fig. 4.34) pl'Oduccd silllilar r(,1'>II1l.s:lU (slopl' = !)() IIls/it.('IIl, 

intercept = 328 ms). 

In these expel'imcnts contrast is J'('v('rs('<! al. t1w (Orll('1 s of !.II(' st illlllii. 

Is it possible that seal'ch is slow l)('cause tIlt' visual sysi.(·flI i1'> lIlIa!.I.· 1,0 

deal with a simllitaneolls discontilluit.y in Ori(·lItat.ÎolI alld (Ollt Hl1'>1. si,!.!,II'! 

To test this, 1 designed stimuli in which ('olltrast f('V<'rs('~ aloll~ st.raiJ!;hl. 

sections of con tour (Fig. 4.35). 

Search specd fol' these figures is internH'diat.(· lH't.W(·(·1I tllat. fol' t./)(. 

open and closed stimuli (Fig, 4.~jÔ),21 This illl.(·fIlH'dial,(· f(·sult. rf·fI.·( I.s 

the fact that. for tlrese figures, inl,f'grating cOIlt.our rl'a,~III('lIb ollly of 1.11(' 

19Reducillg the contr3.'>t of the clOf>lIlg Janl' scgrnf'llts produo·d Il Hlg'lIfirant.ly grf'al.f'r 
search slope (p < 0,05), but had no slgnificanl effect OH 1II1.1·ru·pl. H"v"rsmg I.hl' 
contrast of the c10sing hne segments rf'sultcd in IIlf'an !>f'arcla slop" ami 1II1.1·r('f'pl. 
which do not differ significantly from lhose for the open stImuli (,1> 0 1) 

20Search slopes and IIltercepts for the open black slunula and for t.lu· Illal k HI Hllull 
closed with wlllte contour &egmellts dld /lot differ Slglllfkantly (,i> 0 1) 

21 For the stimuli wlth short hlack cOflnectang Sf~grnf'/ItR, fotlopf' = 4k H1H/III'HI, IIIl," 

cept = 473 ms, For the half-olack, laalf-wllite stimula, fdope = 47 1II:or/lll'HI, IIIlnu'pl. = 
625 ms. Search slope for both expenlllcntb IS slgruficallt.ly grf'alf'r I.lIall I.lIat for dOIil·,1 
stimuli and sigllificanl.ly less tlaan thal. for open sturluh, of clt!ler conhitlil (rI < ,OOf,) 

Intercepts do not differ significantly 
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Figure 4.33: Sean'h n'nuIts for stimuli with reduced and reversed contrast 
fragllleuts (10 subjects), RChulth fOf ail-white stimuli are shown dotted for 
ft' f(, f(' Il CI', 

sallU' cont.rast. sign st.ill yields an intcJ'luediate degrce of closure. 

Tl\(' 1ll0St. important conclusion from these experiments 1 will caU a 

COllt rast Sign Principle: ]J(Tct.ptllal c1osul'c operates only upon contour 

of il ('Ol/sis/( Ilt conlrast sig", This result seems to conflict with recent 

1II0<l('ls of shap(' pro('('ssing which predict that boundary grouping pro­

('('SS('S Illllst 1)(' ins('lIsiti\'(' to contrast sign (Grossberg & Mingolla (1985]; 

Sh,\(>!t'Y & Gordon [1985]). This prediction is based on the fact that con­

t,ra.st sign frt'quc.'nt.ly do cs reverse along the boundary of an object which 

o('clud('s dist.ind surfaces in a scene. 

Hdating Illy l'(lSltlts to these theories is complicated by the fad that 
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Figure 4.34: Search results for stimuli with bla<'k bidl' hegllll'Ilts alld whit(, 
connecting segments (14 suhjects). H('sults for tlll' all-hlark stimuli ar<' 
shown dotted for reference. 

my stimuli arc drawn as out.linC' f;gures. Typi('ally W(' t.hink of o"j('('f. 

boundaries as pl'Ojecting luminance ('([gr .... Why t.JW/I shollld w(' s('(' fig1ll'(' 

just as easily from luminance lines? 

To answer this question, wc must firsi admit. t.hat t.he collv('nt.io/lal 

model of an occlusion boundar)' projection as a st('P edg(' ;/1 ail illlagt' 

is wrong. For a variety of l'casons, sharp peaks and vall('ys of illt('llsity 

are very common at and near occluding boundary projections (P('lOlIa & 

Malik [1990]). It is thcl'cfol'e possible that the visual ~yst.(·rn ac{"(·pt.f' ami 

pl'ocesses tine drawings as approximations of occlusion contOlJni, just. as 

it wou Id accept silhouette figures as such approximations. 
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Figure 4.35: Reverf>iug contrast along straight segments of contour. 

ln rny (~xpcrim('llts, sudden reversaI in contrast is unsupported by 

a(,(,()/Ilpallyillg shading challgcs on and around the ocduding objects. 

FurtlH'l'llIor<>, I)('callse t\w stimuli aJ'(' randomized in orientation, there is 

110 simpl(' lighting condition that could explain this luminance change. 

Fan'cl with SlId. ail Illlllaturai :;timulus, it is not surprising that the visual 

syst('111 would Ilot at.tempt to illtegrate contour of dilferent contrast sign 

illto singl(· figlll't·s. 

'1' 1 l('1(' i~ ('('rtaillly adequate physiological support for a mechanism 

with S\l('h wlltrast-sign s(,lIsitivity. Experiments in cat visual cortex 

(lIallllllolld k Mackay [198:jJ; Ilammond & Mackay [1985]) show that 

Ilot ollly al'(' ('('Ill-> orteil cOlltrast sign selective, they are highly nonlincar 

with ... ·I->pl'ct to contrast sign l'c\'(,l'sal. Adding small amounts (e.g. 5% of 

total contolll' !(,Ilgt.h) of rt'versed cOlltrast contour can often completely 

inhibit a ('('lI's rt'spoIlSC. This could pl'ovide a basis for fine-scale contrast 

sign-s('!('c( i \'(. 1>1 ()('('ssing (1 verson & Zucker [1990]) 

TIll' dilf,·l't·n('(' ill cOlltrast sigll sensitivity betwcen my experiments 

alld plH'IlOIllClla Ruch as modal completion (Fig. 4.27) reinforces the 

distillct.ion bet.w(,(,11 t'ady shape-from-contour processes, and higher-Ievd 

J>1'O('('8S('8 which organize the pt:'l'ception of multiple overlapping surfaces. 
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Figure 4.36: Search rcsults for straight s('gllwnt f(·wrsal (10 M.hj('( ts), 

Results for the ali-white stimuli art' shown dottl'd for n.fer('IU'(', 

4.15 Discriminating Shape 

The experiments discussed thus far d('1ll0Ilfootl'atc how COflt.OIll' dOSIlf(' d(·­

termines our ability to discl'iminale lwo-dilllcnsiollai shap(" bul. do 1101. 

identify the shape pl'Opcrties that are most imporl.allt ill this c1i:-,nillli­

nation task. In this section, 1 will present two simple expNiHU'lIl.s whid. 

speak to this issue. 

4.15.1 Size 

One basic attribute of a shape is its size. In my expcrirm'nts, t.he spindle 

figure is sm aller than the barrel figure: in average width, maximum widt.h 
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Figure 4.37: Stimuli used to test the importance of size in shape discrirni­
lIa,tion. 'l'lu' two figure!. in the centre are the original spin dIes, used as targets 

ill thb ('x(H'rillll'nl.. Tlae pl'fcentage differellfe in size relative to these figures 
is hhoWII 1)('ll('ath ('ach of the distractors. 

ami a"('a. '1'0 I('st wll<'l,hel' size is t.he' determining shape propcrty in this 

disl'fimiuatioll t.ask, 1 desigllcd the stimuli shown in Fig. 4.37. 

'l'II(' t.wo stillluli showlI in tll(' ce'nÜ'c of the figure are the spindJe 

figlll't's us('d ill Illy original doslll'e expf'riment (section 4.3). They are 

\ls('d (I.S télrgd.s in t II(' !ln'seut expt'riment. 

Th(, st.imuli ahon' th('s(' are spilldJes which have been uniformly nar­

l'OW(,<I or widclI('<1. 'l'Il<' stim uli al. the boltorn of the figure are narrowed 

or wid('n('<1 bal'l't'h.. The IlCrn'llt.age diffcl'ence in width (or equivalently, 

(\l't'a) l'dal ive' t.o t.he spilldle targets is shown belleath each stimulus. 

Four visual st'rlrch expel illll'Ilts were condllded: two for open stimuli 

and t,wo fol' dosl'd. In each exp(,l'inwnt, the target was a spindle of nor­

Illal size. The dist.ractol's were cither spindles or barrels of various sizes 

(Exalllplt' displays for c\osed stimu)i are shown in Fig. 4.38). The dis-
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Figure 4.38: Example displays of visual s('arch ('Xp('filllt'Ilts haM'c1 011 (lif­

ference in shape and difft'I'euCl' in size. 

tractors wcre cho~('n pscudo-ralldolJlly and ulliforlllly frolll t.lH' sU 111111 liS 

sets shown in Fig. 4.37. 

If size is the prime factor detprmilling s('arrh SI>(·(·«I, s('arch slIolild 1)(' 

faster for spindle distractors, which difr('r moJ'(' from t.h(· targ(·t. lU "";;(' 

than do thc barrel distractors. 

The rcsults are showll in Fig. 4.:19. Scarch for the' (!OM·t\ spilldlt' 

target among!.t c10sed barrels of (Wf('f('nt Sill,('S (Slop(' =: :W IIlsjit('III, 

intcrcept = 470 ms) was only slightly slowpr titan for t.lH' S,U1W (·Xlwl'ilJwul. 

with barrels of constant size. 22 Sparch sp«,cd for tif(' (1)f'1I spifldl(' I.argd 

amongst open barrels of differcnt si~('s (slope = (,! JJls/ill'lll, illtnn'pt 

= 638 ms) docs not diffcr significautly frorn HI(' sarrH' (·xlwrinw/l1. wit.t. 

barrels of constant size. 23 Scarch for the cJosed Hpindle t,arg(·t étfllongst 

22S1ope is siglllficantly greater than for the c10sed figurf' PXpf'rlllll'lIt. of '!l'rI,lon 4 a 
(p < 0.025). Intercepts do not d.ffer significantly (p > 0 1), 

23Neither slope (p> 005) nor int 'rrppt (p> 0.1) differ signifirantly 
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Figure 4.39: Ih'sulls of {'xperÎlll<'llts tesling importance of size in shape 
disnÎmillê\lioll ( 11 sllhjl'cts). 

spilldlf' dislractors (slop(' = l()91l1~/i:('JJ1, intC'rrept = 1312 ms) was much 

slow('r 1 hall 1.I!t' ),dlTel distrador C3S(,.24 Search for the open spindle 

l.nrgd. alllong:.t. spilldle dist.l'act.ol S (slope = 277 ms/item, intercept -

15,15 ms) \Vas abo IIlll('h slow('\' thall for the barrel distrador casC.25 

U:-.illg balT(·1 distl'actol's of val ions sizes prevented subjects from using 

sizl' difrC'I'I'II(,(' as li ba:-.is for (Iis('\'imi nal ion, yet search was not apprcciably 

sluw«'r t.hall wl!t'II ba\'l'l'Is of a single siz{' were used. On the other hand, 

will'Il disl 1 adors \WI'I' spindll's ('ithcr strctched or shrunk in wiàth, search 

was v('ry slow, illdirating that size al one did not form a good basis fol' 

rapid disnil\1inat iOll. Wc lIlust cOllclude from these resllits that size is 

:!'lBoth c;lopt' (p < 0005) anJ intl'f('ept (p < 025) were significantly smaller for 
harrd lhf,t ra(' lors t han for spindlc dlbtract ors, 

:l5Bot.h slOpt' (1' < 0.005) and IIItl'rcept (p < 005) were sigllificant.ly sm aller when 
tlU' tlistractorl> \\'t'rt' barrels 
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not the prime determinant of shape discrimination for t hes(' figure·s. 

4.15.2 Linear Filters 

There have been several attempts to modt.·l visual se'ardl and l('xt.Uf(' 

discrimination with simple feed-forward systmls basrd upon linear fil· 

ters (Gurnsey & Browse [1989]; Julesz ct al. [19n]; Mdlik & l'prolla 

[1990]). Typically, sueh models involve a convolutioll hy 10("(\lop('ratols 

or 'detectors', followcd by a more glohal Il)('aSUf('lllt·1I1. of chilllg('S ill t.11C' 

statisties of the o}wrator re~pOllses. III this s('clioll, 1 will show wlty t.h.·s(· 

are not appl'Opriatc Illodels fOf }>('ITeptual cloSllI('. 

To be conuetc, 1 will examilu' t.ht' t.ext urt' modd of (Mdlik & Pt'rOllél 

[1990]). The algorithmic Plwision of this llIodt'1 é1l1ows a Vt·I'Y «lin'('\. 

analysis, which will makc cI{'al' the gap bdw('('11 s\I('1I lllod('ls alld t.11t' 

psychophysics of dosme. 

The model is bascd on a linc '. convolutioll with Ol'i('lltl'd alld ('il'clllally· 

symmetric operatol's Illodelled on simple' œil:. of stl'iat(· ('ortt·x. COIlVO· 

lution is followed by two non-linear processing stag('s: a half-wavf' n'c­

tification and a spatially local lat<,ral inhi hitioll of Op('1 at.or 1'(·SP0!H;t·s. 

The final stage in this seheme illvolvcs tllf' dt·t.t'('tioll of larg(' gl'adi(·IIt.s 

in the response of these operator:-., which are thell lalwll.·d as t.t~xt.lJrt· 

boundaries. 

How eould such a system lead t.o the discriminatioll of spilldlt' from 

barrel? By virtue of their difference in shape' alld siz(', tlJ(' ff'SI)OIIS(' of tilt' 

center-surround filters to the spindle and barrel will be difff·rellt.. 'l'lais 

differenee could be dcteeted by the texture system alld IJs(·d to id('lIti fy 

the target. 
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Figure 4.40: Filter respOlll.l'S to c10sed and open stimuli 

The opel'atol's usc<! al'e diff('l'cllce-of-Gaussian filters of the form 

TI\(' lIol'lllali~ed fillt'I' l'CSPOIlS('S for open and closed stimuli are shown 

III Fig. 1..t0. Filt(,1' l't'spollse I)('aks at a specifie seale for eaeh stimulus. 

'J'lit' elfc'ct, of the lat(,l'al inhibition stage will be to lIarrow these response 

curv('s aroullcl th('ir Iwaks, sllppn's~illg inferior rcsponses. Thus for the 

c10secl stimuli 1II0Sl. t'Ill'I'!!,Y will be concentrated in two channels. The 

spilldle targd. is ide'nt ified by a pc.'ak in the (J" = 9 channel and a depression 

i Il t. he (J" = Il dia Il lIel. 

Buw collid this t.hcory account for t.he different search rates for open 

and closed ligures"! Notice that the rcsponses to the open figures are 25-

50% lower t.ltan the dose,d figure responses. If lateral inhibition weights 

\\'t'n' sd. appl"Opl'iately (though it is Ilot dear how this could be done 
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a priori), oriented rt'sponses to the one-dimellsional rOmpOllt'lIts of tilt' 

stimuli, while suppressed by center-surroulld rt'SpOIIS('S for tIlt' clost'tl 

stimuli, might dominate in respOllse to open stimuli. Sin('(' HIt' t ar~1'\. 

and distl'actol' do Ilot differ in th(~il' ollt,-dillle\lsioll<ll charade'l', ol'i('ntt-<I 

filter responses do Ilot <Iiffer either, and thus pro\'ide 110 lIH'rlllS for dis­

crimination. This could lead to slow seareh rat.es for t.lw op('n st.imuli. 

Fig. 4.41 and Fig. 4.42 show the n'sponses of tilt' circularly sylll Il I<'tl ie 

filters to the dosed spindle and barrel distraciors of variolls siws lIS('t! ill 

section 4.15.1. The response 1.0 the closed spill<ll(' t <ll'gl'l is ,d:;o !->IIOWII 

(801id tiue). Even after lal<!l'dl inhibition, the C'IH'rgy is spl't'ad ()Vt'I Illally 

channels, excited by distradors of difr('\'('nt 8iil,('S. I\lol('ov{'r, th(' cllrlllllt'I 

which is optimal for the spilldle target l'('spolHls .i liS! as WC'1l 01 l)t,u .... 

for sorne of the balTd distradors. Thrn' lS 1/0 .'lm/pk way /0 ('.r/rad tI/(' 

target from t!lis fl/cading. 

Of comse, in the psychophysical ('Xp('rilll('lIts of st'd,ioll '1.1 ;,.1, Sll"­

jects were able to discl'imillate tl)(' spill<ll(' [roIII t.Ilf' baln·ls faidy Irlpidly, 

but were very slow to filld the spilldle targd ill diff(·\,(·IIt. si1.t'd spilldh· 

distractol's. Thcrc is no sueh di:.ti IIctioll in tll<' filt.(·r ('111 od i IIg showlI i" 

Fig. 4.41 and Fig. 4.42: if anyt.hing. the targ('t, is 111011' t1l1iqlU' alllollgst. 

spindle distractol's, since il is al. l<'ilst t.h<' ollly St.illlllills ill Hw di:-.play 

with a peak l'csponse at a = 9. 

Of course, this linear model also clocs not ,·apt.Ilf'(· tI)(' firtt' sl'lIsit.ivit.y 

of pel'ceptual dosme to slllall variations in t.he figuJ(' bOl/udary SU(" as 

t.he orientation of COl'ncrs (section 4.4) or tlw addition of a singl(' dot. 

(section 4.9). A system bascd OH chanll('h, of circle and lirH' dd,{'dors 

tuned to different scales, and lirnitcd to the detectioll of gradi('nts in 

the loudest channel, is 1.00 wcak 1.0 model the psychophysical subt.ld.y of 

perceptùal closure. 
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Figure 4.41: Filter fllsponses to rlosed spindle target arnongst spindle dis­
trador:.. TIl(' targ('t f(lsponse is shown solid, the distractor responses are 
hhOWIl doU<'d. 

4.15.3 Sylllnletry 

Tite spilldl(> and bancl figures bot.h possess two axes of reflection sym­

Illt'try. Thel'l' is cOllsidcl'abl(' l'vidence that symmetry plays an important 

J'Ole ill !><·I('('pt.ioll (BicdeJ'lllan [1988]; Kanizsa [1979]; Rock [1983]).1 was 

inteJ'{'stt'd in how syllllllctry lIIight intel'act with closul'e in determining 

l h(' )w\'n'pt.ioll of t,wo·dimcnsional shape. 

'1'0 l'xploJ'C' this qU('stioll, 1 cOllstructed the stimuli shown in Fig. 4.43. 

Thesl' ligll1'es w('\'(' cl'eatcd by illCl'cmentally shearing the original stimuli 

1.0 011(' sidt" allowillg the contour to gl'OW in length so that the height, 

widt.h plOfil<:' and arca of the figures WCl'e maintained. The amount of 

sht>ar (in pixds) is illdicated for each stimulus. 

1 pJ'edict.ed that. sheaJ'ed figures would be harder to discriminate, for 
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Figure 4.42: Filter responses to c10sed spindle targ<,t, alllollgst. ba.m·1 dis­
tractors. The target respollse is shown solid, the distra('tor rpspOIIS('S a.re 

shown dotted. 
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Figure 4.43: Sheared figures. The amount of shear (in pixf'ls) if> indkat(~d 
for each stimulus. 
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two reasons. If symmetry is used in human perception as il kind of nOl'l11, 

sheared figures may lead to more complicat.ed shap(' represl·nt.at.ions in 

which the information useful fol' discriminat ion is t'l1lb("dded. ,\cn'ssing 

this information may thus be slowel' or less rdiable. 

Another consideration is that for shears great{'r t.han 3 pixds, Ut(' 

spi; ~dle loses .1. concavity and the barrel gains a cOllcavit.y, so t.hat. (-'adl has 

one. If discrimination is based in part on sueh two-dirnensional f(·at.ures, 

discrimination of the sheared shapes should be slowcr. 

The results are sh0wn in Fig. 4.44. While J'('SpOI\S(, t.illlc inneases 

with shear for both closeci and open shapes, the df(·ct is ahout. 6 lillles 

greater for open shapes.26 1 tl,;lIk this result is bcst. illt,('rpr('t,('d hy ('011-

sidering two views of symmetry: as both a grou:)ing p .. illcipl(· all<l as a 

shape quality. In the absence of good closure, the s}llmw l l'y of t.1I(· 01)(,11 

shapes resuhs in a doser association of the fragment.s and a fast,f'J' 01' 11\01'(' 

reliable representation of two-dimensional shape. Fol' t.1I(, closf'd shap('s, 

the discrimination is not slowed by grouping ambigllity rlll<l Uw f'f[('d js 

a reflection more of the shape representations thall of tlwir format.ion. 

26For the closed shapes, slope = 48 mS/pixel shear, intf'fCept = 612 rnH For t/w 
open shapes, slope = 276 ms/pixel shear, intercept = 1380 ms. 
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Chapter 5 Discussion 

5.1 Closure as a Measure of Single Object Confi­

dence 

A basic goal of vision 15 to integrate information from proj{·ctions of 

objects into representations of object shape. Amongst th(' many contours 

in an image, there will be some which proj{'ct from tilt' hOlllldari('s of 

objects. Integration of contours from the bGundary of an ohj('ct, allows 

the inference of two and three-dimcnsional shape propt'rtit's wlllch lIIight. 

be useful in a variety of tasks. The trick is to pick t11C' rigltt. COIlt.OllJ'S 

to integrate, so that n01l-occlusion contours, or occlusion cont.o1ll's frolll 

distinct objects, are Dot intcgrated into reprcscnt.at.iolls of 1I01l-t'xist.(·II1. 

objects. 

The hypothesis motivating dlis work i8 tltat this PI'OC('ss of s('I('d.iv(· 

integration is based upon contour dosure. This pf'rc('ptua! dosure is 

presumed to have some cOlTeSpOndeDCC 1.0 matlwmat.ical aru! illt.llit ive 

notions of closure, but aiso to hav(' propertif's spl'cific 1.0 il IWI'('('pt.ual 

context. 

My first experirnental result confirms that. two-dimcflsiollal shapf' dis­

crimination is rapid for cont.ours with good c1osurc, and slow for COIlt.OtJl'S 

with pOOl' closure. This suggests that processing spef·d can he WWf! (wil.h 

care) as a measure of the deg1'ce of pcrcept.ual closul'c. Allother IIsdul 

way of viewing thi8 metric is as a measure of the confid('nc~~ with which 

contours cao be interpreted as projections frorll a. sillglc! ohje·c(, boundary. 

A selection of the figures for which closurc was rncaslIfcd in this way 
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3180 ms 

Figure 5.1: A hlllllmary of sclcctcd results. The figures have been ordered 
011 the bahil> of the 1'('spOllse timc for a display size of 16. This response time 

is shown. 

is shown in Fig. 5.1. IIere 1 have ordered the figures on the hasis of the 

l1H'an )'(lsponse time for a display size of 16, so that the results for the 

stimuli with dots placcd along the figure houndary could he compared 

with tll<' othel' l'esults. 

IJoth g('olllet.l'ic and photometrie factors can cause an object boundary 

t.o proj('rt as an 0»<'11 or even discol111ected (fragmented) image contour. 

(kdusioll, chaug('s in surfa('c ref\ectance propf" rties, and the occun ~nce 

or disappearalu'(' of spt'cularit.ies and cast or attaehed shadows can a11 

('ont. 1': 1>111.(' 1.0 t his. On the oiher' hand, these contour fragments could he 

int.erpn·t,ed a.s sUl'fd('e ma.rkings, or partial projections of multiple object 

bO\ludal'Ïes. A visual system must cOBsider these alternatives. 

III sf'ction -1.8, searcÎl speed \Vas measured for figures in which the 
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5. Discussion 

contours were illcremelltally extcnded eithcr along or awc\y from t.llt' figllft' 

boundary. The result was a smooth, monotonie variation of sean·h spt't'd 

with contour extension, supporting the notion of a pt'rcl'pt ual dOSUI't' 

continuum. 

This smooth relatiollsltip betwcen c!osurt' and shapt' can \)(' St't'n lo 

balance two demands. While it is nit ;cal that perCC'pt.ual proc<,s8('S hl' ro­

bust to contour fragmentation caused by occlusioll or w<,ak ed~(' cont.rast., 

it is equally important that contour fragments arising from s<'!>aral.(' 01,­

ject boundaries or surface markings not be incolTt'ct.1y groullC'd as projf'('­

tions of a single object bOl.lndary. As t.he d<'gH'c of c!osuJ'(' dl'<T('as('s, UH' 

"single-object confidence" dccrcases, and the plausihility of t.ll«'s(, laU,f'r 

interpretations increascs. Since thcse intcrpretal.iolls would 110" sugg('s\. 

a computation of the propcrtics which allow tll(' shap('s 1,0 })(' discrilll­

inated, dominance of thcse intc'l)J'('l.alions can I){' ('xped,('d t.o slow t.lH' 

computation. The resolut.ion of thcsc ambiguiti('s ill favour of t.!J(' singl{' 

object boundary interpretation may requirc a grcat.er ('(>JIt.rihut.ioll frolll 

reasonmg processes. 

In section 4.9, the dcpendence of l'csponse tirnp 011 t,Jl(' distrihut.ioll 

of contour around a figure boundary, and the ohs('rv('<! lil)('ar T('lat.ioll­

ship between response lime and dol spacing Icd Lo t.he Ilypot.})('sis of a 

Minimax Gap Principle: given a length of conlour (lrHI ft 1'( film/ 10 br: 

bound, maximum closure is oblained bg mmimzZl1lfl1TUlJ'wlum gap In/.fJlh. 

The physical justification for this principle lies ill what. lias hf'clI aptly 

callcd infcrenltalleucragc (Witkin & 'If.nc"baulTI [Im~:J]). 'l'Il<' ( ImHII'(' of 

the stimulus, that is, the confidence of the ~ingle-ohj('ct. illlnprf'l,at.ioJl, 

is c10sely related lo the condllumal probabilit.y lita!., giw'lI 1 IH' o"~wrw·d 

image, the contour fragmcnts project from a single ohj('ct bOlllldary. Two 

long but distant fragments could be interprcted as proj(·(·tiofls frolll t.wo 
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differcut. object~. Fifty short contour segments, arranged evenly around 

a figure boulluary to lcavc only small gaps, are unlikely to have arisen 

from dist.illct objccts in thc world. 

ln sediolls 1.4 and 1.G 1 ShDWCU that. propertics of connectedness 

aJl(I cnclosurc, both suggcstcd as principles of perceptual organization 

(Rock & Palmer [1 !)!)O]) arc not. important in forming representations of 

nhape flOm contour. Silice contour fragmentation due to occlusion and 

photometri(' dfcets is so COllllIlon, we cannot expect the boundary of an 

ohj(·('t. to proj('ct as a conllcctC'd contour in the image. Insensitivity to 

(OJllH'd,('UJI('SS silllply llIeallS that shape can be inferred from contour in 

t.Iw g('!H'l'al case. 

Although ('11 cl os II J(' c01ll<l be important for preventing groupmg of 

an ('ndosed ('olllour with a contour which is not enclosed. it does not 

inn('as(' thl' likl'Iihood lhat <.'ndoscu contour fragments project from a 

single ohj(·rt hOlllldéll'y. SCC'1l in t.his way, its 1ack of effcd in determining 

shape discriminat.ioll is not sUl'prising. 

'l'Il<' ('xp('l'illl<'nts in section 4.14 establish the contrast sign sensitivity 

of 1)('I'C('ptlléll closUI'C': closme is computed only upon contour segments 

of th(, salll<' ('ollt.rétst sign. If we assume line contour to be intcrpreted 

as an approximatioll 01' idea!izatioll of occlusion boun(!ary project:ons 

(s('cLioll ·1.1·1.2) t.his sCllsiti vit Y is justifi<,d by the absence of any plausiblt' 

t'xplanat.ioll of t he luminance patt<'rIl in these displays based on lighting 

val iatioll ill ct hypothetical S('<.'ll('. 

TI\(' (,xp('l'illl('nt~ of ~('ct.ion 1.15.~J showcd that the elimination of fig­

Ul't' ~ylllllldl'y slows discrimination of the closed figures only mildly, but 

slows O:'~'II figlll'(, di~('l'illlination dramatically. This suggests that, in the 

ah~I'hCl' of c1o~ll1'{ .. illfo1'l11atioll, t.he visual system exploits the low prob­

ahility of Iwo illd('pcndt'llt contonr fragments projecting symmetrically. 
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The presence of symmetry between two cont.ours in the imag(\ t.Ilt'refof(' 

supports the inference of a commoli cause: in this cast' a singlt' objt'("(. 

boundary. 

5.2 The Why and How of Percept ual Closure 

Many of my results (the Perccptual Clostlfe Contill\llll11, Olt' Minimax 

Gap PrÏllcÎple, the Contrast Sign Princip~e, the effeds of •• ymll\('try, tht' 

insensitivity to connectedness and enclosure) art' n>llsist,c'lIt wit.h tilt' hy· 

pothesis that the spccd of infcrencc of shap(\ from (,Ollt ou r val'it's wit.h 

the probability that l,he contour fragments projed, froIl\ a sillglc\ ohjt'('t, 

boundary. 1 have called this pl'Obability the swglf' ()bj"cl (·(Jl/jillf'THT. 

This hypothesis tl'cats the visnal system as an ide ... llllachillc·, (,ollV<'rt.­

ing probabilities dircct.ly into performance: cvery aspc'ct. of t.h(' P('[ fol'­

mance of the machine is based upon tlte stat.istics of S('('I\('S tUld imagc·s. 

1 have pl'esented the pcrccptual dosure ('ontilllltllll as a Jl\('alls for t.!l<' 

human visual system to inrer shape From contour dc'spit(, occlusion amI 

low reflectance contrast. Introducing explicit. evid{'IK" of ocr!w"ion 01' 

low reflectance contrast by amodally or modally cOlnplding 1.1)(' figuf('s 

should incrcasc the single object confidcllcc hy providillg "pxpltulat.iolls" 

for the contour fragmentation. The sillgle object confidpllC<' hypot.lH's:s 

therefore predicts that the pC!'Ct'ptioll of shap(! flOllI (,Oltt.OIlf sholJ Id tH' 

speeded when the contours al'(' amodally or lTlodally wlI1pld,(·d. 

The results prcscnted in sections 4.11 and 4.12 do flot support titi:; 

prediction: amodally completing tlte figuf(~s slows sC'arch significalltly, 

and modally completing the cOlltours shows no signifie allt (·ffp('t. 'l'hi:; 

seems like a r ontradiction: 1 am c1aiming tltat til(' pllrpo~(' of tlH' do­

sure continuum is to allow the rapid inference of shapp f rom ('ontour 
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fragnwllted lJy ocdu:.ioll or low edge contrast, but when explicit cues to 

tlte.;(· cff(·cts arc addcd to the displays, discrimination is slowed. 

This appdl'ellt contradiction is resolved by a carerul distinction be­

tweeJl the wltyalld the how of pcrception. The advantages of being able 

to per('(~iv(' :.haJ)(' despite occlusion or shadowing may have driven the 

cvolutioll of a perceptual dosure continuum, and thus account for our 

ahilit.y to illfN shape fwm fragmellt.ed contour. However, this does not 

mean that shape will ncccssarily oc perceived more quickly if explicit 

occlusioll CIJ('!-. art' illt IOduccd. 

Whil .. t,lwol'i{'s of the why of perception need not consider t.he com­

put.<lt.iollal cOlllplpxit.y of a task, t.heories of the how must. Overlaying 

t1w part.ly c10sed figures wit.h a rectangle outline (Fig. 4.20) gives the 

visual syst.(·1J1 a lot more to compute: the existence and shape of multiple 

surfan's oV<'r1appillg in d('pth. Discrimination of the occluded shapes is 

made Illon' diffirult b('Cétusc thcre is more coded data to Su!! through: 

w(' al'(' ilOt. ahle to l'ompldcly ignore il'relevant information. 

The fad t.hat. shape can he rapidly infel'l'ed from fl'agmented con­

t.our withollt ('xplicit occluhion cu('s supports the exist('nce of a limited­

compl('xity shap('-from-coIILour system which is able to function inde­

pendently of llIore complex ITI<'chanism required to process occluding 

surfa(·t's. 

A similar r<'sult was obtained in section 4.10. It seems reasor:able 

t.o b('lie\'(' t hat a differellC<' in text.ure between figuft's and background 

would iIlCrt'élS(' the singl<' objed confidence: it is unlikely that random 

dot.s wOllld by chance only lie betw('cn two proximal contour segments, 

1I111('hS 1.11(, surfaces hetW('<'1I the proximal fragments were distinct from the 

hackgl'OlIlId slIl'faCl'. Giv<"11 th("> illtcrpretation of the contour fragments as 

occlusion bOlllHliu)' projections, tIlt' Întel'pretation of the dots as elements 
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of surface texture is plausible, yd it does Ilot assist. t.llt' p('l'fortnall('t' of 

the task. 

This result further supports the existence of an ('ady shapt'-frolll­

contour boundary pl'Ocess which does Ilot int('J'ad. with rt'giotl pron'ss('s 

at an early stage. 

5.3 Mathematical Toois for Closure 

It would be nice if wc could fOl'l11alize the lIotiOll of !>f'I'('('pl.ual r!OSlIft' 

into a tight mathematical statCII\CIlt. Unfort.ullat.('ly, tll(' fact t.ltal. p('r­

ceptual dosme is so indcpendcnt of the propert,y pf COllllt'd,t'dll('SS lIIakel'! 

it unlikely t.hat su ch a simple t.!wory could he fOi 111<'<1. III thi1-> sf'dioll, 1 

review sevel'al mathematica.l idcas l"el('vant to t.ht' topic of COlltOlll' alld 

demonstratc the difficulties in extcllding tlWS(' !.ools t.o J)('r,·(·pt.ioll. 

5.3.1 The Jordan Curve Theorem 

A Jordan curve is defincd as ally figure which is topologically ('<!uivalt·lI1. 

to a circle. The Jordan curve theorern can be for III ail y sl.af.t·d as: 

Let :J be a Jordan curve. Then the cOlTlplt>Jl)(·lI1. of .:7 ill 

the plane, :l", is not c01l1H'cted but cOllsist.s of two disjoint. 

connected pieces, one of whirh is \'ound('d (call('d t.ll(' inside) 

and one of which is not boundcd (callt'd t1H' outside). The 

curve.J fOl'ms the boundary fol' hoU. pi('('(~s (lIe'nl(1 [1!J7!J]). 

Since the distinction of inside and olltsidc allows us 1,0 llJ1rtmbiguously 

define curvature sign, this theorem is essential to ({)rnputat.ional tJl('oric's 

of shape from contour. Constraints on surfaœ shaIH' ch'riw'd from tJw 

curvature of an occluding contour (Biedcrman [1988]; K()('ndc'rillk [19H1]; 
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Lowe [1 985J; Marr [1982]) re{plÏre that the sign of curvatûre be defined. 

Curvature sigll is al80 rcquired fOI" rnany computational theories of planar 

shape (Blum [Un:J]; IIoffman & Richards [1985]; l~imia, Tannenbaum & 

Zuckcr [I!J!JOJ; L('yton [1989]). 

The Plobl(·m is that lopological connectedness l8 not a stable properly 

of trrUlgf' ("{)Ttlour.~. This is just allother way of saying th.1.t occlusion and 

poor image coutlast can lcad te contour fragmentation. 

Pcrccptual c10sure is thus nGt simJ:·ly a topological property: any 

IIlocl('1 will aL Icitst r('qnire gcornetric tools as weil. 1 will briefly mention 

t,wo. 

5.3.2 The Theorem of Turning Tangents 

(leolllell'icitlly, a J'('gular plane curve a : [a, b] -+ R2 is closed if Q and 

ail ils dCl'ivaliws agrce at a and b. The curve 0' is simple if it ha'.! no 

flll't.hC'r sC'lf-illtcrs(·ctions. If 0'(8) is a regular, planar, unit speed, C2 

n:rve w(' call dcfill(' 0 = J: ~'(s)(ls, where k(s) is the curvature of 0'(8), 

wit,h sigll c:'os('11 arbitrarily. A theorem often called t,h~ TheoT'em of 

TUl'lling Tang<'llLs (do Carmo [1976j) provides lhat if a is simple and 

c1os('d, O(.~) = ±27r. 

This t.h('ol'{'lII eùllid providc a dosure rnctric for open curves: values of 

o lJ('ar ±27r indical(' contours with a high degree of closure, small values 

of 0 indicrll.e a low degr('e of dosUl'e'. 

Althollgh I.his Illclric is dcfined only on C 2 curves, we could gener­

alizl' il. 1.0 pi(,Ct'wise C 2 ClII'VCS hy d('fining O(s) at points of curvature 

discontilluily to Lw the signed diffcl'('l1ce cf nearby tangents. 

Gl'Ilt'rali"ing t.his met.ric t.o a piece\ .... ise continuons curve is not easy, 

Firsl, t h(' m('( rie will d('I)('II<1 h('ôvily on how we cltoose the sign of cur-
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Figure 5.2: Figure with 0 rlosure lJsillg a curvatllr<, nwt.rir. 

vat ure for each contour fragment. Even if W(' found SOIJl(' pri Il('ipl('d 

way to do this (using pl'oximity of <,udpoillt.s. fol' ('xampH, t.1H'I'C' art' 

still many fl'agmented c,mtoUl'S with a high d<'gl'l'(' of \H r('(·p\.I\<\I <"IOSII\'(' 

which would have value 0 under this Illetl'ic (Fig. 5.2). 

5.3.3 The Winding Nunlber of a Curve 

Let Cl' : [a, bl -+ Il2 be a doscd planar Cllfve. Choos(' a point Jlo E U'J.,]Jo ~ 

a([a, b]), and let ~ : [a, bl ~ SI be given by 

<p(t) = a(t) - ]Jo , 

la(l)-pol 
t E [a, hl. 

We can (infol'lllally) (lcfinc the ,[f'gree of ifJ wit.h r('sl)('<"t 1,0 po as t.I)(' 

number of times that <p : [a, bl --1' 81 wraps [a, il] around SI. Tlw d('gr('(' 

of <p is called the winding numbcr (lf the curve Cl' 1'C'lativ(' 1,0 l'u. 

It can be shown that if two poillts in th(' plane ('an 1)(' COlIIl('ct,('d hya 

path which does Ilot intel'scct tla' curvc a, t1H'T1 a has \.lI(' saul(' Willllillg 

number relative 1.0 both of thcsc two poillt~. In parl,icular, t!w Willclillg 

number of a simple, closcd curvc relative to a point in its illl,('rior is J, 

and relative to a poillt in iLs extcl'ior is O. 

We could gcncl'alize the definitioll of winding nllml)('r to élPply to ('Oll­

tinùous curves which are not closed. lIowever, witlt this gpnNitli;r.at ion w(" 
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5. Discussion 

(a) (b) 

Figure 5.3: Open figures with ; ·rge winding numbers. 

JoS(' thp stahilit.y of t::e windillg number with respect to Po. Further ex­

t.e·IHling t.he· winding IIlIl11bel' to piecewise continuous (îragmented) curves 

wOllld (,IlCOllllter t.!1(' saille problclll as for the Theorem of Turning Tan­

ge'nts: <1<'I)('I)(I('n("(' IIprHl the' paramet<.'rization of each cOlltinuous contour 

se·gll)('llt.. Alt.hollgh slIch an c·xt.ensioll Illight provide a more useful def­

init.ioll of clos\ll'(' for contour') snch as that shown in Fig. 5.2, there are 

ot.\1t'1' cxalllplc·s for which the metric would again providc very unintuitive 

éllISW('rs (Fig, 5.:J), 

The Jordan CUl've Th('or<.'l11, alt.hough it may pl'ovide little opera­

t.iollal guidance. i:.. important. as a formai statement connecting contour 

cl Ot-l Il l't' to t\\'o-dill}(,llsional shape. Geometrie views on contour dosure 

al:..o t'Illbody Ilot iollS of importance. The Theorem of Turning Tangents 

providl'S an intrinsÎc viC'w connecting contour CUI'vature and contour clo­

l'urt' (a cur\'(' ha. .. a high d<.'gree of dosnre if it is, on average, curving 

signiricélllt 1)' to 01\(' sidC'), and the concepts of degree and winding num-
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ber provide an extrinsic view basE.::! UpOI1 the endos\II"l' of a point .. 

In Fig. 5.3la), while the ::hosen Po rt.'sult.s in a winding lIulIllH'r IH'ar 

1, other choiccs yicld a much smal1er mea..'HIrt'. This suggt':.ts thdt. ally 

extrinsic computation of dosure cannot be 80 point.-dc'pe\HleIlt, but. rat lU'r 

should be based UpOIl an integration over the tht" eIlt.in' ligll\'(' int,('riOl'. 

Fig. 5.3(b) shows that the relative positioning of fragll\('tlt.s ('(\lInot. hl' 

ignored. 

While development of a formalism which captures t.ltl'SC (,ollet'ms :s 

beyond the scope of this work, a short metaphorical asid(' Illay provick 

some inspiration. 

5.4 Metaphor 

Imagine al} image as a thrce·dintCllsional smfiKc, wlw\'(' COllt.OIlI'S an' 

represented as walls, and thc space bctwcell cont.ours as Il,ü plallc's \)('Iow 

these walls. Imagine a divine intervcllor with a. sw('t'!, toot.h who wiplds 

a large buckct of honey and bcgins to pour it oVt'r t.IIIS slll'fa,(·c'. Dut' t.o 

its surface tC\lsion, the honcy will Ilot silllply fla.t.t.t'II out. UJlifol'lllly, but. 

rather will tcnd to be cncloscd wi t.hin certain l'('giolls (Fig. 5.1). What 

if we define tI ~ dos ure of cont.our fragments as UU' Iwight. of t.!lC' ho,H'Y 

enclosed? 

This metaphor has a ccrtain appcal. Filst. of ail, il. capf.Urt·H t,Ju' 

notion that boundal'ies are inhcrently enclO!wrs: thcy contain slulf. S(·('­

ondly, with the introduction of surface tensioll, the rndaphor allows for 

a continuous definition of contour c10surc over fragment.c·d <"lIfVC·S. Eveil 

better, the maximum gap principle finds a home>, sinn' 1.1)(' t.ot.al r('!-lIS­

tive force of many rcgularly-spaced ridges will be greater than a mon' 

continuous l'idge with fewer but larger gaps. 
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5. Discussion 

Figure 5.4: Clos ure as a measure of the ability to contain stuff. 

Limitations of the metaphor can also he expressed in terms of my 

cxperiments. Clcarly outward-pointing corners have no influence on the 

ability of two contour fragments to contain honey, yet we know from 

the expt'riment.s of section 4.4 that such corners have a la.rge influence on 

p('rœptual dosme. This example suggests that perceptual closure cannot 

b(' describcd by an extrinsÏc mode) alone: local houndary geometry must 

h<, cOllsidCl'('d. 

5.5 The Nonlinear Nature of Perceptual Closure 

Lint'ar t.ransforl1ls art' very popular in computer vision: consider for ex­

ample t.he scale-space techniques used to describe the pmperties of a 

signal at a variety of spatial frequency subhands (Burt & Adelson [1983]; 
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Witkin [1983]; \Vitkin, Terzopoulos & Kass [1987]). In this section 1 will 

show that perceptual dosure is iuherently nonlinear, and will providf' an 

example of a nonlinear mechanisms whicb could model oue asP(·ct. of Illy 

experimentall'esults. 

The Contrast Sign Principle, derivcd from the f'Xpt'rilllC'llt,s of s('c­

tion 4.14, states that perceptual dosure is a function only of ('ont,our of 

consistent contrast sign. In other words, perceptual dosure simply ig­

nores contour which is not of the right contrast sign. This '.>chaviour is 

highly nonlinear: contrast reversai would have an illhibiting (·rT(·ct. wen' 

the system lincar. 

The sensitivity to the orientation of corners is disproport.iollat.(· t.o t.he 

fraction of contour which they l'cprcsent (section 4.4). 'l'II<' cfrcct.s of dot.s 

added in the boundary gaps of the open figures is also c1isproport.iollal,e: 

adding a single dot in the middle of the gaps of the (,pen figUl'('s ('ut.s t.he 

difference in search speed between closed and open figures by abolit. 44%. 

Adding two dots cuts it by 70% (section 4.9). 

These boundary dot experiment.s show t.hat. perCf'ptual dosurc is not 

only a highly nonlinear function of the amount of contour add('d, but, 

that it is also very dependent upon whcre contour is adcl{'d 1·r!(J.IlV(' 1,0 

where contour ah'eady exists. The effeet of an added illput to t.he sys­

tem de pends upon the existing input: the princip1e of superposit.ion is 

violated, and the system is therefore nonlinear. 

This violation is also refiected in the dirTcrcnce between t.he J)(·r(:ept.uaJ 

closure of a stimulus which is dosed at one end and 0JWIl al. the otJI('r 

and a stimulus which is hatf-closcd at both ends (scdion 1."1). Consist.mlt. 

with the Minimax Principle, the figure which is half-closf'd al hoUa ends 

has a greater perceptual closure, though the total houndary gap is t.h(! 

same for both stimuli. 
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A furtlwr exalllple of the violation of superposition can be seen in 

the f!xperime/lt of section 4 .. 5. WhiIe adding inward corners to the open 

stimuli spceds discrimination, adding inward corners to the stimuJi with 

outward comers ~'ows discrimination. 

The Millimax Principlc states that maximal dosure is atlained by 

miltimizl1t!/ lhe l1tllJ'Z1ItUIn boult(Jary gap. One type of non1inear processing 

that could I('ad to the Minimax Principle is shown in Fig. 5.5. The figure 

<h'piets t'. series of colinear dots in an image. These dots are integrated 

by o,)eratol's wi th slllall l'ecepti v(' fields (representcd by the sma)) boxes). 

TI\(' l'f'SpO/lS(, of each op<,rator is a function of the number of dots within 

its r(·('(~pt.iv<· nc·ld. This fundion is nonlinear, with a negative curvature. 

The l'CSpO/lS('S of thc:,e operatol's arc intcgrated by a larger-scale operator. 

TIH' lIegat.iv(' C\II'Vatlll'C of the response functions means that the in­

en'llIeutal J'('SI)()IISC to dots added within an operator's receptive field wiU 

dilllillish wit.h eaeh dot. added. lu order to maximize the total response, 

dots must b(· sIH'('ad out so that the response of each operator stays on 

t.llt' st,e('p portion of its rcsponse fllnction. In other words, a potential 

hasis for the Minimax Principlc of Closure is a network of operators in 

wllich the lIul.I'illl/tm 10iClI response is altained by minimizing the maxi­

mUIII l'('8jJOIISC O"CI' ail of Ihe indilJidllal opera/ors. 
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contour 

". 

Figure 5.5: Nonlinear intcgratioll may Icad to Minimax Gap Prilldpl<>. 
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Chapter 6 Conclusion 

Computer visioll researchers have approached the problem of object per­

ception from two directions. The inference of oriented structure from im­

ages, tirst assulIled to be a trivial problem, turned out in fact to be quite 

hard, yet excellent progrcss has becn made (Iverson & Zucker [1990]; 

Pan'nt & Zu<'kel' [1989]). At the other extreme, while we are far from 

having a complete thcOl'y of shape, the last twenty years have witnessed 

sOllle inteJ'(~!,ting idcas on shape languages and shape metrics (Biederman 

[1988]; Blum [H)7:3]; 1l0Jfman & Richards [1985]; Kimia, Tannenbaum & 

Zucker [HH>O]; LC'yton [1989]; Mumford [1991]). 

This leavcs a bit of a gap. While there have been theories on the 

integrat.ion of tangt'llt structure into more global contour representations 

(Blake & Ziss(,l'Illan [1987]; David & Zucker [1990]), 1 know of no compu­

tat.ional tlu'ory fol' how such one-dilllensional representations could lead 

t.o t.he cOlllputation of two- and three-dimensional shape. Probably the 

closes! wc ha\'(' t.u a computational theory of contour closure is Ullman 's 

se<!lIential III a 1 king and tl'acing routine (Uliman [1984]), which jnvolves 

tm<'Îng a continuous contour in sf'ôl'ch of either a tel'mination point or a 

llIal'kcd st.art.illg point. 

White Ullmôn ôcknowledges that "fragmented contours can indeed 

of(,('n replace continuolls Olles" he does not explain how his visual routines 

could be extended to rcalistic image curves. The theory thus remains in 

t.1l(' id{'alizl'd dOlllain of continuolls mathematics. Ali of the interesting 

propert.ies of p('rceptual closure: its continuous nature, its sensitivity to 

fraglllentat.ion geollletry and cout.rast sign, its independence from region 
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and surface complet ion processcs, are Ilot cOllsid(,l'('d. 

The deeper issue, however, is in the role that Ullman implicit,ly as­

sumes for dosme. The output of a dosure routine has('d upon mal'king 

and tracing is a yes or a no. This is consistent ','ith t.he ft'atur(' vi('w 

(;f dosure which suggests that we simply wallt to register it.s pl'('smc(' 

or absence. But if we want to rccognize an object or pick it IIp, wc art' 

not a great deal further along than when we starl.ed. In (·([t'ct. we have' 

suspended shape processing until our closure routine terlllinal.t's. 

The computation of c10sure S('('I11S to involve g('omd.rk rdat.iollships 

at a range of scales. But what are these if not tht' d('ITWlIl.s of shap(''! 

The computation of shape rcpresent.atiolls and 1)('1'( ('pt liai dOS1\f(' an' 

intertwined. Just as fol' featme th('ory, the visual rOllt.ilU' vi('w of c1oslIn' 

fails to make this criticallink. The gap bctw{'t'n Hw inf('J'('JI('(' of ol'i(·IIt.(·d 

structure and the representation of shape has not h('('n lliU·IOW('tl. 

This gap in computational theOl'Y is parallclt'd by a gap ill 0111' kllowl­

edge of the physiology and anat.omy of vision. While t.!wJ"(· is conhidNahle 

debate about the best. language in which to d .. serihe t.he f\llldion of stridt.e 

cortex (Kulikowski & Kranda [1986])" thcre is no qtH'stioll t.hat. t.I)('l'(·ill 

lies a highly organized rcpresentation of local, ori(·nt.l'd image· st.ruct.IIl'(· 

(HubeI & Wiesel [1968]), and that this repres<'flt.ation is stlhj('ct, t.o llIod­

ulation by the geomet.ric c<)ntext of t.he local image' inforlllation (N(·lsolI 

& Frost [1985J; Ts'o, Gilbert & Wiesel [1986]; Wi('f->d & Gilh('rt [1989]; 

Wiesel & Gilbert [1989]). 

At the other extreme, tÏlere is considerable evidenc(' for fwlectivit.y 

for faces, hands, and complcx planar shapes in higher visual area.'! in 

temporal cortex (Desimone [1991]; Sakai & Miyashita [I!)!)!]; Tanaka d­

al. [1991]). 

Between these extremes, our knowlcdge rcmams coarse. We kn(Jw 
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that thcre is a gClleral progression in receptive field size, selectivity and 

complcxity. Therc is ample cvidence of attention al and behavioural mod­

ulations in aJ'(~a.<; V4 and 11' (Maunsell et al. [1989]; Moran & Desimone 

[HJ85]; Sakai & Miyashita [19!Jl]), and sorne daims for the generaliza­

tion of 01 iellted l'epresentations to inducle modally-completed contour 

(von der IIcydt & Pcterhans [1989J; Peterhans & von der Heydt [1989]). 

lIowever, the biological sub5trate for the computation of shape from con­

tour is al leasL as unkllowll as the comput.ation itself. 

1 chose to study percept liaI c10sure because 1 believe it lies near the 

core of Lhis kllowledge gap, boUI at the computational and the biological 

1('vels, and I)('cauhe 1 bclieve that the role of closure in perception has been 

misp(,l'ceived boUI hy psychologists and by computational theorists. 

If we are tu Illld<'lstand how we perceive shape and recognize objects, 

W(' must st.op J'('ducÏng idcas with high computational potential to simple 

yes or no qu('stiolls. Hattler than asking "Is closul'e a fl'ature" we must 

ask "lIow clocs }>(,l'ccptual closure advance our computations of shape?" 

This work ocgills with the assumption that a visual system represents 

ohj<'ct sha!><', 1111<1 tl)(' observation that shape can he wonderfully depicted 

hy (,OlltOlll'. \Vhil .. colllputational models for this perceptual process are 

st.ill rather t.hill, wllat. wc have l'dies heavily on two-dimensional prop­

(,l'ties such as curvat.ure sign. Sincc we know that mathematically the 

computat.ion or t.\U'S<' pl'operties dcpends on the contour heing closed, it 

s('('ms vit(1I to ht.udy the meanillg of cont.our dosme in a perceptual con­

t.t'xt., wilh a \'i('w towal'd the l'eprt.'selltation of multi-dimensional shape. 

I\ly ('XPt'l'illl(,Ilt.S go bcyond Supp0l'ting the basic hypothesis of a per­

('('pt liaI dosU\'t' continuum /I1ediating shape perception, to revealing sev­

eral pl'Opt'l't i('s of pl'l'('('ptual c10sure and principles of shape from cou­

tour. A l\linimax Gap Principle constl'ains the dependence of perceptual 

105 



r 

{l. COllrlusioll 

dosure on contour fragment geometry. A Contrast Sign Prindp\t' ('()JI­

strains the photometrie sensitivity of percept.ual cloSHr(', My ('xp('rinlt'lIt.s 

elucidate the relationship betwcen perceptual cloSUI't' and pl'Op(·rt.it's of 

connectedness, e'1closure and symmetry, the distinct.ion lwtw(,(,11 bouml­

ary and region processes, and the separate exist.enct' of parly grollpillg 

process and Jater surface compJet.ion processes Jt'ading t,o t.h(' p('rn'pt.ion 

of multiple occlusion. 

The exploration of a functional basis for Illy results I('ads to an int.N­

pretation of perceptuaJ dosure as a measure of the confidel1<'p wit.h which 

contours can ~e illterpreted as projections from a sillg\(' obj(·c\. hotll\(l­

ary. This leads to an equivalellce relation betwepll I)('rccpt.ual c!OSIII"(' ant! 

single object confidence. 

Neurons in temporal cortex of primate selective t'or shape propf'rt.i(·s 

sueh as concavity and convexity have bccll report.ed (Tanaka d al. [1 9!H J), 

Computationally, these propprties depend upon cont.our dosllre, alld 1 

have churacterized a psychophysical manifestation or t.his <1<'1)('1\(\('11('(', II. 

would be very intcresting to now seek a physiologica\ basis for p<'r("('I't.ua\ 

dosure. 
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Appendix A An Unbiased Visual Search 
Methodology 

In the traditiollal visua' &earcll technique (Treisman & Gelade [1980]), 

SUbjf!cts au! show Il an equal mix of displays with a target and displays 

without a target. Subjccts press one button when they have detected a 

target in Ulf' display, ânother if tl1ey are unable to find a target. But if 

a suhjt'ct. is havillg probl(,l1ls findillg a target, how does he or she decide 

wll<'11 to stop lookillg'? 011(> suggestion is that subjects use a rough timing 

mCChallil>lll baSf'd UpOIl how difficult they expect the task to he (Chun, 

Wolff' & Fl'i('dlllall-Ilill [1991]). 

All.hough subjf'ct.s rarcly indicate that a target is present when it is 

not, (targt't abs(')It CI'I'OI' rat,f'S are sel dom more than 10% and typically 

aVf'rage ahout 5%), il. is much more corn mon for subjects to indicate 

t,hat tIlC' targd is ahsent whell in fact it is present in the display (target 

J>n'st'nl. ('l'lor ral.t'h oft('ll an'rage more than 10% and can be as high as 

20% or ('\'('11 :m%) (Dollnclly, Ilumphreys & Riddoch [1991]; Enns & 

lknsink fI 991]). !\toreover, this ('rror rate has been ohserved to correlate 

(>ositiV<'ly with l't'action t.ime (Enns & Rensink [1991]). Thus, to use the 

t.illler analogy, wh('n the task is difficult, subjects time-out more often. 

Of cours(' wh('11 an cl1'or is made, the trial is not used in determining 

t.hé' lllC'an n'a el ion tinl<' for the associated stimulus and display size. This 

ml li 11." Iilal IIH ,"C ('slimatcs will be systemat7cally depressed. Worse yet, 

t.his d('pressioll will he greater for conditions which are harder: larger 

display siz('s with less easily discriminahle stimuli. This results in a 

g('Il<'l'al d('pl'ession of i:lt'al'rh slope est.imates, part.icularly for more difficult 
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tasks. 

The size of the variance under particular st.imulus co\ulit.ions is lIor­

mally quite large in visual search experiment.s. For exampl(', s('cond-ord('r 

fits to the response-time data of my expcriment.s illdicat{' t.hat. It'ss t.han 

one third of the variance for a particular stimulus tyP(' is due:' to varia­

tion in display size. Moreover, this unmodeled varian('{' inCl'('a. ... ('S with 

response time. This means that the biases caused by t.he disqualifiration 

of hard trials could be very signifieant. 

The visual search technique us('d in this work ov{'rCOIll('S t.he:' limi­

tations of the classical procedu\'e:'. This is act'olllpIislu'd prilllarily hy 

eliminating the u/leert.aiuty associate:'d with classÏ<'al visual s{,i\rrh: in Illy 

technique the subjects know that l,he target will alwd.ys b(' SOI1l('WI"T(' in 

the display. \Vhat they don't know is wherc. Thus :mbjc:'cts k('('p looking 

until they filld t.he target: they never time-out. 

By removillg this dominant source of error in target prt'lwnt displays, 

1 have achieved error rates averaging less than 2%. Thus even if t,lu,ft, 

remains sorne small correlation between error rat. .. and n'spollse t.irne, 1.11(, 

error rate is too low for the rcsulting bias to be significallL 

In order to both validate the technique and t('sl. for hias, 1 fPlwal.(·d 

the basic dosme experiment of section -1.:J using t.he classical pron,dun'. 

The results (Fig. A.I) eonfirm that seareh is rapid for dos(·d stimuli huI. 

slow for open stimuli. l 

Table A.l shows the linear model parameters for the m.;ult.s using t.he 

classical procedure and the results using rny proredurt' (s(·ct,ioll 4.:1). Fig. 

A.2 shows the target-prcsent rcsults for the dassical JHoc('duff' plotl.pd 

with the results using my procedure. While t.1l(> f('sult.s for HIC' dos('(l 

1 Search slope for the closed stllrluh ie; significantly I(!&/; th an thal for UIt' 0IH'JI 

stimuli (p < 0.005). Intercepts do not <lIfrer significantly (,) > 0 1) 
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Figure A.l: Vil>ual &carch rc&ults using the classical procedure (14 sub­
j(l('t&). Targpt-pr(,l>cllt rcsults are shown solid, target-absent results are 
showlI dott(·(1. 

stimuli do Ilot dif[('r sig,nifkantly, search for the open figures appears to 

1)(' fdst('r usillg the dassical pl'OccdUl'e. 2 

An (·xcllllinat.ioll of t.!w clTor rates for these e;~periments may shed 

light on this diff('I'{'nce. The elTor rates using our technique remained 

und.'" a%, aWl'agillg 1 % for the closed stimuli and 1.8% for the open 

stimuli. The ('1'1'01' rates using the dassical technique are shown in Fig. 

A.:J. Again, ('1'1'01' is below 3% ('.f('cpl for the target-present condition of 

Ihl' tbDiclI1I 1/'111/.';: display sizes of 16 a.nd 24 with open ~~timuli resulted 

in ('nol' l'at.('l> of ï.ï% and 10.2% respectively. 

Titus, as 1)J'('dided, the classical technique lea.ds to target-present 

:1 For t,lit' closl'd figures, lIt'ithrr slope Ilor mt,ercept dlffer significalltly between 
Illt't hods (J) > 0 1) For tht' open figures, both slope (JI < 0.005) and intercept 
(JI < 0 Of») art' !-ignificllntly lower for tht' dasslcal procedure than for my procedure. 
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Figure A.2: Compal'ison of visnal s('arch results Il!..ing dirr('J'('nt t'xpNilllf'll­

ta) pre \.~dures. Hesults using c1assical proc<,dur<> ar<' shown !..olid. Ht'l-oult!.. 

using my pl'Ocedure are shawn dottpd. 
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Figure A.3: Mean error rates for the c1assical vi!..ual search fHOCf'd un' 
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Procedure Closure Target Status Slope Intercept 
(ms/item) (ms) 

Cla.%ical Closed Present 12 621 
ClashÎcal Closed Absent 48 60~) 

Cla.'ihical Open Present 45 727 
Clashi cal Open Absent 116 786 
Il IIbiased Closed PrC'sent 14 546 
(Jllbiased Open Present 83 555 

Table A.1: Lillcar fit paramctcr& for search results using classical procedure 

('!Tor 1 at.(,h which al'(' st.rongly cOl'rclatcd wit.h response time and which 

1)('('(>11)(' higllificilnt fol' the large display sizcs of hard tasks. 1 believe that 

t.h is a< COllllts fol' t.he depressed search slope observed for the open stimuli 

llhing t11<' dassical visllal seal'ch procedure (Fig. A.2). 
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