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288 R.H.S. Carpenter and C. Blakemore

of simple cortical cells are often quite different : some respond best to abrupt edges,
not bars: others are direction sclective in their responses to any kind of moving
target. Perhaps the greatest difficulty is that a receptive field, typically only two
or three times longer than it is broad, could not, in itsclf, have such a narrow band
of preferred orientations as is often found (4 10—15°). Surely some other mecha-
nism must improve the orientation sclectivity of cortical cells.

In 1965, Andrews put forward the idea that inhibition between crude, broadly-
tuned orientation detectors whose optimal orientations were similar would lead
to a sharpening of their tuning curves and would increase the specificity of the

system for signalling the orientation of a single line. His principal evidence was |

that a short line, flashed so briefly that the hypothetical inhibition could not
build up, was often wrongly perccived in orientation by as much as 30°.

Recently we found more evidence for this idea from psychophysical measure-
ments of interactions between line segments in human vision. We have already
published a short report (Blakemore ef al., 1970) and here we present our findings
in full.

A Preliminary Model

Figure 1 provides the theoretical justification for our experimental approach.
Tt is a diagram of the stimuli and response characteristics, within the orientation
domain, for a system of ncurones that undergo mutual latcral inhibition of the
type described above. It is assumed that each orientation detector receives a
broad excitatory orientational input and is inhibited over an even broader range
by detectors with identical and similar preferred orientations. The abscissa
represents orientation, so the two delta functions (pulses) marked stimuli signify
the presence in the visual field of two straight lines of slightly different orientation,
forming an angle of 12° with each other. Above the stimulus representation are
curves that show the distributions of activity amongst the population of orienta-
tion detectors whose optimal orientations cover the range shown on the abscissa.
Distribution 1 is the activity profile set up by stimulus line 1 alone. The detector
whose optimal orientation coincides exactly with the angle of the line is, of course,
very active, and so are detectors with similar optimal orientations. But the
detectors with preferred orientations 6° or so from the angle of the stimulus are
more or less strongly inhibited by their active neighbours. Thus the response to a
single line is limited to a small band of detector neurones. Distribution 2 is an
identical pattern of activity, shifted along the abscissa, which is set up by stimulus
2. (If these orientation detectors all have identical sensitivity profiles, as a function
of orientation, and their optima are evenly spaced along the orientation domain,
then the sensitivity profile, or tuning curve, for any neurone has exactly the same
shape as this activity distribution resulting from a single line shown to the whole
population.)

Now imagine that both lines, 1 and 2, are present simultaneously: assuming
linear summation of excitation and inhibition, the summed distribution represents
the pattern of activity that would result. Because of the relation of the peak
activity caused by one line to the inhibition set up by the other, the most active
neurones for the two lines presented together are not the same as when they were
presented singly: the peaks are shifted apart.

 — —

Y N

Tnteractions Between Orien

DISTRIBUTION 2

Pig. 1. Hllustrating an explanation for ang

7

Fig. 2. Three geometric illusions that probably
right they are: A. Horing's illusion, B.

If we suppose that the brain iden
detormine the orientation of a line, th
the peaks should cause the absolute
judged. The acute angle formed by t
really is, in this case 16° rather than t

20 Exp. Brain Res. Vol. 13



RICTOA SN Wexgg "dxX 0%

"L G1 ONIy |3 URY) IOYIRI (O] 98BD S1YJ Ul ‘S K!}[m;
- sue « “pedpn
1 ueyy 1e3re] readde prnotys seur omg o3 A pouwLIo] O]fyu’[% oInow zqf ,(,E dbsqi
?ﬁ:lﬁuoim‘ 8( 01 s9UI] YJoq JO SUOIJRIUSLIO 9IN[OSYR Ot OsNed 1011101{;q ;{nu o
. 5 oY/ ‘OuTp ® JO UOIRIUSLIO O TuL
§ 813 quesoxd oXe soUI] OM] USYM UOYY ! , : D
gf!; ?@Egm u{? guomou 9AI10% JS0OW 9Yg seyyuepl urelq oyy jeyy osoddns om Jy

SuLe ] "V rere Aoy 1y
B0 D) ‘uors ¢ o ¢ R 8 SULIC] "y ‘oue
ST S UOBBOJ 1) ‘UoISn[[l §,I8U[[07, ¢ “uors PALIL SN LR
UOIS::[II.:;%;E [001:)0@(;11(19;)19(15>uu 2y aajoaur fijgpqoad oyl suotsnyp 01gautosh 224yJ, "7 "1
03 O] WOLy -8 Ho !

XQ
g

- |
i !
NOILVINTN™O o7l -
- R
I T T ! A
! 07 08
o0€ 002 oOl,I ol TOL ,]:”ls
! s
ey A
! I
| [
NOILNGINYLSIa | |
Q3NANS 1 J
I |
| I

G NOILLNGIYLSIO

J NoILNgidLsId J\
\

u UNJ Ul Su u UM SUOT}OTIO)U
z CISIA UCWN Ul SUO)LIUOLI() UM SUOTIOTIOIUT
68 Y ]

-~ = ——
— |

T e ] .

ol e o e | ?
] e e eeee——

" ot

-

9Iom AaT3 UoyM se swres 9y} 40U aaw
22OV J50M 97 ‘1070 Yy £q dn g8
yeod oy jo UOTe[d1 Y3 Jo asmenog
syuoesoados uonnQrysip powuins oy “u
Surmnsse ‘A[snosueynuis quesord o

OlOYA 9Yy3 0 umoys eury 9jSurs © wor
ures oYy Ajoexo SBY Quomau Auw Jo;
‘Urewiop woiyejuLLIo 9y} Suope paseds
uohpuny e se ‘sopyoad Lq1atysuos T8oIgT
samuigs £q dn qos sy UYITUYM “Bss198q® 9
e SL 2 uwoynquysyy seuoamou RLBELY
® 09 osuodsar oty sny . "SToqYIou oA
OI% SNIWS 9yy jo oFue oy woly oy
ot Ing “suorequeLIo prugdo Teqrun
‘98IM0D Jo ‘st Ut oYy Jo o13ue oty yam
1090990p oY, “ouore | our snnuigs £q
"BSSIOSqR 8U) o umoys efurg oYY 1040
“BIUSLI0 Jo uongerndod oy 4sSuowe Ay
oIe uonejuasordor snynws 91} dA0QY
‘uonejuorio yuoropp A19ySys jo SOUI] 4y

Ayrusts ynawys poxirew (sesnd) suonou

USSIOSqe oy, ‘suonejuario poxzojoxd

a8urI 19prOIq USAS UE 10r0 PaIqIyur s

® SOATIDOI 1090030p UOTIRIUDLIO [jors |

93 Jo uoniqryur jeroye; pengnw 0510pT

UOTBIUBLIO 919 Uy M ‘SomsLIORIRYD ¢

"goroxdde reguowiriodxs mo 103 Uo1pEOY

PPojr fiu

s8urpuy ano quosead om 9131 pue (67 °
Apeaire oawy o M UOTSIA wewing ur syu
-omseour peorsAydoy Lsd Woy vapr sryy
008 5% Yonw se £q wonyejusuo

10U pmod wonqryur [eonoygodAy oyy
Sea vousprae [edpurad STH o] oSurs 1
oyt Jo Ayoymwads 9Y3 9seIIIUI pInom pu
P®O[ P[nom re[rums azom SUOI}BIUSLIO Ter
-A[proiq ‘opnao Uoomgaq TomIqryur gy ¢

S99 18019300 Jo Ly1a1;
“RUYI9UW 18730 8Os Apang (C1—017) e
Pueq moxreu e yong QARY ‘JTOsq1 Ul ‘qou pr
oMy ATao Aqpesrdy ‘PIoy eanpdooas v ey
Sursow jo puts| Lue 0q sesuodsor oY) u
‘sa3pa 1dnaqe og 1seq puodsor owos I ENE)

O.IOHIQ}IPIE[ ‘0 pue ;




290 R.H.S. Carpenter and C. Blakemore

Only our theoretical interpretation of this angle expansion is novel: the pheno-
menon itself has been described for more than a century. Wundt, Hering and
von Helmholtz all suspected that perceptual distortion of angles underlay many
geometric illusions, such as those in Fig. 2 (see Luckiesh, 1922). However, we knew
of no detailed and complete measurements of the phenomenon, except those of
Bouma and Andriessen (1970) and Weintraub and Virsu (1972) who cmployed
judgements of the extrapolation of line segments, and Fisher (1969) who used
subjective naming. Tn this paper we show that angle expansion can readily be
measured directly, by a simple matching technique, and that its properties con-
form to the notion that it results from inhibitory interactions between orientation
detectors. Our hypothesis is fundamentally very similar to that of Nelson (1971)
to whom we are grateful for discussion and correspondence, and also to that of
Wallace (1969).

Methods

An observer sat in a darkened room, 80 em from the screen of a Tektronix 502A oscilloscope
(P7 phosphor). The stimuli on the screen were generated by a Digital Corporation PDP-§
computer and generally had the appearance shown by the inset in Kig. 8. The display usually
consisted of three bright lines, 4 (the angle line), B (the basc line), and (! (the comparison line).
A always met B in the centre of the display, to form an angle, while ¢ was at some distance on
the opposite side of B. The angles, positions and lengths of these lines were under program
control. Tn addition, the orientation of the comparison line, €/, was under the subject’s control:
by adjusting a potentiometer he altered the value of an analogue input voltage to the com-
puter, which determined the angle of C, relative to B. The subject was always required to set
the angle of C so that it appeared to be parallel to B. When satisfied that this was so, the sub-
ject, or the experimenter, pressed a button that caused the orientation of € to be printed out,
and also to be stored for subsequent statistics. During the judgements the obsarver was
permitted to move his eyes and look anywhere within the display. The results were very
similar, but the variance of the settings greater, in control exporiments in which the subject
fixated various points in the display continuously.

Whenever the subject turned the knob it led to momentary blanking of the display, while
the calculations for the new orientation of € were carried out. However, control experiments,
in which the display was continually interrupted at various low frequencies, showed that
blanking of this type had no significant effect on the observations.

The luminance of the dim background was about 0.1 ¢d.m~2 and that of the bright lines
about 10 ed.m~2, while their width was approximately 2 min arc. This rather low working
luminance reduced distortion and blur of the lines on the oscilloscope screen. In fact the results
were much the same in control experiments where we increased the luminance of the lines and
the background by about 1.5 log units.

Results
The Initial Experiment

Our basic experiment consisted in keeping B fixed at a particular orientation
and using the settings of C' to assess the systematic distortions of the apparent
orientation of B induced by a randomly-ordered series of orientations of 4. In
each series the observer usually made 4 settings of C for each orientation of A;
two such runs constituted a complete experimental session.
Sign Convention for Absolute and Relative Orientation

Horizontal is 0°

Orientations anticlockwise from horizontal are positive, those clockwise from
horizontal are negative.
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A and B were fixed for any one observation.
it appear patallel to B. The graph shows t}]
angle a between A and B, with B held at 3
in each case shows the angle at which
to set them parallel. Thus for values of
larger than it really is. @ = subject CB,
(N = 8); the bars show one standard error
are relatively laterally displaced to avoid o
errors were of the same order of magnitu

Differences in orientation are exp
angle in a clockwise direction is nega

Some Definitions
a Angle between B and A, meast
p Orientation of B
y Angle betwecen B and D (a th
figure), measured from B
d Distance between B and C
e Length of C

Tigure 3 shows the principal fin
various angles clockwise to B (a =
length that they subtended 1 deg at -
and the distance between the centre

With the stimuli arranged in thi
in the appearance of B, judged by th
A was superimposed on B (¢ = 0°, or
or continuous with B (¢ = —180°),
parallel to B (0° on the ordinate). 1

21 Exp. Brain Res. Vol. 18




i ) ?

]L 10A ‘s upery "dxy 1%

— 0q To[rered
gnoqe Aqemodse ‘se[Sur onor I0J Jng ‘(9RUIPIO 9Y) UO () g I
GT ! Yy

n X — = SNOTUIJUOD IO
g au3 ‘(,081 D) g YnM s e

£ £ SOWIR () 998 SIOATIISCO OMJ Y] (O‘ un snonarue

([ MA [:grm;) ?]q;q m[[ngpuedled ‘((esssqe oyp uo ‘() = v) g uo poesodurredn ¥V

006 .

¢ :reodde oyg ur
¢ 3 ] < q A‘q pQgpn.[ g[ }O fouel

. son[eA UTRGION 10J ‘) JO sFumies oy . S OUF YA
e v %“} QHOI.AC{O 8J9M AIAY) UOIYST] SIYY UL posusire !FHUIHQUE 2[ —
e Lg 90 sBA (P) ) PUE  JO SOIU9D OY UM ‘? ' 'ptm Uy Suey

‘89 9°() s 3 uIqNs AdY) 98 ‘
) :s040 g j00[qns oYy 9e Sop | pep ‘

() yyBuop ut Fop §°0 seM %:ifé(qg;?ﬂ 0 0 — 1) 7 07 oSO A
v pi qw}’roizm(gg){ f[%ma vo gy Surpuy pediud oy ssoys g oSy
e T pur ,0g ’

0 Jo ysueT 9
) PUB g U00M3I( 8URISI([ P
 WOIJ peanseaul ‘(arnsy

L I q p g '1 q [IV ({,
. . g
snmuigs Qq{l O'J, p@ppe Qq ueo qeq‘l UL pl[ 9 B) G uv [IQOQA\ sl 9 (% O
8— IIIOI} pelniife yur ¢ p"I/‘B g -[Ir)/)mng 9-[%{1‘7 n
) V
9“011@%7/9(] BMOS

. % 3 AR
9A1YB5OU ST UO1 'OQ.][p :)511&\}100 D ' Ul \“)]DHB
O 20URBUD B U0 ues l 9SS X 14 ' ' 0 [IOUQ. GHG
} q D,HGAHOO Q9 3 9 ’.1 Kq p S§ Q.Id 9 9Jr uolje ISl L
3 RIUST ul LOES N

9I0M §10410
‘ Gewr Jo Ioplo ouwres oY) Jo
‘ S 10U 91® puB ‘opnjru ‘ e o
Aqrrepo 10§ ‘saindy 8:,%)2; qltllfr?g){es;ns [ie ug -defeao proae 0 paow[ds(g)pm zilll;s J:}:([{ Qim 5(8 e
" RPURYS O 2 B =
PIEpUR)s O SJUSUL . o ‘ i
M1 OYT, "URIW Y1) J : ‘eqry qoolqns = @ st [[eea 91 wey
symsar syoolqus omy ) oofqus = O ‘gr) 190lq : e Lo
eodd s Suoleesq(: qqgf g‘i}l% QUS;’(}A@QQ D JO sonfea JIof snyfg, l:[‘[\zﬁj aglomqimg u
- 9]3“;; j;mOAiﬂ?flm 0 spes polqns oy yorgm ge glfltif ‘;q;;m; ¥ ueemiaq v ofSur
o ooy g 03,06 1% PIPY & U Tan
: : = g *o'1) [RIUOZLIOY 9] 07 ,(L ol wondan 1
9)BUIPIO Y, ("02: uo,nguei?r()[ jo uorgdoosadsru o1y smoys ydead 92;1;9 iyo ; :,) 9[X[L[I P
9y} Jo uonpuny ® £ ‘pgqnqé.l 9q P[Noo ;) SUI] SYJ, "UOI}BAISSQO Qujnm/uoo mzm.uus i
ot o1, qog[qns@?{?zz ?unoqs 52 spuamsadra 2y fo 150U UL Pasn UOYDINL] 1
SOUI| 9Y [, "fo5U? ! ! !

>
pd
(Bap) D 319NV &
- - - 09- 0&- O m
08l- 0Sl O?L 06 ] | >
| I I q4¢- T
- L J
. — —
L_ ~ C? # o ‘ * §
.¢ © Q ® 0 —
g LA S =
0 < e 3 *
¢ ¢ o bt m
b 6,9 wn
Y ¢+ %
Hz+ (I'l'l)
“r 4 178
° — — |pjuoZIioH Jes
£+ 3
W
Q.
2
IIOISIA II”BIH‘{IH III SIIO[C],’B'.}HQ[JO II()(—)MC;GE{ SHOEQOT}.IQQUI
16¢ 18T

|
|
|
1
[
y
|
!
r
|

T
r

-

[IIO.I‘]T OS!AA)IDOIO QSOI{’} ‘SAIO,!SO(I aIe ]

UOUDIY
"UOTSSOS [RYUO
v oyo UORIUILIO yoro 10J ) J0 sSu
uy 'y jo SUCHIBIUALIO Jo sorios poro
Fuaaedde oy JO suonogsip o1euIa)
uoneIuaLIo aemoyaed 98 poxy g ¢

JUULLL

pue seuyj oty jo PouruIWN] oYy PaseoII o4
S}Ds01 0y 30%f Ut ‘uveiny adoosopioso oYy v
Sunspiom A0 BYYeL STy, oae uw g Ljoge
SoUIl 1ySiiq ey jo FEUY puR L _wrps 140 e
"SUOKLAIOSGO oy
MO[ snourea qe

MO *IN0 pariies
UR[( Arejuowour

1B} pamoys ‘serouonbougy
‘spueunaadxo jouguon “asg
oya “Aeidsip oY1 Jo Sury
100[qns oty Uorym w syuswradxe [043U0s T
A1aa arom Sjmsaa oy, “Leydsip Y3 uIygim

SEM 194AIsqO0 o sjuewagpn( oy Sumy
“Ino parund aq oy {) §0 uoneuaLIo oYy posn
“40s Ay ‘os wem sy YR paysiyes oy g
198 03 paimbox sfeme seyu 9alqus oy, *g o
“Woo o1y 03 aSeyjoa sndur ongofeuw ug Jo 9
101U09 5 300(qus ayyy lopun sea < ‘ouy nos,
weagoad uopun srom SOUll 880y Jo sySuej I
U0 80UmSIp owos 48 sem O 9IyA ‘s18ue ue wy
“(suf] uostreduron a3} ) pue “(our] oseq ) g
Alfensn KLerdsip AL "¢ Sy ur Josul ayy Lq us
8d(Id uonviodioy [BUSYT ® £q pejessucs
adoasoj[oso V&0¢ x1wougspag, = jo usanos Y wic

Spc

JO 9%Y] 09 ospe pue ‘aouspucdserios pu
(TL61) UOSToN J0 3eYyg 0y RS £ma A)
UoneIuLLIO usamyaq suonorIoguL Liogiqr
“u0d sa1rodoad s ¥eq pue ‘subruyey
oq Aipeos ueo uorsuedxe oj5us 18U} Mo
pest ogm (g961) LOYSL pue ‘squowiBoy
podordws oya (BL61) nsap pue qneay
Jo asoyy qdaoxo ‘uouswouoyd 971 JO syu
MW oM oA mo GEOT “Ysonpnry vos) ;
Auewr AeLopun so[sue yo UOILI0)SIP Jeng
pue Suriopr “apung Lmguen v Ury} o
-ouayd oyy [BAOU ST umtsuDdL) 2)bun Sy

odowayelg - pue .




’rr——f— —
292 R.H.S. Carpenter and C. Blakemore Interactions Between (

B appeared to be rotated away from 4, since both subjects set C' at about 2° 3

anticlockwise to B. Similarly, obtuse angles between 4 and B led to a small change T +3
in the apparent orientation of B but in the opposite direction. } =2
Obtuse angle contraction and acute angle expansion presumably result from O 42
the same influence of one orientation on another. In the experiment of Fig. 3 when ’ Lclj
A4 is at —170° with respect to B, forming a large obtuse angle, it has exactly the 7 w +1
same orientation as when it lies in the upper right quadrant, at an angle of +10° ’) 3 0 '
to B. The latter acute angle certainly causes an apparent clockwise rotation of B. l <Z( 0 02 04 Of

By the same argument, so should the large obtuse angle.

ANGULAR DISTAN

Some Control Experiments

Our choice of stimulus conditions, exemplified in Fig. 3, was not arbitrary:

o101

we performed a number of preliminary experiments to optimize the dimensions (A 5 2z L4
and position of line C. ) 27

T'he distance between B and C (d) must certainly influence the measured angular ’ o ©
changes in B. At one extreme, when € is as close as possible to B, any effect of 4 l S 05k °
would be cxerted equally on B and €' and so no error in setting the two parallel = é
would be expected. If the influence of line 4 on its neighbours is at all localized, | <Q( i
than as d is increased, one would expect to find the error in setting C to increase, f z v
as it moves out of the field of influence of 4. It is worth noting that if the distorting  » S
effect of one line on another were not at all localized, on the retina, then it would ‘ w0 0 02 04
be impossible to measure the distortion phenomenon by our technique. It may ANGULAR LEN
indeed be true that there is some non-localized influence of 4 on B (which we
could therefore not have detected) as well as the localized effects, which we have Fig. 4. A) Showing the effect of changing i
detected. —10°. Ordinate sign convention as ip Fig.

The results of changing the distance between B and €' are shown in Fig. 4. | effect of changing tlhe letf:.gth (E?C? f(cl);%?ngt
B was horizontal (f = 0°) and a was —10°, which produces a large distortion. We [ deviation of a single setting
gradually increased the separation of C and B and found that the measured error

increased up to a maximum of about +2° when the distance was about 40 min arc.
Further separation of €' and B caused no significant increase in the measured
distortion but merely made the observer’s task more difficult and consequently
introduced greater variance in the settings. For this reason, in all our experiments
we always fixed d at 0.6 deg and thus we are confident that we have measured
virtually the total localized influence of A on B.

The length of C (e) did not influence the magnitude of the distortion but did
have a marked effect on the standard deviation of the setbings (Fig. 4 B), which
increased substantially as ' was reduced in length. We decided therefore to make
C' long enough to minimize this variance. But we avoided setting O identical in
length to B since we suspected that such an arrangement (in which B and ¢ form
two sides of a rectangle) might help the observer to use additional cues (such as
the distances between the two ends of B and C) to make settings of parallelism.
We therefore chose a length of 0.8 deg for C' throughout the experiments.

- T

——

Constant Errors in Parallel Settings

ORIENT

ANGLE OF € WITH RESPECT TO B (deg)

Much to our surprise we discovered, in another control experiment, that sub- {
Jects make systematic errors in setting ¢ parallel to B, even in the absence of A. i Fig. 5. Showing the ervor in sefting O as
’ absence of A (circles) or with 4 forming a

» with A4 extended from B (¢ = —

Figure 5 shows these constant errors in parallel settings, both in the total absence
of A (open and filled circles) and for 4 continuous with B (open and filled triangles),

21*

—
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294 R.H.S. Carpenter and C. Blakemore

as a function of the orientation of B. Although it is evident that these constant (

errors varied somewhat between the two observers (and indeed amongst several
other subjects that we tested), there are some consistencies in the data, In brief,
two close, parallel short lines at any orientation other than very close to horizontal
usually appear to be diverging towards their top ends. Therefore they are set to
converge slightly in order to make them seem parallel. This strange phenomenon
was certainly not an artifact of the computer display, nor of some distortion in the
oscilloscope, because it peristed if the oscilloscope was tilted through 90° or if the
x and y axes of the display were reversed.

Others have discovered standing errors in setting a briefly-exposed short line
parallel to a steady long one (Andrews, 1965, 1967) or setting a dot as the apparent
extension of a line (Bouma and Andriessen, 1968). However, it is much more
difficult to rationalize the occurrence of such errors in a simple comparison of two
lines differing only slightly in length. Andrews (1967) has suggested that human
orientation detectors may differ slightly in their “calibration’ in different parts
of the retinal representation. If our subjects tended to fixate consistently at some
particular point, say midway between the two lines, then such mis-calibrations
might explain our data, but it is still difficult to account for the degree of con-
sistency between observers.

Whatever their cause, these constant errors in setting C parallel to B, even in
the absence of a line of some other angle, complicated our task of measuring the
influence of 4 on B for different orientations of the latter. We therefore adopted
the following simple procedure to remove these constant errors from our data. For
the results of each experimental session, like those illustrated in Fig. 3, the con-
stant error had the effect of shifting the whole curve up or down by an amount
equal to the error. We could simply compensate for this by shifting the curve in
the opposite direction by an angle equal to the mcan parallel-setting error for
angles of 0° and 180° between 4 and B.

Results for Different Orientations of B

Figure 6 is a set of curves, like that in Fig. 3, for B at a number of different
orientations, after the above correction for parallel-setting errors. It is clear that
this procedure produces good agreement between the two subjects, and this has
been verified informally with several other observers.

One noticeable feature of Fig. 6 is that although the maximum size of the
perceptual distortion is much the same for each curve, at f = +90° and f = 0°
the error falls off more rapidly (as a increased from —10° to —90°) than it does
when f is closer to 4-45°. The same spread of the distortion is observable for the
apparent contraction of obtuse angles (when g is between —90° and —180°).

There are two ways in which this change in shape might be explained. It could
be that the spread of influence from A (in the orientation domain) is greater when
4 is horizontal or vertical than when it is oblique; alternatively, the spread of
sensitivity or susceptibility of B to the influence of 4 is greater when B is oblique
than when it is vertical or horizontal. Tt is not difficult to design an experiment
that distinguishes between the two possibilities. If we set B to some orientation
between 0° and +45° and observe the shape of the angle-exp ansion curve firs
with 4 at a greater angle (near the oblique) and secondly with 4 at a smaller angle

s T — —

T T, T

v v Y

T

vﬂw'

Interactions Between (

ERROR N SETTING C (deg)

ANGLE

Fig. 6. A set of curves relating angular mi.
tion of B to the horizontal. In each case t
mean of the constant errors for ¢ = 0° and ¢

in Fig. 5.0 =1

(near the horizontal) then the seco
should fall off equally in both directi
of angular distortion should be steep

Figure 7 shows the results of #i
+22.5°: the distortion in fact falls of
oblique, suggesting that the changes
variations in the properties of A’s

If angle-expansion is due to later.
this implies that the inhibitory “skir
near the principal meridians than ne
inhibitory flanks of the sensitivity pr
optimally sensitive to vertical or h
tuned to oblique orientations (assi
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296 R.H.S. Carpenter and C. Blakemore
/C L N
B B=+30° B
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Fig. 7. Showing the asymmetry in the angle-expansion curve, with B = 4-30° (upper graph)

and f = +22.5° (lower graph), between effects when A4 is rotated clockwise and anti-clockwise

from B. The curves have again been shifted so that the error at ¢ — 0° is zero. @ = RHSC,
O=CB,N=8

domain). The data of Fig. 6 also imply that the form of the excitatory portions of
the tuning curves or activity profiles are not markedly dissimilar at different

orientations — a conclusion reached in quite another way by Bouma and Andries.
sen (1968).

Inhibition or Adaptation?

There is an obvious analogy between this phenomenon of simultaneous inter-
action between orientations and the successive #ilt after-effect described by Gibson
(1937). If a tilted line is viewed for half a minute or so, a vertical line subsequently
exposed to the same retinal region seems temporarily tilted in the opposite direc-
tion. This after-effect has been interpreted in terms of a process of “adaptation”,
“satiation” or ‘“fatigue” of orientation detectors (Sutherland, 1961; Coltheart,
1971). Neurones in the visual cortex are supposed gradually to decrease in sensiti-
vity during prolonged strong stimulation. Such a process might not only account
for the successive after-effect but also explain our simultaneous angle-expansion,
if one assumes that line 4 in our stimulus caused such adaptation of detectors
tuned to its orientation and similar angles.

Intuitively this seems unlikely because adaptation is usually found to have a
long time-course for induction and decay (e.g. Blakemore and Campbell, 1969)

Interactions Between O

(deg)

ANGLE OF C WITH

ANGLE OF C WITH
RESPECT TO B (deg) RESPECT 70 B

Kig. 8. A) Showing results for p = --30°,
2 msec every 5 sec). The bars show two s
observations. There is no correction for cc
B = +30° when the subject was asked t

® = CB, O = RHSC; N

However, whatever process induces t
it must have quite a short time-scale.
to move his eycs at will and in fact
B and € during his scttings. If the in
very slowly, it is hard to understan
adequately exposed to A to generat
decline of this adaptation would mea
should be equally subject to the infl
sequently no distortion should have |
were due to slow-acting adaptation,
fast-acting and can take the form ei
inhibition) or of an added negative
simultancous angle expansion has a
shorter than most visual after-effects

The Time-Cou

We did two types of experiment
cffect. In the first the stimulus disy
mately 2 msec every 5 sec, instead o
while increasing the variance of the s
on the magnitude of the distortions (I
for the production of angle expansiot
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o<
NININ Lot

b .

Fig. 9. Showing four possible configurations of lateral inhibition. O— = excitatory ending,

@ — = inhibitory ending: the path of transmission of information is downwards. 4 and B are

non-recurrent, C and D recurrent: 4 and C are post-synaptic, B and D pre-synaptic. D is the

only one of these simple arrangements that could easily account for the observed properties
of angle expansion

although the exposures were short, the system could perhaps have a long decay
time-constant, being ‘recharged” by the successive short exposures so that the
effect builds up over the half minute or so that is required to make each setting.

For this reason we repeated the original procedure with the display left on
continuously, but with the subject making each setting as quickly as possible, in
2 to 4 sec, and then looking away for at least 15 sec before repeating the procedure,
The results of this experiment are shown in Fig. 8 B; again there is merely a slight
reduction in the size of the effect.

Thus we conclude that the process producing this phenomenon has a character-
istic growth time-constant of less than a second or two.

Disinhibition

Inhibition between neurones may be either recurrent (when the inhibition to a
cell or its input is delivered at some point proximal to the inhibitory output) or
non-recurrent (when each is inhibited at a point distal to the inhibitory output).
Various alternative forms of inhibitory interconnection are illustrated in Fig. 9
and they are considered in more detail in the Discussion.

Our final series of experiments show that these perceptual distortions of angle
suffer disinhibition if another linc is added to the angular display: therefore if an
inhibitory mechanism underlies angle expansion, it must be of the recurrent type
(Fig. 9C or D).

For these experiments the display was a little different from that in Fig. 3. A
fourth line, D, also 1 deg long, was added, joining the apex of 4 and B. The
orientation of D could be independently changed, relative to 4 and B. Our proce-
dure was to set 4 and B at such an angle that B suffered a large apparent distortion
in orientation and then to vary the orientation of D systematically, while con-
tinuing to measure the apparent angle of B. If there was no interaction between
the influences of 4 and D on B, and the system was a simple linear one, then one
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Fig. 11. Details of the region in which D is near A Jor a number of runs of the same type as in
Fig. 10, for the various parameters shown. On the left, § = +45°; ¢ = —5°, —10°, —20°,
—30°; On the right, § = 0°; ¢ = —5°, ——10°, —15°, —20°; @ = CB, A = MR, ¥ = BH;
N == 8. Note the great variation in constant parallel setting error at f = 0°, ¢ = —15° for the

three subjects. There is no correction for constant errors, but the setting of (! in the absence of
A and D is shown as a solid horizontal line: the interrupted lines, as in Fig. 10, show the errors
duc to 4 alone

<0.05) in the distortion of B. (Incidentally, Fig. 11 shows especially well that the
constant errors in parallel setting can vary considerably from one subject to
another.)

Discussion

We argued initially that lateral inhibition within a network of orientation
detectors, perhaps identifiable with visual cortical neurones, ought to result in the
apparcnt expansion of acute angles and (by the same argument) contraction of
obtuse angles.

The results have shown that such distortions of orientation do occur and that
they might be due to recurrent inhibition between oricntation detectors. More-
over, neurones optimally sensitive to diagonal lines might draw their inhibitory
input from a broader range of orientations than cells tuned to horizontal or verti-
cal. Can onz deduce anything about the actual excitation spread in the orientation
domain, illustrated schematically in Fig. 17

If inhibition and excitation are really both linear, as Fig. 1 demands, then our

data (Ifig. 6) set rather stringent limits on the shape of the actual distributions of

’
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activity. First of all, since we find shif
follow that the convex-topped, excitate
narrower than twice this, i.e., 6°. Simil
line A forming an angle of only 5° wit
centre of the distribution the inhibitor;
started. Unfortunately, it is extremely
of less than 5° because the thickness of
near the apex. But it is difficult to be
expansion with an angle of, say, 3°, if t
swift descent between 3° and 5°, whic
ance to the functions of Fig. 1, is noces:
assumption that excitation and inhibit
On the other hand, if the recurrent i
in some other way to reduce the gain
angle expansion with angles smaller t
able. We therefore conclude tentati
orientation detectors could be presyna

Other theorists have used neurona.
effects and visual illusions. For insta
considered the possibility that simpl
analysers, in the position domain wot
(depending on the separation) of nei
account for the contour displacement
Kohler and Wallach (1944) and in cel
figure (see Luckiesh, 1922, Fig. 18). At
involving angles would lead one to e
the angles. Such inhibitory interactior
quate to account entirely for angle ex
the distortion should be limited to th
line appears rotated as a whole.

Our explanation, in terms of late
account for both the magnitude of the
for the position of the lines, at least u

Chiang (1968) has speculated tha
expansion might offer a satisfactory e
complex, illusions (Fig. 2), although
at the vertices) has not been generally
illusions considered by Chiang still o
from the illusion figures (Cumming, 1!
of course, be substantially affected by
The application of our model to con
problem. In certain cases it may be pos
perceptual distortion in terms of apj
Ollerearnshaw, 1972).

The fact that many illusions pers
dots placed at the vertices and the enc
no special problem if we allow orients




pojenurgs Appgenbope o( 03 $1019010P UOIFRIUSLIO MO am JI wopqoxd [eeds ou
sosod (LG ‘UeI0))) soul] AIPUISBWI 911 JO SPUS 9y} PUT $9013494 o3 1e paoed syop
£q Amuo poguosoadox st 8anBy oYy ueym gsistod suoSHT AURW 9BY) 0] SYJ,
(ZL61 ‘meysuIeaId|
pue jdojofy) uonejuoLo jo seSueyd quoredde jo suneq ur uorolsip [enjdeossd
0T} JO “[[® J0U 11 ‘OUIOS 10J JUN00DE 09 A[(Issod 9q ARUI §1 $68D UL U “W[qoid
£3(0143 B ‘I0AOMOY ‘ST SUON]L [ensiA Xo[duroo of [epouwr ano jo uorjpeoridde eyJ,
28 4od $9011I0A JO 0oULsqe 10 soussoad oyg £q Pojoopye AT[eIjue)sqns aq ‘OSINoo Jo
‘Q0U PIROM SN0 S YONs WSIURYIOW ¥ (896 ‘Surmmny)) sensy WOIST[[T 8y WOoIj
POAOUWIOT UOA( QARY SOOIIOA OTF UOUYM JND00 [[138 SURLY)) Ag PIIIPISUOd SUOISI[[l
oy9 jo Auewi 3ey) SpUNoJs 91} uo ‘pogdosoe A[[eI0UIS Usa( j0U SBY (S901310A Y4 4B
Luoijorayip,,) posodosd oy wsrweypawr 9yg ySnoygre g Sig) suowsnpr ‘xojdwos
9I0W ng ‘UMOUN-[[oM Lurw jJo uonpeur[dxe A10goejsTyes v I0Jjo s uolsuedxe
o[fue ojnoe jo uouawouoyd opdwis o1 ey perernoeds sey (8Y9e[) Suery)
(VH "81y]) urw OF 9noqe o3 dn gsea] 4e ‘sour] oyj Jo uoigisod ayq 0]
ozipeIou0d Aoyy 4ey} 408 9Yg PUR SUOLLIOISIP 811 JO OPNIIUSRW oY) [10( IOJ JUN0IE
URO UINUWOP UOYDIUILIO ST} UL UOIIqIYUT [RIsJe] JO SULIBY Ul ‘uorjeue|dxo an()
‘o[oyM e se pagelol sieadde ouy
Yowd Jor] Ul SLOIOYM ‘InTY O JO XOLI0A 8} 0} PIHWI] 0 P[NOYS UOTLIOISIP 97}
“no poguiod ([961) puepoying sy “uoisuedxo o[Sue 10y A[oa13us junoooe o9 oyendh
-opeul ‘IoAOMOY ‘ST Urewlop toisod ayg U UoTIdRINIUT A10IqIYUT Ysng "SO[sue oy}
JO $ODI4I0A OTf} 1@SU SUOIIO)STP [[RwWS 900dxXe 0 aUo pes| pNom so[du®r SUTAJOAU
sornSy 07 JUOWNSIe OWes 9| JO UOISUYX0 WY (8T "SI ‘g6 [ ‘Ysononr] 9os) amiy
JNOOQA(] O3 S YIS ‘SUOTSI|[I [BNSLA ULRGISD UL Pu® (FHET) YoB[[BA PU® IO[YQY
JO S300JJe-J09Fe [RINSY oY) Ul SANDO0 JRY) JUsUIede[dsIp INOJU0D 9y} JOF JUN0OOE
B sseooxd & yong ‘sanojuoo SurmoquSou jo (doeredss oyg uo Suipuodep)
uvoispndos 10 uwororayye quoredde osnes pmom wmwuLop uowrsod oY} uUI ‘sresA[eue
our] 40 qurod uoomgeq uoqIyul [ersge] ofdurs gy Aqifiqissod oyl PaIepISUd
(L96T) As9yog uoA pur (Q9g]) ZUBRK) “0IURISUI IO, "SUOISO[[l [BOSIA PUBR S100[0
-199e TeInSy JO S[OPOW JIOYJ UT UOMIGIUI [RUOINSU POsh 9ARY SISLIONY] I0Y3()
‘onpdeulsysod ueyy sotrpyes ondeudsord oq pmos £1010999pP UOTBIUALIO
URWNY USOMIO( UOMLQIYUL 9} ey} A[OAIIRIUSY OPN[OUOD SI0IAISYT OA\ 9[q¥

-AT98qO oSuryo re[ndur WNUWIXeW oY) ULY) Io[[ewls so[due Yjim uolsuedxoe o[fue ,

uregqo 03 afqrssod oq prnom 91 ‘sgndut oty Jo uwwh oy 9onPoI 03 ABM 18I0 SUWOS W
10 ((16 31) Aqreorpdeudsord pejor UOIIQIYUI JUSLINOII OYY JI ‘PUBY JOYJ0 oy3 U(
‘Fuoam A[ureyson gsowne st fipwouy PPe UOMIGIYUT PUR TOTJRHOXd Jey) uorpdumsse
O3 ST, "SUOTJTPUOD OM} 080 JOOUI 0 ATRSN00U S1 ‘| "S1] JO SUOouny oY) 09 90ue
-readde eorSojoisAydun Joyjes © sjredwr Yorym ‘G PUB (¢ USOMIS( JUIISIP JIMs
oy ‘st 91 sy 91 poyyrwaod pey sngeredde oyg J1 ¢ ¢ ‘Aus ‘Jo ofFue ue ym uowsuedss |
OWO8 PULO] 9ARY JOU P[ROYS 0M JRUY 9ASI[I( 0F JNOYJIP ST 91 Jng| “Xadwe oy weu
0JRUIES R WIOYY OYEUW 04 SPIO) SOUI O[3 JO SSOUNDIY) O} osnrISq G URY] SO J0
SOIBUL YA SUOIJBAIISO OB 0% JNOYJIP A[OUWIIXD ST 91 ‘A[09RUNYIOU[) "PONR
oswy jsnux (odofs presumop Yum) , 4arys, | £I091GTYUL 94) TOINGLIISIP 9} JO 91U
oYy WIoIy ¢ ATuo 9e Aproge WYy ‘g oulf Yym ¢ AU0 Jo 9[Sur uB SUIWLIOJ Y ouf
Aq peonput ore sofueyd Ie[nSue 9ouls ‘AIB[IUG " 0 “o'T ‘ST 90TM] URY] IOMOLEI
9q 30U P[nod uoynGLUSIP 943 Jo uonaod Lroyejoxe ‘paddol-xeauos oy 1eys Mo

»

———— - —

asnur g1 ¢ ¢ ouros 03 dn Jo UOIYRIUSLIO JO $9JTYS PUY oM 90ULS ‘[[B JO 98I1y "A91A108

10¢ UOISIA UeWn [] Ul SUOIBIUSLI() USOM]S( SUOI}DRISIU]

Y

JO suonnqLnsp rengoe o1 Jo oders
d10 oy ‘spuewep 1 Sy se ‘IBouy 1

UOMBIUOLIO 8y ur prods U0HBIIXO |
TIHOA IO TRjU0ZLI0Y 03 pouny s[[;)o ue!
Lonqryur 19U} MeIp qySiur sou| [
IO "S1099990p uogRIULLIO uoslma(
1eqg pue 1mnovo op UORIUSLIO J0 suo|

JO uonseguos (Juotngie owes Yy
our )

U3 U1 9msox 09 9ySno “sonomoy [BI19.1
UO1equoLio yo somgou w urggm L.IOI‘

Uc

01 19lqus suo woap Ajqeropisuos £

PU3 9841 [fom Afemadse SMOYS 1T Sy

o ‘ auoy
S.I(T‘I/.Ir) U} MOYS ‘O “F1q ur se ‘sat| peqdn.uolq
0 9ouBsqR 9y U 1) Jo Buigyes 93 INq ‘suorio

:);{I; Joiog[‘\ =V',0 = ¢ 1% 10110 Burygoes jo)
Hd = AN = Vg) = @t 00— <o
7;14)51) ad;oyf U = D eheb = f ) oy
LD ol owws ayp fo suna o quiny v 1of 17
(b2p) A F10NY
09- oe- ¢
B e E
— o0z~ 0
_ ,*787‘{3. L+
l+
T oS- 0

Y+

o0

—_— J L*
+

SI0WLN e[ () pue

—ee



302 R.H.S. Carpenter and C. Blakemore

by pairs of dots at the appropriate orientations. Finally, there is a whole class of
illusions, such as the Miller-Lyer figure, where there are apparent changes in the
size of elements of the stimulus: we can see no way to account for such illusions in
terms of angular distortion, although an explanation has been offered on the basis
of inappropriate constancy scaling within such figures (Gregory, 1966).

Perhaps the strongest circumstantial evidence for our theory is the fact that
it is a physiological reality in the cat’s visual cortex. Certainly the oricntation
selective cells are arranged in a manner that would facilitate inhibition in the
orientation domain. Within a single block or column of cortical tissue all the
neurones respond to the same orientation and there is usually rather a small
change in preferred orientation between one column and its neighbours (Hubel
and Wiesel, 1962, 1963, 1968). Thus any cortical cell is surrounded immediately
by neurones with identical orientational preference and, in the nearby columns, by
neurones with slightly different preferences. Thus a simple process of inhibition
between cells in each column and the immediately neighbouring columns would
result in the mechanism that we propose. Creutzfeldt’s group (for example
Benevento ef al., 1972) have provided direct evidence from quasi-intracellular
recordings that intra-cortical inhibition does occur. Blakemore and Tobin (1972
and in preparation) have shown that cat cortical cells are subject to inhibition
from a broad range of orientations centred on the optimum angle.

So it appears that orientation detectors receive two orientationally-tuned
inputs, a broad excitatory orientational weighting function, and an even broader
inhibitory orientational weighting function contributed by nearby detectors. Both
weighting functions peak at the same angle and the interaction between the two
produces the typical narrow tuning of cortical cells. It is this sharpening of the
response characteristics that provides the advantage of lateral inhibition in the
orientation domain. Angle expansion is perhaps a merely unfortunate side-effect.
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