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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
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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
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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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