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ABSTRACT 

To dissociate the roles of small and large receptive fields in the processing of line 
orientation, we devised a sawtooth line stimulus where local tilt of the sawtooth 
segments could be varied independently of overall tilt of the line. Perceived orien
tation of the overall line varied with the tilt of the segments in a biphasic manner. 
For small segment tilts (peaking between 5- 15°) overall orientation was shifted in 
the direction of the segment tilt, whereas for greater segment tilts (peaking between 
30-45°) there was a larger perceived shift in the opposite direction. The results
suggest an interaction between orientation-specific neurons with small receptive
fields and those with large receptive fields.

To explain these effects, we developed a model which illustrates that peak 
orientation shift for a population of large receptive fields is proportional to the slope 
of the population response profile for small receptive fields. Within this frame
work, small receptive fields show both excitatory and fohibitory influences on 
larger receptive fields, and it is possible to estimate the magnitude and orientation 
selectivity of these influences. The model can account for two powerful illusions of 
orientation, the Fraser and the Zollner illusions. 

INTRODUCTION 

The perception of straightness and oriencation in straight lines has been of in
terest since the earliest years of visual investigation. Purkinje ( 1819) observed 
that after prolonged inspection, straight lines were perceived as breaking into
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differently oriented segments, and many well-known illusions of the 19-century 
deal with deviations from perceived straightness (e.g., Zollner, 1862; Hering, 
1879/1942). Purkinje's (1819) observation is of particular interest, because it 
suggests that straight lines might be processed in terms of small segments whose 
orientation may be dissociated from that of the line as a whole. 

The discovery of orientation- and size-selective cells in the visual cortex 
offers a fresh approach to the problem. For any given retinal region, there exist 
many cortical units with different receptive field sizes as well as different pre
ferred orientations (Hubel & Wiesel, 1962). When a long straight line is pro
jected onto the retina, orientation-selective cells with both large and small recep
tive fields will be stimulated (Fig. 31.1 a). Because there is a congruence between 
local and global orientation in straight lines, the orientation associated with 
maximum response is the same for populations of neurons with small and large 
receptive fields. (Figs. 31.lb and Fig. 31.ld). 

On the other hand, if the stimulus line is broken up into equal segments, with 
a local orientation different from that of the configuration as a whole (Fig. 31.2), 
the distribution of responses will differ for cells with small and large receptive 
fields. Thus, each group of cells would provide conflicting information as to line 
orientation (Fig. 31.2b and Fig. 31.2d). 

To determine the interactions between orientation signals from cells with 
large and small receptive fields, we measured the effect of local segment angle 

Ol

a 

/;�IAO( ��GE 

f ►0 

[ 
' .. , .... j··-. z � 

I §' .. ,·. i i i ·. __, VI 
•• I 4 

,,,/ "' -�--� - ----- -- ' f_' - - .. J t . �--
-u

I'£.\/\ 0._1tN'AJ,(1N ul CHM-iMIS ---o

FIG. 31. 1. Single line slimulu, anJ lwo sizes of coni,al rcc,p1ivc fielJ 1ha1 will 
be prcfercnlially slimulaled by lhc oricn1,J lines. a) Populalion sensi1ivi1y of a 
class of cells having large reccplive fields. b) response of populalion a lo single 
line slimulus. c anJ J) Same as in a anJ b exccpl for small rcccplivc licit.ls. 

31. SIZE i
°
NTERACTIONS IN PERCEPTION OF ORIENTATIOt. 531-

Al\ 

--�----- __ ____A: .. L�lti.-�--__ 
nA.ll mmNTAl!ON OI C�lS 

--e

-- ►0 

Pf All ORltNTAfK)N or UtANN(IS -o

FIG. 31.2. a) lnlerrupted sawloolh slimulus used in lhis study. 
_
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_ 
in 

conlrast 10 Fig. I, lhc optimal orienlalion for large and small conical recep11ve 
fielJs is different, and response pr ofiles are shifted relative lo each other (compare 
b and d). 

on overall perceived orientation of a segmented line. This approach differs from 
previous studies of the Zollner illusion (Gibson & Radner, 1937; Walla�e,
1964; Carpenter & Blakemore, 1973; Oyama, 1975), which were co�cemed wuh
interactions of orientation mechanisms for stimulus elements m different (but 
adjacent) retinal locations. In contrast, our stimulus _is designed t� ex�mme
interactions between orientation mechanisms for stimuli of different sizes m the 
same retinal location. 

To anticipate our results, a demonstration of the basic findings_are shown m
Fig. 31.3. When the angle of tilted segments is small, the overall lme appears to 

a 
b 

--------------
////// 

-------------

FIG. 31.3. Two pairs of parallel segmented lines where local orien1a1ion differs 

from Jhe global orienlalion. al Line segments are lilted by a small amount, causing 
. . d 1· . the same direc11on 

a slighl shift in perceived oncnlallon of the segmente mes m 
1 

as segment till. b) Same, excepl 1he segments are tilted by a much larger
_
ang le . n 

this case, perceived tilt of 1he segmented lines is in the opposite direcuon. 
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tilt in the same direction as the tilt of individual segments (Fig. 31.3a), while the
reverse can be seen when the angle of the individual segments is larger (Fig.
31.3b).

A similar result was reponed by Oyama ( 1975) in the classical Zollner para
digm; although for most inducing tilts the test line was tilted in the opposite
direction to the inducing lines, for small tilts the test line appeared to be tilted in
the same direction as the inducing lines. While this result is interesting, it is
potentially contaminated by assimilation from spread of excitation within the
retina, rather than by interactions between conical neurons. This supposition is
in accord with another of Oyama 's ( 1975) experiments, in which tilted segments
were set at different distances from the test line. An assimilation effect at small
tilts disappeared for separations greater than 6 arc min, although negative induc
tion at large tilt angles was relatively unaffected by the distance to the test line.

METHODS 

Either one or two segmented lines were generated on the face of an oscilloscope
screen using an electronic function generator. Angle and number of segments per
line could be controlled by varying the amplitude and frequency of a sawtooth
waveform. Because the fast phase of the sawtooth was extremely rapid, it was
possible to adjust the luminance of the trace so that only the tilted segments were
visihle. The lines subtended 10° in length and, unless otherwise noted, had a
luminance of I cd/m2 in a room with dim illumination. The screen had a circular
surround and thus could not have been used as an orientation cue. Angle of the
segments was related to the amplitude (A) and frequency (f) of the sawtooth by
the following expression:

0 = tan 1 (k A f), where k is a scaling constant.
The angles used were limited to a range of ±60° , since beyond this range the

sawtooth lines were wider than the gaps between them.
To measure the effect of segment angle two experiments utilized a cancella

tion procedure and one a matching procedure. In Experiment I, two horizontal
configurations with oppositely tilting segments were presented (see Fig. 31.3)
and the observer adjusted the angle between these configurations until they
appeared parallel. For Experiment 11, only one segmented venical line was
visible in an otherwise dark room. The observer had to set the segmented line to
perceived venicality without the aid of any visual comparison. (Venical orienta
tion was used here because it has the best absolute orientation discrimination;
Howard, 1981). In Experiment III, the observer set a straight, non-segmented
comparison line to be parallel to a single segmented line, again in a horizontal
orientation. On..: experienced and two naive observers were tested.
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RESULTS 

Experiment I: Pairs of Segmented Lines 

In this experiment, two segmented lines with oppositely directed segments were,
varied in overall orientation until the observer judged them to be parallel. The
number of segments was maintained at six and the distance between the centres
of the two lines was 4°. The observer was instructed to move fixation freely over
the display and to set the orientation of the global lines to be parallel, without
attending to panicular positions, and especially avoiding attention to the theoreti
cal line joining the two end points. Four adjustments were made at each segment
orientation.

The effect of segment angle on perceived orientation of the overall line is
ploued in Fig. 31.4a. Note that there is a biphasic change in orientation of the
overall line as the angle of segments is increased. This can be seen for all three
observers in varying amounts. Between 5-20° there is a small but reproducible
shift of orientation towards the angle of individual segments, whereas at larger
angles (peaking between 33-45°), there is a much larger shift in the g_lobal
orientation in the opposite direction. Similar results for the classical Zollner
illusion have been reponed by Oyama ( I 975). . We were concerned that if judgments were made with regard to the theoretical
line joining the extreme tips of the segmented line, judged orientatio� of_the
global tine would be biased towards the tilt of the terminal _ segments. This might
explain the first pan (but not the second pan) of the b1phas1c curve._ We therefore
conducted the same experiment with the outer halves of the terminal segments 
removed (see inset, Fig. 31.4b). In this con<lition the terminal points of the
segmented pattern defined a line which always remained parallel to the ove�all
pattern, regardless of the angle of the segments. Figure 31 .4b shows th�t adding
this restriction does not diminish the effect. Consequently, the data are in accord
with the observer's impression that the judgment can be made without regard to
the terminal points.

Experiment II: Single Segmented Line 

Because the previous experiments used a pair of opp�sitely t_ilted lines, it is
possible that the results could be contami_nated by an interaction betwe

0
en t!e

tilted segments of one line and corresponding regions of the other _Ime 4 aw Y
(see Discussion). To deal with this issue, we repeated the expenmen_t with a
single venical segmented line in a dark room where no other visual �nentall�n
cues were available. Residual stray light in the room was kept below visi_bihty_ Y
light-adapting the observer between trials. Thus, the only available orientation
references were gravitational and proprioceptive. . . 

For observer KN the results (Fig. 31.5) are similar to those obtained "".11h the
pairs of segmented lines in Experiment I. The curve has the same biphasic
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FIG. 31.5. a) Perceived orientation of a single segmented line in an otherwise 
dark room. The fact that these results are similar lo those using pairs of segmented 

lines (see Fig. 4) indica1es that 1he previous results are not due 10 spatial interac
tions between the configurations. b) Relative magnitude and orientation tuning of 
hypothetical excitatory and inhibitory signals from a population of small receptive 
fields impinging upon a similar array of large receptive fields. Dashed curve in (a) 
shows the computed fit of this theoretical model tu the observed perceptual shifts 
(see Theoretical Model). 
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rclationship with segment tilt, although each aspect of the curve occurs at slightly 
lower inducing tilts than in Experiment I. By providing a control for contour 
repulsion effects between segments, this experiment supports the view that orien
tation rather than position is the determining sensory variable for both positive 
and negative induction effects. The small differences in peak orientations relative 
to Fig. 4 suggest that there may be a small degree of interaction between the two 
segmented lines in Experiment I, which is eliminated in the single segmented 
configuration. The· latter is therefore considered to be the purer case of size/ 
orientation interactions, and the one that is modeled in the Theoretical section. 

Experiment 111: Effect of Segment Spatial Frequency 

The relation obtained between segment angle and perceived orientation of the 
segmented line suggests an interaction between size and orientation mechanisms; 
signals from smaller receptive fields can affect those from larger receptive fields. 
Therefore, we examined the effect of size directly. The strength of both positive 
and negative tilt induction was measured as a function of the spatial frequency of 

0 
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2 

0 
2 5 10 

NUMBER OF SEGMENTS 

20 

FIG. 31.6. Effcc1 of number of scgmenis on 1hc magni1udc of 1hc posi1ivc (filkd 
· circles) and lhc ncga1ivc (open circles) cffec1s for observer KN. B01h magnitudes
arc plotted as posi1ive to aid wmparison of 1hc slopes. The stimulus had st:gmcni
angle� of I Su for 1he positive cffccl and 40° for 1hc negative cffocl.
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the segments (reciprocal of segment length in degrees, or number of segments 
per degree of visual angle). 

For this experiment, the tilt angles of the segments that yielded the greatest 
. positive and negative effects in Experiment I were selected and the number of 

segments was varied. For KN these peak values were about 15° for the positive 
and 40° for the negative effect. As in the second part of Experiment I, the outer 
halves of the endmost segments were removed to avoid end effects. The observer 
set the global orientation of the segmented line so that it appeared parallel to a 
straight comparison line placed 3° 

away. Figure 31.6 shows the effect of spatial 
frequency on both positive and negative induction effects. The major finding is 
that perceived. tilt increases directly with length of the segments. Greatest 
amounts of induction occur at 5° per segment, where there are only two complete 
segments. Oyama (1975) reported related results for the classical version of the 
Zollner illusion, in which tilted segments were adjacent to a straight test line, but 
for his data the length effect saturated at a segment length of about 2°, whereas in 
Fig. 31.6 the length effect continues up to at least 5° . 

DISCUSSION 

The results indicate that local orientation of a series of line segments affects the 
orientation of the "line" formed by those segments. For segment angles from 0° 

to about 20° (depending on the observer), the global orientation is tilted in the 
same direction as the local tilt. On the other hand, beyond about 20° the opposite 
result occurs. In this case, the results are andogous to the apparent contour 
repulsion seen in figural aftereffects (Kohler & Wallach, 1944), but the present 
data show "repulsion" with respect to orientation rather than distance. 

The results are similar in many respects to those of previous investigators (see 
Introduction), with the difference that in our stimulus the orientation interactions 
must be occurring between cells responding to different sizes of oriented stimuli, 
rather than between cells responding at different retinal locations. 

Relation to Fraser and Zollner Illusion 

The biphasic nature of the tilt response appears to relate two illusions of orienta
tion which have not been.previously considered under the same rubric, namely, 
the Fraser ( I 908) and Zollner ( 1862) illusions. In the _Fraser illusion, segments 
with a small angle of tilt induce a perceived global tilt in the same direction, as is 
the case for small angles of tilt in our sawtooth line. This result is an important 

control for the possible artifact that local retinal interactions may be responsible 
for the small angle assimilation effects reported in previous studies (Oyama, 
1975). 
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In the Zollner illusion, segments with a large angle of lilt usually induce the 
opposite direction of till in an overlaid test line. We have shown that it is not 
necessary to have a separate test line. The global orie1:11ation of the line formed 
by the segments themselves is similarly affected by the segment till. 

It 
0

may be noted that the original Fraser illusion (and our equivalent tilted letter 
illusion,. Fig. 31. 7) is more powerful than the segmented line version (Fig. 
31.3). This is probably due to relatively weak stimulation of cells with large 
receptive fields (as in Fig. 31.2) in the original illusion, as a result of the presence 
of both dark and light patches in the summation region of such receptive fields. 
With this qualification, both the Fraser and Zollner effects can be considered 
manifestations of the interaction between _oriented receptive fields of different 
sizes processing the same stimulus. 

b �· � 

i �I� � 
FIG. 31.7. Zollner (a) and Fraser (b) cliccls illusrratcd by segmented lcucrs. In 

the Zollner illusion the apparent orientation of each bar of the leners is in rhe 

opposire direc1ion as.lhe segments, which an: tilled a1 30° to the horizontal and 

vcnical bars. The till direction alternates in alternate lcncrs. For the Fraser dkct 
the segment lilt is at 10° 10 the bars. Nore the opposite directions of perceived tilt 
in the two cases. 

-
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Theoretical Model

In order to understand the tilt induction data in terms of psychophysical and 
neurophysiological information on orientation selectivity, they should be placed 
in the framework of a general model for the perceptual shifts. Our model is based 
on the idea that the induced shift is a function of the rate of change of inducing 
signal across the relevant perceptual dimension (which is orientation in the 
present case, but the analysis is generally applicable to any perceptual di
mension). 

To begin, we assume a population response of orientation channels similar to 
that suggested by Blakemore (1970), Anstis (1975), and Howard (1981), based 
on much neurophysiological (Hubel & Wiesel, 1962, 1968) and psychophysical 
(Campbell & Kulikowski, 1966) evidence. Each local region of visual space is 
processed by a set of cortical neurons with overlapping receptive fields, each 
tuned to a narrow range of o_rientation by means of the relationship of excitatory 
and inhibitory subfields. The half-bandwidth of these orientation tunings is from 
12-15° , assuming a Gaussian envelope for each tuning. For a stimulus of a given
orientation, the pattern of excitation across this array of orientation channels is
assumed to be proportional to the sensitivity of each channel at the stimulus
orientation. The pattern of excitation across a population of channels, therefore,
is also Gaussian with the same bandwidth as that of the individual channels.

In this study, we have explored the dimension of size as well as orientation 
specificity. Consequently, we must consider separate arrays of orientation chan
nels for different sizes of stimulus. What is the form of the interaction from small 
to large receptive field arrays of orientation channels, beyond the level of interac
tions that determine the orientation specificity of each channel? This higher level 
interaction might be purely excitatory (i.e., a form of direct crosstalk), it might 
be purely inhibitory, or it might be a combination of both excitation and inhibi
tion. (The question of corresponding interactions from the large to the small 
orientation channels is not considered in this chapter, because the observers 
judged only the orientation of the global configuration, not the local segments.) 
For simplicity, only two size tunings of orientation array were considered, but 
the argu�ent would apply equally across a range of sizes. In that ca�e, the 
interactions would be some function of the size difference between the tunings of 
arrays (as suggested by Fig. 31.6). 

We now analyze how tilt is affected by the interaction between arrays. Sup
pose there is an added pattern of excitation from the small orientatio? c�annel_s to
the large orientation channels. In the simplest case, this added excuation _m•�ht 
have a uniform slope (Fig. 31.8b). Such a slope will alter t�e resultant exc11a11on
pattern so as to shift the peak in the direction of increasmg amplitude _of the
added signal (Fig. 31.8c). We assume that perceived orientation of the sumulus
is determined by the position of the peak of the distribution of exc1tat1�n. Clear
ly, the degree of peak shift will depend on the slope of the added exc1tat1on. If
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the slope were zero, there would be no peak shift, whereas a steep slope would 
induce a large peak shift. 

How can the degree of peak shift be quantified? For purposes of mathematical 
simplicity consider that the population response profile is parabolic (dashed lines 
in Fig. 31.8) with a linear slope of added excitation. In this case the peak shift is 
directly proportional to the slope of added excitation, as derived in the Appendix. 
For a more realistic Gaussian distribution the peak shift is close to that of the 
parabola for shallow slopes and progressively deviates from proportionality as 
slope is increased. The amount of peak shift as a function of slope is shown for 
the parabola (dashed line) and the Gaussian (continuous line) in Fig. 31.8d. 
These relations are general, but the degree of peak shift for the case of orientation 
channels with a full bandwidth of 24° is shown on the ordinate of Fig. 31 .8d. It 
can be shown that even for the Gaussian, peak shift is a linear function of added 
slope within 10% for peak shifts up to 10° , which exceeds the range of induced 
tilts obtained in most studies ··of orientation interactions. 

Suppose the added excitation is also Gaussian. Since the addition of two 
complex distributions is analytically unwieldy, we detennine merely the degree 
of departure from the simple linear slope model. The pattern of added excitation 
being Gaussian rather than a linear slope will cause some further distortion in the 
peak shift function. However, this distortion can be neglected to the extent that a 
Gaussian distribution of added signal approximates a parabola. This is a good 
approximation for small peak shifts, as shown in Fig. 31.8d. 

This analysis of orientation interactions shows that the peak shift of the 
combined excitation pattern should be approximately proportional to the slope of 
the added excitation but of the opposite sign, because the shift is measured in 
terms of effect on the global orientation. Thus, 

0

in the orientation domain, the 
expected degree of peak shift should correspond to the inverse of the first deriva
tive of the added excitation distribution. 

Three possible effects of the added signal from the small orientation channels 
on the peak for the large orientation channels are diagrammed in Fig. 3 I . 9. If the 
interaction signal were purely excitatory, with a Gaussian distribution (Fig. 
31. 9a), the peak shift would first increase and then decrease back to zero tilt as
the orientation difference between the small segments and the global line in
creased from zero (Fig. 31.9b). (The opposite function for orientation dif
ferences in the other direction is indicated by the dotted line).

Thus for excitation only, the expected tilt function is a single-humped, posi

tive curve (solid curve in Fig. 31. 9b). Similarly, for inhibition only (Fig. 9c), the 

first derivative gives an expected tilt function in a single-humped negative curve

(solid curve in Fig. 31.9d). Neither case resembles the biphasic curve that was

obtained in Fig. 31.3 and Fig. 31.4 for the measured data. In order to match this

form, one needs the presence of both excitatory and inhibitory interactions, as

shown for the response function in Fig. 3 l.9e amffor its derivative, the expected

tilt function in Fig. 31. 9f. This last function is a good match to the qualitative

features of the measured data. An example of the theoretical fit to one set of data
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is shown in Fig. 31.5 (dashed line), derived as in Fig. 31.9. The parameters used 
for this curve are a half bandwidth of 8° for the excitation function and 16° for the 
inhibition function, with relative amplitudes of I :2.5 (as depicted in lower panel 
of Fig. 31.5). Allhough the fit is quite good, it should be mentioned that the four 
parameter fit allows other choices of parameter values with similar results. Thus, 
while the model is an acceptable description of the data, it should not be regarded 
as a unique solution. 

CONCLUSION 

This analysis suggests that the "assimilation" effect of the Fraser illusion is due 
to excitatory "crosstalk" between arrays of cells with small and large receptive 
fields and different orientation preferences. The Zollner illusion, on the other 
hand, is a resull of the inhibitory interactions between these same arrays of cells. 
The analysis is consistent wilh physiological recordings showing the existence of 
both size and orientation selectivity (Hubel & Wiesel, 1962), as well as interac
tions between orientation selective neurons (Blakemore & Tobin, 1972; Nelson 
& Frost, 1978). Funhermore it adds weight to previous psychophysical evidence 
for the interaction of orientation signals (Carpenter & Blakemore, I 973; 
Magnussen & Kunenbach, 1981 ). It appears that the signals conveying orienta
tion information are segregated as to size, although the effect of size is graded 
rather than abrupt, as was shown in Fig. 31.6. Funhermore, the analysis suggests 
that the inhibitory interaction has about twice the strength of the excitatory 
interaction. Thus, the segmented line approach may provide new insight into the 
mechanisms processing orientation, and suggest an analytic approach for use in 
other perceptual domains. 
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APPENDIX 

Derivation of Proportionality of Peak Shift to Slope of 
Added Excitation 

If the population response profile (y) with respect to orientation (0) is parabolic,

it has the equation: 

y = a - b0 2 (I) 

where a is an amplitude constant and b is the steepness parameter. 
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Adding an excitation signal with a constant slope (m), gives a resultant 
response profile of 

y = a - b!l2 + m!l (2) 

The peak of this distribution (!l) will occur at the orientation where its slope is 
zero, that is, 

This occurs when 

dy 
d0 = 0, !l = 0

d(a - b0 2 + m!l) = 0 d0 
m - 2b0 = 0 

(3) 

(4) 
(5) 

From equation 5 the peak orientation (0) is directly proportional to the slope 
of added excitation 

- mij = -2b (6) 
as shown by the dashed line in Fig. 30.8d. Similarly, for a Gaussian excitation 
profile the resulting distribution is 

y = e-b!J2 + m0 
The slope is zero when 

-2b!le-bll2 + m = 0
when 0 is small, e -blP = t 

• m and 0 = To , as before.

(7) 

(8) 

(9) 
Therefore, the peak shift for a Gaussian direct excitation function approxi

mates that of a parabola when 0 is small, as shown by the full line in Fig. 30.8d. 
We next show that if the added excitation has a parabolic profile, peak shift is 

proportional lo the orientation difference (A!l) between the population profiles. 
If the equation for the added excitation is 

y = c - k(8 - A!l) 2 

The resultant res_ponse distribution is 
y = a - b!l 2 + c - k(!l - M)2 

= a + c - b!l 2 
- k02 + 2k!JM - kA02 

(10) 

( 11) 
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For which 
dy = -2b0 - 2k0 + 2kA0d0 

When dy = 0 0 = 0d0 
and hence 

2(b + k) 0 = 2kA!l- k.i0 8 = -b + k

(12) 

(13) 

Thus the peak orientation shift (0) is directly proportional to orientation dif
ference (A0) between the two populations of orientation detectors, for any fixed 
values of the widths of response profiles (b and k). More importantly, it should 
be noted that the slope (m 11 ) of a parabolic added excitation is directly related to 
distance (AO) from the peak. 

Consider that, for y = c - k0 2 

m il
= :t = -2k!l 

When 8 = A0, m
11 = -2kM 

or 

We can substitute this into equation 13, giving 
- - m 6 = 2(b + Ilk) 

( 14) 

( 15) 

(16) 

Thus the peak shift (0) is directly proportional to the slope of added ex�ita
tion, at the peak of the direct excitation function. Since this result was obtained
both for a linear slope (equation 6) and a continuously varyingfunction (equation
16), it will be taken as a general result for well-behaved profiles of added
excitation, as long as the direct excitation profile approximates a parabolic fom1
(see Fig. 30.8d). 

In summary, the mathematical derivations indicate that the peak shift of the
resultant excitation function may be considered co be directly proportional to
Local slope of the added excitation function at the peak, for the class of well
behaved orientation tuning functions: 
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