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Abstract

Musory contours can be induced along directions approximately collinear
to edges or approximately perpendicular to the ends of lines. Using a rating
scale procedure we explored the relation between the two types of inducers by
systematically varying the thickness of inducing elements to result in varying
amounts of “edge-like” or “line-tike” induction. Inducers for our illusory figures
consisted of concentric rings with arcs missing. Observers judged the clarity
and brightness of illusory figures as the number of arcs, their thicknesses, and
spacings were parametrically varied. Degree of clarity and amount of induced
brightness were both found to he inverted-U lunctions of the number of arcs.
These results mandate that any valid model of illusory contour {ormation must
account for interference effects hetween parallel lines or between those neural
units responsible for completion of houndary signals in directions perpendicular
to the ends of thin lines. Line width was found to have an effect on both clarity
and brightness, a finding inconsistent with those models which employ only
completion perpendicular to inducer orientation.



Introduction

in two recent parametric studies of factors supporting iflusory contour formation, Ship-
ley and Kellman (1992a) and Banton and Levi (1992) reported that the rasio of the length
of an iHlusory contour to the entive length of a contour composed ol inducer segments and
illusory segments was a prime factor in determining the perceived salience of the illusory
contour. We say an illusory contour is supported where real luminance gradients specify its
location. Thus we refer to the ratio of “real to iHlusory-plus-real length” as the support ratio
of an illusory figure. Shipley and Kellman’s and Banton and Levi’s experiments employed
solid “pacman” inducers, consisting of dark discs with a quarter missing (Kanizsa, 1955).
Contour salience was found to be a monotonically increasing function of the support ratio
for stimull across a range of retinal size and inducer spacing. Our experiment employed
similar Hlusory squares, but each inducer was composed of a number of concentric circles
(with missing arcs), where both the width and number of lines {arcs) were varied.

In our study stimuli equivalent to those of Shipley and Kellman (1992a) and Banton and
Levi (1992} represented a Himiting case on the related dimensions of number of lines and
line spacing. While our findings confirm the importance of the variable {(support ratio) that
these researchers investigated for illusory contour salience, we found clarity of the itlusory
contour, as well as brightness of the induced square, to be an inverled-U funclion of the
support ratio rather than a monotonically increasing [unction. Further, a similar curve
was generated as a function of the number of lines. That is, unlike the findings of Petry,
Harbeck, Conway, and Levey {1983), who performed similar experiments with Ithrenstein
type stimuli, more lines are not always better. The type of parametric data generated by
these experiments are important in that they help to reveal the structure ol the underlying
mechanisms for illusory contour formation. The implications ol our findings {or the models
of Finkel and Edelman (1989), Grossherg and Mingolla {1985a,b, 1987a,b}, Kellman and

Shipley (19915 Shipley & Kellman, 1990, 1992a,b), and Peterhans, von der IHeydt, and
Bavmgariner (1986) ave discussed.

Background

In a series of important neurophysiological experimeunts probing the early stages of
Hlusory contour formation, von der Heydt, Peterhansg, and Bawmngartner {1984; Peterhans,
von der Heydt, & Baumgartner, 1986; Peterhans & von der Heydt, 1989; von der Heydt &
Peterhansg, 1989) found neural responses to stimuli that yield illusory contours in humans
in some V2 (hut not V1) cells of alert rhesus monkeys. On the other hand, cognitive factors
are undeniably important in modulating the strength of illusory contours, as demonstrated
by the eflect of perceptual set and memory on contour perception (Bradley & Petry, 1977;
Rock & Anson, 1979; Wallach & Slaughter, 1988). That single-cell responses to illusory
contours are present as early as V2, however, casts doubt on the necessity of postulating
a central role for cognitive factors in itlusory contour formation (Coren, 1972; Gregory,
1972 Kanizsa, 1979 Rock & Anson, 1979). On the psychophysical side, fHlusory and
real contours have been shown to play similar functional roles in several phenomena of
early vision, including tilt aftereffect (Smith & Over, 1975, 1976, 1977), apparent motion
{von Grunau, 197%; Ramachandran, 1986), orientation discrimination (Vogels and Orban,
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Figure 1: (a) Contour induction paralle] to edges (b) Contour induction per-
pendicular to line-ends

1987), and motion alterellect (Smith and Over, 1979; Weisstein, Maguire, & Berbaum,
1977), further supporting the hypothesis of a relatively early physiological instantiation of
illusory contour formation. Our experiment was designed to parameirically characterize
stimulus relations conducive to stronger (or weaker) illusory contour formation.

since the introduction of iflusory contours by Schumann in 1904, research in the monoc-
ular, static domain has centered on two basie types of of inducers of this illusion. The first
type, typified by the displays of Kanizsa {1955), consists of solid indncing elements con-
taining gaps consistent with an occluding figure of the same luminance as the background
(Figure 1a). Completion of the illusory contour occurs collinear to supporting edges of
the inducers, and we thus refer to this class of stimuli as “edge type”. The second class
ol inducers consists of thin, inducing lines perpendicular to the lusory contour as in an
Ehrenstein figure (Ehrenstein, 1941) or a phase shilted line grating (Coren 1972), and
thus will be called “line-end type” (Figure 1h). The fundamental question of our study
is whether mechanistic differences exist in the processing ol these two types of inducers:
edges and line-ends. The models of Finkel and Edelman (1989}, Grossherg and Mingolla
(1985a,b; 1987a,b}, Kellman and Shipley (1991), and Peterhans et al. (1986) make differ-
ent predictions in this regard, as we will explain. While illusory contours formed by edge
inducers almost invariably have greater support ratios than those formed by line-ends, the
latter often have a greater number of discreie regions of support, as Figure 1 indicates.

The juxtaposition of two such familiar figures as those in Figure T implicitly frames
a deep question, one which has to date received inadequate attention in the literature.
Do the two types of inducers differ fundamentally, so that distinct perceptual processes
measure their contribution to illusory contour formation on separate dimensions, or are they
extremes on some unitary dimension? If the lasier, how are values on thal dimension related
to strength of illusory contour induction? Grossberg and Mingolla {1985a,b, 1987a,b)
propose that the boundary completion process that underlies illusory contour formation is
intrinsically one of linkage of activity among neural units of similar orientational tuning
along a direction that is roughly collinear with the orientational tuning of the inducing
units. Their approach handles line-end induction, such as in Figure 1h, by asking: “How



can the end of a thin vertical line function as a (fat) horizontal edge?” The mechanism for
the generation of “end cuts,” reviewed later in this paper, produces signals in orientations
roughly perpendicular to the line end that are then treated in the same manner as signals
generated directly {rom horizontal image contrasts for the purposes of houndary completion.

The stances of Kellman and Shipley (1991), Finkel and Edelman (1989) and Peterhans el
al. (1986) to the question of the relation of edge and line-end inducers differ strikingly from
that of Grossberg and Mingolla. In these approaches the primary determinant of illusory
contour formation is the aligned termination of two or more contours that are themselves
perpendicular to the induced illusory contours. {See Figure 2.) The length or orientation
of fat edges that are collinear with induced illusory contours may be an important modifier
of induced brightness or illusory contour saliency, but the collinear edges are not logically
treated as inducers as such.’ Only line-ends or spatial discontinuities, such as corners of
huminance contours, play this role in contour formation.

That the few existing computational models dealing with illusory contour formation
should have such different assessments of the fundamental relation of edge and line-end
inducers spurred us to conduct an empirical investigation of refative efficacy of each inducer
in contour formation and brightness induction. Our strafegy was to construct figures with
varying degrees of line-end and edge induction by making inducing lines (curves) thinner or
thicker. For displays on a video display screen, a thin vertical line is rendered as a column
of {approximately rectangular) pixels. Treating this as the thinnest line in our experiment,
thicker lines were generated using additional adjacent columns of pixels. As a vertical line
grows thicker by this procedure, however, the horizontal hottom hecomes more edge-like
on larger and larger scales. That is, a recepiive field funed to horizontal image contrasts
would be directly stimulated at the end of the vertical line. By systematic exploration of
[amilies of illusory contour displays with differing proportions of line-end or edge induction,

we hoped to better understand the functional roles of the two types of inducing elements.

Concendric ring stimuli

In 1971 Varin presented a stimulus similar to the one depicted in Figure 3, converting
standard edge type inducers of a Kanizsa square to a number of line-end inducers by
replacing them with partial concentric circles. Several researchers have since reporéed on
the relative strengths of this type of lusory contours with respect to similar stimuli with
solid inducers. Halpern (1981) studied solid and conceniric Kanizsa figures, finding similar
illusory contour clarity and figure hrightness {or the two types of figures. In a comprebensive
comparison between a variety of configurations which give rige to illusory contours, Halpern,
Salzman, Harrison, and Widaman (1983) found a Kanizsa square with six-ringed inducers

Hn a poster presented at the 1992 Buropean Conference on Visual Perceplion in Pisa, Heitger, von der
Heydt, Rosenthader, Peterhans, and Kubler {1992) presented simulations of iilusory conteur formation that
ernploy a modification of the Peterhans el el (1986) model that is closer (o the Grossherg and Mingolla
{(1085a,b) model than to that of Paterhans cf al. Specifically, “para” groupings along the direction specified
by the orientations of edges are employed along with “orthe” groupings perpendicular to line ends, Pars and
ortho groupings appear to be computed as separate quantities, however, and are pooled for the purposes of
completion in proportions set by a free parameter - unlike the case in the Grossherg and Mingolla model,
where network dynamics determine the strength of perpendicular induction of groupings at line ends.
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Figure 2: (a) In the model of Peterhans, von der Heydt, and Baumgartner
(1986) signals for real and illusory contours additively converge at the same neuron
(X neuron). IHugory contours are generated by endstopped cells that lie along a line
perpendicalar to their preferred orientation. Pairs of these cells multiplicatively gate
one another before progressing to the unified real/illusory representation at the ¥
neuron. (b) End-stopped cells respond to the corners in a Kanizsa figure leading
to illusory contour formation. (Adapted with permission from Peterhans & von der
Heydt, 1989)

had a significantly lower clarity than a display with comparable solid inducers, Warm,
Dember, Padich, Beckner, and Jones (1987) found the two types of inducers comparable
in efficacy over a range of illuminations. In addition, evidence suggests that concentric
ring inducers can result in significantly greater iltusory brightening effects than their solid
counterparts {Frishy & Clatworthy, 1975; Varin, 1971).

The concentric ring Varin figure provides us with a vehicle {or testing the relation be-
tween line-ends and edges. Specifically, we can study the effect of varying the number of
Jines and the widths of these lines to determine the relative contributions of these factors
to the strength of illusory contours and the brightness of illusory figures. Figure 4 provides
examples of the type of stimuli used in our experiment. As described in detail in the Gen-

& @

Figure 3: Varin's line-end counterpari to the Kanizsa square
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Figure 4: Fxamples of stimuli employed in the experiment. Acinal stimuli were
produced on a computer monitor whose pixel resolution, 1280 by 1024, was coarser

than the resolution of the laser printer used to generate these images. Line widths,
namber of lines, and stimuli size {not depicted) were systematically varied.
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eral Discussion section, the models of Finkel and Edelman (1989), Grossberg and Mingolla
(1985a,h), Kellman and Shipley (1991), and Peterbans el of. (1986) predict different ef-
lects for these types ol configural variations. Although Finkel and Edelman, Kellman and
shipley, and Peterhans el al. do not treat the issue of the thickness of lines explicitly, their
articles appear to freat thin lines as if they possess a single discontinuity at their ends
and thick lines as if they possess discontinuitics at each corner of their ends. Altering the
width of lines should have little effect on perceived clarity or brightness, according to the
line-end or discontinuity models, until the lines are so thick that they have fwo functional
corners (or discontinuities). We can construct pairs of stimuli which have all their discon-
tinuities in the same absolute positions but different edge lengths, as Figuwre 5 indicates. If
discontinuities are indeed the only contributing factor to illusory contour formation, then
comparisons of clarity bhetween these “discontinuity equivalent” pairs provide a direct test
of the theory. In addition o this type of equivalence, we also may observe sets of “hgu-
ral equivalent” stimuli which differ only in retinal size, thus allowing us to determine the
validity of Shipley and Kellman’s (1992a) support ratio hypothesis for non-solid inducers.



Figure b: Inducing elements are said to be “discontinuity equivalent” if discon-
tinuities - line-ends and corners — fall in exacily the same place. Two pairs of such
stimuli are shown in thig figure, with the compound of each pair shown below to
indicate the equivalence.

Psychophysical studics of illusory conlour strength

Petry, Harbeck, Conway, and Levey (1983) performed a parametric study similar to
ours. As in our experiment Petry of ol varied the number and width of inducing lines to
determine the effect of such changes on the clarity and brightness of the resulting illusory
figure. Rather than Kanizsa figures (Ifigure 1a), however, the researchers employed Ehren-
stein figures (Figure 1h). Petry ef ol found that illusory brightness was an increasing
function of the number of inducing lines, while at the same time being an inverted-U func-
tion of support ratio (called “area™ by the researchers). That is to say, a certain support
ratio (approximately 0.4) yielded the brightest illusory figures and increasing the number
of lines while maintaining the same support ratio produced increased hrighiness. Clarity
was found to have significantly different dependencies than brightness. While the number
of lines had very little effect on the clarity, the support ratio had a positive correlation with
the clarity. Clarity increased with support ratio until about 0.4, ai which point it leveled
out and remained constant. Note that this clarity function differs from the linear rela-
tion observed by Kellman and Shipley (1992a} using edge inducers. Iy another study with
Elirenstein figures, Sambin (1985) found darity to be partially dependent on the number
of lines, monotonically increasing with this parameter to eleven lines, the largest number
tested. Petry et ol (1983} do note that clarity is somewhat dependent on the number of
lines when they are extremely thin, a fact which may reconcile these two findings since
Sambin’s lines were roughly one third as thick as the thinnest of Petry «f al.

There are [undamental differences between our experiment and that of Petry ef al
(1983}, While that study was an important parametric investigation, methodological con-
founds exist in their attempt to measure clarity of illusory contours. Using displays such
ag those of the Petry et ol study, if one were to hold the number of lines constant and
increase their widsh, the stimuli would eventually approach a reel circle as the support
ratio approached 1. In our experiment the same limit would result in a standard Kanizsa



configuration - still an Hlusory figure. Petry ef ol. used only a single radius in their ex-
periment, leading to a confounding of the effects of number of lines and line density and
between support ratio and absolute amount of support. Clarity measurements by Petry ef
al. were made between the inducing lines, while clarity measurements in our experiment
were always within the central gap. The inducers used in their experiments were not stérictly
lines, but rather lines truncated by the inner circular region such that thick lines had a
clear concavity at their ends. No attempt was made by Petry f al. to line ap corners and
line ends in different stimuli to make the stimuli “discontinuity equivalent”, and the use of
only one size rendered “figural equivalence” impossible to measure.

Experiment 1

Subjects

Five male graduate student volunteers participated in the experiment, ranging in age
from 23 to 33 years. These students were familiar with illusory figures, although all were
naive to the purposes of the experiment. All observers ad normal or corrected-to-normal
vision.

Stimali

Ixperiments were conducted on a Sun color monitor driven by a Sun SPARCstation 2.
Ohservers were seated comfortably approximately 1.5 meters from the screen, Observations
were binocular with observers allowed to move their head and eyes {reely. Stimuli were
pregented in the center of the screen with a mean background luminance of 4.10 cd/m? and
a 300 to 1 contrast of background to stimulus. The maximum variation in mean Jwninance
due to changes in line width was under 7 percent.

Sach display consisted of {our concentric-ring pacmen with varying number of lines and
line widths, examples of which are given in Figure 4. Three stimulus sizes were employed,
with inducer radii of 277, 55, and 1°5¢/, corresponding to radii of 32, 64, and 128 pixels.
The gap between inducers was always equal to the radius, leading to illusory squares of
side 19227, 2945 and 59317, For each radius inducers with 1, 2, 4, 8, 16, and 32 lines were
employed with widths of 0.9/, 2.6, 4.37, 7.8, 14.7, 28,5, 56.2', and 1*50’, corresponding
to pixel widths of 1, 3, 5, 9, 17, 33, 65, and 129. In addition, each inducer contained a
very small “anchor” pacman ol 2.6" diameter {3 pixels) to aid in corner localization (Day
& Jory, 1980; Minguzzi, 1987}, Livery combination of line width and munber of lines was
used for each radius, contingent on the particular pair being possible without line overlap
or gsignificant aliasing, caused by drawing arcs on a rectangular pixel grid. This implies
that for targer radii, more and thicker lines were used. These criteria led to a total of 62
stimull. Note that the iine widihs in pixels are powers ol two plus an additional one in
order to ensure that the ends of thin lines lay in the same position as the corners of thick
lines (ag in Figure 5) in the quantized monitor display. The above combinations led to 15
distinct discontinuity equivalent pairs in which line “corners” in the same locations and 15
figural equivalent triplets which differed only in retinal size.



Figure 6: Stimuli employed in the instructions to observers

Procedure

Observers were provided with the following instructions and visnal aids for the clarity
udgement task:

You will be presented with a number of stimuli and asked to rafe the strength of
a particular feature. Before you hegin the actual experiment, several example stimuli
will be shown in order to help define the feature that you will be asked to rate. [Figure
6a displayed] Many observers perceive a triangle in the center of this display. Even
though there are no real luminance gradients along parts of the boundary of this
triangle, it may be seen to have continuous sharp edges and may also appear brighter
than the hackground.

You will be shown stimuli similar to this and asked o rate the “clarity” of the
contour. By clarity is meant the sharpness or crispness of the edge of Lhe hgme.
Note that clarity is different from “brightness™, as the next two figures will help to
illustrate.

Figure 6b digplayed] In this figure you may also perceive a triangular form. While
the edge of the form has a certain degree of clarity, you probably will not perceive the
triangular form as noticeably brighter than the background. Many observers would
give this figure a low brightness rating and an intermediate clarity rating.

[Figure 6c¢ displayed] You may perceive a circular figure above which is brighter
than the background but does not have a distinet border. Many observers would give
this figure a low clarity rating and an intermediate brightness rating.

[ach stimulus that you are shown will have a gquare interior region. For each
stimulus you will be prompied for a clarity rating. Specifically, you are asked to rate
the clarity near the mid-points of the edge of the square. The clarity rating should
be a number between 1 and 9, with higher nwmbers meaning greater clarity. Try to
use the entire range of values over the course of the experiment. Ignore variations in
brightness of the figure and rate only the clarity of each figure’s edge.

For the hrightness estimation task, the following substitutions were made:

10



[In place of the 2nd paragraph above] You will be shown stimuli similar to $his
and asked to rate the “brightuess” of the figure with respect to its background. The
sharpness or crispress of the edge of the figure is referred to as its “clarity”. Note
that brightress is different from clarity, as the next two figures will help to illustrate.

[In place of the 5th paragraph above] Each stimulug that you are shown will have
a square interior region. Ior each stimulus you will be prompted for a brightness
rating. That rating should represent the brightness of the entire square region. The
brightness rating should be a number between 1 and 9, with higher nembers meaning
greater brightuess with respect to the background. Try to use the entire range of
values over the course of the experiment. lgnore the vartations in clarity of the
figure’s edges and rate only the brightness of the square interior region.

After verbally agcertaining that the observers understood the instructions thoroughly,
each observer progressed through the 62 stimuli at his own pace, with a 1.5 second blank
display Detween each estimation. Observers typically took less than 15 minutes to accom-
plish the 62 estimations, after which the process was repeated three more times, with the
estimated feature being switched from clarity to brightness (or vice versa) each time. The
initial feature was alternated hetween observers. Four such sessions, spaced over four days
yielded eight repetitions each for clarify and brightness.

Results and discussion

All observers showed similar distributions of responses across tasks and conditions. In
the ANOVAs with more than two degrees of freedom for experimental factors shown in
Tables 1 and 2 or reported in the text, between subject variance was never more than
40and was typically much less. Figure Ta depicis the pooled mean clarity as a function
of the line density, defined as the number of Hines per unit fength within the inducer, for
radius 128 pixels, with Figure Th depicting the mean clarity for a single observer along
with bars indicating the standard ervor. Bach line in these plots indicates a constant line
widih, leading to a family of overlapping curves. The corresponding curves for radii of 32
and 64 pixels have the same inverted-U structure, with Figure 7c showing the position of
the optimal line density for each radius ~ the position of the inverted-U peak. Repeated
measures Foratios were computed for differences in line density for each ol the curves
in Figure 7a, and all showed statistically significant differences in clarity ratings across
density conditions (p < 0.005 for all comparisons). Two out of five of the corresponding
comparisons were statistically significant for radius 64 displays. None of the comparisons
for radius 32 displays were statistically significant, though the curves contained far fewer
data points for this condition. Table 1 indicates all the I° ratios for both clarity and
brightness with line density as the variable factor and line width and radius held constant.
The inverted-U shape of these curves indicates thatl for ratings of clarity there is an oplinmal
number of lines (i.e. more is not always better). The optimal line density decreases with
increasing stimuli scale, but not so much as to remain consistent with a scaling hypothesis
in which gtimuli differing only in magnification would have constant clarity. For example,
while the radius quadruples, the opiimal density only halves, where such a hypothesis
would predict a quartering. The opfimal density at the smallest radius occurs when there
are two lines spaced 14.7" apart, while at the largest radius the opiimal clarity is observed

11
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Figure 7: (a) Clarity as a function of line density, pooled over five observers, at
radius 128 pixels (b) Clarity as a function of line density for a single observer (HR)
al radius 128 pixels. Bars indicate the standard error. {¢) Optimal line density as a
function of inducer radius

with four lines spaced at 28.5". Note that for the thinnest line (width of 1 pixel), clarity
continues to increase to the highest density measured, a trend which holds over all radii.,

Figure 8a displays pooled rzean elarity ratings as a function of line width at radius 128
pixels, with number of lines held constant. {Figure 8b plots means for one observer). While
the overlaid curves of the hne density plot (Iigure 7) might seem to indicate a minimal
width effect, this method of displaying the data reveals that clarity ratings gradual increase
to a plateau with increasing width, as in the experiments of Petry ¢t al. (1983). Differences
in mean clarity ratings across widths were statistically significant (p < 0.05) for comparisons
at all radii for most individual plots with more than two widths, The I ratios for clarity and
brighiness with line width as the variable factor and radius and line density held constant
are provided in Table 2.

Support ratio had an effect on clarisy, yielding inverted-U curves with increasing ratio,
but a strong effect of number of lines and radiug eliminases the simple linear increase in
clarity which Kellman and Shipley (1992a) observed with increasing support ratio. The
effect of radius can be observed in that of 15 figural equivalent triplets, differing only in
retinal size, differences in mean clarity were statistically significant (p < 0.05) in 6 cases
{primarily in those with few lines), all in the direction of decreasing clarity with increasing
radius. Indeed, there was a decrease in mean clarity with increasing stimulus scale (radius),
a finding supported by the work of Dumais and Bradiey (1976). In short, clarily is nol
constand for constant support ralio when the support is composed of mulliple line ends. The
optimal inducer had radius 128 pixels, 4 lines of width 9 pixels for a clarity rating of 6.7,
much greater than the 4.875 rating for the solid inducer figure of the same radius.



Table 1: ANOVA -~ Clarity and brightness for line density factor

Line  Degrees of Clarity Brighiness
Radins  Width  Freedom I Ratio  p< I* Ratio P <
32 1 Fapg 1.6277 5.2195 0.025
32 3 Fa o 0.8725 6.9251 0.01
32 5 Iy 2.1670 16.5366  0.005
64 1 ¥y16 1.7974 6.2301 0.005
64 3 Fy g 27893 - 17.8713  0.001
64 9 NP 6.0043  0.025 8.605881 0.005
64 9 I & 7.0458  0.025 20.2235 0.001
128 1 %5 90 9.1897  0.001 5.1625 0.005
128 3 Fy6 13126 0.001 10.6908  0.001
128 5 Fa g T.6088  0.005 11.8324  0.001
128 9 '3 14 0.4169  0.005 189767  0.001
128 17 Fog 5.563%  0.001 27.2158  0.001

Table 2: ANOVA - Clarity and brightuess for line width factor

Number Degrees of Clarity Brightness

Radius  Lines Freedom I Ratio  p < F Ratio P <
32 1 s 20 11.1240  0.001 4.2378 (.01
32 9 s 14 102396 0.005 83614 0.005
32 4 Fog 48842  0.05 0.6430
64 1 176 24 4.0239  0.01 r.rorr -
64 2 a6 10.6859  0.001 4.9959 0.01
64 4 | 3.6030  0.05 1.0079
64 8 Fag 0.0039 - 02875
128 1 177 08 45681 0.005 ].1466 0.005
128 2 s o0 6.6206  0.001 2.2083
128 4 e 51665 0.01 3.9239 (.025
128 & 173 99 1.3558 2.3042
128 16 Fog 0.1169 0.0995
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Figure 8: (a) Clarity as a function of line width, pooled over five observers, at
radins 128 pixels (b) Clarity as a function of line width for a single observer {HR) at
radius 128 pixels. Bars indicate the standard error.

The equivalent line density brightness plots are shown in Figure 9. Note the high
correlasion between clarity and brightness, as reported often in the literature (Petry eof
al., 1983; Watanabe & Oyama, 1988) As with clarity we observe an inverted-U with line
density /number of lines. A repeated measures ANOVA verilied the effect of line density
(Differences lor all comparisons with more than two densities were statistically significant,
p < 0.025). Again, the shift in optimal density observed with changing radius (which is
exactly the same as the shift depicted in Figure 7c¢) is not consistent with the simple scaling
hypothesis (differences in figural equivalent cases were statistically significant, p < 0.05, in
8 of the 15 triplets), with peaks in hrightuess occurring at the same line spacings as those
in clarity. For brightness the inverted-U is significantly more pronounced and is observed
even lor the thinnest of lines. The plots of brightness as a function of line width strongly
resemble those of the equivalent clarity plots, with the exception of a slight downward trend
for large widths, As with clarity the optimal stimulus did not consist of solid inducers (7.175
for 4 lines of width 5 pixels versus 4.375 for solid inducers). Thus the optimal brightness
oceurs ab a specific width and number of lines, with hrightness decreasing when either of
these parameters varies.

Figure 10 depicts brightness for each radius as a function of support ratio, defined for
this stimuli as the line width multiplied by the number of lines and divided by the twice
the radius plus the gap, with widih held constant. Again we observe little ol the monotonic
structure reported by Kellman and Shipley {1992a) for clarity with solid inducers, with a
clear effect of parameters other than the support ratio and an inverted-U shape for cach
line-widih curve containing 3 or more points. It is interesting to note, however, that a
single envelope can encompass the peaks of the curves at all scales. That is, for a given
support ratio we can describe the maximum brightness for any scale through reading off the
value on a smooth curve linking the plotted peaks, although the particular combination
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Figure 9: (a) Brightness as a function of line density, pooled over five observers,
at radius 128 pixels (b) Brightnress as a function of line density for a single observer
{1B) at radius 128 pixels. Bars indicate the standard error.

of number of lines and line widths required to achieve this maximum cannot be easily
determined. The implication of this finding is that the support ratio is indeed an important
factor, determining the maximum possible brightness of the illusory figure, but not the only
factor. Note also that overall mean brightness changed little with changing stimulus size,
consistent with the findings of Siegel and Petry {1991).

General Discussion

The data generated in our experiment are not inconsistent with that of Petry ef ol
(1983), but our stimulus manipulations afford several modifications of their conclusions
regarding illusory contour induction. Although iy our experiment brightness was roughly
monotonic with increasing line width, which can be mapped onto support ratio for constans
number of lines and radius, it did not increase monotonically with increasing number of
lines, as in the Petry of al. study. For many widths and radii, brightness started to decrease
with more than four lines. The minimum line spacing (maximum density) employed by
Petry et al. was approximately 17.7 minutes of visual arc, a spacing closer than used for
stimuli yielding peak ratings of brightness and clarity ratings in our study at radi of 32 and
64 pixels. Perhaps their line density was not quite high enough to observe the decreasing
region of the inverted-U, but more likely this difference resulted from: the types ol stimuli
used in the respective studies. Recall that they used an Ehrenstein configuration whereby
the addition of inducing lines would ultimately result in a “real” contour.

The clarity plots generated in our experiment resemble those ol Petry ef al. in that
clarity is an increasing function of line width o a saturating limit, but differed in that
the number of lines had a significant effect. While our data exhibited a clear inverted-U
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Figure 10: Brightress as a function of support ratio, pooled over five observers,
at each radius

with number of lines, theirs appears to be virtually flat. Our clarity data leads to direct
tests of the four models mentioned in the introduction. Specifically a model must he able
to explain the non-monotonicity of clarity as a function of the number of lines and the
increase of clarity to a plateau with increasing line width. Before assessing the capacity of
the models {0 explain these data, an account of each paradigm is provided.

The model of Finkel and Edelman (1989} has its rools in a preliminary model sketched
out by Peterhans, von der Heydt, and Baumgartner (1986}, In the latter model, endstopped
cells contribute to illusory contour formation in a direction perpendicular to their preferred
orientation, as Figure 2a depicts. Multiplicative gatings of many pairs of endstopped cells
lying along the same (perpendicular) line are summed, along with the output of a cell
whose preferred orientation lies along this line. In this manner a unified representation of
real and illusory contours is generated. Finkel and BEdelman {1989) add extra mechanisms
to the Peterhans of ol model {Figure 11) by first pooling endstopped cell activity over
similar orientations at the same location into a “wide-angle” representation, then specifying
that termination discontinuities - cues to occlusion — can arise only if at least three such
cell pools are active along a line perpendicular to the center {mean) orientation of these
wide-angle pools. Finally, perpendicular contour completion between termination disconti-
nuities occurs at the occlusion module. At the termination discontinuity level, activity can
he inhibited if the common termination module determines that some of the endstopped
activity 18 actually arising from a natural corner rather than a line termination. Finkel and
Edelman claim that their “reentrant” (feedback) system serves to mediate conflicts between
real and illusory contours, sharpening or eliminating contours as appropriate. The great
importance of line terminations as occlusion indicators for scene segmentation is the hasic
tenet of Finkel and Edelman’s model. The structure of the resulting model mandates that
Hlusory contour formation is mediated only by these terminations. Thug in their model il-
fusory contours formed by edge inducers must resuli {rom endstopped activity arising from
termination cell activity at the corners of inducing elements, as Figure 2b indicates for the
simpler model of Peterhans et ol
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Figure 11: The model of Finkel and Edelman (Adapted with permission from
Finkel & Idelman, 1989)

Kellman and Shipley (1991) have faken the line-end argument a step further, claiming
first order spatial and spatiotemnporal discontinuities ag the generating features of illusory
contours. These discontinuities can lead to iflusory contour formation if they are “relat-
able”, that is, if they satisly certain constraints concerning the intersection of the extensions
of lines perpendicular $o the inducing line or corner, as indicated by Figure 12. The de-
gree (o which discontinuities are refatable determines the contour strength, a hypothesis
supported by several recent experiments (Shipley & Kellman, 1992b). As in the Finkel
and Edelman model, edge type illusory contours are induced by the discontinuities at the
corners of the inducing elements (IYigure 2b). Shipley and Kellman (1992a) present data
indicating that contour clarity is a linear function of the support ratio over a range of 0.3 o
0.8, where the length of the supported region and the length of the unsupported region were
varied independently. Banton and Levi {1992) veport a monotonic, but non-linear, rela-
tion. By scaling the size of their stimuli, with inducers and gaps increasing proportionately,
Shipley and Kellman showed that clarity is a fixed function of support ratio over a range
of absolute stimulus sizes. Their support ratio theory holds that for a given illusory figure
size, more support results in higher clarity. Shipley and Kellman note that altering the
retinal size of a stimulus has no bearing on its clarity since the support ratio is preserved, a
finding at odds with that of Dumais and Bradley (1976), who found decreasing clarity with
increasing retinal size. However, Dumals and Bradley used a significantly larger range of
retinal gizes than Shipley and Kellman, with an overlap only at the two smallest sizes. A
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Figure 12: In the model of Kellman and Shipley (1991) illusory contour formation
only takes place if the inducing discontinuities are relatable. This occurs when the
extensions s and sy of the lines perpendicular to the discontinuity intersect with
an oblique angle, such as they do in (a). There is no relatability in (b) because the
intersection of sy and sy is acute. (Adapted with permission from Kellman & Shipley,
1991)

related property, whereby neural units interact with other neural units in a topographically
mapped array over distances that are proportional to the degree ol “lan-in” of inputs to the
units themselves is referred to as selfsimilarily by Grossherg (1987). In other words, cells
“responsible for” responding to properties such as oriented contrast in small regions may
interact with other like cells over small neighborhoods, where cells responding fo oriented
contrast in large regions may interact with their counterparts over correspondingly lavger
neighborhoods. Shipley and Kellman (1992a; Kellman & Shipley, 1991} note that the sup-
port ratio should he incorporated into the mechanmcs of the illusory contour interpolation
process, but provide no further computational details.

Grossherg and Mingolla (1985a,h, 1987a,b) propose the existence of two parallel sys-
temns, a Boundary Contour System {BCS) responsible for establishing houndaries of objects,
and a Feature Contour System (IFCS) for establishing the color and brighiness of these ob-
jects. The BCS represents the orientation of boundaries at every position and thus it is
within the BCS that the completion required for illusory contour formation occurs. 1§
should be noted that in Grossberg and Mingolla’s approach the visibitity of illusory figures,
including induced brightness, involves the FCS as well. Ag Figure 13 indicates, the first
stage of the BCS involves an array of oriented contrast detectors at each spatial location.
In the second stage, cells with opposite contrast are pooled to yield a contrast independent
boundary representation.

Because units (“cells”) sensitive to orlented image contrasts may be activated by stimuli
falling anywhere within their extended receptive fields, a degree of positional uncertainty is
inevitably present in the distribution of responses of fields of such units. This uncertainty
becomes acute during the processing of line-ends and corners. For this reason Grossherg
and Mingolla posit the existence of competitive mechanisms designed to overcome uncer-
tainties of local measurement. These processes establish “end cuts” at the end of each line
~ activity at cells with orientation perpendicular to the line. The competition is divided
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into two stages. In the first competitive stage cells with the same orientational preference
in neighboring locations compete, functionally generating “endstopping” in the sense that
“survivors™ of the competition will tend to respond most strongly to the ends of lines or
corners. In the second competitive stage cells at the same location but different orienta-
tions compete. End cuts are generated by the combination of these two competitions as
follows. Strong vertical activations along the edges of a vertical line inhibit the weaker acti-
vations near the line end. In turn, these weakened vertical activations disinhibit horizontal
activations near the end of the line, thereby generating the perpendicular end cut.

The final stage in the BOS is that of long range completion. In contrast with the
previous researchers, Grossherg and Mingolla believe completion oceurs in directions ap-
proximately paralle! to the orientation preferred by the “inducing” units of the second
competitive stage, rather than in directions perpendicular to the orientation preferred by
“inducing” endstopped cells. The second competitive stage of the BCS could be said to
render “explicit” the perpendicular “potential for completion” at the ends of lines. To
accomplish the completion, hipole filters with bowtie-shaped receptive fields take inputs
from gpatially digparate cells with orientational preferences whose receptive field centers
fall roughly along a common line. Field, Hayes, and Hess (1993) have recently referred
to such a mechanism as an “association field.,” A bipole cell only fives if both sides of its
receptive field are excited. These cells feed back to earlier stages, providing orientational
information to locations where no “hottom-up” signals supported by image contrast exist.
Both edge-type and line-end inducers excite orlented cellg, but for the former bipole cells
use the oriented activity along the edge directly for completion, while for the latter it is
the end cuts generated by the first and second competitive stages which are employed for
cornpletion. Note thab the long range AND completion employed by Finkel and Edelman
(1989) can he accomplished by a bipole cell, as can a measure similar to the relatability of
Kellman and Shipley (1991).

The interaction between low-level oriented cells in the model of Finkel and Fdelman
(1989) is purely cooperative in nature. This implies that we should observe no fundamen-
tal {qualitative} change in the computation of iflusory contour salience as inducing lines
approach one another. That is, more and more endstopped ceils (and wide-angle pools)
become active as the inducing lines get closer to one another. H the lines have significant
width then we might also expect oriented cells lying perpendicular to the inducing elements
to respond. The completion process does not explicitly take into account the number of
active wide-angle pools or termination discontinuity units, but a greater number of ac-
tive nodes might result in a more robust illusory contour representation at the occlusion
module. Asg line density increases the Finkel and IBdelman model appears to predict af
least a steady level of activity, in contradiction to our data. Since there 38 no mechanism
to incorporate edge information, other than “standard” oriented celis that play no part in
contour completion, it is also difficult to see how the effect of line width on contour clarity
within the central gap can be explained by their model.

Kellman and Shipley’s model (1991) is more phenomenological than mechanistically
specified, go 1t 18 impossible to say exactly how their system would react to increasing
line density. A straightforward application of their ideas, however, would seem to indicate
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Figure 13: The BCS/T'CS model of Grossberg and Mingolla (1985a,b, 1987a,b)
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Figure 14: (a) In the Dobbins, Zucker, and Cynader (1989) model, endstopping
15 achieved by subtracting the activity of a cell with large receptive fietd from a cell
with a smaller receptive field having the same orientational preference and position.
Compare this with the depiction of the (singly) endstopped cells of Figure 2a, where
no inhibition ig depicted along the sides of the receptive field. (b) Short lines will
cause the endstopped cell to respond while extended lines will result in no activity.
(¢} The addition of a short, parallel line impinges on the larger receptive field but
not on the smaller, causing a decrease in net activity. {d) The first competitive
stage of the BCS (Grossherg & Mingolla, 1985a,h) can be viewed as a functionally
similar alternative to the mechanism of part (a). Isotropic inhibition hetween oriented
{anisotropic) detectors yields endsiopping.

that an increasing number and density of discontinuities should not interfere wilh or hinder
contour formation as long as the additional discontinuities occur along the same relatability
lines, as in the stimuli of our experiment. Indeed it seems that global relatability would
ingrease as more and more contour information was provided. The linear, monotonically
increasing relation between contour clarity and support ratio claimed by Kellman and
Shipley (1992a) for solid inducers does not, however, hold for our experiment. Instead,
clarity is an inverted-U as a function of the support ratio and there is an independent
effect of number of lines. That is, figures made up of different combinations of number and
thickness of lines (but the same support ratio) often induce different clarity ratings.

One might argue that an inverted-U would result if there were some type of interference
in line-end/discontinuity detection due to lines being too close together. Whether inter-
ference will occur depends Jargely on the structure of line-end detector being employed.
A line-end detector must by definition have inhibitory lobes which prevent the unit {rom
being active when a line or edge passes completely through its receptive field. Dobbins,
Zucker, and Cynader (1989) have proposed a computational model in which endstopping
i realized by the inhibition of cells with small receptive fields by those with larger recep-
tive fields located in the same position with the same orientational preference. Figure 14a

2]



schematically depicts the receptive field of an endstopped cell resulting from such a process.
Note that the actual mechanism employed by Dobbing ef ol s a non-linear combination
of the output of two cells with complex receptive fields, and thus Figure 14a represents a
marked simplification of their concept. By subtracting large scale activity from small scale
activity, a response occurs for short Hnes which fall entirely within the smaller receptive
field but not for extended lines which pass completely through this field, as Figure 14b
indicates. Note that Figure 2a depicts a different conception of endstopping. The issue
of relevance to the present discussion is not one of “single” versus “double” endstopping,
however. In both cases unit activity will be decreased whenever any stimulus impinges on
the inhibitory region of the endstopped cell. Figure 14¢, however, shows how, in a model
along the lines of Dobbins ef al. ~ but not in the scheme of Figure 2a - the addition of
a neighboring parallel line can decrease unit response. A more explicit lateral inhibition
is posited in the derivation of endstopped cells by Heitger, Rosenthaler, von der Heydt,
Peterhans, and Kubler (1992). Can this interference effect be used to explain our data?

Remember that the peaks of our inverted-U clarity curves occurred at relatively large
line spacings with respect to line widths. Since individual lines are clearly resoivable (i.e.
each line appears clear and distinet, in terms of both position and sharpness) there must
exist cells with receptive fields sufficiently small to register each line clearly and indepen-
dently. It seems unlikely, in the Dobbins el al. (1989) paradigm, that inhibitory lobes for
endstopping at this small scale would extend out to the distances for which we observed
interference effects. More probable is that there exist cells of multiple spatial scales (King-
dom & Moulden, 1992; Grossberg & Mingolla, 1985a,b; Watt & Morgan, 1985). Detectors
with small receptive ficlds would be able to resolve individual lines, but neighboring lines
would interfere with the response of endstopped detectors with larger fields. H discontinu-
ities and line-ends (and thus illusory contour formation) were determined primarily at the
larger scales, then an inverted-U with increasing density might in fact be observed with
the Dobbing el al. endstopping mechanism,

We can think ol the first competitive stage in the BCS of Grossherg and Mingolia
(1985a,b, 1987a,b} as a functionally similar alternative to the endstopped detector model
of Dobbing et al. (1989}, Compare Figure 14d, which depicts the first competitive stage of
the BOS, with Figure [da. In the BCUS, as parallel lines approach one another, competition
between like-oriented cells at neighboring locations would tend to weaken the responses
to these lines in the first competitive stage (Figure 14d). The subsequent competition
between orientations at the same location would then yield much weaker end cuts than
would otherwise occur. Parallel completion would result in less salient contours due o these
weaker end cuts. Since the inducing lines are veridically perceived - there are no visible
interference eflects - this process cannot oceur at a very small scale and so we must here too
invoke the notion of multiple spatial scales of detectors — or rather multiple scales of BCS
mechanisims. The interaction between scales in the BCS has been described in discussions
of disparity tuning, depth, and figure-ground separation (Grossberg, 1987, 1992). Note
that the converse effect of small scale information disturbing contour formation has long
been known — inducer features such as the shape of ends of lines can have a profound effect,
on contour strength (Ehrenstein, 1941; Kennedy, 1988).
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The models of Finkel and Edelman (1989), Kellman and Shipley (1991), and Peterhans
el al. (1986) are insuflicient to explain the effects observed in this experiment, while
that of Grossberg and Mingolla (1985a,b, 1987a,h) may have the necessary mechanisms to
explain our experimental data but presently lacks sufficient parametric specification of their
interactions. In any case, our data appears to require that interference hetween parallel lines
must oceur at some point in any successhul model of iltusory contour formasion. Interference
may result either from a competitive mechanism or from the tendency of dense, parallel
Hines $0 inhibit endstopped cefl activity. Since the discontinuity models include cells whose
primary purpose is illusory contour formation, those models could be elaborated {o include
long range competition between only these endstopped/discontinuity cells. Interference
might he observed i illusory contour formation while perception of the inducing lines
would remain unchanged.

Badcock and Westheimer (1985a,h) studied the positional repulsion and attraction ef-
fects of thin (half a minute of visual arc) parallel lines in vernier hyperacuity and found
such lines affect one another over a hroad range, with repulsion dominating for separa-
tions of over 4 minutes of arc, and attraction dominating for like-conirast lines at closer
distances. The repulsion was observed to extend out to 12 minutes of separation - the
maximum distance they tested. Although the lines used by Badcock and Westheimer were
thinner than the thinnest employed in our experiments, their experiments show that there
can be interference effects between distant parallel lines, even though the appearance of
the limes themselves remains unchanged. It is important to note that the range of line sep-
arations over which repulsion effects were observed in the Badcock and Westheimer study
overiaps the range of separations between inducing lines in our experiments. 1t is plausible
to assume that similar repulsion effects were present for our stimuli. I the hypothesis of
sell-similarity (Grossherg, 1987) holds, then repulsion effects for thicker lines may extend
even further than the ranges measured by Badcock and Westheimer {or thin lines.

The brightness effects observed in conjunciions with illusory figures remain virtually
untouched by the modeling community. The role of conventional brightness conirast in
establishing usory brightness has been well studied in the domain of edge type inducers
(Brigner & Gallagher, 1974; Halpern, Salzman, Harrison, & Widaman, 1983) but such con-
trast plays little part with line-end type inducers. As early as 1975 Frishy and Clatworthy
were hypothesizing the effect of “brighiness buttons” at the ends of lines, a hypothesis
taken up by Kennedy (1978a, 19785, 1988) and others (Day & Jory, 1980; Grossherg &
Mingolla, 1985a,h, 1987a,b; Jory & Day, 1679). This eflect is often relerred to as dissimi-
lation (Jory & Day, 1979). Increment threshold tests by Jory (1987) confirm an increased
sensitivity in the region at the ends of Hines. Moulden and Kingdom (1989) have posited the
exigtence of a similar dissimilation in explaining White’s effect (White, 1979) and proposed
a mechanism for accomplishing it. The effect of dissimilation on illusory brightness has
heen widely accepted, but has yet to find its way into any fully specified models.

The BCS/FCS of Grossherg and Mingola {1985a,b; 1987a,b) is the only model of the
three that directly addresses the problem of brightness, but it provides no mechanism
capable of providing the iHlusory brightening of “buttons” at line ends. Recently, however,
Gove (1993) has developed just such a mechanism in his dissertation research on extending

23



Figure 15: Ilusory contour in the absence of luminance discontinuities perpen-
dicular to the direction of completion. The luminance of each inducer falls ofl in space
as a Gaussian function such that background luminance is reached at a distance one-
third of the way to the nearest inducer, leaving long central gaps of homogeneous
luminance. The gradual fall-off in inducer luminance eliminates the sharp corners
which discontinuity-based theories require for edge type completion, as in Figure 2b,
yet clear illusory contours are perceived spanning the homogeneons central gaps.

the BOS/ICS architecture.

Dissimilation elfects require the existence of orientationally sensitive brightness contrast
mechanisms such as the simple version proposed by Frishy and Clatworthy (1975). The
non-monotonicity of hrightness with increasing line density implies that an interference
mechanism similar to that in the carity case must be present. The strong similarities
between clarity and brightness effects ~ peaks at roughly the same line density - raise the
possibility that the same system is responsible for hoth effects.

Proponents of discontinuity theories might find support in the nearly monotonic imcrease
in clarity to a plateau level observed with increasing line width (for a given number of lines).
Ag a line thickens it progresses from a single functional discontinuity to two discontinuities
(corners). For discontinuity models, alter a certain thickness no additional width will aid
in contour formation since the number of discontinuities is fixed at two. The saturating
aspect of our line width plots (Figure 8) is thus consistent with these theories.

Discontinuity theories can also be compared with our data on the subset of stirnuli that
are discontinuity equivalent {(Figure 5). An analysis of the clarity of the 15 discontinuity
equivalent via repeated measure ANOVA cases shows statistically significant differences
(p < 0.05) in 4 cases, with the mean clarity of the wider-fined stiruli elways being higher
than that of its discontinuity partner. It appears, although not unequivocally, that cor-
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ners and line-ends differ in their efficacy as discontinuities. Although neither Finkel and
Edelman (1989) nor Kellman and Shipley {1991) have claimed exact equivalence of such
discontinuities, they have made no statements about their relative efficacy, tending to treat
them interchangeably. In general, it is clear that strict discontinuities in luminance, in the
sense of lines or edges perpendicular to completed iliusory contours, are not required for
illusory contour formation. Figure 11.1 of Shapley and Gordon (1987) displays a disk of
homogeneous Juminance on a background containing a shallow gradient, whose luminance
exactly matches that of the disk along the latter’s vertical diameter. This figure, and a
different one involving shallow Juminance gradients described in the iext of page 177 of
Grossberg and Mingolla (1985a), evoke the perception of contour completion in the ab-
sence of perpendicular inducing contours, although the objection could be raised that the
gap to be completed is narrow. Figure 15, however, depicts long illusory contours that
cannot be explained by discontinuity theories. The luminance of each inducer is defined
by a Gaussian fall-off in space, such that there are no sharp corners analogous to those of
Figure 2 which are capable of triggering discontinuity detectors.

Conclusion

‘Phrough experiments involving a parametric study of stimuli consisting of combina-
tions of edge type and line-end inducing elements, we have measured the elfects of several
configural determinants on illusory contour formasion. Both clarity and brightness exhibit
an inverted-U with respect to number of fines (and line density) and an increase to a
plateau with increasing line width. Although the upward sloping part of the inverted-U
as a funciion of line density is reconcilable with several existing models of illusory contour
formation, the downward slope which occurs with Turther increases in these parameters
is not {ully explained by any current model. We helieve, however, that extensions of the
Boundary Contour System of Grossberg and Mingolla (1985a,b, 1987a,h) offer the best
possibility of quantitatively fitting our data. Our psychophysical data mandate that any
valid model must include interference effects between paraliel lines or hetween those neural
units responsible for completion of boundary signals in directions perpendicular to the ends
of thin lines. Finally, the significant effect of line width on contour clariby is inconsistent,
with any model which employs enly completion perpendicular to inducer orientation.

While investigations of illusory contours have long been dominated by presentations
of compelling examples or counterexamples for theories, our study helps to extend the
parametric understanding of ihe processes of illusory contour formaftion. Computational
models of llusory contour formation have only been proposed within the last decade. We
believe that the next phase of research should include the parametric testing of these
models on analogs of stimuli shown to human observers, so that a deeper understanding of
the mechanisims of early vision can emerge.
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