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In the present study, we tested the ability of our computational model of the filled-space illusion to account for data collected in
experiments with stimuli comprising single-dot distractors. In three sets of experiments, we investigated this illusory effect as a function
of distance between the distractor and lateral terminator of the reference spatial interval of the three-dot stimulus. We found that the
model calculations properly predicted all of the observed changes in magnitude of the illusion for stimuli with a single distracting dot
placed both within and outside the interval, as well as, for stimuli with two distractors arranged symmetrically relative to the lateral
terminator. To additionally test the model, in a fourth set of experiments we performed psychophysical examination of the conventional
Oppel-Kundt stimulus with a different number of equally spaced dots subdividing the filled part. Adequate correspondence between
the computational and experimental data supports our assumptions concerning the origin of the filled-space illusion.
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INTRODUCTION

The filled-space illusion refers to perceptual over-
estimation of the length of a stimulus area filled with
some contextual visual elements in comparison with an
equivalent area that is empty. This visual phenomenon
has been systematically studied for almost two centu-
ries; however, at present there is no consensus about
its origin. Although there are numerous modifications
of the filled-space illusion, researchers have tradition-
ally examined the metric distortions evoked by stimuli
of the Oppel-Kundt type (Fig. 1D). In the Oppel-Kundt
stimuli, there is a striking non-monotonic dependence
of the effects of the illusion on the number of discrete
filling elements. Previous studies (Obonai, 1933; Spie-
gel, 1937; Piaget and Osterrieth, 1953; Coren et al., 1976;
Noguchi et al., 1990; Bulatov et al., 1997; Deregowski
and McGeorge, 2006; Wackermann and Kastner, 2010;
Giora and Gori, 2010; Mikellidou and Thompson, 2014)
demonstrate that a stimulus with a certain number of
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evenly distributed identical fillers induces a consider-
ably stronger illusion than stimuli with irregular fill-
ers (Lewis, 1912; Noguchi, 2003) or continuous filling
(Bailes, 1995; Bertulis and Bulatov, 2001). Interestingly,
there is a substantial reduction in the Oppel-Kundt illu-
sion in response to stimuli that are filled with elements
that differ in shape or size (Obonai, 1954; Oyama, 1960;
Wackermann and Kastner, 2009; Wackermann, 2012a),
absolute luminance contrast (Bulatov and Bertulis,
2005), and color contrast under isoluminant conditions
(Surkys, 2007). At the same time, the magnitude of the
illusion has been shown to increase with figure/back-
ground luminance contrast (Long and Murtagh, 1984;
Dworkin and Bross, 1998; Wackermann, 2012b). Many
additional factors have been shown to affect the mani-
festation of the illusion. For instance, the magnitude of
the illusion varies with the temporal duration of stim-
uli (Bailes, 1995; Dworkin and Bross, 1998), such that
magnitude decreases with shorter stimulus presenta-
tions (Bertulis et al., 2014). The effects of the illusion
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are also considerably weaker in subjects who make
voluntary saccadic eye movements during stimulus ob-
servations (Coren and Hoenig, 1972). Gaze fixation near
the center of the filled portion of the stimulus leads to
a significantly stronger illusion than when the gaze is
directed towards the center of the empty spatial inter-
val (Piaget and Bang, 1961).

Attempts to explain the filled-space illusion have
resulted in various theories that are not as numerous
as in the case of, for example, the Miiller-Lyer illu-
sion. These theories are primarily concerned with the
effects caused by stimuli of the Oppel-Kundt type. Ac-
cording to the “psychophysical theory” proposed by
Taylor (1962), the emergence of the filled-space illu-
sion is associated with perceptual discriminability of
the distance between different stimulus elements. In
particular, if the stimulus elements are clearly discrim-
inable then the apparent distances between them in-
crease (thus, evoking the illusion). If the elements are
not clearly discriminable, in contrast, then the distanc-
es may decrease. However, as noted by the author him-
self, this explanation requires additional assumptions
that are not clearly defined, and include information
from all available sources that an observer uses when
making length judgments (Taylor, 1962). Another ap-
proach (Bertulis et al., 2014) suggests that the illusion
may be related to perception of stimulus continuity. In
particular, neural excitations individually evoked by
fillers form a continuous path of activation (Smits et
al., 1985; Beck et al., 1989; Field et al., 1993; Kojo et al.,
1993; Hirsch et al., 1995), and the spatial extent of the
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Fig. 1. Examples of stimuli used in the present study. The three-dot (t, tc,
and ty) stimuli with a single distractor placed either outside (A) or inside
(B) the reference interval. Two distracting dots (C) are presented symmet-
rically relative to the lateral stimulus terminator. R and T, the length of the
reference and test interval, respectively; d, the distance between distrac-
tor and terminator; ¢, the coefficient determining the position of gaze fix-
ation, X. (D) The conventional Oppel-Kundt stimulus with equally spaced
distracting dots. For illustration purposes, the distractors are displayed
in grey shading. However, in experiments, white stimuli (luminance of all
the dots, 75 cd/m?) were presented against a dark round-shaped back-
ground (5° in diameter and 0.4 cd/m? in luminance).
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activation determines the occurrence of the illusion. In
contrast, the “contour density” hypothesis (Craven and
Watt, 1989; Watt, 1990) considers the role of the num-
ber of zero-crossings (i.e., a measure of discontinuity)
of the spatial profile of neural excitation in modulating
the Oppel-Kundt illusion.

Together with qualitative explanations of the ef-
fects of the filled-space illusion (i.e., without at least
minimal description of corresponding computation-
al method), a number of quantitative theoretical ap-
proaches have been developed to account for the ac-
cumulated experimental data. Ganz (1966) suggested
that lateral inhibition causes specific changes in the
profiles of neural excitation, which may result in a per-
ceptual repulsion of adjacent stimulus elements, there-
by inducing the Oppel-Kundt illusion. Several investi-
gators have applied the attraction/repulsion formal-
ism of the electrical potential theory (Eriksson, 1970),
or methods of “logarithmic information integration”
(Erdfelder and Faul, 1994) into model calculations; oth-
ers use functions that were composed to fit the exper-
imental results (Wackermann and Kastner, 2010). As
an example of another quantitative approach, a more
physiologically plausible computational model of spa-
tial-frequency filtering that involves properties of re-
ceptive fields of neurons in the primary visual cortex
(Bulatov et al., 1997; Bulatov and Bertulis, 1999; 2005).

Recently, a preliminary quantitative model of the
filled-space illusion was proposed (Bulatov et al.,,
2017) to determine whether perceptual positional
biases induced by spatial pooling of context-evoked
neural excitation are powerful enough to account for
data obtained from experiments with stimuli com-
prising the continuous filling. The model calculations
closely matched data collected using varied parame-
ters of the horizontal three-dot stimulus (e.g., either
length of a contextual line segment filling the refer-
ence interval, or the length of the reference interval
while maintaining fixed length of the filling segment).
In addition, the model was successfully applied to ac-
count for data acquired in experiments with conven-
tional Oppel-Kundt figures. Although the proposed
theoretical approach may be overly simplistic, the
model provides a unified explanation for the exper-
imental results accumulated for stimuli comprising
both continuous and discrete filling elements, and
thereby provides an interesting and potentially fruit-
ful heuristic to guide further research. We assert that
a more thorough exploration of illusion characteris-
tics for a wider range of stimulus modifications can
shed new light on issues concerning the features of
the effect under study. More thorough study can also
be helpful for developing a more comprehensive theo-
retical description of the illusion.
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The aim of the present study was to further devel-
op our model of the filled-space illusion. We examined
whether model equations can be used to fit to experi-
mental data obtained with the most elementary stimulus
comprising single-dot distractors (Fig. 1). To this end, we
performed three sets of psychophysical experiments to
quantitatively determine the illusory effect as a function
of distance between the distractor and lateral terminator
of the reference spatial interval of the three-dot stimulus.
In the first two sets of experiments, we used stimuli that
comprised a single distracting dot placed either outside
(Fig. 1A) or inside (Fig. 1B) of the reference interval. In the
third set of experiments, a stimulus with two distractors
arranged symmetrically relative to the lateral terminator
(Fig. 1C) was used. To collect data on the conventional
Oppel-Kundt stimulus (Fig. 1D), which consists of a vary-
ing number of equally spaced dots, a fourth set of exper-
iments was performed with the same group of observers.
The use of elementary stimuli made up of dots distribut-
ed along a single axis allowed us to reduce the number of
unknown interfering factors and consider only the sim-
plest one-dimensional effects of the filled-space illusion.
This simplification facilitates the subsequent theoretical
interpretation of the experimental results.

2 2
X +Yy

- 2
S(p, k, s) =ffe(kp+s)dxdy=z(kp+ s) =ao(p, & s),

where k represents the slope and s represents the inter-
cept of the linear regression of the standard deviation,
o(p,k,s) of the Gaussian function of attentional window.
To provide initial amplitude-independent conditions,
this model assumes the procedure of the normaliza-
tion (in our case, simple scaling the input excitation
amplitude to the range 0-to-1) of neural activity that
is known to play an important role in information pro-
cessing at different levels of the nervous system (Reyn-
olds and Heeger, 2009; Olsen et al., 2010, Carandini and
Heeger, 2012; Vokoun et al., 2014).
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An interesting consequence of this assumption is
that the illusion should manifest for stimuli where-
in the distracting dot is placed both outside (Fig. 1A)
and inside (Fig. 1B) of the reference interval. The il-
lusion should be approximately twice as large in the
case of two distractors (Fig. 1C) arranged symmetrical-
ly with respect to the lateral terminator. This is due
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Description of the model

Despite the long history of investigations and large
amount of accumulated experimental data, there is
still insufficient evidence to identify the specific neu-
ronal mechanisms responsible for the emergence of the
filled-space illusion. In our previous study of stimuli
with continuous filling (Bulatov et al., 2017), we pro-
posed a simple computational model that represents
hypothetical visual procedure of a weighted spatial
pooling of neural excitations within limits of some at-
tentional windows. According to the model, the process
of length judgments is concerned with neural calcula-
tions based on information about visual coordinates of
terminators of stimulus’ spatial intervals (Bulatov et
al., 2005). This information is subsequently encoded
by the magnitude of integrated responses of relevant
attentional windows, which are centered at the termi-
nators. Assuming the same parameters for the circular
Gaussian profiles of neural excitation and attentional
window (which linearly increase in width with retinal
eccentricity), the magnitude (S) of the response evoked
by a single dot presented at eccentricity (o) can be eval-
uated as follows:

(1)

In addition, the presence of a contextual distractor in
the vicinity of the stimulus terminator can be considered
to be a source of an additional distorting signal (S,44). Due
to increased cumulative response of relevant attentional
windows, S,4adds perceptual bias in the assessment of the
coordinates of this terminator and thus causes misjudg-
ments in a length-matching task. Assuming that increased
signaling is interpreted by the visual system as a shift in
perceived localization (i.e., S(p+8,k,s)=5(p,k,s)+S,44), the bias
(8) evoked by the distractor can be easily derived from
formula 1 and assessed as follows:
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to the roughly symmetrical spatial pooling of neural
excitation within the terminator-related attentional
window.

Accounting for the effects of varying gaze direction,
the two-dimensional spatial profile of additional exci-
tation evoked by distracting dots can be described by
the positive part of the function:
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where ¢ is the coefficient determining the position of
gaze fixation (Fig. 1); R and d represent the length of
the reference interval and the distance between the
lateral terminator and distractor (i.e., distractor shift),
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respectively; I, and I, are the binary coefficients defin-
ing the presence (I=1) or absence (I=0) of corresponding
distractor. In turn, the positive part of function 3 can
be obtained using the following formula:

P(x, y,d k 5,€) = F(x, y, d k 5,£)H(F(x y,d,k, 5,8)). @)

where H(.) represents the Heaviside step function.
Adhering to the assumption regarding the same pa-

rameters for Gaussian functions of relevant attentional

windows and excitation profiles, the magnitude of the
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Similarly, the cumulative response from the atten-
tional window (A.) centered at the terminator (t.), can
be evaluated as follows:

cumulative response from the window (A;) centered at
the lateral terminator (t;) of the reference interval can
be therefore evaluated (Fig. 2A) as follows:

2 2
X+

y
DR ks Hay ©

(x-R) +y

Z,(d,k 58) = S(RE k) + [[ APCx 3.,k 5,8)ddy = S(RE i ) + ffe”(’*f *)p(x, yid. ks, E)dxdy.  (6)

Of note, by determining the location of the ze-
ro-crossings of function 3, the integration procedure
can be easily performed analytically. However, the re-
sulting expressions are too long and do not provide any
additional information that warrant presentation in
this manuscript.

Next, according to formula 2, the magnitude of the
illusion (i.e., overestimation of the length of the filled
reference stimulus interval in comparison with that of
the empty test one) as a function of the distance (d)
between the lateral terminator and distracting dot can
be described using the following formula:

JZ.(d,k 5,8) - S(R(1-£), & 5)

A(d k5, 8.8) = 0, + Bsign(§)9, =
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where sign () represents the sign function for the coef-
ficient &, Of note, coefficient £ is positive in the case of
the gaze fixated within the reference interval, and neg-
ative for instances in which the fixation is within the
test interval. The value of the coefficient (B) depends
on the pattern of involuntary eye movements and
gaze fixation during perceptual judgment and deci-
sion-making (Krauzlis et al., 2017), and reportedly falls

en(e) JZ.(d, k 5,8) -/ S(RE, &, 5)
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between the values of 0 and 2. The presence of a dis-
tractor within the reference interval causes bias (§.)
in the central terminator that changes the perceived
length of both the reference and test intervals of the
stimulus. In cases wherein the subjects hold their gaze
fixed within one of the intervals (either reference or
test), the observed bias is the sum of two contributions
(each with the same sign) that influence the magnitude
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of the illusion. In those cases, the value of the coeffi-
cient B can reach 2. In contrast, if the subjects’ gaze is
approximately equally allocated to each of the inter-
vals, then the contributions of the central terminator
bias largely compensate each other. Equal gaze alloca-
tion should therefore result in a coefficient B that is
around zero.

1=n+l1

Qx ynks =3

where n represents the number of filling dots; and R is
the length of the interval. Next, the spatial profile of
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The proposed principle of model calculations can
be extended to some other patterns with different spa-
tial structures. For instance, in the case of the stimu-
lus with equally spaced dots in the reference interval
(i.e., the conventional Oppel-Kundt figure, Fig. 1D) the
corresponding two-dimensional profile of neural exci-
tation can be described as follows (Bulatov et al., 2017):
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additional signaling can be evaluated using the positive
part of the following function:
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where M(nk,s,) is used to normalize neural excitation
and represents peak values for function 8; unfortunately,
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an assessment of these peak values can be performed only
numerically. The following steps in calculations are iden-
tical to those given in formulas (4) - (7).

Fig. 2 shows the calculated alterations of the illu-
sion magnitude as a function of the distractor shift. The
model calculations predict a relatively simple shape
of curves with a single maximum (Fig. 2B) for stimu-
lus that comprises a single distracting dot positioned
outside the reference interval. As can be seen from the
graphs, the magnitude of the maximum and its loca-
tion depend considerably on the gaze direction (the
value of coefficient, &). This dependence is also true for
stimuli both with a single distractor placed within the
reference interval (see Fig. 2C) and two dots located
symmetrically with respect to the lateral terminator
(Fig. 2D). However, the shape of the calculated curves
becomes more complex due to the appearance of addi-

Fig. 2. Diagrams illustrating the model calculations. (A) The dotted curve
represents the normalized profile of excitation caused by the lateral
(located at 0) and central (located at R) stimulus terminators. Solid and
dashed curves represent the profiles of additional excitation, caused by
two symmetrically arranged distractors located at -d and d. This excitation
is related to attentional windows centered at the lateral and central termi-
nators, respectively; X, represents the position of gaze fixation. The model
predictions, provided in formula 7, define the magnitude of the illusion as
a function of the shift of distractors placed outside (B, gaze fixation param-
eters: £=0, solid; §&=0.5, dashed; §=-0.5, dash-dot; 3=0), or inside the interval
(C, gaze fixation parameters: &=0, solid; §=0.1, dashed; §=-0.1, dash-dot;
3=0.5), or arranged symmetrically (D, gaze fixation parameters: £=0, solid;
£=0.2, dashed; §=-0.2, dash-dot; B=1). Calculations used the slope (k=0.2)
and intercept (s=5 arcmin), which specify the linear dependence on eccen-
tricity for the standard deviation of the Gaussian profile of attentional win-
dows. Length of the reference interval (R) was equal to 60 arcmin.
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tional extremum points or plateau when the distractor
approaches the central terminator, given that the illu-
sion magnitude also depends on perceptual biases of
the central terminator.

For the sake of simplicity, our model considered
only the simplest ways of viewing the stimuli. This is in
contrast to real experimental conditions, wherein the
observations occur without any strict limitations re-
garding the direction of gaze fixation, saccades, atten-
tional shifts, etc. Since the values of the perceptual bi-
ases caused by contextual distractors strongly depend
on retinal eccentricity of stimulus elements, the illu-
sion magnitude may vary with shifts in the direction
of the observer’s gaze. Nonetheless, we expected that
model calculations and measured values of the illusion
magnitude would be correlated, on average.

METHODS
Apparatus

The experiments were carried out in a dark
room (surrounding illumination <0.2 cd/m?). A Sony
SDM-HS95P 19-inch LCD monitor (spatial resolution
1280x1024 pixels, frame refresh rate 60 Hz) was used
for stimulus presentation. A Cambridge Research Sys-
tems OptiCAL photometer was applied to the monitor
luminance range calibration and gamma correction.
A chin and forehead rest was used to maintain a con-
stant viewing distance of 330 cm (at this distance each
pixel subtended about 0.3 arcmin). An artificial pupil,
which is an aperture with a 3 mm diameter of a dia-
phragm placed in front of the eye, was applied to re-
duce optical aberrations.

Stimuli were presented in the center of
a round-shaped background of 52 in diameter and
0.4 cd/m? in luminance. Of note, the monitor screen
was covered with a black mask with a circular aperture
to prevent observers from being able to use the edges
of the monitor as a vertical/horizontal reference. For
all stimuli drawings, the Microsoft GDI+ antialiasing
technique was applied to avoid jagged-edge effect.

Stimuli

The stimuli used in the experiments consisted of
three horizontally arranged dots (diameter, 1 arcmin;
luminance, 75 cd/m?), which were considered to be
terminators (t;, t., and t;; see Fig. 1) that specified
the ends of the reference and test stimulus intervals.
The length of the reference interval (R) was fixed at
60 arcmin.
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In the first three set of experiments, the distance,
(d, the independent variable) between the distracting
dot (diameter, 1 arcmin; luminance, 75 cd/m?) and the
lateral terminator (t;) was varied randomly from 0 to
60 arcmin. In the first and the second set of experi-
ments, a single distractor was placed outside (Fig. 1A)
and within (Fig. 1B) the reference interval, respective-
ly. In the third set of experiments, two distracting dots
were presented symmetrically with respect to the lat-
eral stimulus terminator (Fig. 1C).

In the fourth set of experiments, the reference
interval (length, 60 arcmin) was filled with a set of
equally spaced dots (diameter, 1 arcmin; luminance,
75 cd/m?) according to the conventional Oppel-Kundt
pattern (Fig. 1D). The number of filling dots varied ran-
domly from 0 to 30.

Procedure

To establish the functional dependences of the illu-
sion magnitude on different spatial parameters of the
stimulus, we used an adjustment method. During the
experimental run, subjects were asked to manipulate
the keyboard buttons “<="and “—" to move the lateral
terminator (t;) of the test interval to a position that
makes both stimulus parts perceptually equal in length
(see Fig. 1). The physical difference between the lengths
of the test and reference intervals (T-R) was considered
as the value of the illusion magnitude. A single button
push varied the position of the terminator by one pixel,
corresponding to approximately 0.3 arcmin. The initial
length differences between the stimulus intervals were
randomized and distributed evenly within a range of
+10 arcmin.

Subjects were encouraged to maintain their gaze on
the central stimulus terminator; however, observation
time was not limited and eye movements were not re-
corded. Each experimental run consisted of two types
of stimulus presentation condition. In the first condi-
tion, the reference (i.e., filled) interval was presented
on the left side of the stimulus. In the second condi-
tion, the reference was on the right side of the stim-
ulus. Trials from different conditions were randomly
interleaved to minimize effects of the left/right visual
field anisotropy, and to reduce stimulus persistence.
An experimental run consisted of 124 stimulus pre-
sentations. During each run, 31 different values of the
independent variable for each stimulus condition were
presented twice each, in a pseudo-random order. Each
observer carried out at least five experimental runs on
different days. The method of least squares was used
to fit the experimental data (genfit function, Matlab
MathWorks).
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Subjects

Data were collected from four experienced human ob-
servers (UL, AK, LE, and RV) who previously took part in
similar psychophysical studies. The subjects (with the ex-
ception one of the authors, UL) were naive with respect to
the purpose of the study, and all had normal or correct-
ed-to-normal vision. To provide more standardized view-
ing conditions (for example, eliminating potential effects
related to binocularity), the right eye was always tested
irrespective of whether it was the leading eye or not. All
subjects provided their informed consent before taking
part in the experiments performed, in accordance with
the ethical standards of the Declaration of Helsinki.

In addition, stimuli from the first three sets of
experiments were tested with a group of inexperi-
enced observers; in particular, University students
(19-21 years of age, five females) during their elective
course of cognitive psychology. However, the experi-
mental conditions for these subjects were significantly
less strict. In particular, we used: free binocular view-
ing under standard classroom illumination; no fixation
of head position; and an average eyes-to-monitor dis-
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tance of about 70 c¢m, resulting in an angular length
of the reference stimulus interval of approximately 280
arcmin, Therefore, the data collected in inexperienced
observers are mostly illustrative.

RESULTS
Experimental data

The aim of the first set of experiments was to deter-
mine quantitatively the magnitude of the filled-space
illusion as a function of distance between the lateral
terminator and a single distractor placed outside the
reference spatial interval. As can be seen from the
graphs shown in Fig.3, experimental results from all
subjects yielded curves of similar shape. The illusion
magnitude rapidly increased to its maximum value
(5-8 arcmin), with increasing the distance between the
terminator and distractor up to about 12-16 arcmin. Af-
terwards, the magnitude decreases gradually to about
0-2 arcmin for contextual distractors positioned at the
distance of 60 arcmin from the lateral terminator.
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Fig. 3. The illusion magnitude as a function of shift of a distractor placed
outside the reference interval. Solid curves represent the least squares fit-
tings of function 10 to the experimental data (circles); dash-dot curves de-
pict confidence intervals of the fitting; error bars represent + one standard
error of the mean (SEM). Subjects: UL, LE, AV, and RV.

Fig. 4. The illusion magnitude as a function of shift of a distractor placed
inside the reference interval. Solid curves represent the least squares fit-
tings of function 10 to the experimental data (circles); dash-dot curves de-
pict confidence intervals of the fitting; error bars represent + one standard
error of the mean (SEM). Subjects: UL, LE, AV, and RV.
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In the second set of experiments, a single distract-
ing dot was placed within the reference interval, and
its position relative to the lateral terminator randomly
varied from 0 to 60 arcmin. According to model predic-
tions, we expected functional dependence, with param-
eters similar to those obtained in the first set of exper-
iments. We expected the only difference from the first
set of experiments to be that the curves may become
more complex due to the appearance of additional ex-
tremum points or plateau (due to putative perceptual
biases of the central stimulus terminator). As shown
in Fig. 4, across all subjects, the illusion magnitude
quickly increased and reached a maximum (4-8 arcmin)
at the distance between distractor and terminator of
about 15-18 arcmin. Thereafter, the illusion gradually
weakened and its magnitude approached zero when the
distracting dot coincided with the central terminator
of the stimulus. In some cases (e.g., subject AV), the
slope of the experimental curve clearly decreased and
remains close to zero for distractor positions ranging
from 40-55 arcmin (i.e., when approaching the central
stimulus terminator).
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Distractor shift, min arc

Fig. 5. The illusion magnitude as a function of shift of distractors that are
arranged symmetrically relative to the lateral terminator. Solid curves rep-
resent the least squares fittings of function 10 to the experimental data
(circles); dash-dot curves depict confidence intervals of the fitting; error
bars represent + one standard error of the mean (SEM). Subjects: UL, LE,
AV, and RV.
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In the third set of experiments, two distracting dots
arranged symmetrically with respect to the lateral
stimulus terminator were used (Fig. 1C). Of note, the
distance between the distractors and the terminator
randomly varied from 0 to 60 arcmin. As expected via
model predictions, for all the subjects, the experimen-
tal curves (Fig. 5) showed that the magnitude of the il-
lusion was almost two times larger than what was ob-
served in the first two sets of experiments. In addition,
for three subjects (UL, LE, and AV), we observed a ten-
dency for some plateaus to emerge on the experimental
curves; a plateau is evident when the distractor, placed

Illusion magnitude, min arc
(4]
1

Illusion magnitude, min arc

Number of filling dots, n

Fig. 6. The results of the fittings of the model function to the experimental
data. In the upper graphs, the symbols represent grand means of the indi-
vidual subject data, pooled across all four subjects. Grand mean data are
shown as a function of shift of the distractors placed outside (triangles) or
inside (closed circles) the reference interval, or arranged symmetrically rel-
ative to the lateral terminator (squares). In the lower graphs, the symbols
represent the magnitude of illusion as a function of number of filling dots
in the reference part of the Oppel-Kundt figure. Subjects: UL (squares),
LE (triangles), AV (crosses), and RV (circles); grand means of the individual
data for all four subjects (closed circles). Dash-dot curves represent the
fittings of function 10 to the experimental data; error bars depict + one
standard error of the mean (SEM).
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within the reference interval, approaches the central
stimulus terminator.

To assess general trends of the results for the en-
tire group of the observers, we calculated overall (i.e.,
grand) mean curves (Fig. 6, upper) from the individual
experimental data. Relatively small SEM grand means
values (e.g., not exceeding 0.37, 0.42, and 0.64 arcmin
for data collected in the first, second, and third set of
experiments, respectively) suggests similarity across
individual experimental data sets.

The fourth set of experiments was conducted with
the same group of observers to establish the depen-
dence of the filled-space illusion magnitude on the
number of filling dots (i.e., conventional Oppel-Kundt
illusion), and additionally evaluate the applicability of
our model. The experimental data curves are shown in
the lower portion of Fig. 6. These curves are similar to
those observed in previous studies of the Oppel-Kundt
illusion (Coren et al., 1976; Bulatov et al., 1997; Dere-
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lllusion magnitude, min arc

0 100 200
Distractor shift, min arc

Fig. 7. Dependency of the illusion magnitude on the shift of distractors. In
the graphs, dashed curves with different symbols represent the individual
effects for seven subjects as a function of the shift of distractors placed
outside (upper), or inside the reference interval (middle), or arranged
symmetrically relative to the lateral terminator (lower). Thick solid curves
represent grand means of the individual subject data. The length of the
reference stimulus interval equal to 280 arcmin.
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gowski and McGeorge, 2006; Wackermann and Kastner,
2010; Wackermann 2012a; 2012b). When the number of
dots increased up to about 4-6, the magnitude of the il-
lusion quickly reached a weakly expressed region of the
maximum, and then slightly decreased to a relatively
constant value (8-12 arcmin), with further increas-
ing of subdivision density. Similar to data collected in
the prior set of experiments, a grand mean curve was
calculated from individual experimental results (see
Fig. 6, lower, closed circles). The SEM grand mean curve
values did not exceed 0.88 arcmin.

As noted in the Methods section, stimuli from the
first three set of experiments were additionally test-
ed with a group of inexperienced observers (University
students). As can be seen from Fig. 7, there are relative-
ly large inter-individual differences in the grand mean
curves. Despite this large variation, the experimental
data are similar to those shown in the upper graphs
of Fig. 6, obtained in experienced observers. Although
only qualitative, the similarity in curves obtained be-
tween inexperienced and experienced observers is fur-
ther confirmation of our model.

Data fitting

The model calculations of the illusion magnitude
are associated with use of a considerable number of
free parameters (i.e., k, s, §, and P in formula 7) that re-
late to gaze fixation and the size of relevant attentional
windows. Unfortunately, free parameters can signifi-
cantly affect the reliability of theoretical predictions.
Therefore, to examine performance of our model when
the number of free parameters is reduced, we used sev-
eral sequential steps to fit the data from different sets
of experiments. Given that the highest number of in-
fluencing factors corresponds to the data obtained in
the third set of experiments (with two distracting dots
presented simultaneously), we fit those data (shown in
Fig. 5) with the following function:

I(d)=C+A(d, ks, p). (10)

Of note, the function has five free parameters,
wherein C refers to a constant shift along the ordinate
axis, and A(dk,s,¢B) represents function 7. The val-
ues obtained for each subject for k and s were used in
model fittings for the data collected in the second set
of experiments (Fig. 4). Of note, there were three free
parameters in function 10: C, ¢, and f. Thereafter, only
two free parameters (C and &) were used in fittings of
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the data (Fig. 3) collected in the first set of experiments
(Fig. 3), given that we did not need to take into account
effects associated with the central attentional window
(i.e., p=0). These processes were repeated on the grand
mean data (Fig. 6, upper).

There was good correspondence in results of com-
putational and experimental analyses (see Fig. 3-5, sol-
id curves). Indeed, the coefficient of determination (R?)
in all cases was higher than 0.86 (Table I).

To more thoroughly examine goodness-of-fit, we ap-
plied the Shapiro-Wilk test, which test the normality of
residuals (Table I). For each calculated curve, a matrix
of partial derivatives of the model’s function was mul-
tiplied by the residual mean square. These data allowed
for an additional evaluation of the goodness-of-fit by
calculating confidence intervals for predicted values at
each point along the range of the independent variable
(see Fig. 3-5, dash-dot curves).

Table I. The resulting parameters of fitting Eqn. 10 to experimental data.’
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As noted in the model description section, an assess-
ment of peak values for function 8 can be performed
only numerically; therefore, we used a manual fitting
procedure on the data collected with the Oppel-Kundt
stimulus. We used data collected in the third series of
experiments to set the values for k and s of function 10.
The free parameters in this function (C, &, and ) were
manually adjusted within physiologically reasonable
ranges to obtain the highest coefficient of determina-
tion (R? Fig. 6B, lower, dash-dot curves; Table I).

DISCUSSION

The proposed relatively simple theoretical approach
does not claim to be a comprehensive explanation for
the mechanisms underlying the emergence of the
filled-space illusion. However, the model calculations

Subjects
Stimulus type Parameters
UL AV RV Grand mean
c 0.25+0.46 -0.14+0.58 -0.33£0.44 -0.5+1.4 -0.47+0.52
k 0.22+0.02 0.19:0.02 0.20.01 0.17+0.03 0.19:0.01
s 6.690.67 5.33+1.73 7.07+1.02 6.74+2.25 5.96+1.08
Zymmet”ca' 13 0.54+0.07 0.27+0.17 0.4£0.09 0.03£0.26 0.2740.11
istractors
B 0.73+0.22 0.69:0.5 0.6£0.3 0.28+0.57 0.86+0.39
R 0.97 0.98 0.93 0.98
W, Py, 0.97,0.58 0.99, 0.96 0.95,0.19 0.98,0.86 0.94,0.11
c 0.10.27 0.59+0.39 1.1240.45 0.59+0.65 0.36+0.35
£ 0.17+0.08 -0.080.11 0.03:0.13 0.03+0.19 -0.13+0.09
:?::itgzcmr B 0.2310.2 0+0.18 0.39+0.24 0.15£0.21 0+0.16
R 0.92 0.87 0.88 0.93
W, P, 0.97,0.61 0.96, 0.34 0.96,0.35 0.97,0.59 0.94, 0.07
c 0.430.3 -0.17+0.29 0.69+0.49 -0.11£0.55 0.290.23
Distractor 13 0.65+0.05 0.58+0.05 0.56+0.08 0.39:0.09 0.5£0.04
outside R 0.95 0.89 0.93 0.98
W, P 0.99, 0.97 0.98,0.91 0.96, 0.34 0.95,0.13 0.98, 0.44
c 0 -0.17 -0.78 -0.25 -0.53
3 0.54 0.4 058 0.62
Oppel-Kundt B 1.34 1.8 1.9 1.7
R 0.87 0.85 0.91 0.92
W, P, 0.98,0.79 0.95,0.2 0.97,0.57 0.99,0.95 0.98, 0.91

'C (min of arc), a constant component; k and s (min of arc), the slope and intercept specifying eccentricity scaling for the standard deviation of the Gaussian profile of attentional
windows;  and B, coefficients determining the gaze fixation parameters; R?, coefficient of determination; W and Py, the Shapiro-Wilk test statistic and p-value, respectively.
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offer reasonable values of the illusion magnitude and
also follow closely reported changes in the illusion in-
duced by changing stimulus parameters. The data col-
lected from the entire observer group demonstrate that
the theoretical predictions fit all variations of the illu-
sion magnitude as a function of distance between the
lateral terminator and distracting dots placed outside/
inside the reference spatial interval (Figs 3-5; Table I).
Our results also confirmed the applicability of our mod-
el to data collected in experiments with conventional
Oppel-Kundt figures that consist of a varying number
of filling dots (Fig. 6, lower; Table I). Thus, our data are
consistent with the idea that the context-evoked in-
crease in neural excitation induces biases in perceptual
localization of stimulus terminators, and these appar-
ent displacements may be one of the main causes of the
filled-space illusion (Bulatov et al., 2017).

According to our model, the magnitude of the illu-
sion depends strongly on the size of terminator-relat-
ed attentional windows and relevant profiles of neural
excitation. These parameters are directly associated,
in turn, with the gaze-fixation pattern during stimulus
observation. This feature makes our approach in line
with the following statement by Robinson (1998, p. 168)
in his comprehensive review of visual illusions: “to be
successful, a theory must deal with eye movements and
fixation and must either show what contribution they
make or demonstrate that they are irrelevant”. On the
other hand, our model considered only the simplest
forms of stimulus observations with single fixations.
Nonetheless, even for simple forms, accounting for
observed effects significantly complicates the calcula-
tions and requires a considerable number of free pa-
rameters to fit the experimental data.

We acknowledge that the proposed theoretical ap-
proach is simple, and represents only an initial step
towards a more elaborate quantitative description of
the phenomenon under study. For instance, one of the
most important assumptions used in the calculations is
related to the procedure of normalizing neural activity.
In the model, we implemented an extremely straight-
forward method of signal scaling between 0 and 1. Most
of the literature, in contrast, uses a more complicated
procedure of a “divisive normalization” (Reynolds and
Heeger, 2009; Olsen et al., 2010; Carandini and Heeger,
2012; Vokoun et al., 2014). At the same time, the pro-
posed simple method of normalization can be justified,
in part, by experimental data showing a “switch-like”
feature of responses of a certain populations of neu-
rons in the optic tectum and superior colliculus (My-
sore et al., 2011; Jagadisan and Gandhi, 2014). The other
critical simplification in our model is in regards to the
assumption of shape circularity, and the coincidence of
dimensions of Gaussian profiles of attentional windows
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and relevant neural excitation. In addition, the mod-
el does not take into account the potential skewness
of the profiles, along the radial direction in the visual
field (Ottes et al., 1986). Concerns regarding the shape
of the profile do not appear to be crucial in the case of
the most elementary one-dimensional stimuli. Howev-
er, the shape of the profile can significantly impact the
results of calculations for more sophisticated filling of
two-dimensional illusory figures.

In addition to the simplifications mentioned above,
our model did not consider a variety of concomitant neu-
ral processes that may influence the assessment of the
parameters of the filled-space illusion. For example, the
model practically was not concerned with issues related
to spatial-frequency filtering, that begins at the lowest
anatomical levels of the visual system. Similarly, the role
of top-down control from higher-order brain regions is
beyond of the scope of the present modeling. In addi-
tion, it is important to note that we attempted to imple-
ment centroid biases in our calculations, to account for
putative manifestation of the modified Miiller-Lyer illu-
sion (Bulatov et al., 2009; Bulatov et al., 2010). A direct
algebraic summation of the effects presumably caused
by stimulus contextual filling and the effects caused by
processes of automatic centroid extraction yielded sig-
nificantly exaggerated values compared to the illusion
magnitudes obtained from experiments. Nevertheless,
after some examination of computational procedures, we
have found that the Muller-Lyer effects can be account-
ed for via additional modifications of input parameters
to the proposed model of the filled-space illusion. How-
ever, unfortunately, these modifications substantially
complicate the existing equations. Accordingly, one can
assume a certain hierarchy in spatial information pro-
cessing wherein misjudgments caused by contextual fill-
ing can be regarded as systematic measurement errors
of a “ruler” that is used to assess the metric properties
of excitation profiles already altered by processes of au-
tomatic centroid extraction.

Our data collected with different stimuli support
the idea that spatial pooling of context-evoked neural
excitation is one of the main causes of the filled-space
illusion. In particular, for a relatively small number
of filling dots (n=1-4) in the Oppel-Kundt stimulus, it
can be supposed that the profiles of neural excitation
caused separately by each filler do not likely show
significant overlap. Therefore, according to formula
2, the resulting illusion may be considered simply to
be the sum of approximately independent contribu-
tions from each distracting dot. Thus, the strength of
the Oppel-Kundt illusion (i.e., the fourth set of exper-
iments) with low-density filling should not differ sig-
nificantly from the sum of the magnitudes of the illu-
sion evoked by a single distractor presented at corre-
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sponding positions within the reference interval (i.e.,
the second set of experiments). It is noteworthy that
implementation of the suggestion yields quite compa-
rable values for the grand mean data from the fourth
(3.99£0.63, 7.81x0.58, 10.3+0.88, 10.88+0.86 arcmin for
the number of fillers equal to one, two, three, and four,
respectively) and second set of experiments (3.10.31,
7.07+0.47, 9.64+0.58, 12.8+0.61 arcmin for relevant sum
of the magnitudes), evidenced by a Wilcoxon signed
rank test (Z=0.365, P=0.875).

A number of experimental studies of visual crowding
in humans indicate that a limited resolution of spatial
attention largely underlies the phenomenon wherein
subjects are unable to identify features of objects in vi-
sual clutter (Cavanagh and Holcombe, 2007; Fang and
He, 2008; Strasburger et al., 2011). Several authors have
stressed that one of the key properties of crowding is
associated with uncertainty in spatial localization of
objects that are closer to each other than the critical
spacing, which, in turn, is proportional to retinal ec-
centricity (Pelli et al., 2004, Strasburger, 2005). Since
our model of the filled-space illusion is based on the
idea of objects interacting within the limits of some
attentional windows that increase in size with eccen-
tricity, we assert that it is reasonable to compare the
parameters related to the limited resolution of spatial
attention from the present study with the relevant
data on crowding reported in the literature. It should
be pointed out that this comparison is extremely for-
mal, and concerns only the issue for spatial scaling
across eccentricity without any assertions regarding
the common ground for neural mechanisms underlying
the illusion and crowding. In their experimental study
of crowding, Strasburger and Malania (2013) identified
a particular target-flanker distance wherein the num-
ber of crowding-related spatial localization errors is
maximum. Interestingly, this distance scales with ec-
centricity in a linear manner with the values of slope
and intercept equal to 0.188 and 4.2 arcmin, respec-
tively. Remarkably, these data are in good agreement
with the slope (k=0.19£0.01) and intercept (s=5.96+1.08
arcmin), which specify a linear dependence on eccen-
tricity for the standard deviation of the Gaussian pro-
file of the attentional window obtained from fitting the
model to the grand mean data from the third set of ex-
periments (Table I).

The interpretation of the effects of the Oppel-Kundt
illusion proposed by Ganz (1966) can be considered as
a possible alternative explanation of our results. The
computational procedures of the Ganz model include
some calculations of convolution and spatial integra-
tion. Therefore, this model is one of a group of theoret-
ical approaches that emphasize the role of neural spa-
tial-frequency filtering in various geometrical illusions
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(Bulatov et al., 1997; Morgan, 1999; Surkys et al., 2006;
Sierra-Vazquez and Serrano-Pedraza, 2007). According
to the Ganz model, illusory effects appear due to local-
ization errors that result from lateral inhibition, which
specifically modify the profile of neural excitation.
Neural excitation changes may thus, in turn, result in
a perceptual repulsion of stimulus elements. However,
recent experimental data demonstrate that the effects
of repulsion can account for only about one-tenth of an
actual strength of the Oppel-Kundt illusion (Mikellidou
and Thompson, 2014). Nevertheless, as noted by the au-
thors (Mikellidou and Thompson, 2014), there is a still
the theoretical possibility of a more substantial contri-
bution from lateral inhibition to the total illusion mag-
nitude. This calls for a more careful accounting of gaze
fixation parameters of the subject.

Due to the properties of the calculation procedures
used, our model of the filled-space illusion can also be
formally considered as representing to some degree
the spatial-frequency filtering hypothesis. This hy-
pothesis suggests that misperceptions of stimulus ex-
tent are caused by positional biases of specific loci in
the profile of neural excitation. Our model, in contrast,
interprets the effects of the illusion in terms of con-
text-modified activity of some hypothetical visual sub-
system of encoding of retinotopic coordinates, caused
by the magnitude of neural response. An adequate
correspondence between experimental results and the
predictions of our model led us to conclude that visual
information processing in superficial layers of the su-
perior colliculus can, to a large extent, be responsible
for the effects of the filled-space illusion. Indeed, there
is wide consensus in the literature that these layers of
the superior colliculus play a key role in gaze control,
and that elevated activity of neuronal population in
their maps encode the retinotopic distance to a visual
target (Klier et al., 2001; Bergeron et al., 2003; Nakaha-
ra et al., 2006; Krauzlis et al., 2013; Vokoun et al., 2014;
Taouali et al., 2015).

The present study used elementary stimuli that
consisted of single-dot distractors distributed along
a single stimulus axis. Similarly, we considered only the
simplest one-dimensional features of the filled-space
illusion. Therefore, further development of the mod-
el is needed to account for data collected from experi-
ments with more sophisticated two-dimensional stim-
uli, which comprise the filling of different shape or lu-
minance contrast.

CONCLUSIONS

The aim of the present study was to further de-
velop our computational model of the filled-space il-
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lusion and examine whether the model equations are
applicable for fitting experimental data collected for
stimuli comprising single-dot distractors. In three sets
of experiments, we investigated the illusory effect as
a function of distance between the distractor and lat-
eral terminator of the reference spatial interval of the
horizontal three-dot stimulus. We found that our mod-
el predictions adequately fit all variations of the illu-
sion magnitude for distracting dots placed both outside
and inside the interval, as well as, for two distractors
arranged symmetrically relative to the terminator. The
applicability of our model was additionally confirmed
by successful fitting to data collected in experiments
using the conventional Oppel-Kundt figures. Adequate
correspondence between the experimental and theo-
retical results supports the idea that the filled-space
illusion can be caused, in part, by perceptual positional
biases induced by the context-evoked increase in neu-
ral excitation.
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