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its neighborhood. This influence can, for instance,
manifest itself in an overestimation of an acute angle
between two lines (Blakemore et al. 1970) or in the so-
called orientation contrast pop-out effect, Fig. 2a. See
further, e.g., Nothdurft (1991). Figure 2b demonstrates
how the saliency of a contour is reduced by a sur-
rounding bar texture. Figure 2c illustrates another
manifestation of the concerned influence – the sup-
pression of contour perception by a grating. A part of
a contour of a triangle ‘‘disappears’’ in the grating,
and it does this most easily when the grating consists

of elements similar to the contour with respect to
orientation and width. The latter (width) aspect brings
the spatial frequency of the grating into relation with
the width of the contour. The spatial-frequency de-
pendence of the text-masking effect illustrated by
Fig. 1 might have a similar origin: parts of the stroke
of a low-contrast letter can be hidden in a surrounding
texture if the stroke width is comparable with the
characteristic width of the light areas of the texture at
places where the letter stroke and the texture are ‘‘in
phase.’’

Fig. 1. The masking effect of band-spectrum noise on the perception
of objects does not depend on the type of visual stimuli embedded in
the noise: the same effect is observed simultaneously for letters, icons

of familiar objects, and bars. On the vertical axis the contrast ranges
from 0.05 to 0.25. On the horizontal axis the noise frequency ranges
from 0.38 to 3.05 cycles per degree (cpd)
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Elsewhere, the perceptual effect illustrated by Fig. 2c
was related to the function of a specific type of orien-
tation-selective cell in the primary visual cortex for
which the response to an optimal stimulus over the cell’s
classical (excitatory) receptive field (CRF) is influenced
by other stimuli outside that area (Petkov and Kruizinga
1997). In contrast to other orientation-selective neurons,
such as simple (Hubel and Wiesel 1968), complex (Hubel
and Wiesel 1968), and grating (von der Heydt et al.
1992) cells, the concerned type of neuron responds
strongly to single bars (of appropriate size and orienta-
tion) over its CRF and shows reduced response when a
grating is added to the surround. The behavior of such
a cell was systematically studied by Blakemore and
Tobin (1972). The suppression effect they observed was
strongest when the surround grating and the optimal
bar stimulus over the CRF had the same orientation
and decreased when the angle between the two was in-
creased. This dependence on the orientation difference is
well reproduced by a computational model of this type
of cell proposed by Petkov and Kruizinga (1997).

Various neurophysiological studies have shown that
response modulation by stimuli beyond the CRF is a
common phenomenon in area V1 (Knierim and van
Essen 1992; Li and Li 1994; Kapadia et al. 1995; Sillito
et al. 1995; Zipser et al. 1996; Nothdurft et al. 1999). For
instance, response suppression by a bar texture surround
outside the CRF was found in nearly 80% of all orien-
tation-selective cells reported in Knierim and van Essen
(1992) and Nothdurft et al. (1999). Although only ap-
proximately one third of the cells showed dependence of
the effect on the orientation of the texture surrounding
the CRF, these authors suggested that this type of dif-
ferential suppression might be the possible source of the

pop-out effect in orientation contrast experiments
(Fig. 2a). As illustrated by Fig. 2b, a surrounding tex-
ture need not have the same orientation as a central
stimulus in order to suppress the saliency of a contour.
This perceptual effect correlates well with the properties
of 40% of the orientation-selective cells in area V1
for which the strength of non-CRF inhibition does not
depend on the orientation of the surround stimuli
(Nothdurft et al. 1999).

In this paper we report on results in two areas: psy-
chophysics and computational modelling. As far as the
psychophysical part of this study is concerned (Sect. 2),
we had to redo and extend the experiments of Solomon
and Pelli (1994), addressing two questions: (1) What
does the spatial frequency domain of most effective
masking depend on, the letter size (as suggested by
Solomon and Pelli 1994) or the width of the letter
stroke? (2) Is the effect specific to text or can it be ob-
served for objects other than letters as well? As for the
computational modelling part of the paper (Sect. 3), we
introduce computational models of two types of orien-
tation-selective cell with non-CRF inhibition and apply
these models to the images used in the psychophysical
experiments. We use the results to suggest a possible
neural basis of the text-masking effect illustrated by
Fig. 1 and the other perceptual effects shown in Fig. 2.
Finally, in Sect. 4 we summarize and discuss the results.

2 Psychophysical experiments

2.1 Methods

We used images of letters with superimposed band-
spectrum noise; see Fig. 3. A test image is generated as a

Fig. 3. A test image a is the sum of an image of a light letter on a
black background b and a noise image c. The letter contour width w is
measured at half height of the maximum luminance S of the trapezoid
luminance profile of the stroke d. The noise image is a superposition
of a constant component of luminance N and 100 sine waves of
randomly selected different orientations and spatial frequencies within
a narrow band. A characteristic 1-D luminance profile of the noise in
the space domain is shown in e; its 2-D spectrum is presented in f

Fig. 2. Various manifestations of perception modulation by the
context. a Orientation contrast pop-out: the oriented stimulus in the
center segregates if it is surrounded by elements of orthogonal
orientation. In contrast, it does not ‘‘pop out’’ in a surrounding of
parallel stimuli. b A contour that is not surrounded by other stimuli is
more salient than a contour that is surrounded by texture. c The three
legs of the triangle are perceived quite differently, depending on the
visual environment in which the triangle is embedded (Galli and Zama
1931). On the background of a grating of bars parallel to one of the
legs of the triangle, that leg is less salient than the other two legs. The
decreased saliency of a line embedded in a grating of parallel lines has
been called ‘‘the social conformity of a line’’ by Kanizsa. For further
examples, see (Kanizsa 1979)
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sum of an image of a light letter on a black background
and a noise image (Fig. 3a–c). The letter contrast C is
defined as the ratio C ¼ S=N of the maximum luminance
S of the letter and the average luminance N of the noise.
The letter contour width w is measured at half height
of the trapezoid luminance profile of the contour
(Fig. 3d). The noise image is a superposition of a
constant component of luminance N and 100 sine waves
(gratings) of randomly selected different orientations
and spatial frequencies within a narrow band (Df ¼ 0:14
cycles per degree). The amplitude of the sine waves is
chosen to be one-third of the average noise luminance N .
The superposition of 100 such waves results in the noise-
luminance profile illustrated in Fig. 3e. The two-
dimensional (2-D) spectrum of the noise is shown in
Fig. 3f.

Each test image had a size of 0:135� 0:135 m on a
computer screen (Toshiba Tecra 750CDT) and was
viewed at a distance of 0:55 m, thus having visual angle
dimensions of 14� � 14�. An observer was presented a
series of such images of constant letter size and contour
width and varying spatial frequency of the superimposed
noise and luminance of the letter. Five letter contrasts
(C ¼ 2k�6; k ¼ 0; . . . ; 4) and eleven noise spatial fre-

quencies (f ¼ 0:27 �
ffiffiffi

2
p k

cycles per degree, k ¼ 0; . . . ; 10)
were used, resulting in 55 points in the spatial frequency-
luminance contrast space, and 20 images were presented
per point. Each image contained one of the letters A, C,
D, E, F, O, P, R, S, or no letter (blank), all options
represented with equal probability. The 1100 images
generated in this way were presented in a random order
to prevent accommodation to a specific spatial
frequency, letter contrast or letter instance. Each image
was presented for 1 s, and the observer had to indicate
the letter seen. The recognition rate was determined as a
two-variate function of the noise spatial frequency and
the letter contrast for each of the 55 referred points. The
curve in the spatial frequency-luminance contrast space,
along which the recognition rate amounted to 90%
(more precisely, between 77% and 100% with p ¼ 0:05),
was determined by interpolation. This experiment was
carried out for different letter sizes (h ¼ 0:7�; 1:8�;
2:9�; 5:5�) and contour widths (w ¼ 0:08�; 0:4�). Instead
of letters, the same set of experiments was carried out
with object icons (heart, pear, half-moon, and cup) and
with bars of different orientations: 0� ()), 45� (/), 90� (|)
and 135� (n). All experiments were conducted with two
observers. The results obtained for the two observers
were consistent with each other within the statistical
error.

2.2 Results

Figure 1 illustrates the simultaneousness of the effect
for letters, bars, and object icons. It is obvious that
the observed effect is not specific to the recognition of
letters, which was the focus of the study by Solomon
and Pelli (1994), but applies also to other objects and
even to single bars. As illustrated quantitatively by
Fig. 4a, the results for bars and letters are the same

within the statistical error. The same results are
obtained for object icons as well. These results suggest
that an explanation of the observed effect should be
sought in the low-level interaction of the band-limited
noise with the contours of an object rather than with
the object as a whole, be it a letter or not.
Furthermore, as illustrated by Fig. 4a, the frequency
domain of most effective inhibition depends on the
stroke width of the object contour: the recognition of
two bars or letters of the same size but different
contour widths is most effectively inhibited in different
frequency domains – the thinner the contours, the
higher the characteristic domain of inhibition frequen-
cies. In contrast, the frequency domain of most
effective inhibition does not depend on the object
size. The sole effect of object size on the inhibition is
that of contrast rescaling: objects of a given size and
contour width are correctly recognized at a lower
contrast than the same objects of a smaller size and
the same contour width. The object size has no
essential effect on the general form of the curve that
describes the dependence of the contrast on the spatial
frequency of the noise (Fig. 4b).

Fig. 4. a Bar and letter contrast at 90% recognition rate as a
function of the spatial frequency of the noise. The stroke width is
denoted by w (Observer 1). b Bar contrast at 90% recognition rate as
a function of the spatial frequency of the noise; h denotes the bar
length. Bar width was kept constant at w ¼ 0:4�. The same results
were obtained for letters and object icons (Observer 2)
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3 Computational models and experiments

3.1 Simple and complex cells

3.1.1 Simple cells and Gabor “lters.The spatial-summa-
tion properties of simple cells can be modelled by a
family of 2-D Gabor functions (Daugman 1985). We use
a modified parameterization according to Petkov and
Kruizinga (1997) that takes into account restrictions
found in experimental data. A receptive field function
gk;r;h;uðx; yÞ; ðx; yÞ 2 X � R2, centered in the origin
specifies the response to an impulse at point ðx; yÞ and
is defined as follows:

gk;r;h;uðx; yÞ ¼ e�
~xx2þðc~yyÞ2

2r2 cosð2p
~x
k
x
k
þ uÞ

~xx ¼ x cos hþ y sin h;

~yy ¼ �x sin hþ y cos h ;

ð1Þ

where c ¼ 0:5 is a constant, called the spatial aspect
ratio, that determines the ellipticity of the receptive field.
The standard deviation r of the Gaussian factor
determines the size of the receptive field. The parameter
k is the wavelength and 1=k the spatial frequency of the
cosine factor. They are called, respectively, the preferred
wavelength and preferred spatial frequency of the Gabor
function. The ratio r=k determines the spatial frequency
bandwidth and the number of parallel excitatory and
inhibitory stripe zones that can be observed in the
receptive field (Fig. 5). In this paper, we fix the value of
this ratio to r=k ¼ 0:56, which corresponds to a
bandwidth of one octave at half-response. The angle
parameter h; h 2 ½0; pÞ, determines the preferred orien-
tation. The parameter u;u 2 ð�p; p�, is a phase offset
that determines the symmetry of gk;r;h;uðx; yÞ with respect
to the origin: for u ¼ 0 and u ¼ p it is center symmetric
(also called even), and for u ¼ �p=2 and u ¼ p=2 it is
antisymmetric (or odd); all other cases are asymmetric
mixtures.

The response rk;r;h;uðx; yÞ of a simple cell with a re-
ceptive field function gk;r;h;uðx; yÞ to an input image with
luminance distribution f ðx; yÞ is computed by weighted
integration:

rk;r;h;uðx; yÞ

¼
Z Z

X
f ðu; vÞgk;r;h;uðu� x; v� yÞdudv : ð2Þ

The model used in (Petkov and Kruizinga 1997) also
involves half-wave rectification and contrast normaliza-
tion, but we do not need these aspects of the function of
simple cells in the context of this paper. In image
processing and computer vision, the filter defined by
Eqs. 1 and 2 is known as the (linear) Gabor filter.

As we shall see below, stimuli outside the CRF can
have considerable influence on the response of a neuron.
The model according to Eq. 2 does not take this effect
into account and can be considered to be correct only
for stimuli that are confined to the CRF. We define the
CRF of a simple cell, which is centered at point ðx; yÞ, as
the following elliptic region (Fig. 5):

CRFr;h;x;y ¼ fðu; vÞ j ð~xx� ~uuÞ2þ ðcð~yy� ~vvÞÞ2 � 4r2g
~xx� ~uu¼ ðx� uÞ coshþ ðy � vÞ sinh;

~yy� ~vv¼�ðx� uÞ sinhþ ðy� vÞ cosh :

ð3Þ

Outside this region the receptive field function
gk;r;h;uðu� x; v� yÞ of the concerned cell takes negligibly
small values.

3.1.2 Complex cells and Gabor energy “lters.The Gabor
energy is related to a model of a complex cell that
combines the responses of a pair of simple cells that have
a phase difference of p

2. The results rk;r;h;0ðx; yÞ, and
rk;r;h;�p

2
ðx; yÞ of a pair of a symmetric and an antisym-

metric filter are combined in the Gabor energy
Ek;r;hðx; yÞ as follows:

Ek;r;hðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
k;r;h;0ðx; yÞ þ r2

k;r;h;�p
2
ðx; yÞ

q

: ð4Þ

In the following, we use the Gabor energies Ek;r;hiðx; yÞ
for a number of Nh different orientations

hi ¼
ip
Nh
; i ¼ 0; 1; . . . ;Nh � 1 : ð5Þ

3.2 Models of non-CRF inhibition

Nearly 80% of all orientation-selective neurons in area
V1 show some form of significant response modulation
by texture surrounding their CRFs, with suppression
being much more frequent than enhancement (Knierim
and van Essen 1992; Nothdurft et al. 1999). On average
over the whole population of such cells the response to
an optimal stimulus over the CRF is reduced by 42%
when texture is added to the surround.

We now extend the Gabor energy operator with an
inhibition term to qualitatively reproduce the suppres-
sion influence that surround texture can have. The
choice of this operator, which is a model of a complex
cell, is merely for illustration purposes: the Gabor filter
that is a model of a simple cell can be extended with a
suppression term in a similar way.

Fig. 5. Intensity map of a 2-D Gabor function that models the
spatial-summation properties of a simple cell. Gray levels, which are
lighter and darker than the background, indicate zones in which the
function takes positive and negative values, respectively. The bright
ellipse x2 þ ðcyÞ2 ¼ 4r2 specifies the boundary of the classical
receptive field outside which the function takes negligibly small values
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preferred frequency. One can verify the plausibility of
this assumption in the following way. If we assume that
a contour of given width w is detected primarily by the
activity it causes in neurons with a certain preferred
spatial frequency 1=k that is related to w, then the
strength of the inhibition by superimposed band-limited
noise will follow the spatial frequency tuning curve of
the inhibiting neurons. The responses of these neurons
are modelled by Gabor functions according to Eq. 1.
Figure 14 shows the spatial frequency tuning curves of
two such functions with different preferred spatial fre-
quencies. The good match of these curves with the
psychometric curves that specify the actual suppression
effect that was measured in the psychophysical experi-
ments (Fig. 4a) provides further evidence for the plau-
sibility of the proposed models.

Finally, it was suggested by Nothdurft et al. (1999) that
non-CRF inhibition may play a certain role in texture
segmentation by generating sensitivity to (texture) feature
contrast. Our computational model supports this as-
sumption. The anisotropic surround inhibition operator
(Eq. 9), for instance, will respond more strongly at the
boundary between two textures of different preferred
orientations than inside uniform texture regions. Both the
isotropic (Eq. 11) and the anisotropic (Eq. 9) operator
will respond more strongly at the boundary between two
textures of different spatial frequency spectra than inside
these textures. Besides this role of non-CRF inhibition, we
think that the biological utility of non-CRF inhibition is
the separation of contour from texture information and
the mediation of object contours to higher cortical areas,
as previously proposed by Petkov and Kruizinga (1997,
2000). Indeed, while non-CRF inhibition scarcely influ-
ences the responses to isolated contours, i.e., contours
that are not embedded in texture, it strongly reduces the
responses to texture. The biologically (in our view) most
important effect of this neural mechanism might thus be
that of contour (vs. texture) detection.
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