
An early attempt to explain texture discrimination was
based on determining joint probability distributions of two
luminance levels (Julesz, Gilbert, Frisch, & Schepp, 1973).
It was shown that, although regions with iso-first-order sta-
tistics (luminance) could be easily discriminated, those with
expected iso-second-order statistics (energy) could not.
Later, many counterexamples were discovered (such as the

/ |� pair), and consequently, Julesz (1981, 1984, 1986)
developed the texton theory to define stimulus features that
could give rise to spontaneous discrimination. These fea-
tures (textons) included blob-like objects having particular
orientations, lengths, widths, color, and intensity, with dis-
crimination possible for adjacent texture regions differing in
the density of these textons. This approach to understanding
global luminance structure seemed well correlated with psy-
chophysical results of texture discrimination tasks; how-
ever, it provided little intuition as to how such primitives
could be extracted from arbitrary or natural images.

An alternative theory purported that properties defining
a region’s homogeneity could be estimated using spatially
localized operators, like those of the early visual system
(Beck, Sutter, & Ivry, 1987; Bergen & Adelson, 1988; Caelli,

1985). These operators were defined to be contrast sensi-
tive and selective to a particular bandwidth of orientations
and spatial frequencies. A Gabor filter is an example of
such an operator, and it has been shown to be quite simi-
lar to simple cells in the cat striate cortex (see Daugman,
1985). On the basis of computing local energy, these op-
erators are able to differentiate between various textural
regions (Caelli, 1985; Landy & Bergen, 1991) and can pre-
dict human performance (Fogel & Sagi, 1989; Malik &
Perona, 1990; Rubenstein & Sagi, 1990). A second stage
of filtering, combining spatially nearby filter responses, has
also been psychophysically supported (Cannon & Fullen-
kamp, 1991; Chubb, Sperling, & Solomon, 1989; Ruben-
stein & Sagi, 1993; Sagi & Hochstein, 1985). More recently,
relative phase information (both one and two dimensional)
between neighboring textures has been shown to be a crit-
ical property for discrimination (Hoffman & Hallett, 1993).
Filters can also model this behavior, because even and odd
filters can encode both phase and energy properties.

Several researchers (Beck, 1973; Gurnsey & Browse,
1987; Julesz, 1981; Treisman, 1985) observed a perfor-
mance asymmetry when certain target and background tex-
tures were exchanged. Although the same textural border
exists in both stimuli, using one texture element in the back-
ground makes discrimination of the target easier than in
the reverse case. The implication of this behavior is that tex-
ture discrimination is not merely the result of local com-
putations (one that localizes textural gradients); otherwise,
human performance would be the same regardless of which
texture is in the background. Rather, there must be some
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global calculations that contribute to the task. Rubenstein
and Sagi (1990) were able to predict human performance
asymmetries by creating a multistage model, using first
stage linear filters, based on signal detection theory. They
claimed that a foreground’s visibility was limited by spu-
rious energy gradients in the background that act to confuse
the observer. This background “noise” was hence defined
by spatial variability of the texture in the background. Study-
ing many elements, they showed that an element’s energy
varies across the orientation spectrum and that elements
may have different profiles and different amounts of en-
ergy variability. Thus, for stimuli with randomly oriented
elements, adjacent like elements could produce energy gra-
dients of different magnitudes, depending on this vari-
ability. Using psychophysical results of Gurnsey and
Browse (1987, using stimuli with randomly oriented ele-
ments), they predicted that the background element with
more energy variability across orientation would give rise
to reduced visibility of the foreground. Then, according to
signal detection theory, performance was predicted by
computing the probability that the signal (foreground-to-
background energy gradients) was larger than the spurious
gradients in the background. The correlation of model pre-
dictions to psychophysics was quite strong, with only one
interesting exception. Different from other pairs of elements
used, the and |� produced energy profiles across ori-
entation in contradiction to the above argument. Specifi-
cally, the was shown to have more energy variability than
the |�, as seen by the curves of Figure 1 at low spatial fre-
quencies. Thus, the Rubenstein and Sagi model would
predict a more visible in the foreground, while s in
the background would produce spurious gradients and thus
limit the visibility of |�. Psychophysics, however, showed
the opposite asymmetry, with a more visible |�. Gurnsey
and Browse actually used a and |� that were slightly
flattened, producing much less difference in energy vari-
ability across orientation; however, although performance
was low (as the theory would predict), there was a slight
asymmetry reported. This exception leaves open the pos-
sibility that other stimulus features exist, which can at times
dominate over the energy variability described above. It
should be noted that the term feature is used only to de-
scribe stimulus characteristics, while filter-based models
(e.g., Rubenstein & Sagi, 1990) generally act indepen-
dently of this designation (an exception is when the fea-
ture described relates to a line’s orientation).

The first important property of the and |� is that they
produce texture ensembles with iso-second-order statistics
(Caelli & Julesz, 1978). Thus, by averaging filter response
across orientation (or space, in the case of textures with
randomly oriented texture elements), identical energy val-
ues are produced. Other distinguishing properties of these
elements (in comparison with the other pairs used by
Gurnsey and Browse) are differences in the number of line
terminations (zero and three) and that one of the elements
is a closed object. Also, the size (when defined as the min-
imal enclosing ellipse) of the |� may perhaps be larger than
that of the . According to Gurnsey and Browse (1989), el-
ements of different sizes can be discriminated with the

larger of the elements being more visible when in the fore-
ground. All of these stimulus properties have been pur-
ported to be extracted by and somehow encoded in the vi-
sual brain; however, there has been some controversy as to
which level in the visual process extraction occurs. In un-
derstanding the lower levels of visual processing, Neisser
(1967) separated visual processing into two modules, with
a preattentive process, one that acts on the whole image at
once (in parallel), followed by an attentive process that can
process only one selected portion of the image at a time
(serial). The attentive process has been shown to occur with
or without eye movements, with shifts of focus onto differ-
ent portions of an image guided by information provided
by the already completed preattentive process. The atten-
tive process, sometimes described as a top-down process,
is one that is concerned with the identification of objects,
whereas the preattentive system appears to be more of a
bottom-up process and can only detect inhomogeneities in
an image.

Figure 1. Space invariant energy responses for the and |�
(see Equations A1–A6 in the Appendix). Each vertex of the three-
dimensional curve represents a response of a filter with a partic-
ular orientation and spatial frequency. Notice that, for low spatial
frequencies (back of curves), the has more variability across the
orientation spectrum than that of the |�.
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The objective of this work was to determine the impor-
tance of two stimulus properties: the size of the microele-
ments in a texture and line terminations. Toward this goal,
elements with different sizes and different interelement dis-
tances were used. As will be seen, the interelement dis-
tance can be critical to the task, since varying the ratio of
the size of an element to the interelement distance can at
times reverse the performance asymmetry (i.e., the smaller
element becomes the more visible). A filter analysis was
also developed in order to estimate a texture element’s ap-
parent size, or texsize, defined as the response weighted
average of the filter wavelength, λ� ,

(1)

with R(λ) being the space averaged response of a filter
with wavelength λ (see the Appendix for details). Note that
because this measure includes more than one individual
element, texsize not only represents the element’s size but
also the spatial-frequency content of the texture region, in-
cluding the effect of interelement distance. This texsize
measure appears to be more representative of the visual
system, in that an element’s properties are not only a func-
tion of its own inherent properties but also those of the im-
mediate neighborhood that surrounds it. Consequently,
stimuli were designed with texsize in mind, with psycho-
physical results indicating that the texture (numerous
neighboring elements of the same type) with the larger λ�
was always the more visible. A filter wavelength-dependent
noise is proposed that can account for this performance
asymmetry. Using the framework of signal detection the-
ory implemented in the Rubenstein and Sagi (1990)
model, along with an additional nonlinearity implemented
after the second filtering stage, low-spatial-frequency fil-
ters are speculated to have more internal noise than high-
spatial-frequency filters. This idea gives rise to a large λ�
background texture producing more spurious gradients
and thus reducing visibility of the smaller λ� texture in the
foreground. On the basis of this analysis, additional ex-
periments were performed to determine at which process-
ing level texsize (λ�) and line terminations are extracted,
with results showing the former to be preattentive, while
line terminations use attentive resources.

METHOD

Observers
Three observers participated in the experiments, one of which was

one of the authors (B.R.). The others were high school students paid
to participate and were naive as to the purpose of the experiments.
All had normal vision.

Apparatus
The stimuli were presented in a dark environment on a Hewlett-

Packard 1310B oscilloscope (P31 phosphor). The oscilloscope was
driven by custom-designed hardware allowing for real-time control
of the stimulus properties. Screen resolution was 1,024 � 1,024 pix-
els, and a viewing distance of 150 cm resulted in a display subtend-
ing approximately an 11º � 11º visual angle (1.07º for each 100 pix-

els). The experiments and graphic device were controlled by a
Sun3/160 Workstation.

Stimulus Design and Procedure
A four-alternative forced-choice (4AFC) paradigm was used, with

stimuli composed of a background, a matrix of elements, and a
smaller matrix of foreground elements placed in one of the four
quadrants. Each element was randomly jittered up to 6 pixels (3.8′ )
in any direction from the vertex of the matrix that it was originally
assigned. This was done to remove global patterns that might arise
from elements perfectly aligned. Many of the experiments used ran-
domly oriented elements, and, in such cases, 10 different orienta-
tions were used (steps of 36º). For elements of fixed orientation, el-
ements had an angle base of 22º, so as to offset any global patterns
that might arise from the vertical and horizontal arrangement of the
entire matrix. Elements were presented at different scales, and, ac-
cordingly, we arbitrarily assigned elements whose line segments fit
tightly within a 20 � 20 square pixel space as 100% scale. In this
case, line elements (with luminance of 35 cd/m2 in an otherwise
dark background) were 1 pixel wide (0.64′ ), and bright square blobs
that were added to the elements were 5 � 5 pixels (3.2′ on a side).
Consequently, if the chosen scale was larger, everything increased in
size, including the square blob size, line width, and length.

Three different types of stimuli were used. The first type (used in
Experiments 1, 4, 8, and 10) used a 15 � 15 matrix of elements, with
a foreground, a 3 � 3 matrix, placed within one of four quadrants
with a slightly randomized position (see Figure 2a). Interelement dis-
tance was on average 64 pixels. The average eccentricity of the cen-
ter of the foreground region was 4.1º, thus producing a peripheral
foreground, small-spacing stimulus. The second stimulus type, pe-
ripheral foreground, large-spacing stimulus (Experiments 1 and 6),
used an interelement distance of 128 pixels. The stimulus was a 7 � 7
matrix of elements with a 2 � 2 foreground region also randomly
positioned within the respective quadrant (see Figure 2b). On aver-
age, the eccentricity of this foreground was the same as the previous
stimulus type. Random positioning of the foreground region was im-
plemented to increase the level of difficulty of the task and, thus, to
collect data that were neither too difficult nor too easy. The third
stimulus type (Experiments 2, 3, 5, 7, and 9) was composed of a 
8 � 8 matrix of elements and a 3 � 3 foreground, whose inside cor-
ner was always next to the center of the stimulus (see Figure 4a).
Interelement distance was 100 pixels, producing a near-foveal fore-
ground, medium-spacing stimulus.

Temporal sequence. A backward masking paradigm was used.
Presenting a mask at some period after the presentation of the stim-
ulus acts to erase (or overwrite) the stimulus in the retina and thus
reduce its accessibility. The mask for all experiments was similar to
the stimulus except the elements were offset in both x and y direc-
tions by half of the interelement distance (see Figure 4d). The type of
element was selected at random from the two stimulus elements
with a 50% probability (with the exception of Experiment 1, which
used one element type composed of the superposition of the two
stimulus elements). This was implemented so as to avoid summation
of superimposed stimulus and mask elements, which, for small inter-
stimulus intervals (ISIs), can give rise to unwanted masking effects.
The mask of Experiment 1 was composed of elements that were a hy-
brid of the two stimulus elements (see Figure 2f). Both mask types
have been used extensively in the literature and appear to produce
similar effects on stimulus visibility. During the experiments, a fixa-
tion cross was presented in the center of the screen so as to center the
observer’s attention. Upon pressing a key, the trial began with a blank
display (100 msec), followed by the stimulus (20 msec), an ISI (a
blank screen whose range was between 0 and 500 msec), the mask
(100 msec), and, finally, a blank screen during which time the ob-
server had to answer on the keypad the quadrant in which the fore-
ground was presented (i.e., 0, 1, 2, or 3). If the observer did not see
any foreground (even though it always was present), he/she was
asked to randomly choose an answer. Auditory feedback, by means
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Figure 2. Sample stimuli used in Experiment 1. Three types of stimuli were used—peripheral foreground, small-
spacing, and randomly oriented elements (panels a, c, and d), peripheral foreground, large-spacing, and randomly
oriented elements (panel b), peripheral foreground, small-spacing, and elements of fixed orientation (panel e)—and
a mask (panel f ) composed of elements that are a hybrid of the stimulus elements. For clarity, in panels a and b, there
is also a box shown, defining the size of the foreground. The dotted box represents the area in which the foreground
can be randomly placed. (Note here that the actual foreground elements are not in the boxes.)
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of a keyboard bell, was provided upon the observer’s error immedi-
ately after the response.

Staircase method. Difficulty of the task was measured using a
staircase method described by Levitt (1971). In particular, the ISI was
altered during the course of a block of trials according to the follow-
ing criteria: for every incorrect response, the ISI was increased by
2 dB (25.89%), and, for every three consecutive correct answers, the
ISI was reduced by the same percentage. This change of ISI is de-
noted as a step. On the basis of criteria for statistical stability defined
by Levitt, each block continued until there were at least six to eight
reversals in the staircase (i.e., an increase of the ISI followed by a de-
crease, or vice versa), which could last anywhere from 32 to 50 tri-
als. Then, by averaging the ISI values at the reversals, a 79.4%
threshold value was produced. With the graphic system used, frame
time was as low as 1 msec, providing good resolution for this type
of staircase. Also, for some difficult tasks, ISIs exceeding 500 msec
were required, indicating an attentive serial task. In these cases, the
block was aborted if the observer could not succeed to return below
the 500-msec mark or if the ISI exceeded 1,000 msec. For these
tasks, preblock ISI settings were 300 msec.

During a block, only one type of stimulus (same elements in their
respective foreground and background) was used, with each trial
varying by the quadrant chosen for the foreground, the foreground
position within that quadrant, the positional jitter of each of the ele-
ments, and the ISI. Before each block, a sample stimulus was pre-
sented in order for the observers to know in advance what type of
stimulus would be shown. This was done to reduce stimulus uncer-
tainty. For each stimulus, at least three and up to seven blocks were
performed, all similar with the exception of the initial ISI setting. ISI
was set before each block to equal (actually rounded up to the near-
est 10 msec, but this difference is insignificant) the threshold ISI of
the previous block for the same stimulus. This original ISI setting only
shortens the length of the block; with a large initial ISI of 180 msec,
it would take three steps (nine trials) to arrive at 76 msec, whereas
starting with 70 msec would remove these unnecessary steps (assum-
ing the eventual threshold is around 70 msec). Experiments were per-
formed in chronological order as presented here. For each experi-
ment, blocks were randomly mixed. Each observer was limited to 1 h
(a session) of experimentation per day so as to offset the effects of
fatigue. Also, the observers were allowed to practice for a few ses-
sions before the experiments began in order to acclimate themselves
to the task and, more importantly, to learn the task to a point that they
could reproduce similar results (behavior).

Double-task method. In addition to this paradigm, a double task
was implemented in Experiment 3. Double-task experiments can be
useful when trying to determine whether a task is preattentive or at-
tentive. Braun and Sagi (1990) showed that a preattentive (parallel)
task will not suffer in performance with the introduction of a second
attentive task, whereas an attentive (serial) task will suffer. These re-
sults support a preattentive system that acts independently of the at-
tentive system and a load-sharing attentive system that must divide
its processing power, but at the expense of reduced efficiency. Ac-
cordingly, we used the same difficult attentive task, using a V-like ele-
ment (with one arm shorter than the other, 24 and 34 pixels in length)
placed in the center of the original stimulus (see Figure 4a). The task
was to determine whether the longer arm was in a clockwise or
counterclockwise direction from the shorter arm, with the element
randomly oriented from trial to trial. Following the stimulus, an ad-
ditional mask for this central task was introduced, with a constant
ISI of 150 msec (see Figure 4d). Depending on the ISI of the regu-
lar mask, both masks were either coincident or presented at differ-
ent moments. After the presentation of the stimulus and masks, the
observer first had to respond to the central task (1 for clockwise, 2
for counterclockwise orientation), followed by responding to the
4AFC task. The observers were instructed to perform the central
task with a high degree of accuracy to ensure that they were concen-
trating on the task. Blocks that produced performance levels less
than 85%–100% were not used. Because of the extreme difficulty of

this central task, the observers took up to 2 days before reaching the
above-mentioned criteria of the double-task experiment.

THE / |� PUZZLE: WHICH FEATURES
ARE CRITICAL TO THE TASK?

Experiment 1: Texsize Is Important for
/ |� Discrimination

The central question in designing Experiment 1 was to
determine what features are inherent to the and |� that
allow them to be discriminable. Since both have the same
spatial frequency (averaged across orientations) power
spectra, discrimination cannot be based on global (average)
energy differences if the elements are randomly oriented
in the display. As mentioned earlier, Rubenstein and Sagi
(1990) showed that energy variability across the orienta-
tion spectrum will give rise to spatial variability (gradients)
and, as Figure 1 shows, the has more variability and thus
would be predicted as the pop-out (i.e., more visible when
in the foreground); however, the reverse is true. Hence,
there must be some other more dominant features that
allow the |� to be the more visible foreground. At first
glance, stimulus properties, such as line terminations (see
Julesz, 1984, 1986) or closure (Kovács & Julesz, 1993;
Treisman, 1985), might be important. However, until now,
neither have been shown to be preattentively extracted. The
size of an element was also considered to be a critical prop-
erty for discrimination.

The elements chosen in this experiment were designed
to determine whether the size of an element was crucial to
the task. The bottom of Figure 3 shows eight pairs of ele-
ments, each of which represents a pair of elements used in
a stimulus. The first six pairs were composed of s and |�s,
whose line segments fit perfectly within a square. Square
blobs were also added to elements in each pair (except
Pair 1.1) at identical locations. According to methods de-
scribed by Caelli, Julesz, and Gilbert (1978), blobs were
placed in such a way that elements in a pair continued to
have the same second-order statistics. This was done to
ensure that the task would remain energy independent. Thus,
pair elements remained isoenergy, while the texsize var-
ied. It should be noted that pair elements are isoenergy only
when they are randomly oriented and not of fixed orienta-
tion. Pairs 1.7 and 1.8 were also used, and their importance
is tied to the following experiments. Three different stimu-
lus conditions were used, all with peripheral foregrounds.
For randomly oriented elements, both small and large inter-
element distances were used; for elements of fixed orien-
tation, small spacing was implemented. Elements were
scaled to fit within a 25 � 25 pixel space.

Data are depicted in Figure 3 for 3 observers. As for all
the data graphs of this paper, ISI threshold (in millisec-
onds) is represented on the vertical axis, and all element
pairs are placed along the horizontal axis. Performance for
stimuli with a particular element in the foreground is rep-
resented by the rectangle above that element (with the part-
ner element representing the background element). Each
rectangle represents performance averaged across all blocks
performed on that particular stimulus, and the T-bars rep-



494 RUBENSTEIN AND SAGI

resent the standard error. For Pairs 1.1–1.4, all data indi-
cate that the  |� was the more visible of the pair, in agree-
ment with Gurnsey and Browse (1987). However, for Pairs
1.5 and 1.6, thresholds increased noticeably above those of
the rest of the pairs, particularly for random-orientation
conditions. Upon inspection of Pairs 1.4 and 1.5, with blobs
slightly offset from the elements, it appears that these ele-
ments are quite similar. However, data indicate that some
critical feature of the elements in Pair 1.5 has been masked.
If one were to consider the size of an element an important
property, it might appear that introducing a blob outside of
the and next to its vertical line segment (Pair 1.4) would
not change its apparent size (defined as the minimal en-
closing ellipse), whereas placing the blob in an otherwise
empty space (Pair 1.5) might. To determine the apparent
size of these elements more quantitatively, a filter analy-
sis was developed (see the Appendix). Calculations for the
isoenergy pairs (Pairs 1.1–1.6) indicated that the response
weighted average of the filter wavelength, λ�, or texsize,
corresponded very closely to the above, more intuitive, ap-
parent size (see bottom of Figure 3). Specifically, for the
very difficult tasks (i.e., Pairs 1.5 and 1.6) the correspond-

ing λ� values are practically identical (for each pair, values
are separated by 0.1 pixel units). For the easier tasks using
Pairs 1.1–1.4, differences between λ�s for each pair are at
least seven times larger. Thus, discriminability can be cor-
related to similarity of λλ� values. It should be noted that, al-
though the actual differences between λλ� values for Pairs
1.1–1.4 are only 1%–2%, texsizes can still be differenti-
ated. This small difference could either imply a high sensi-
tivity of the visual system or simply indicate a texsize mea-
sure that does not incorporate other variables that could
enlarge this difference.

Comparing random-orientation stimuli of small and
large interelement distances, one finds similar data. This
indicates that, for elements of this scale, relative to the inter-
element distance, there is little interaction between adja-
cent elements (assuming that interactions are range depen-
dent). For stimuli with elements of fixed orientation, there
were also similar data, except for Pairs 1.5 and 1.6. In these
cases, thresholds became less than the 500-msec ceiling,
with the |� continuing to be the more visible of the pair.
These data could be caused by the blobs being positioned
in a more orderly matrix-like arrangement, which could

Figure 3. Psychophysical data of Experiment 1 are depicted at top for 3 observers and eight different pairs of elements. Three types
of stimuli were presented: randomly oriented elements and small interelement distance (top third), randomly oriented elements and
large interelement distance (middle third), and elements of fixed orientation and small interelement distance (bottom third). Above
each element is a rectangle showing the performance threshold (measured with the interstimulus interval, ISI) when that element was
in the foreground and the other element in the pair was in the background. Each rectangle represents performance averaged across
blocks for each observer, with T-bars indicating the corresponding standard errors. Notice that, for Pairs 1.1–1.4, placement of the
square blobs contributed little to the task, whereas, for Pairs 1.5 and 1.6, the task suddenly became quite difficult. At bottom, depicted
with each element is the response weighted average of the filter wavelength, λλλλλλ� (expressed in pixels). Half-λλλλ� values represent the exci-
tatory annuli of such filters and should be approximately the same as the widths of the elements (i.e., without blobs, 25 pixels). Details
of filter analysis are presented in the Appendix.
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give rise to some sort of transparency effect (i.e., stable
noise in the background that can ultimately be ignored).
This effect is perhaps even stronger for Pair 1.6, with the
blobs even farther away from the original elements, and is
thus reflected in the data by lower thresholds (relative to
Pair 1.5). In contrast, for randomly oriented elements, this
“blob matrix” is not apparent, and blobs tend to attach
themselves to their respective elements. Pair 1.7 was used
to determine if reducing the size of the |�, by shortening
one arm (by half), would change the task. This pair, how-
ever, is no longer isoenergy, with larger energy response
found for the . Thus, symmetric performances reported
here could be caused by energy differences and/or texsize
differences (the latter of which is now quite small). It
should be noted that using blobs also changes energy vari-
ability across the orientation spectrum (as seen by the
curves of Figure 1 at low spatial frequencies). In fact for
Pairs 1.5 and 1.6, both elements now have similar vari-
ability profiles and, thus, were not expected to be discrim-

inable on the basis of energy variability as described by
Rubenstein and Sagi (1990).

Until this point, it appears that texsize is an important
property in this task, but is it the only one involved? Exper-
iments 2 and 3 were designed to determine this more con-
clusively and establish the importance of line terminations.

Experiment 2: Line Terminations Are Critical in
O /C Task

The design of this experiment was to determine the im-
portance of line terminations in discriminating between
two elements. Williams and Julesz (1991) conducted exper-
iments with Pair 2.1 (see Figures 4a and 5) and demon-
strated that discrimination between a O (actually an octa-
gon, but we use a circle symbol for convenience) and a C
(an octagon with a gap) was possible and that the C was
the more visible element. These elements were chosen be-
cause they are approximately isoluminous, with the C hav-
ing 12.5% fewer pixels. Barchilon Ben-Av and Sagi (1995)

Figure 4. Sample stimuli used in Experiment 2. A near-foveal foreground, medium-spacing stimulus was used. Stimuli shown here
are for Pair 2.1 (panel a), Pair 2.2 (panel b), Pair 2.4 (panel c), and a typical mask for Pair 2.3 (panel d), using a 50% combination of
the elements. For double-task experiments (used in Experiment 3), a central element is added to the stimulus (panel a), along with its
corresponding mask element (panel d).
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showed that identical textures differing in brightness by
such a small percentage (less than 20%) are indiscrimin-
able. Also, elements were of fixed orientation such that
there was no energy variability across orientation (Will-
iams & Julesz, 1991), and, thus, discrimination could not
be based on these types of energy gradients. In Experi-
ment 2, four pairs were created, adding square blobs to
each pair in identical locations, so as to determine which
part of the element was critical to the task. As seen in Pair 1.8
of Experiment 1, discrimination was impossible for peri-
pheral targets. Therefore, similar to the stimuli used by Will-
iams and Julesz (1991), a near-foveal foreground, medium-
spacing stimulus was used (see Figure 4) to make the task
easier. Elements were scaled such that each element was
60 pixels wide.

Data are depicted in Figure 5. For Pairs 2.1 and 2.3, the
degree of performance asymmetry is quite similar, with the
C always being the more visible foreground relative to the
O foreground stimulus, which, in many cases, gives rise to
an extremely difficult task. Note that because the blobs of
Pair 2.3 caused relatively little change in performance rel-
ative to that of Pair 2.1, it appears that, although the blobs
are quite substantial in size and brightness, they can be es-
sentially ignored by the visual system when placed in non-
critical locations (i.e., not near the line terminations). For
Pair 2.2, with the line terminations covered (or blotted out),
thresholds for the C foreground increased significantly
relative to those of Pairs 2.1 and 2.3 [from 99 to 197 msec,
p < .005, t test comparing observers’ average of 2.2 (n � 3)

with that of 2.1 and 2.3 (n � 6)], indicating that some
critical stimulus property (i.e., line termination) had been
masked. Also, thresholds dropped for the O foreground
stimulus relative to those of Pair 2.3 [from 500 to 305 msec,
p < .005, t test comparing observers’ average of 2.2 (n � 3)
with that of 2.3 (n � 3)], indicating that the correspond-
ing C in the background was not as “noisy” or did not
produce as many spurious (feature) gradients that can re-
duce foreground visibility. For Pair 2.4, discrimination
was nearly impossible, indicating that the placement of the
square blobs was also at a critical location. Note that, for
Pair 2.2, some discrimination was possible, indicating that
perhaps there was some other feature involved. Computer
modeling with linear filtering of the elements showed that
the C does in fact have a small orientation feature (45º
white blob sticking into the element through its gap), but
data of Pair 2.4 show that filling this gap with a square blob
makes the task impossible. Incidentally, the blobs of
Pair 2.2 were positioned on the line terminations in such
a way that the gap size remained unchanged. This ensured
that differences in the data between Pairs 2.1 and 2.2 would
not be gap-size dependent.

Experiment 3: Line-Termination–Based
Segmentation Is Not a Preattentive Process

Thus far, Experiment 1 has shown that texsize of a tex-
ture is an important property in the /|� task and that line
terminations are critical for the O/C task. But, unfortu-
nately, a contradiction underlies these results: if line ter-
minations are important, then all pairs of Experiment 1
would be discriminable, independent of the texsize. The
first part of the solution to this contradiction is provided
by the data of Pair 1.8, showing that peripheral discrimi-
nation is not possible with line terminations as the critical
stimulus property. Thus, line terminations are not detected
so easily. Treisman (1985) has shown that the O/C pair
can be discriminated in parallel across the visual field, im-
plying a “preattentive” process. However, it is still possible
that distributed attention is being used in the task (Treis-
man & Gormican, 1988), since parallel processes may also
be attentive (Adini & Sagi, 1992). The purpose of Experi-
ment 3 was to determine whether this stimulus property is
extracted preattentively or whether it requires attentive re-
sources. This was accomplished by using a double-task
experiment (Braun & Sagi, 1990). Using the same stimulus
design as that for Experiment 2 (a near-foveal foreground,
medium-spacing stimulus), an additional task was placed
in the center (see Figure 4a) and performance was recorded
for three different pairs. Scaling to interelement ratios was
maintained from previous experiments, with Pair 3.3 iden-
tical to Pair 2.1 (see Figure 6). Pair 3.1 was similar to Pair 1.1
with random orientations, except it was scaled to fit within
a 39 � 39 pixel space so as to match the ratio (element
scale to interelement distance) of Experiment 1. Pair 3.2
was similarly scaled and randomly oriented.

Data are depicted in Figure 6, with thresholds presented
for stimuli with and without the additional central task. For
Pairs 3.1 and 3.3, single-task data were identical to those
of Experiments 1 and 2, respectively. For Pair 3.2, single-

Figure 5. Psychophysical data of Experiment 2 are depicted for
3 observers and four different pairs of elements. Notice that, for
most pairs (except Pair 2.4), the C is the more visible foreground
element. Comparing thresholds of C foreground stimuli of Pairs
2.1 and 2.3 shows little difference. It is only when blobs are placed
upon the line terminations (Pair 2.2) or in the near proximity
(Pair 2.4) that performance suffers. For more details, see Figure 3.
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task thresholds were as expected, with the � as the more
visible of the pair (see Gurnsey & Browse, 1987, for com-
parison). For double tasks, thresholds increased somewhat
(21.3 msec, averaged across all data for Pairs 3.1 and 3.2)
relative to thresholds for the single task for Pairs 3.1 and
3.2. Though this increase is statistically significant ( p <
.0005, pairwise t test with 3 observers � 4 conditions, total
12 paired measurements), a much larger increase was ob-
served for Pair 3.3 [319.2 msec, p < .005, pairwise t test with
4 paired measurements (out of 6 measurements of Pair 3.3
since, in two cases, saturation did not allow for comparison)].
(Note that comparisons between single- and double-task
conditions for each observer for Pairs 3.1 and 3.2 yield sta-
tistical significance for only 7 out of 12, whereas all non-
saturated comparisons for Pair 3.3 are significant.) This
latter result indicates that the O/C task is an attentive task,
with line terminations that can only be extracted by using
attention. Finally, because performance of the / |� task
did not suffer from the central task, line terminations ap-
pear to have no bearing on this task, despite only one ele-
ment having them (|� has three line terminations). It
should be noted that originally we tried to explicitly blot
out the line terminations of the |� (while also placing
blobs in the same locations on the ); however, because
these elements no longer had iso-second-order statistics,
the resultant discrimination might have only been related
to energy differences. Also, a slight decrease in performance
for Pairs 3.1 and 3.2 with the introduction of an additional

task is not unexpected, as the load on memory increases
(now there are two responses to be remembered during
each trial).

SCALING AND INTERELEMENT DISTANCE:
A PARADIGM FOR DETERMINING

CRITICALITY OF TEXSIZE

Experiment 4: Texsize Changes With Scaling
Since texsize has been established as a critical property

in the / |� task, the present experiments will attempt to
explore how other parameters of a texture stimulus, such
as element scale and interelement distance, can affect the
texsize and thus limit performance. The experiments con-
ducted were motivated by psychophysical data of Gurnsey
and Browse (1989), which showed that, for circle ele-
ments differing in size (or diameter), discrimination was
possible, and the larger element was more visible when in
the foreground. They also demonstrated that by increasing
the size difference (they used six pairs of elements differ-
ing in size from 9% to 38%), performance increased for
both stimulus types (i.e., each element in turn was in the
foreground) as did the performance asymmetry. Our Ex-
periment 4 attempted to understand how this performance
asymmetry is affected by altering the scale of the elements,
while interelement distance remains fixed. Since texsize is
jointly dependent on a texture element’s size and the inter-
element spacing, it was of interest to determine whether
texsize was a better indicator of performance asymmetry
than size, as defined by Gurnsey and Browse. Gurnsey and
Browse used stimuli whose interelement distance was 2.5
times the diameter of the circle. Here, we used circles that
differed in size by 25% and whose scale ranged from small
to big enough to be almost touching the adjacent elements.
The peripheral foreground, small-spacing (64 pixels)
stimulus was used (see Figures 7a and 7b), with the smaller
of the circles scaled to fit within a square space of 15, 25,
35, and 44 pixels on a side (see Figure 8, for more details).
Photometric measurements of elements scaled to fit within
a 25 � 25 pixel space produced luminances of 2.2 cd/m2

and 2.3 cd/m2. This 4% difference in luminance has been
shown to be indiscriminable for textures (Barchilon Ben-
Av & Sagi, 1995); thus, these elements are perceptually
isoluminous within this paradigm. Elements were of fixed
orientation.

Data are depicted in Figure 9a. For the two smallest scaled
pairs (Pairs 4.1 and 4.2), psychophysical results were sim-
ilar to those of Gurnsey and Browse (1989), with lower
thresholds for the larger circle (defined by the width) of
the pair. For Pair 4.3, there was evidence of unstable be-
havior, with performance asymmetry remaining the same
for 2 observers but reversing for the third (A.Y.). Finally,
the largest scaled circles produced reversed asymmetry,
with the smallest circle of the pair being more visible. The
data indicate that interelement distance, relative to the size
of the elements, is certainly a critical parameter, particu-
larly for tasks with size as a critical property.

This behavior may be understood by observing that, as
the large scaled elements begin to situate themselves close

Figure 6. Psychophysical data of Experiment 3 are depicted for
3 observers and three different pairs of elements. Each stimulus
was performed as a single task (peppered rectangles) or in con-
junction with another difficult foveal task (checkerboard rectan-
gles). Notice that, for Pairs 3.1 and 3.2, introducing the second at-
tentive task has very little effect on thresholds (compare adjacent
rectangles), whereas, for Pair 3.3, a large increase in threshold is
shown for the C foreground stimulus. This supports the notion that
line terminations cannot be extracted at the preattentive level.
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to their neighbors, their physical (or spatial) independence
diminishes to the extent that they are as one with the adja-
cent elements. It is almost as if the larger circle of Pair 4.4
has become part of a mesh (i.e., no longer a set of large ele-
ments, but a finer entanglement of lines with little space
between elements), while the smaller circles remain inde-
pendent and, thus, their size remains intact (see Figure 7b).
Filter analysis of these elements showed that the response
weighted average of the filter wavelength, λ�, corre-
sponded very closely to the above explanation. In particu-
lar, λ�s (with larger wavelengths synonymous with a larger
texsize) for elements of Pairs 4.1 and 4.2 indicate that the
larger circle texture has the larger texsize, whereas for Pairs
4.3 and 4.4, the smaller circle texture has the larger texsize
(see Figure 8, for filter analysis). An alternative explana-
tion for the asymmetry reversal could be based on illusory
interelement objects that may begin to play a more impor-
tant role in the task as the scale of the elements increases
and elements begin to become close to each other. At large

scales, the smaller of the elements have larger illusory ob-
jects and, thus, performance asymmetry could be caused
by size differences based on interelement spaces. A ques-
tion with this explanation would be how to determine when
the role of interelement spaces begins to dominate over the
elements themselves (as scale increases). Also, it should be
mentioned that when λ�s are the same for both elements
(like for Pairs 1.5 and 1.6), this does not always ensure

Figure 7. Sample stimuli used in Experiments 4, 5, and 6. Experiment 4 used a peripheral foreground, small-spacing stimu-
lus (panels a and b), Experiment 5 used a near-foveal foreground, medium-spacing stimulus (panel c), and Experiment 6 used
a peripheral foreground, large-spacing stimulus (panel d). All experiments used elements of different scales (compare panels a
and b).

Figure 8. Pairs of elements used in Experiment 4. Below each
element is its width and λλλλ� (both expressed in pixels).
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poor discriminability. Particularly, because the elements of
Experiment 4 have different widths, they no longer are
isoenergy and thus discrimination will always be possible.

Experiments 5 and 6: Asymmetry Is Independent
of Varying Interelement Spacing

The results of the above experiments showed how ele-
ment scale, relative to interelement distance, can alter the
texsize of a texture. In these experiments, the interelement
distance was altered to determine if the same behavior re-
mained. This parameter is of interest because it is uncer-
tain whether performance with stimuli scaled to different
visual angles would produce different results. Accord-
ingly, Experiment 4 was repeated two more times, but for
the other stimulus types described in the Stimulus Design
and Procedure section. Element scales were chosen so that
the ratio between the elements’ width (or diameter) and the
interelement distance remained identical to those used in
the previous experiment. For Experiment 5, a near-foveal
foreground, medium-spacing (100 pixels) stimulus was used
(Figure 7c), with the smaller circles of the pairs scaled to
fit within a square space of 20, 39, 46, and 68 pixels on a
side, and 24, 49, 57, and 85 pixels, respectively, for the
larger circles. For Experiment 6, a peripheral foreground,
large-spacing (128 pixels) stimulus was used (Figure 7d),
with the smaller circles of the pairs scaled to fit within a
square space of 25, 50, 58, and 87 pixels on a side, and 31,
63, 73, and 109 pixels, respectively, for the larger circles.

Data are depicted in Figures 9b and 9c. The data indi-
cate that the absolute interelement distance had little bear-
ing on this size/spacing ratio-dependent behavior, because
performance asymmetry flipped as the element scale in-
creased for all three experiments (Experiments 4, 5, and 6).
Inspection of individual thresholds of Experiment 5 indi-
cated an easier task; however, this appears to be a result of
foregrounds positioned near the fovea. For isoeccentric fore-
grounds of Experiments 4 and 6, thresholds appear to be
approximately the same, indicating a visual system that is
invariant to the visual angle for these stimuli.

Experiments 7 and 8: Criticality of Texsize
for / |� and �/� Tasks

Experiment 4 was again repeated, but this time for the
/ |� and �/�pairs. These experiments were conducted

to determine whether behavior for stimuli composed of
circle elements could be repeated for other pairs. Accord-
ing to Experiments 1, 2, and 3, texsize is an important
stimulus property of the / |� task; hence, a flip in per-
formance asymmetry using this scaling paradigm would
be expected. In Experiment 7, a near-foveal foreground,
medium-spacing stimulus was used for this pair with ele-
ments scaled to fit within a square space of 20, 39, 46, and
66 pixels on a side (see Figures 10a, 10b, and 11). In Exper-
iment 8, for the �/� pair, a peripheral foreground, small-
spacing stimulus was used, with elements scaled to fit
within a square space of 15, 25, 29, and 39 pixels on a side

Figure 9. Psychophysical data of Experiments 4, 5, and 6 are depicted for 3 observers and four different scalings
of the same pair of elements. Each experiment used a different interelement distance: Experiment 4 used 64 pixels
(panel a), Experiment 5 used 100 pixels (panel b), and Experiment 6 used 128 pixels (panel c). In each experiment,
elements were scaled in such a way as to preserve the ratio of element width (in pixels) to the interelement distance.
Data from all experiments show that, for small element scales (Pairs 4.1 and 4.2), the larger of the circles (defined by
the width) is more visible when in the foreground. However, for larger scales (Pairs 4.3 and 4.4), this performance
asymmetry reverses, with the smaller of the circles now more visible. This implies that interelement distance plays a
role in texture discrimination tasks, but changing the visual angle of the stimulus does not.
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(see Figures 10c, 10d, and 11). A peripheral foreground
was used here because this latter pair has been shown to
be an easily discriminable pair relative to the / |� pair
(Gurnsey & Browse, 1987), and, subsequently, pilot stud-
ies with the near-foveal foreground proved too easy for the
�/� task (many thresholds approached 0 msec). Both
experiments used randomly oriented elements and ele-
ments of fixed orientation.

Data are depicted in Figures 12 and 13. For the / |�,
data were similar to those of Experiment 4, indicating again
that texsize is an important stimulus property of the task.
This performance asymmetry reversal is also independent
of fixed or randomly oriented elements, indicating that ele-
ments that are no longer isoenergy (fixed orientation) have
no affect on the task. Similarly, filter analysis indicated a
reversal of the larger λ� element (between pair elements),
such that this larger λλ� element was always more visible
(see Figure 11). For �/� pairs of different scales, the � al-
ways remained more visible when in the foreground (for
Pair 8.1 of A.Y., the scale apparently was too small to do
the task). Filter analysis also supports this behavior, with

the � always having a larger λλ�. Rubenstein and Sagi (1990)
also performed experiments with the �/� pair and found
similar results for elements of random orientation. For
stimuli with densely packed elements of fixed orientation
(22% more than Pair 8.4), they found a performance sym-
metry. These data may be explained by results from Pair 8.4
showing two cases of symmetry (A.Y. and B.R.). With
more sparsely packed elements of fixed orientation, sim-
ilar to Pair 8.2, they found some indication of symmetry
but also one case of asymmetry (like that of the data of
Pair 8.2). The data show that this scaling paradigm indi-
cates criticality of texsize as a stimulus property, with
more evidence that texsize is important in the / |� task,
but less for the �/� task.

Experiments 9 and 10: Altering Scale of One
Element Affects Task; Orientation Variability
Is Still Critical

To test the relative strength of texsize as a stimulus prop-
erty compared with energy variability across the orienta-
tion spectrum, Experiments 7 and 8 were performed again,

Figure 10. Sample stimuli used in Experiments 7 and 8. Experiment 7 used a near-foveal foreground, medium-spacing stimu-
lus (panels a and b), and Experiment 8 used a peripheral foreground, small-spacing stimulus (panels c and d). Both fixed- and
random-orientation formats were used, as were different scales of the elements (compare panels a and b).
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except this time by fixing the scale of one element and
then changing the scale of the other. Hence, when the tex-
size (λ�) of the textures are the same, performance sym-
metry would indicate a texsize-influenced task, and per-
formance asymmetry would imply that some other stimulus
property dominates. Thus, in Experiment 9, for the / |�
pair, a near-foveal foreground, medium-spacing stimulus
was used, with the |� scale fixed to fit within a 20 � 20
pixel space and the scaled to fit within a square space
of 20, 27, 39, and 60 pixels on a side (see Figures 14a, 14b,
and 15). In Experiment 10, for the �/� pair, a peripheral
foreground, small-spacing stimulus was used, with the �
scale fixed to fit within a 15 � 15 pixel space and the �
scaled to fit within a square space of 15, 25, 29, and 39
pixels on a side (see Figures 14c, 14d, and 15). All ele-
ments were randomly oriented.

Data are depicted in Figure 16. As one element in-
creased in scale ( and �), it became the more visible of
the pair. For the / |� data set, A.Y. and Y.B. showed signs
that the task had become too easy for Pairs 9.3 and 9.4;
however, data for Pair 9.2 already showed that perfor-
mance asymmetry had flipped. Filter analysis (see Fig-
ure 15) also showed this asymmetry reversal between
Pairs 9.1 and 9.2. Data for the �/� pair are similar to those
of Bergen and Adelson (1988), who also demonstrated
that by decreasing the scale of only one of the elements (the
� element), performance decreases (we instead increased
the scale of the �, but there is no real psychophysical dif-
ference). The most important effect relates to comparison
of thresholds of Pairs 9.1 and 9.2 and comparison of
thresholds of Pairs 10.1 and 10.2. Between these pairs is
the critical point at which the larger λ� element of the pair
changes. At this point for the / |� pair, reversal of per-
formance asymmetry was observed, indicating that for
this task texsize is the dominant property. However, for the
�/� pair, performance asymmetry did not reverse and the

� continued to have lower thresholds until the � became
very large (Pair 10.3 for Y.B. and Pair 10.4 for A.Y. and
B.R.). This indicates that, despite the � texture having the
larger texsize in Pair 10.2 (Figure 15), it appears that some
other feature is affecting the task. Rubenstein and Sagi
(1990) showed that, in analyzing energies for different fil-
ters, the � has much more energy variability across the
orientation spectrum than does the �, and they claimed
this variability in the background can limit performance.
Thus, it appears for Pair 10.2 that this variability is still
dominant and gives rise to large thresholds for the � fore-
ground stimuli. It is not until the � has become signifi-
cantly larger than the � (e.g., Pair 10.4) that differences in
texsize can dominate over any effect caused by energy vari-
ability across orientation. It should be noted that the has
been shown to have more energy variability across orien-
tation than does the |� (see Figure 1); however, because it
is relatively small (relative to the �), its contribution to the
task is negligible.

DISCUSSION

The main objectives of this work were to demonstrate
that, within the framework of visual textures, the texsize
of microelements (see the Appendix for definition) in a
texture is a critical property in preattentive tasks and that
line terminations have high saliency, but only within the
attentive framework. Gurnsey and Browse (1989) demon-

Figure 11. Pairs of elements used in Experiments 7 and 8.
Below each element is its width and λλλλ� (both expressed in pixels).
Filter analysis was done for both fixed- and random-orientation
elements.

Figure 12. Psychophysical data of Experiment 7 are depicted
for 3 observers and four different scalings. Elements were pre-
sented either in a fixed-orientation (light rectangles) or a random-
orientation (dark rectangles) format. Data of both stimulus types
show that, for small element scales (Pairs 7.1–7.3), the |� is more
visible when in the foreground. However, for the largest scale
(Pair 7.4), this performance asymmetry reverses, with the now
more visible. This asymmetry reversal correlates well with texsize
(see Figure 11) and implies that texsize is a critical property in
the task.
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Figure 13. Psychophysical data of Experiment 8. Data indicate that scaling elements have little effect on the
basic performance asymmetry (i.e., � is more visible in the foreground).

Figure 14. Sample stimuli used in Experiments 9 and 10. For both experiments, one of the elements had a constant scale (|�
and �) and the other had one from a selection of different scales. Thus, according to the choice of scales, the and � textures
could have a smaller texsize, relative to the other pair element (panels a and c), or a larger texsize (panels b and d).
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strated size effects with stimulus elements of different sizes
(i.e., circles with different diameters). They showed that
the larger element will always be more visible when in the
foreground. Here, we add more evidence by showing that
size effects can also be important in other tasks that in-
volve elements that are isoenergy (the circles mentioned

above are not) and in those that have a different number of
line terminations (e.g., the / |� pair). The importance of
size in the / |� task was determined by adding bright
blobs to both elements at various places (while maintaining
iso-second-order statistics) and then noting differences in
psychophysical performance. In light of these experiments,
it was determined that the critical parameter was not ele-
ment size (which is actually difficult to estimate), but rather
the spatial frequency content of a texture region. This mea-
sure of texsize was computed using a filter analysis (based
on Gabor filters) and represents the response weighted av-
erage of the filter wavelength, λ�, for a group of neighbor-
ing elements (3 � 3). Results from this analysis showed
that adding blobs in such a way to make elements embed-
ded in textures isotexsize (Pairs 1.5 and 1.6) will render a
task nearly impossible (for visual correlation, see Fig-
ure 17). Also, the element with a larger texsize appears to
be the more visible of the two (i.e., Pairs 1.1–1.5, which use
isoenergy elements and thus have no other critical proper-
ties that might contribute to the task). Note that, although
small differences in texsize (down to about 1%) have been
used to account for the experimental results as compared
with a much larger luminance difference threshold for tex-
tures reported by Barchilon Ben-Av and Sagi (1995), the
visual system may simply have more sensitivity to texsize.

Figure 15. Pairs of elements used in Experiments 9 and 10.
Below each element is its width and λλλλ� (both expressed in pixels).
Filter analysis was done for randomly oriented elements.

Figure 16. Psychophysical data of Experiments 9 and 10 are depicted for 3 ob-
servers and four different scalings. In each experiment, one of the element’s scale (|�
and �) remained fixed, and the other became larger (defined by width in pixels).
Data show that as the scaled element ( and �) increases in scale, it becomes the
more visible of the pair and the performance asymmetry reverses. Notice, however,
in Experiment 9, that the asymmetry reversal occurs as soon as the texture has the
larger texsize of the pair (Pair 9.2), whereas, in Experiment 10, the � texture must
become significantly larger in texsize than that of the �for the asymmetry to reverse
(Pair 10.3 for Y.B., and Pair 10.4 for A.Y. and B.R.). This indicates the importance
of filter-response variability across the orientation spectrum of the �, a stimulus
property also critical to the task.
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Performance asymmetry based on texsize differences
was also found to be influenced by the interelement dis-
tance. Experiments 4–6 established that larger circles (de-
fined by the width) were not always more visible and that,
as the scale of the elements increased and thus became
closer to their neighbors, performance asymmetry reversed
with the smaller of the elements becoming the pop-out.
Filter analysis supported this psychophysical result, show-
ing, for large element scales, that the smaller circle had the
larger λ� (see Figures 8 and 18). It is important to note that
λλ� is based on inputting a 3 � 3 matrix of elements into the
model. Thus, this measurement is no longer localized for
each element, but rather for a slightly larger neighborhood.
This result appeared to be independent of the absolute vi-
sual angle, since stimuli with different interelement dis-
tances were used producing similar results. Other element
pairs ( / |� and �/�) were also tested within this para-
digm (Experiments 7 and 8), with a performance asymme-
try reversal reported for the former pair (i.e., for small ele-
ment scales, the |� was more visible, whereas, for larger
scales, the became the pop-out), and no reversal was
found for the latter pair. Filter analysis of these elements
at different scales also supported this result, with a larger
λ� corresponding to the more visible element. Note that, for
the scale in which the / |� elements were approximately
iso-λλ� (Pair 7.3), no discrimination would be predicted, as
was the case for Pairs 1.5 and 1.6. However, further analysis

showed that large element scaling relative to the interele-
ment distance can change the energy response. Particularly,
at this scale, the and the |� were found to have differ-
ent energies, and thus discrimination would still be possible.

With these new results, we were also interested in de-
termining how influential texsize can be in a task, relative
to the response variability across the orientation spectrum
(for randomly oriented elements), which has also been
shown to be a critical stimulus property (Rubenstein & Sagi,
1990). This was studied by repeating the aforementioned
Experiments 7–8, except this time by fixing the scale of
one of the elements (|� and �), while allowing the other
elements ( and �) to change scales (Experiments 9 and
10). Computed λ� values indicated a flip in the texsize be-
tween the elements of Pairs 9.1 and 9.2 and also the ele-
ments of Pairs 10.1 and 10.2 (see Figure 15); however,
psychophysical results showed a performance asymmetry
reversal only for the / |� pair, and not for the �/� pair.
It was not until the � became much larger (in texsize) than
the � (Pair 10.4) that a reversal was observed (i.e., a more
visible �). Because the � has been shown to have a large
amount of response variability across the orientation spec-
trum relative to that of the � (Rubenstein & Sagi, 1990),
this offset asymmetry reversal could be caused by this
property, which would maintain high thresholds for the �
foreground stimuli (i.e., noisy gradients in the � back-
ground). Thus, if the texsize, λ�, of a texture is larger, this
does not ensure its greater visibility in the foreground, be-
cause spatial variability might still dominate the task.

All results reported so far indicate that texsize can be
critical for a task and that a performance asymmetry ex-
ists, with the texture of the larger texsize as more visible.
Unfortunately, until now, there has been little explanation
for how this size asymmetry arises. Rubenstein and Sagi
(1990) showed that asymmetry could be explained by sig-
nal detection theory, with a target’s visibility limited by the
“noise” in the background. They showed that this noise
could be composed of spurious gradients in the background
that acted to confuse the observer in his/her attempt to
localize the background/foreground gradient. With the
psychophysical results of Gurnsey and Browse (1987), they
determined that one form of this noise could be filter-
response variability across the orientation spectrum (the
stimuli had randomly oriented elements), which was then
transformed into spatial variability. Within this framework,
the larger texsize texture must somehow be “noisier,” lim-
iting the visibility of the smaller texsize texture when it is
in the foreground. In other words, perhaps the low-spatial-
frequency filters have more internal noise relative to that
of the high-spatial-frequency filters. Hence, a large λ� value
would inherently imply filter activity of greater variabil-
ity and would thus give rise to spatial variability in the sys-
tem. An alternative theory was purported by Gurnsey and
Browse (1989). This theory accounts for size-based per-
formance asymmetry by using a Weber-like computation
that normalizes the texture boundary by the overall activ-
ity of the entire image. This approach, in the context of
texture segmentation, implies a global processing, which
is not necessary considering the accumulating evidence

Figure 17. Correlation between filter analysis and psycho-
physics of isoenergy pairs of Experiment 1 depicts thresholds for
each pair (with each element in the foreground) as compared
with the ratio between λλλλ� each element of that pair. The ratio was
computed by dividing data of the foreground element of the pair
by that of the background element. Note that, in all cases, when
the λλλλ� ratio is larger than one, the threshold is lower than the corre-
sponding threshold when the λλ� ratio is less than one (correspond-
ing points are connected by a dotted line). Also note that, when the
λλλλ� ratio equals one, thresholds are very high (Pairs 1.5 and 2.6).
See the Appendix for details.
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that early vision and texture processes are local (Noth-
durft, 1985; Sagi & Julesz, 1987). On the other hand, the
assumption on noise is consistent with local processing.

This proposed wavelength-dependent noise and the fil-
ter analysis described above have also been used to study
other asymmetries reported in the literature. Particularly,
Gurnsey and Browse (1988, 1989) showed that position-
ally jittered elements are more visible in the foreground
(with identical but nonjittered elements in the background)
than in the reverse case. Filter analysis of these elements
showed that the jittered elements have a larger λ�, perhaps
because these elements have a tendency to clump together
and become a collection of larger blobs. Thus, this jitter
asymmetry can be explained by texsize and wavelength-
dependent internal noise. Treisman and Gormican (1988)
showed that ellipses are more visible in the foreground
amongst circles than in the reversed case (fixed orienta-
tion). Filter analysis indicated a larger λ� for the ellipse, again
rendering a task dependent on wavelength-dependent
noise. Note that, if these elements were randomly oriented,
orientation variability described by Rubenstein and Sagi
(1990) would also come into play. Beck (1982) showed that
longer lines are more visible in the foreground with shorter
lines in the background (all with fixed orientation) than in
the reverse case. Again, filter analysis indicated the longer
lines in a texture as having a larger texsize.

The implications of the results presented here would
necessitate an alteration to the Rubenstein and Sagi (1990)
model, since, at present, it cannot account for perfor-
mance asymmetry based on texsize differences. The pro-
posed change to this model would include a modification
to the internal noise, with more noise for the lower-spatial-
frequency filters and less for the higher ones. Then, when
all filtered maps are recombined in the latter stages, the ele-
ment with the larger λλ� will give rise to more spurious gra-
dients. We performed filter analysis on the 18 pairs used
by Gurnsey and Browse (1987) to determine whether λ� of
these elements could solely account for the psychophysi-
cal results. For many cases, a larger λ� correlated with the
more visible element; however, for some pairs (7–12 of
Gurnsey & Browse, 1987), there were opposite predictions.
This adds more evidence to the importance of orientation
variability of these elements as the Rubenstein and Sagi
(1990) model suggests.

An important result of this work pertains to understand-
ing the influence of line terminations in texture tasks.
Williams and Julesz (1991) reported a performance asym-
metry when using stimuli composed of circles and partial
circles (i.e., C), with discrimination possible for the C
foreground stimuli, although much less discrimination
possible for the reversed case (elements were of fixed ori-
entation, thus orientation variability could not be a factor).

Figure 18. Correlation between filter analysis and psychophysics of all experiments examining the effect of
texsize (Experiment 1 and Experiments 4–10). Depicted is the ratio of thresholds for each pair as compared with
the ratio between λλλλ� for each element of that pair. Notice that most points fall within the top left or bottom right
quadrants, indicating that the element with the larger λλ� is the more visible of the pair. All exceptions, shown as
filled symbols, are explained in the Appendix.
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They explained this result within the context of subjective
contours; however, here (in Experiment 2) we attempted to
establish the importance of line terminations. Using sim-
ilar stimuli, we added bright blobs to these elements at
various places and found that, when blobs were placed on
or in the near proximity of the line terminations of the C,
discrimination was nearly impossible. This evidence sup-
ports the notion of line terminations as an important stim-
ulus property. Experiment 3 attempted to determine whether
this stimulus property was preattentively extracted (in par-
allel) or detected in an attentive (serial) fashion. This was
determined by using a double-task paradigm developed by
Braun and Sagi (1990). They showed that performance
does not suffer in a preattentive task by introducing a sec-
ond attentive task, although it does for attentive tasks.
Hence, by using different pairs ( / |�, �/�, and O /C),
we determined that line terminations (O /C) are in fact
extracted at the attentive level, whereas performance of the
other pairs suffered little from the additional difficult task.
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APPENDIX
Estimation of Texsize Using Linear Filters

The aim of this appendix is to develop a mathematical, quantitative analysis that correlates with human per-
formance. Particularly, we would like to compute the apparent size for each element when in a texture or deter-
mine the response weighted average of the filter wavelength, λ�, for a group of neighboring elements. Gurnsey
and Browse (1989) found that the larger of a stimulus’s elements will always be more visible in the foreground;
thus, if we can establish some correlation between this larger element (i.e., larger λ�)and its greater visibility, then
apparent size, or texsize, can be shown to be a critical stimulus property in the psychophysical task. The basis
of this analysis is derived from the model of Rubenstein and Sagi (1990), which used linear filters to emulate
the early visual system. They used Gabor filters that can be designed to be selective to a particular bandwidth
of orientations and spatial frequencies. Using even and odd phase Gabor filters having fixed orientation and spa-
tial frequency, we computed the filtered energy of various elements. The equations for these filters are:

(A1)

and

(A2)

where σ is the Gaussian width (σ � λ , giving rise to a bandwidth of approximately 1.5 octaves), θ is the filter
orientation, and λ is its wavelength. xc ,yc represent the center of the filter with x,y being the coordinates over
its domain. Let L(x,y) be the input matrix representing nine elements and their surrounding space (a square space
including a 3 � 3 matrix of elements); let Equations A1 and A2 be the Gabor operators. By performing a sim-
ple dot product, G � L, we produce two filter response values:

(A3)

and

(A4)

where x,y are indices over the basic matrix element (x,y � 0 to three times the interelement distance, with 0 rep-
resenting the top left corner of the input space). Finally, a simple squaring and summing of the convolutions of
Equations A3 and A4 gives the combined filter energy level:

(A5)

Since Equation A5 produces only a locally shift invariant response, we add a spatial integration stage (over
xc,yc) to obtain a “texture energy” measure:

(A6)

where xc,yc are indices indicating the center of the filter, and S(x,y) is some excitatory neighborhood corre-
sponding to a smoothing operation. This neighborhood is defined so as to ensure spatial invariance, and, hence,
energy levels from 25 different filters are summed, with filter centers separated from each other equally (5 � 5
matrix) within the space containing only the center element. This texture energy, T, represents the shift invari-
ant response of the system. It should be noted that, although this sampling rate was arbitrarily chosen, using
larger and smaller sampling rates produced similar results, and, thus, this choice has no bearing on the analy-
sis. Each vertex in the curves of Figure 1 represents T(λ ,θ ) for that particular orientation and spatial frequency.
(These three-dimensional curves actually use only a 1 � 1 input matrix; however, for our analysis, both inputs
can at times produce similar qualitative results.) It should be noted that, as in the Rubenstein and Sagi (1990)
model, Equations A2 and A2 assume equal sensitivity to all spatial frequencies. In the present analysis, we in-
troduce a modulation transfer function (MTF) sensitivity coefficient (an inverted parabola, with a peak at 4 cy-
cles per degree; although this is approximate, since most frequencies used were smaller than the peak frequency,
this curve is quite precise) for each energy (E) value, dependent on the particular spatial frequency of the filter.
This coefficient is not critical to the analysis, but was implemented nonetheless.

The next step is to average responses across orientation. This is desired because determining λ�  is indepen-
dent of element orientation. However, because the and |� produce textures with the same second-order sta-
tistics, performing this average will produce values that are the same for both, and, thus, discrimination will be
impossible. To avoid this, and diverging from the Rubenstein and Sagi model, we introduce another nonlinear-
ity (a squaring, see Equation A7), acting on the texture energy, T. Note that, at this point, energies have already
been summed across space (neighborhood S). A nonlinearity at this stage represents a second-stage computa-
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tion, which according to Rubenstein and Sagi (1993) is feasible, considering their proposed second-stage filter that
acts within orientation maps in a Gaussian excitatory way. Thus, for each spatial frequency, the response is:

(A7)

where increments of 45º were used for orientation (using smaller increments also produced similar results). The
final step is to obtain the response weighted average of the filter wavelength. This is simply a weighted average
across the spatial-frequency spectrum as shown in Equation 1. Eight wavelengths were used, ranging from one
quarter to two times the interelement distance (corresponding to a 1 � 1 input matrix, see details below). Like
Equation A7, this represents a recombination stage. It should be noted that, in order to ensure that elements with
iso-second-order statistics produce different responses, the nonlinearity in Equation A7 could have alternatively
been acted on the first-stage energy response, E. However, we found that this design produced worse correla-
tion to the psychophysics, compared with the analysis described here.

Using Pairs 1.1–1.8 from Experiment 1, each element was inputted and the results of filter analysis are de-
picted under each element in Figure 3. Notice that, for Pairs 1.1–1.4, the |� always has the larger λλ�, in agreement
with psychophysics. For Pairs 1.5 and 1.6, λλ� is approximately the same for both elements in their respective pair,
and data show that these tasks are quite difficult. Pair 1.7 has texture elements with approximately the same tex-
size, but considering that these elements are no longer isoenergy, discrimination is still expected. Analysis of
Pair 1.8 indicates that the O has a larger λ� than does the C, even though in Experiment 1 the elements were in-
discriminable and in Experiment 2 the C was the more visible of the two. Since these elements are not isoenergy,
have different luminance values, have different orientation information (the O has none, whereas the C has a
particular orientation represented), and Experiment 3 has shown that attention is involved with this task, texsize
can no longer be used as the only indicator of discriminability.

Figure 17 summarizes these results by showing the correlation between performance thresholds and the ratio
between λλ�s for each element of the pair. Notice that, when the smaller texsize texture was in the foreground (left
half of graph), the threshold was high relative to when the larger of the pair was in the foreground (right half of
graph; notice that all dotted lines have negative slopes). Note that, as the texsize difference increases, there is a
reduction in performance asymmetry, indicating that texsize asymmetry is a threshold phenomenon.

One final note is that the actual input to the analysis for elements of Experiment 1 was a 1 � 1 matrix instead
of the 3 � 3 neighborhood described above. Although both inputs produced similar qualitative results, we found
that using a 1 � 1 matrix was sufficient for a few reasons. Comparing the ratio of element width to interele-
ment distance with those in Experiment 7, we found that the ratio in Experiment 1 was similar to that of Pair 7.1.
In the case of Pair 7.1, psychophysics showed that the neighboring elements had little influence on performance,
and it was only when the ratio increased (i.e., Pairs 7.2–7.4) that performance levels changed. Also, taking into
account all possible permutations for the 3 � 3 matrix, one must consider four different orientations and 132

jittered positions for each element. This results in (4 � 132)9 � 2.9 � 1025 permutations. Even if each λλ� took
1 msec to compute, years would be required to complete the simulation (the same demise would apply for only
four orientations and four jittered positions, necessitating 2 years). Hence, each λ� is a value averaged over 100
iterations (with each iteration randomly generated). After computing numerous values using these criteria, it was
found that jittered inputs of the same element type produced results that varied quite considerably from one to
the next, whereas those for nonjittered inputs had quite stable results. Consequently, analyses using the 3 � 3
input matrix were implemented with nonjittered elements. However, for elements of Experiment 1 using the 1
� 1 input matrix, a full simulation was performed.

All experiments studying the importance of texsize as a stimulus property (Experiment 1 and Experiments
4–10) are summarized in Figure 18. For each tested pair, the ratio of the thresholds is compared with the ratio
between λλ�s for elements of that pair. Both ratios were computed by dividing data of the first element of the pair
by the second element. Accordingly, if psychophysical data correlate with filter analysis, then all points should
fall in either the top left or the bottom right quadrant. (Remember if the ratio of λλ�s is greater than one, then the
ratio of the thresholds should be less than one, or vice versa.) For most pairs, this is the case. Notice that when
λλ� is the same for both elements (ratio � 1), then the ratio of thresholds should also be equal (see overlapping
square symbols at cross hairs, representing Pairs 1.5 and 1.6 with randomly oriented elements). Also note that
if performance asymmetry were predicted by element size (when defined as the minimal enclosing ellipse), then
all points would be in the top left quadrant (since the size of element 1 in the figure was always the smaller of
the pair). Those points not inside the top left or bottom right quadrants are represented by filled symbols. For
Experiment 1, the filled squares represent data for Pairs 1.5 and 1.6 (see Figure 3), with elements of fixed orienta-
tion. As mentioned earlier, this stimulus gives rise to the square blobs arranging themselves in an orderly matrix.
Upon inspection of these stimuli, this arrangement can be isolated as a transparent object, separate from the elements.
Until now, no evidence has supported the extraction (and separation) of a transparent object at the preattentive
level. If this is the case, then the task would become simply the original / |� task, as the data suggest.

For Experiments 5 and 6, the filled triangles represent data from Pairs 5.3 and 6.3 (see Figure 9). Upon in-
spection of the psychophysical data, it appears that performance asymmetry is not stable, with both asymme-
tries represented. Unlike other pairs, filter analysis of this pair using a slightly different range of wavelengths
showed a flip in the λλ� ratio, indicating that perhaps different wavelength ranges (or criteria) were used by each of
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the observers during this task. This argument is relevant considering that, within each block, a stimulus type re-
mained constant; also, it was observed that when an observer moved from a large-scale task to a small one, per-
formance suffered for approximately 10 trials. This latter remark implies that observers may focus in on differ-
ent parts of the frequency spectrum (i.e., different sets of wavelengths) when performing a particular task. Thus,
using only one set of wavelengths for analysis of all experiments is not necessary. (For analysis using the 3 �
3 input matrix, wavelengths used ranged from one quarter to 1.75 times the interelement distance, slightly dif-
ferent from the other 1 � 1 input matrix set.) 

The remaining exceptions (filled circles) concern Pairs 10.2 and 10.3 of Experiment 10 (see Figure 16). In
these cases, although filter analysis indicated the � as the larger λ� element (and hence should be more visible),
the energy variability across the orientation spectrum of the � appears to be still quite dominant (see Ruben-
stein & Sagi, 1990). This variability results in lower visibility of the � (higher thresholds) and, thus, a reversal
of performance asymmetry would not be expected until the texsize of the � texture is substantially larger than
that of the � (Pair 10.4). 

One final comment concerns the texsize measure in general. Upon inspection of the actual λλ� values in Figures
8, 11, and 15, it appears that the magnitude of λλ� is more similar to the interelement distance than to the actual
size of the individual element. Thus, it must be stressed that, although texsize represents in some way the size
of an individual element, it is heavily influenced by the interelement distance and, hence, represents a more
global measure of the stimulus.

(Manuscript received March 15, 1994;
revision accepted for publication August 28, 1995.)


