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conditions influencing visual
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Texton theory defines textons as such local features as elongated blobs, terminators, and line
crossings. The theory states that effortless visual texture discrimination may occur between two
regions only if they differ in texton density, irrespective of the spatial relationships among tex
tons. It is argued here that line-crossing and terminator textons have not been demonstrated
to function independently of configurational differences between micropatterns. Four experiments
tested whether line crossings and terminators actually elicit effortless discrimination indepen
dently of configurational differences. Subjects were required to detect a disparate textured region
embedded in an unpredictable quandrant of a textural display. The textural displays were
presented for brief durations, ranging from 67 to 167 msec, and followed by a random dot mask.
In general, when configuration was controlled, micropattems differing in terminators and line
crossings elicited relatively poor discrimination. Ease of discrimination, as measured by the prob
ability of a correct detection, was largely associated with differences in micropattem size (mea
sured by the minimum enclosing circle). In addition, for certain texture pairs, ease ofdiscrimina
tion depended crucially upon which member of the pair formed the embedded region and which
formed the background. This foreground/background asymmetry was also related to size differ
ences between micropatterns forming the textures. In many cases, performance improved at longer
stimulus durations, although the rate of increase and absolute level of performance depended
on the particular texture pair being tested. Qualitative differences in performance between naive
subjects and a highly practiced subject were also observed.

Texture discrimination and segmentation have gener
ated a great deal of interest in recent years in both the
psychological literature (e.g., Beck, 1982; Beck, Pradzny,
& Rosenfeld, 1983; Caelli, 1982, 1985; Caelli &
Moraglia, 1985; Enos, 1986; Grossberg & Mingolla,
1985; Julesz, 1981, 1984; Ju1esz & Bergen, 1983; Noth
durft, 1985a, 1985b, 1985c) and the machine vision liter
ature (e.g., Haralick, 1979; Laws, 1980; Pentland, 1984).
The research described in this paper was intended primar
ily as an evaluation of Julesz's texton theory, but the em
pirical results have implications for theories of texture seg
mentation in general.

Julesz (1984) has proposed a theory of human vision
that takes the form of three heuristics. The first heuristic
adheres to the distinction between attentive and preatten
tive vision popularized by Neisser (1967). According to
texton theory, the preattentive visual system distributes
processing over a broad portion of the visual field but is
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sensitive only to rather simple image characteristics, such
as line orientation. The attentive visual system operates
within a restricted spatial aperture but is capable of es
tablishing relationships between simple image features,
such as whether two line segments are arranged so as to
form an L or a T (Bergen & Julesz, 1983). As withfea
ture integration theory (Treisman & Gelade, 1980), tex
ton theory holds that the spatial locus ofattentive process
ing can be repositioned several times wtihin an eye
fixation. The second heuristic asserts the existence of lo
cal image features, called textons, that are detected by the
preattentive visual system. The three classes of textons
associated with texture discrimination are: (1) elongated
blobs with particular intensities, orientations, aspect ra
tios, and scale, (2) terminators (free ends of lines), and
(3) line crossings. The third heuristic states that "preat
tentive vision directs attentive vision to the locations where
differences in textons or in the densities (numbers) oftex
tons occur, but ignores the positional relationships be
tween textons" (Julesz, 1984, p. 590).

Texton theory does not provide formal definitions of
textons themselves. Instead, the characteristics oftextons
must be inferred from examples given in expositions of
the theory. Consider, for example, the L-, T-, and +
shaped micropattems that form the textures shown in
panels a and b of Figure 1. Each of these micropattems
is composed of the same line segments. According to the
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Figure 1. Rumples of dlsaiminabIe and incIIlIcrimiDab micropattern pairs. DIsplays similar to those
shown in Panels b, d, and e have been reported by JuIesz (1984) to be stroDgIy dlscrimiDable. Tbe remaln
ing displays have been reported as beiDg incU8criminabIe.

theory, the same set of line-segment and terminator tex
tons would be activated in all textured regions, whether
composed of Ls, Ts, or +s. The theory predicts that the
textures shown in Figure 1a will be poorly discriminated
because they differ only in terms of the spatial relation
ships between line-segment and terminator textons. On
the other hand, the L- and + -shaped micropatterns shown
in Figure 1b, should be quite easy to discriminate, ac
cording to the theory, because of the unshared line
crossing texton (Julesz & Bergen, 1983).

Central to texton theory is the claim that textures are
analyzed into elementary features (textons) and that differ
ences in texton density or identity between neighboring
regions give rise to discrimination. An alternative
proposal, due to Marr (1982) and Beck (1982; Beck et al.,
1983), is that a stage of synthesis follows the initial decom
position of the image into elementary features. On such
a view, simple features, such as oriented blobs, may be
linked (unitized) according to such Gestalt principles as
similarity, proximity, or good continuation, to form higher
order units that have such properties as scale and orien
tation associated with them. Beck and Marr suggest that
textural segmentation may depend on the properties of
these higher order units. Different arrangements (config
urations) of the same line segments may result in the con
struction of molar units, what Marr (1982) called "place
tokens," that have different descriptions. For example,
the radius of the minimum enclosing circle of the L is
approximately 1.41 times greater than that of the + but
only 1.13 times greater than that of the T. On the basis
of this particular description of micropattern size, L could

be more discriminable from + than T. Texton theory must
claim that the discriminability of the L- and + -shaped
micropatterns is independent of configurational differ
ences (if the claim that line crossings control discrimina
tion is to be maintained). However, this independence has
not been demonstrated. l

It is not necessary to assume that line segments are in
dependently detected and then linked for one to view
different arrangements of the same line segments as con
tributing to discrimination. Differences in line-segment
arrangement would be expected to elicit different
responses from simple ftlters. For example, because L
and + are enclosed by different minimum circles, they
would differently stimulate simple center-surround oper
ators (e.g., Marr & Hildreth, 1980) or "simple-orientation
selective units in the visual cortex" (Bergen & Julesz,
1983, p. 861). Furthermore, Caelli (1985) has demon
strated computationally that L- and +-shaped micropat
terns may be segmented on the basis of the responses of
simple orientation selective ftlters-that is, an existence
proof that line-crossing detectors are not necessary for
discrimination. There are, then, alternative accounts of
the ease with which Figures la and 1b can be discrimi
nated that do not require the existence of line-crossing
detectors. We will argue below that texton theory itself
does not require the line-crossing texton or even the ter
minator texton.

The claim that line crossings form the basis of discrimi
nation in Figure 1b implies that Land + do not stimu
late different blob-texton detectors in spite of having
different global descriptions in terms of size and shape. 2



However, the theory is inconsistent on this point. The
micropatterns shown in Figure lc are reported to be preat
tentively indiscriminable (Julesz, 1981). According to tex
ton theory, poor discriminability in this case is due to the
identical line-segment and terminator composition of the
micropatterns. With practice, however, textures composed
of these two patterns do become discriminable (Julesz,
1981, 1984). Julesz (1984) offers the following comment
on this point: ;

My explanation is that the closed and open dual elements
stimulate different elongated detectors and thus are differ
ent textons. With long practice one learns to pay attention
to these weakly stimulated texton detectors tuned to differ
ent sizes. (p. 604)

If different spatial arrangements of line segments elicit
different responses from blob-texton detectors, there is
no need to hypothesize the existence ofline-crossing tex
tons to explain the discriminability of textures composed
of Ls and +s. The logic by which terminators were in
ferred as textons is similarly undermined because all avail
able examples of discriminable textures composed of
terminator-differing micropattern pairs have concomitant
configurational differences (e.g., panels d and e of
Figure 1). Texton theory could explain discriminability
of such textures in terms of the responses of large-scale
blob-texton detectors. Conversely, the micropattern pair
shown in panel f of Figure 1 is often used to argue that
micropatterns that agree in terminator and line-segment
number are indiscriminable. Based on the apparent tun
ing characteristics of blob-texton detectors, failure of dis
crimination could equally be attributed to the overall
similarity of the two configurations.

Texton theory offers a second way in which different
arrangements of line segments result in the stimulation
of different blob-texton detectors. Most micropatterns
used by Julesz to illustrate texton theory are composed
of black line segments on a white background, and tex
tons have been defined in terms of these line segments.
However, Julesz (1984) points out that micropattern pairs
such as those shown in panels d and e of Figure 1 differen
tially "stimulate white elongated blob textons" (p. 593).
Texton theory, then, could attribute discriminability to
differences in large white blobs rather than terminators.
Given this uncertainty about the role played by termina
tors and line crossings in texture discrimination, we per
formed experiments to compare the discriminability of
micropattem pairs that differed in configuration with those
that minimized configurational differences while differ
ing in line-crossing and/or terminator composition. 3

As mentioned earlier, texton theory distinguishes be
tween preattentive and attentive visual processes. Texton
theory states that the spatial locus of attentive processing
can be repositioned at about 50-msec intervals. Converg
ing evidence that attention may be repositioned within a
fixation comes from the work of Posner and others (Pos
ner, 1980; Shulman, Remington, & McLean, 1979; Tsal,
1983). Ullman and Jolicoeur (Jolicoeur, 1986; Jolicoeur,
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Ullman, & Mackay, 1986; Ullman, 1984) also argue for
the existence of fast serial processes capable of establish
ing spatial relationships between elements of a base
representation.

The availability of a quickly repositionable "form
processor" must be taken into account in texture discrimi
nation experiments when textures are composed of
micropatterns that are clearly distinguishable when atten
tion is focused. If the location of the disparate region was
predictable or exposure duration was sufficiently long,
then two textures (composed of micropatterns) could be
discriminated by quickly repositioning the locus of atten
tive processing. In these cases, it could not be determined
if discrimination was based on properties of the textures
as wholes or on the examination of individual micropat
terns. Therefore, following Beck and Ambler (1973; see
also Enos, 1986; Fox & Mayhew, 1979; Julesz, 1980;
Olson & Attneave, 1970), subjects in the experiments
described below were required to discriminate two tex
tures arranged such that the disparate texture was embed
ded within one of the four quadrants of the display. The
location of the disparate region was unpredictable from
trial to trial and a range of exposure durations was cov
ered.4 Such a paradigm should reduce the effectiveness
of a search strategy.

As an alternative to the strict attentive/preattentive
dichotomy, Bergen and Julesz (1983) suggest that the ex
tent of the image that can be processed in parallel is related
to the magnitude of the differences between regions. (Ber
gen and Julesz's suggestions are very similar to sugges
tions made by Beck and Ambler, 1972, p. 38.) If large
scale differences exist between regions, then these are de
tected with a wide processing aperture. Ifonly small-scale
differences exist, then the aperture must be narrowed and,
in the limiting case, individual micropatterns must be
scrutinized. Since narrowing the aperture and shifting
processing location are time-consuming processes, the
average inspection time required to reach some criterion
level of performance should, by their model, reflect the
scale of the differences between regions.

It would seem obvious that a region of texture A embed
ded within a background of texture B should elicit the
same discriminability as a region of texture B embedded
within a background of texture A. This intuition is ex
plicit in Beck's (1982, p. 307) discussion of textural seg
mentation: "Textural regions are discriminated from each
other and it is not meaningful to say region A is more
readily discriminated from region B than is region B from
region A." However, there are circumstances in which
asymmetries may be expected to arise: "One may ... ex
pect textural segmentation in which disparate figures are
embedded in background figures to exhibit certain asym
metries." Beck's examples (Beck, 1982, Figure 15.11,
and Beck, 1973, Figures 5i and 5j) show two types of
micropatterns dispersed through the same region, for ex
ample, short vertical lines dispersed through a region of
long vertical lines. Beck is arguing that two textural
regions do not give rise to an asymmetry, whereas emhed-
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dedfigures do produce asymmetries. The question we are
asking involves embedded regions and so, from this ac
count, it is not clear whether or not embedded regions
should give rise to an asymmetry.

Examples of asymmetries in a visual search task have
been reported by Treisman and Souther (1985) and Julesz
(1981). Treisman and Souther found that the time required
to detect a circle with an intersecting line embedded in
a background of circles was independent of the number
of distracting circles, whereas the time required to detect
a circle in a background of circles with intersecting lines
did depend on the number of background distractors.
Julesz noted that, in a detection task, the patterns shown
in the insets of Figures 1c and Id (arrow and triangle)
elicited asymmetrical detection. Detecting three arrows
in a background of 32 triangles was equally easy regard
less of whether the three arrows were placed in the same
neighborhood or dispersed throughout the distractors. De
tecting three triangles in a background of 32 arrows,
however, was easier if the triangles were presented in the
same neighborhood. Julesz's explanation was that in a
field of terminators, a small area with no terminators had
some probability of occurring by chance. Therefore, the
area of low terminator density had to be rather large be
fore it was detected as a nonchance event. The general
claim seems to be that if there is an asymmetry in the tex
ture discrimination task, it should be the micropattern with
more "textons" that has the greater probability of being
discriminated. Therefore, in all experiments reported here
we investigated the possibility that asymmetries exist in
a task requiring the discrimination of two spatially dis
joint textures.

EXPERIMENT 1

In the first experiment, we investigated the discrimina
bility of textures composed of Ls, Ts, and + s and three
additional patterns derived from these. The six micropat
tern pairs used were those shown in Figure 2. Note that
the L- and T-shaped micropatterns shown in Figure 2 have
no gaps between their component lines as do the Ls and
Ts in Figure 1. Henceforth, when we refer to Ls and Ts,
we will mean the Ls and Ts shown in Figure 2.

Because obvious mnemonics do not exist for many of
the micropatterns used in the following experiments, we
adopt the convention illustrated in Figure 2 to refer to the
different pairs. The pair consisting of L- and +-shaped
micropatterns will be referred to as Pair 1.1, L- and T
shaped micropatterns as Pair 1.2, and so on. We shall
refer to the case of Ls embedded in + s as Condition 1. 1.1,
+s embedded with Ls as 1.1.2, and so on. Wherever pos
sible, however, obvious mnemonics will be used.

The first three micropattern pairs (involving L-, +-,
and T-shaped patterns) have been investigated extensively
by Beck (1966, 1967; Beck & Ambler, 1972, 1973) and
more recently by Bergen and Julesz (1983) in the context
of a search task. Bergen and Julesz found that a single
L embedded in a background of 35 + s could be detected

Ir+II'TII+TI
1 2 1 2 1 2

1.1 1.2 1.3

IrnYJllrn~IIYJ~1
1 2 1 2 1 2

1.4 1.5 1.6

Figure 2. The six micropattem pairs used in Experiment 1.

with almost perfect accuracy at a stimulus onset asyn
chrony (between onset of stimulus and mask) of 150 msec,
whereas picking an L out of a background of 35 Ts elicited
only chance performance at the same stimulus onset asyn
chrony. The texton theory interpretation of this result is
that there is a large texton difference between Land +
and an insignificant difference between L and T. The T-+
combination was not considered.

The investigation of Pairs 1.1 and 1.2, then, should es
tablish certain baselines against which the discriminabil
ity of other micropattern pairs may be compared. Ber
gen and Julesz found Pair 1.1 (L-+) to be highly
discriminable in the search task, and so it would be ex
pected to elicit very good discrimination in the texture
discrimination task as well. Pair 1.2 (L-T), on the other
hand, elicited poor discriminability in the search task.
Julesz (1984) argued that attentive vision was required
to detect an L embedded within 35 Ts. Therefore, the pat
tern of results obtained for the L- and T-shaped micropat
terns should be characteristic of preattentively in
discriminable micropatterns. Pair 1.3 (+-T) presents an
interesting case. The existence of the unshared line
crossing texton suggests that Pair 1.3 should be as easily
discriminated as Pair 1.1 (L-+) if the salience of a tex
ton is independent of its context. However, there is only
one unshared terminator in the case of Pair 1.3, whereas
there are two in Pair 1. 1. If discriminability is a function
of the total number of unshared textons, Pair 1.3 should
be somewhat more difficult to discriminate than Pair 1.1.
In this case, the salience of a texton is context dependent,
as suggested by Enns (1986; see also Beck, 1982).

The remaining three micropattern pairs were devised
to test the notion that line crossings were important in tex
ture discrimination. Pairs 1.4, 1.5, and 1.6 may be seen
as having been derived from L, +, and T by the addition
of two short lines to each. Alternatively, these three pat
terns may be seen as all having the same basic "E" con
figuration with one short line added. Because Pairs 1.4,
1.5, and 1.6 share the basic "E" structure, we expected
to minimize the extent to which discriminability could be
attributed to configurational differences. If line crossings
were of fundamental importance, Pairs 1.4 and 1.6 should
be more discriminable than Pair 1.2, which does not differ
in terms of line crossings. If line crossings were not of
fundamental importance, we would expect Pairs 1.4 and
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Figure 3. The overall discriminability of tbe micropattem pairs
Wied in Experiment I, collapsed over stimulus duration and tbe fore
ground/background factor.

blocks of practice trials were presented exactly like experimental
trials except that the stimulus durations were 500 rnsec on Block 2,
233 msec on Block 3, and 100 msec on Block 4. Thus, the stimu
lus durations were gradually brought down into the range used dur
ing the experiment. The entire experiment, including practice trials.
took between 45 min and 1 h to complete.

Results and Discussion
Analysis. For each of the 56 stimulus conditions in the

experiment, the number of correct responses was used
as the dependent measure. The analysis was carried out
using a set of orthogonal weights to test the main effect
of micropattern pairs, the foreground/background effect
for each of the micropattern pairs, and the linear, qua
dratic, and cubic trends in the stimulus-duration effect for
each micropattern x foreground/background condition.

Micropattern pairs. The main effect of micropattern
pair was significant [F(6,66) = 68.98, p < .0001]. The
overall discriminability ofeach micropattern pair, exclud
ing the control condition, is summarized in Figure 3.
Planned comparisons that were not part of the orthogonal
set revealed that Pairs 1.1 through 1.4 were significantly
different from the control condition [F(l,ll) = 178.6,
31.53,90.83,29.14 for Pairs 1.1 through 1.4, respec
tively; all ps < .001; Pair 1.6 was also different from
the control condition [F(l,ll) = 9.53, p < .02].

The observed pattern of results for Pairs 1.1 through
1.3 is consistent with what might be predicted from tex
ton theory. Pair 1.1 (L-+), which differed by two termi
nators and one line crossing, was the most discrimina
ble; Pair 1.2 (L-T), which had only one unshared
terminator, was the most difficult of the three. Pair 1.3
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1.6 to be poorly discriminated because of overall con
figurational similarity.

Method
Subjects. Twelve subjects were selected at random from among

graduate and undergraduate students in psychology and computer
science at Queen's University at Kingston who had volunteered to
take part in this series of experiments. Each subject was paid $8
for participation. All subjects reported normal or corrected-to-
normal vision. I

Materials and Apparatus. The texture displays were constructed
by the placement of 14 (vertical) x 16 (horizontal) micropattems
at random orientations on a square grid. A slight positional jitter
was added to each micropattem. The micropattems appeared as
black characters on a white background. The disparate region was
a five x five square placed in one of the four quadrants. Except
for the borders and insets, the structure of the displays shown in
Figure I is identical to those used in the experiment.

The displays were presented on a color television monitor that
was under the control of a Symbolics 3600 Lisp Machine. The sub
jects viewed the display binocularly at a distance of 1.5 m from
the screen. At this distance, the display subtended 11 0 vertical x
12.60 horizontal.

Procedure. At the beginning of each trial, a small dot appeared
in the center of the screen. The subject fixated the dot and, when
ready, pressed a button to initiate the trial. The trial consisted of
the presentation of the textured field, which remained on for 67,
100, 133, or 167 msec, followed immediately (i.e., an interstimu
Ius interval of 0 msec) by a dense field of random dots, which re
mained on for 500 msec. The subjects' task was to detect the dis
parate region. Immediately after the offset of the masking dots, a
box divided into four quadrants appeared on the screen. The sub
jects indicated their decisions by moving a mouse into the quad
rant of the box corresponding to the location at which the disparate
region was judged to have been, then pushed a button. The sub
jects were instructed to guess when they were uncertain of the lo
cation of the disparate region.

Design. There were six micropattem pairs, and the members of
each pair served equally often as the disparate region. All combi
nations were tested equally often under all stimulus durations. A
control condition was included in which the foreground and back
ground regions involved the same micropattem that was chosen at
random from those used in the actual test trials.

The experiment may be conceptualized-although not analyzed
as a 7 x 2 x 4 factorial design with seven micropattem pairs, in
cluding the control pair, two foreground/background conditions to
determine which element of the pair served as the disparate region,
and four stimulus durations. Each subject was presented with the
resulting 56 stimulus conditions twice in each quadrant for a total
of448 trials. The order of presentation was divided into eight blocks.
Each of the 56 cells was presented once in each block in a random
order. The quadrant in which a particular configuration of condi
tions appeared was chosen at random subject to the above constraint
that each stimulus condition appear in each quadrant twice during
the course of the experiment. For control conditions, one of the
quadrants was designated as the correct quadrant in the same man
ner as on all other trials.

Practice trials. Each subject was given 56 practice trials to be
come familiar with the procedure. The practice trials were broken
down into four blocks of 14 trials each. During each practice block,
the 14 different micropattem by foreground/background conditions
were presented in random order. The disparate quadrant was chosen
at random. In the first practice block, the textured display remained
on until the subject had located the disparate quadrant. When the
disparate quadrant had been located, the subject pressed a button
to erase the display and responded as described above. An arbitrary
choice was required for the control condition. The remaining three



Figure 4. The discriminability of micropattern pairs used in Ex
periment 1 broken down in tenns of which member of the pair played
the role of the foreground.

As mentioned earlier, texton theory seemed to predict
that if there was an asymmetry at all it should be the tex
ture with the greater number of textons that is more dis
criminable. The reverse is true of these results. The
micropattern with more terminators and/or line crossings
was the more poorly discriminated member of the pairs
that showed the asymmetry. Given the apparent robust
ness of the effect, it is remarkable that, in 25 years of
experimentation, the asymmetry has not emerged as a fun
damental issue to be explained by theories of texture dis
crimination.

Stimulus-duration-trend analysis. Results for the
entire design (excluding control groups) are summarized
in Figure 5 in terms of performance for each of the 12
micropattern pair X foreground/background conditions
as a function of stimulus duration. Significant linear trends
were found for Conditions 1.1.2, 1.2.1, 1.3.1, 1.3.2, and
1.4.1 [F(1,Il) == 15.19,5.24, 10.94, 16.51, 11.40,
respectively; all ps < .01]. The linear trend for Condi
tion 1. 1. 1 approached significance [F(1, 11) == 4.66,
P < .06], and there was a significant quadratic trend
[F(1,ll) == 9.14, p < .02], probably reflecting a ceil
ing effect.

We examined the change in performance as a function
of stimulus duration because we wished to obtain some
measure of the degree of the perceptual difference between
two textured regions. The Bergen and Julesz (1983)
variable-aperture model suggests that high accuracy at
short stimulus durations implies large-scale perceptual
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(+ -T), which differed by one terminator and one line
crossing, elicited intermediate discriminability, which is
consistent with Eoos's (1986) suggestion that the salience
of a texton is context dependent. The mean overall prob
abilities of discrimination for Pairs 1.1 to 1.3 were .736,
.421, and .496, respectively. Contrary to texton theory,
however, Pair 1.4 was not numerically different from
Pair 1.2 (.41 vs. .421, respectively) and Pair 1.6 was nu
merically worse than Pair 1.2 (.297 vs. .421, respec
tively). Thus, when configurational differences between
micropatterns are minimized, micropatterns with line
crossing differences are no more disciminable than the
L-T pair considered by Julesz to be preattentively in
discriminable. In other words, if Pair 1.2 is considered
to be preattentively indiscriminable, then so must Pairs
1.4 and 1.6, which show equivalent or worse perfor
mance. However, it could be argued that the addition of
the two short lines in Pairs 1.4 and 1.6 reduced the
salience of the line-crossing texton. In this case, a
"textons-in-eontext" (Eoos, 1986) version oftexton the
ory would have to be adopted.

On the other hand, it is interesting to note that perfor
mance is related to differences in micropattern size (mea
sured by the minimum enclosing circle). The ratios of the
minimum enclosing circles of the larger to the smaller
of the two patterns for Pairs 1.1 to 1.6 are 1.41,1.13,
1.25, 1.13, 1.0, and 1.13, respectively. The overall dis
criminabilities of Pairs 1.1 to 1.6 were.736, .421, .496,
.41, .275, and .297, respectively. The correlation coeffi
cient for these two sets of numbers is .96. The implica
tion is that something associated with differences in
micropattern size (based on the minimum enclosing-eircle
descriptor) contributes to performance.

Foregroundlbackground effect. The breakdown of the
micropattern pairs into their foregroundlbackground com
ponents is shown in Figure 4. For Pairs 1.1 through 1.4,
there are striking asymmetries, indicating that the dis
criminability of a texture pair depends crucially on which
of the two patterns is the foreground and which is the
background. The planned contrasts showed that the ef
fect was significant for Pairs 1.1 through 1.4 [F( 1,11) ==
26.7,33.9,20.86, 17.95, respectively; allps < .005].
Pairs 1.5 and 1.6 and the control group did not show the
effect, although Pair 1.6 approached significance [F(1, 11)
== 4.41,p < .06]. Again, it is interesting to note the role
of size differences. When an asymmetry exists, it is when
the larger of the two patterns forms the disparate region
that discrimination is best. It is also significant to note
that, contrary to suggestions made by Julesz (1984; Ber
gen & Julesz, 1983; Julesz & Bergen, 1983), +s embed
ded with Ls are actually less discriminable than Ls embed
ded with Ts (.536 vs..576, respectively). Although this
result is inconsistent with our impressions from casual
viewing, we will defer speculation about what causes the
asymmetry. For the moment, we will say only that it can
not be just feature differences between adjacent regions
that determine discrimination (cf. Julesz, 1984).
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FIgure S. The dilIcrimiDablUty of each micropllttern pair used in Experiment 1 shown as a fune
lion of stimulus duration md wbic.h member of each pair played tile role of the foreground.

differences between textures, whereas low accuracy at
short stimulus durations followed by improved perfor
mance at longer stimulus durations indicates smaller per
ceptual differences. The present data are consistent with
the basic idea that texture discrimination is not an all-or
none process. However, the asymmetry creates problems
for the simple model, because the curves in Figure 5,
Panel I, for example, suggest that there are large-scale
differences between Ls and +s but small-scale differences
between +s and Ls. Therefore, the model would have
to be modified to account for the present data.

Pairs 2.4 to 2.6. If factors associated with configurational
differences are important, then the prediction is opposite
to that of texton theory.

Method
Twelve more subjects were drawn from the subject pool described

in Experiment 1; they were paid as before. Except for 1 subject,
who reported having only monocular vision, the subjects reported
normal or corrected-to-normal vision. With the exception of the
micropattems used, the materials, apparatus, and procedure were
all identical to those described in Experiment 1.

Figure 6. The six micropattem pairs used in Experiment 2.

Results and Discussion
The analysis of Experiment 2 was carried out in exactly

the same manner as that described for Experiment 1.
Micropattern pairs. There was a significant effect of

micropattern pairs [F(6,66) = 33.38, p < .0001]; this
is summarized in Figure 7. All micropattern pairs were
significantly different from the control condition [F(I, 11)

~u~- - - - - -- - - - --
I 2 1 2 1 2

2.1 2.2 2.3

2.62.52.4

EXPERIMENT 2

In this experiment, we compared the discriminability
of textures whose constituent micropatterns varied only
in the spatial arrangement of line segments (see Figure 6,
Pairs 2.1,2.2, and 2.3) with that of textures whose con
stituent micropatterns had different numbers of line seg
ments, terminators, and line crossings, yet retained the
same overall shape in terms of their convex hulls (Pairs
2.4, 2.5, and 2.6). Because micropattems with the same
convex hulls will also be enclosed by the same circle, tex
ton differences are not confounded with size differences.
Note that Pairs 2.4 and 2.5 have intensity differences be
cause of differences in the number of lines comprising
the patterns of the pairs. Of course, texton theory says
that the arrangement of line segments has at best a minimal
effect on discrimination and consequently predicts that
Pairs 2.1 to 2.3 should be more poorly discriminated than
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Figure 7. The overall discriminability of the micropattem pairs
used in Experiment 2, collapsed over stimulus duration and the fore
groundfbackground factor.

= 43.19, 85.85,21.8, 16.27,26.64,29.3 for Pairs 2.1
to 2.6, respectively; all ps < .005]. Pairs 2.1, 2.2, and
2.3 were, on the whole, significantly more discriminable
than Pairs 2.4,2.5, and 2.6 [F(I,ll) = 29.52,p < .005].
The argument that differences in line arrangement are
more important than texton differences would have been
stronger if Pair 2.5 had elicited discrimination compara
ble to that of Pairs 2.4 and 2.6 rather than Pairs 2.1 and
2.3. However, it would be difficult to attribute the dis
criminability of Pair 2.5 to texton differences. Pairs 2.4
and 2.6 each have four unshared textons, whereas Pair
2.5 has only two. Therefore, the ease with which Pairs
2.4 and 2.6 are discriminated shows an almost perfect
negative correlation with number of unshared textons.
This is difficult to reconcile with the modified, textons
in-context version of texton theory.

Foregroundlbackground effect. Figure 8 shows the
breakdown of the micropattern pairs into their fore
groundlbackground components. There is a strong asym
metry in Pair 2.1 [F(1, 11) = 41.89, P < .0002] and
moderate effects for Pairs 2.2 and 2.5 [F(1, 11) = 15.58,
lO.73, respectively, bothps < .01]. For Pairs 2.1 and
2.2, the asymmetry is related to micropattern size, with
the larger patterns (as measured by the minimum enclos
ing circle) showing greater discrirninability. For Pair 2.5,
the pattern with more line segments (2.5.2) shows greater
discrirninability.

Stimulus-duration-trend analysis. The cell-by-cell
breakdown of the experiment is shown in Figure 9. Sig-
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nificant linear trends were found for Conditions 2.1.2,
2.2.1,2.2.2,2.3.1,2.3.2,2.4.1,2.5.2 [F(1,l1) = 14.94,
12.86, lO.92, 34.93, 14.51, 16.72, 16.12, respectively;
all ps < .01], indicating significant improvement with in
creased processing time. Again, the range of performance
should be noted.

Most writings about texton theory emphasize the role
of the line segments, terminators, and line crossings that
defme the micropatterns. The way in which micropatterns
differently stimulate large-scale blob detectors (in terms
of the texton-theory notion of blobs) really is ac
knowledged only in passing. For example, Julesz (1984,
p. 594) says, with no apparent empirical support,
"Usually the effect of these dual textons (oflarge white
blobs) on perception is small." The point here is that if
some modified version of texton theory is to account for
these data, then clearer definitions of textons are required
and the conditions under which the various texton types
will elicit discrimination must be specified.

EXPERIMENT 3

Figure 8. The discriminability of micropattem pairs used in Ex
periment 2 broken down in terms of which member of the pair played
the role of the foreground.

The micropatterns used in Experiment 3 are those
shown in Figure lO. Pairs 3.1 and 3.2 have been used
extensively by Julesz as examples of discriminable isodi
pole textures differing in number of terminators. Although
the members of each pair are enclosed by the same cir
cle, they have different configurational descriptions in
terms of the shapes of their convex hulls. Julesz (1984)
attaches ,only minor importance to these shape differences
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Figure 9. The discriminability of each micropattern pair used in Experiment 2 shown as a func
tion of stimulus duration and which member of each pair played the role of the foreground.

as determinants of discrimination when he says that weak
learning effects may occur "provided that the convex hulls
of the identical texton patterns to be discriminated have
very different elongated blob shapes" (p. 605). The pat
terns of Pair 3.3 differ in tenns of overall size and shape
but have identical line-segment and terminator makeup.
Pairs 3.4,3.5, and 3.6 have the same rectangular shape,
but the members of each pair differ in tenns of line
segment, line-crossing, and terminator makeup. If, as tex
ton theory claims, shape differences defined by differences
in the shape of the convex are of only minor importance,
then, on the usual definitions of textons, only Pair 3.3
should be poorly discriminated.

Method
The 12 subjects in this experiment were drawn from the same

pool described in Experiment I. All subjects reported normal or

1~~1I~~113 :rl
1 2 1 2 1 2
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3.4 3.5 3.6

Figure 10. The six micropattern pairs used in Experiment 3.

corrected-to-normal-vision. Except for the micropattem pairs used,
the experimental method was exactly as described in Experiment I.

Results and Discussion
The analysis of Experiment 3 was carried out in exactly

the same manner as described in Experiment 1.
Micropattern pairs. The main effect of micropattern

pairs, as summarized in Figure 11, was found to be sig
nificant[F(6,66) = 78.61,p < .0001] and Pairs 3.1,3.2,
and 3.3 were significantly more discriminable than
Pairs 3.4, 3.5, and 3.6 [F(I, 11) = 109.12, P < .0001].
Planned (nonorthogonal) comparisons indicated that
Pairs 3.1, 3.2, 3.3, and 3.5 were significantly different
[F(l,l1) = 15.06,6.51,144.24, 12.31 for Pairs 3.1, 3.2,
3.3, and 3.5, respectively; all ps < .01] from the con
trol group. An examination of Figure 11, however, rev
eals that only Pair 3.3, whose elements differ only in line
segment arrangement, was strongly discriminable (81 %
discriminability averaged over all stimulus durations).
Pairs 3.1 and 3.2 (supposedly classic examples of dis
criminable isodipole textures) showed poor overall
discriminability-40% and 34% discrirninability, respec
tively, averaged over all stimulus durations. Perfonnance
was poorest for Pairs 3.4 and 3.6, which have many
characteristics in common with the pair shown in
Figure If. This suggests that the poor discriminability of
the S- and lO-shaped micropatterns of Figure If is not
due to similar line-segment and terminator composition
but to general similarity of shape; that is, Pairs 3.4 and
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Figure 11. The overall discrimiDability of the micropattern pairs
used in Experiment 3, collapsed over stimulus duration and the fore
ground/background factor.
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MICRO PATTERN PAIRS

work using a highly practiced subject had shown that these
micropatterns were in fact easily discriminated. This sug
gests that a subject's experience with the micropatterns
is a crucial aspect of performance in the texture
discrimination paradigm. In Experiment 4, we inves
tigated this issue by tracking the performance of a rela
tively naive subject over 10 experimental sessions and then
compared these results with those obtained from a very
experienced subject.

Method
Subjects. One relatively inexperienced subject (p.G.) and 1 highly

practiced subject (R.G.) were used in this experiment. P.G. had
participated in Experiment 2 and had attained above average per
formance. P.G. was paid for participating in this study.

Materials. The micropattem pairs used were those shown in
Figure 14. Note that Pairs 3.1, 3.2, 3.4, 3.5, and 3.6 had been
used in Experiment 3. The isodipole pair, 4.3, replaced Pair 3.3
from Experiment 3.

Procedure. The method of presentation was essentially as be
fore with two minor variations. First, the control condition was
dropped from the experiment, so six pairs in total were used. Sec
ond, a no-mask condition was added. In this condition, the texture
display stayed on for 167 msec and was followed by 500 msec of
blank screen, during which the mask would ordinarily be seen, be
fore the response box appeared. These changes to the design resulted
in 480 trials. P.G. was tested on 5 consecutive nights. Each night
he was run through two 480-trial sessions. R.G. was tested in five
consecutive sessions in one morning.

Results and Discussion
We found that P.G. 's performance improved from ap

proximately 40% correct over all conditions in Session 1

3.6, which also have the same general rectangular shape
yet differ in terminators and line segments, are also hard
to discriminate. Pair 3.5 elicited the best performance of
the three rectangle-shaped micropattern pairs.

Foreground/background effect. Although planned
comparisons revealed that Pairs 3.1, 3.3, and 3.5 showed
a significant foreground/background asymmetry [F(1,11)
= 8.18, 15.89, and 11.66 for Pairs 3.1, 3.3, and 3.5,
respectively; all ps < .02], the effect was not quite as
pronounced in numerical terms as it was in Experiment 1
(see Figure 12).

Stimulus-duration-trend analysis. Figure 13 shows
the further breakdown of the experiment into its stimulus
duration x micropattern x foreground/background com
ponents. Significant linear trends were found for Condi
tions 3.1.1, 3.2.1, 3.3.1, 3.3.2, and 3.5.2 [F(1,ll) =

30.42, 6.51, 30.76, 28.71, and 8.01, respectively; all
ps < .05]. Thus, performance improved in these cases
with increased processing time. Of interest is the improve
ment in Pattern 3.1.1 at longer stimulus durations. This
result, based on one version of the preattentive/attentive
distinction, suggests a fast serial process rather than a dis
tributed parallel process.
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EXPERIMENT 4

We were concerned by our failure to replicate the classic
discriminable isodipole results inExperiment 3. Subjects'
difficulty with these patterns was surprising, since pilot
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MPP BY FOREGROUND/BACKGROUND

Figure 12. The diIIcriminabili of micropattern pairs used in Ex
perimeut 3 broken down in tenns ofwbicb member of the pUr played
the role of the foreground.
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Figure 13. The discriminabllity ofeach mic:ropattem pair used in Experiment 3 shown as a func·
tion of stimulus duration and which member of each pair played tbe role of the foreground.

to approximately 52 % over all conditions in Session 2.
Thereafter, overall performance was slightly lower and
only on Session 10 did overall performance reach a high
of 55 %. Therefore, only the averaged results from the
last five sessions are reported here.

An important point about practice can be made by sim
ply considering the overall discriminability of micropat
tern pairs for the 2 subjects. Figure 15 shows the perfor
mance of the 2 subjects for each of the six micropattern
pairs. The diagonally hatched bars represent R.G. 's data,
and the horizontally and vertically hatched bars represent
P.G.'s data.

With the exception of Pair 3.1, P.G. 's data do not differ
markedly from the average subject's data in Experiment 3.
P.G. does show improvement on Pair 3.1 over the aver
age subject from Experiment 3. For this subject at least,
simple practice per se does not result in a general improve
meil.t in performance; only very specific improvement oc-

1~~11~ ~110> ~I
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Figure 14. The six micropattem pairs used in Experiment 4.

curred. R.G., however, does show a large advantage over
P.G. and the average subject from Experiment 3 for all
pairs except Pair 3.6. Pair 3.2, in particular, which P.G.
and the average subject in Experiment 3 found very
difficult, apparently poses no difficulty after massive prac
tice and/or familiarity with the materials. Pairs 3.4 and
3.5 proved to be equally difficult for P.G. and the aver
age subject from Experiment 3, whereas R.G. found Pairs
3.4 and 3.5 quite easy. On the whole, however, R.G. did
find Pairs 3.1, 3.2, and 4.3 easier than Pairs 3.4, 3.5,
and 3.6. We take this result to support our contention that
the reported discriminability of Pairs 3.1 and 3.2 is not
due to terminator differences. Given the very high per
formance of both P.G. and R.G. on Pair 3.1 and ofR.G.
on Pair 3.2, it is clear that sufficient information about
the micropatterns is available to make highly accurate dis
criminations. However, great familiarity with these pat
terns is required before such discriminations can be made.
We suggest that Julesz's claim that Pairs 3.1 and 3.2 are
effortlessly discriminated is based on data obtained from
highly practiced subjects and that the term "effortless"
depends on the practice state of the subject. These pairs
(3.1 and 3.2) differ from others that we investigated (e.g.,
1.1, 2.2., 3.3), which can be discriminated very ac
curately with relatively little practice.

GENERAL DISCUSSION

In the four experiments, we found performance in the
texture discrimination task to be dependent on (1) the par-
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Figure 15. The overall cIilll:rimiD8bi of eadl microp8ttem pair
UlIed in Experiment 4 coIIap&ed over stimulus duration and the fore
ground/bIIckgro fador. Subject R.Go's results are shown as the
diagoD8I1y batebed bars. P.Go's results are shown as the vertically
and horizontally batched bars.

ticular micropattern pair used, (2) which member of the
pair forms the foreground and which the background,
(3) the time available to inspect the image, and (4) the
familiarity that a subject has with the materials and proce
dure. In the following paragraphs, we will comment
briefly on each of these issues.

We argued at the outset that the line-crossing and ter
minator textons had not been demonstrated to be indepen
dent of configurational differences between micropatterns.
It was found that when configurational differences were
minimized (in Experiment 1 by generating micropatterns
from the same fundamental structure and in Experiments 2
and 3 by generating micropatterns with the same convex
hulls), only one micropattern pair (2.5) with terminator,
line-crossing, or line-segment differences was more dis
criminable overall than the L-T pair claimed to be "preat
tentively" indiscriminable by Julesz (1984). For this rea
son, we are skeptical about the proposition that line
crossings and terminators play an important functional role
in texture discrimination.

What, then, does permit discrimination? This question
is incomplete as stated because its answer depends at least
on the practice state of the subject, the question of which
pattern is embedded in which, and the time available to
inspect the image. However, with the results of naive sub
jects averaged over all stimulus durations and the fore
ground/background condition, we did find evidence that
something related to the notion of micropattern size has
an effect on overall discriminability.
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At several points we have drawn attention to the corre
lation between discriminability and differences in
micropattern size based on the minimum enclosing circle
measure. However, we are not suggesting that the visual
system computes the minimum enclosing circle for each
micropattern in the display. Rather, we are suggesting that
when two micropatterns that are composed of the same
line segments are enclosed by different circles, they will
stimulate different sets of simple receptors. Several re
cent demonstrations support the view that differences in
rather simple, measurable image properties may be related
to the discriminability of many textures. Gurnsey and
Browse (1986), for example, pointed out that micropat
terns composed of the same line elements (e.g., Land
+) have different gray level histograms when subjected
to Gaussian blurring. In many cases, the magnitude of
the differences between the histograms of these blurred
textures predicted performance. Bergen (1986) showed
that textures composed of Ls and +s elicited different
responses from circularly symmetric center-surround
operators, and that, following an averaging procedure to
spread activity throughout a local neighborhood, a sim
ple thresholding operation could be applied to yield seg
mentation. Also, Beck (1986) showed that the responses
of simple center-surround operators could form the basis
for segmentation.

Such proposals have two (nonindependent) points to
recommend them: (1) their simplicity is attractive, and
it makes a great deal of sense to see just how much of
textural discrimination can be accounted for in terms of
simple operators, and (2) because we can be explicit about
the computational form of these fIlters, they lend them
selves to more rigorous evaluation than do suggestions
about features for which no such definitions are forthcom
ing. For example, it is not clear how one would construct
a line-erossing or terminator detector, and the term "elon
gated blob" seems too flexible to have any explanatory
power. On the other hand, it is possible to implement and
evaluate a scheme based on center-surround operators
(e.g., Marr & Hildreth, 1980; see also Fleet, Hallett, &
Jepson, 1985, for an analysis of a spatiotemporal center
surround operator) or orientation-selective fIlters (e.g.,
Fleet & Jepson, 1985; Pollen & Ronner, 1983). It should
be noted that Beck has consistently argued that the primary
determinants of textural segmentation are simple (mea
surable) physical variables such as scale, orientation, and
brightness. We feel that progress will be made in under
standing texture discrimination if informal definitions of
features are replaced with explicit proposals about how
measurable image properties relate to discriminability.
Also, the computational mechanisms that utilize these
measurements to produce a segmentation must be speci
fied. Recent articles by Caelli (1985) and Grossberg and
Mingolla (1985) have taken this more formal approach.

The usual view in texture research has been that tex
tures may be conceptualized as points in an n-dimensional
"feature space" and the hunt has been on for the features
or image properties that define this space. It would be
reasonable to expect, on this view, that the processing time



required to discriminate two textures would be inversely
related to the distance between the textures in the feature
space. Consequently, performance should improve with
exposure duration (Bergen & Julesz, 1983), as was
demonstrated in the present experiments. However, the
usual view is also that textural segmentation involves com
puting differences between textural regions (e.g., Beck,
1982; Julesz, 1984). Recall that the third heuristic oftex
ton theory statd that attention is drawn to regions where
texton differences (differences in local image properties)
occur. If this were so, then there would be no reason to
expect discrimination to be asymmetrical. A system that
simply detects differences between textures should not ex
hibit asymmetries.

It may be, however, that the asymmetry is due to the
fact that attention is drawn to regions with particular
properties or to where the image changes in a particular
way. The visual system must be sensitive to changes in
the visual field, and these may elicit eye movements or
covert attentional shifts (Posner, 1980). If certain image
properties signal an attentional system, then it is reason
able to think of attention being drawn to the sudden ap
pearance of elements that have a large magnitude on some
dimension (e.g., scaleS or intensity). Now, if the subject's
task is to detect the disparate quadrant, then having at
tention drawn to particular image regions could have
different consequences, depending upon whether it was
drawn to the foreground or the background. If attention
is drawn to the disparate quadrant, then two possible con
sequences of this are (1) having attention drawn to a par
ticular place can in itself form the basis for a decision
about which is the disparate quadrant (i.e., since atten
tion has been drawn here, this must be the disparate quad
rant), or (2) the locus of processing (capable of detecting
local feature differences) is shifted to the disparate region
and perhaps stands a better chance of segmenting it from
the background. If attention is drawn to some other quad
rant, then either explanation (as to why being drawn to
the correct quadrant would facilitate performance) implies
that being drawn to the incorrect quadrant would have
a deleterious effect on performance.

Although performance may be initially influenced by
"attentional capture" (yielding the asymmetry), we would
expect that with longer exposure durations performance
would be determined by processes that detected differ
ences between regions in the usual sense (yielding im
proved performance with increased processing time). Such
a "two-process" account could explain the counterintui
tive result that Ls embedded within Ts are more easily
discriminated than Ts embedded within Ls (see Figure 4).
In both cases, it would be assumed that some property
of the L-shaped micropatterns captures attention. In this
way, when the L-shaped rnicropatterns form the disparate
region, they may stand a better chance of being correctly
identified as such. When the L-shaped rnicropatterns form
the background, they may be described as masking the
T- or +-shaped micropatterns, as the case may be. With
casual viewing, however, attentional capture may not oc-
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cur and the differences between the L- and + -shaped
micropatterns would not be masked in the manner sug
gested.

Extensive experience with textures was shown to have
a substantial effect on performance in the discrimination
task. One question is whether highly practiced subjects
(1) simply become more sensitive to the outputs of sim
ple fIlters, or (2) develop strategies, or visual routines,
that make a fIlter-based approach untenable. For exam
ple, we would not want to describe other rapid spatial
processing behaviors, such as reading, in terms of sim
ple fIlters and thresholds. In any case, it is clearly inade
quate to talk about the discrirninability of two textures
without making reference to the practice state of the sub
jects involved. The challenge is for theories of texture dis
crimination, by being explicit enough to be expressed as
programs that actually produce a segmentation of a tex
tural display (Caelli, 1985), to account for the variety of
factors that influence discrimination.
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NOTES

I. Many possible properties may be associated with the constructed,
molar units: number of elementary features that the molar unit com
prises, contrast, aspect ratio, and so forth. Whether or not these properties
should be properly described as holistic is a matter we do not wish to
debate. The point here is that Julesz rejects the notion that a construc
tive process follows the initial decomposition of the image and, of course,
that the results of such a constructive process could have any influence
on the discrirninability of two textures. The view that configurational
aspects of rnicropatterns are ignored in early vision appears to be in
consistent with Pomerantz's (1981) demonstrations of "failure of selec
tive attention." Nothdurft (1985a) has also produced evidence suggest
ing that the texture discrimination can occur in terms of "higher order"
textural elements.

2. It is essential to note that texton detectors should be insensitive to
the context in which their preferred patterns occur. A texton detector
tuned to a vertical line segment should respond identically whether the
line sengment was isolated in the visual field or part of an L, +, or
T. If context affected the response of a texton detector or determined
which detector was activated, then there would be no need to posit line
crossings and terminators as textons, since the theory could account for
discrirninability on the basis of these differently stimulated line-segment
texton detectors.

3. Throughout this paper, we consider the role of textons defined in
the usual sense. Texton differences are considered differences in line
segments, line crossings, and terminators, and not as differences in the
overall blob-like characteristics of rnicropatterns (these we call configura
tional differences). What we are questioning, of course, is the asser
tion that configurational differences between rnicropatterns are of only
minor importance in the texture-discrirnination task. Whether configura
tional differences exert their putative influence through the stimulation
of different simple f1lters or as a result of a constructive process (Beck,
1982; Marr, 1982) is not central to the argument. The issue is whether
or not configurational differences play a role at all.

4. An alternative approach was used in Marr's lab by Riley (1981)
and Schatz (1977; see also Nothdurft, 1985a, 1985b). The idea was to
make performance dependent on some property of the disparate region,
specifically, the form it defines. So, rather than simply detecting the
existence of two regions, the subject had to say something about the
shape of the regions; for example, was the shape a horizontal or a ver
tical rectangle? What letter did the disparate region define?

5. Consistent with this notion, Beck (1982) reported that it is easier
to detect one long line among three short lines than to detect one short
line among three long lines when viewed peripherally.
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