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Feature analysis and the role of similarity
in preattentive vision

HANS·CHRISTOPH NOTHDURFT
Max Planck Institute for Biophysical Chemistry, Gottingen, Germany

Texture arrays of line elements at various orientations were used to study three phenomena
of preattentive vision. Subjects were asked (1) to discriminate texture areas and to distinguish
their form (experiments on texture segmentation); (2) to detect salient or vertical line elements
(experiments on pop-out); and (3) to identify configurations of similar or dissimilar targets (ex­
periments on grouping). Within the patterns, line orientation was systematically varied to dis­
tinguish the effect of differences between areas from the effect of similarity within areas. In all
of the experiments, performance was found to depend on local orientation contrast at texture
borders rather than on the analysis ofline orientation itself. Texture areas were correctly identi­
fied only when the orientation contrast at the border well exceeded the overall variation of line
orientation in the pattern. Similarly, only target elements with high local orientation contrast
were detected fast and "in parallel." Targets with an orientation contrast lower than background
variation required serial search. Preattentive grouping was found to depend on saliency, as de­
fined by local orientation contrast, but not on the similarity of line elements. In addition to local
orientation contrast, which played an important role in all of the visual phenomena studied, in­
fluences from the alignment of line elements with the outline of a figure were also seen.

Three spontaneous perceptual phenomena have been de­
scribed as occurring in the visual inspection of line ar­
rays with differently oriented elements: (1) The pattern
may segregate into distinct areas, each of which appears
to be separated from neighboring areas by a clearly visi­
ble (but physically nonexistent) texture border (texture
segmentation; Beck, 1966b, 1972, 1982; Julesz, 1975,
1984; Olson & Attneave, 1970). (2) Individual line ele­
ments at an orientation different from that of the rest of
the pattern appear to be particularly salient and are in­
stantaneously detected in search experiments (pop-out;
Treisman, 1985, 1986; Treisman & Gormican, 1988).
(3) Lines at similar orientations may be seen as grouping
together, forming distinct ensembles of elements within
the line pattern (grouping; Beck, 1966a, 1967). Although
these phenomena have been discovered independently of
each other, and although they have been quantitatively
assessed in different ways, they share important proper­
ties. They can all be achieved by preattentive vision­
that is, without detailed analysis of the pattern-and they
all seem to recruit from the same set of visual features.
In general, elements that do not segregate in texture seg­
mentation tasks also do not pop out from each' other or
provide perceptual grouping. Controversial reports, ac-
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cording to which some properties provide texture segmen­
tation but not pop-out (e.g., "crossings" and "noncross­
ings"; see Julesz & Bergen, 1983; Treisman & Gormican,
1988), may be due to different arrangements of elements
in these tasks and to the resulting differences in spatial
frequency composition of the pattern. Several experiments
(Bergen & Adelson, 1988; Gurnsey & Browse, 1987;
Nothdurft, 1990, 1991a) have suggested that crossings and
noncrossings do not segregate because of their differences
in line intersection but because of associated differences
in the spatial frequency domain (cf. Nothdurft, 1990).

In describing the perceptual phenomena of grouping and
segregation, Wertheimer (1923) stressed the aspectof sim­
ilarity (Gleichheit) of elements, a view that also influenced
later concepts of texture segmentation. Texture areas were
thought to appear homogeneous if elements shared cer­
tain properties, and they were thought to segregate if their
elements displayed different properties. Even in his early
studies, however, Beck (1966a, 1967) conjectured that
grouping was based on the dissimilarity between, rather
than the similarity within, groups of line elements. He
found that the judged similarity of texture elements failed
to predict the degree to which they formed distinct per­
ceptual groups and supposed that dissimilarities were de­
tected by "difference units" (Beck, 1982) operating over
retinal areas of various sizes. Grouping effects were as­
sumed to be stronger for differences between large areas
than for differences between small areas (Beck, Prazdny,
& Rosenfeld, 1983). Later experiments indicated that tex­
ture segmentation and pop-out are also strongly influenced
by local variations in the pattern (Julesz, 1986; Nothdurft,
1985b; Sagi & Julesz, 1987). Texture areas with globally
identical feature statistics were shown to segregate when
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local discontinuitieswere introduced into the pattern, and,
conversely, pronounced texture differences were shown
to fail to segregate when the variations were made con­
tinuous (Nothdurft, 1985b, 1990).

In the present study, the role played by local texture
differences in segmentation, pop-out, and grouping phe­
nomena was investigated in detail, and the different con­
tributions of orientation contrast and the analysis of orien­
tation per se were compared. Preliminary data from some
of the experiments have been reported recently (Noth­
durft, 1991c). Although the work presented in this paper
concentrates on variation in line orientation, which is an
important feature in preattentive vision, the approach has
recently been extended to the use of other stimulus di­
mensions such as color and motion (Nothdurft, 199Ib).
The data suggest similar properties for these parameters,
with some interesting exceptions for color.

The experiments reported here followed three direc­
tions. (I) The strength oflocal orientation differences re­
quired for perceiving texture segmentation and pop-out
was assessed quantitatively and measured as a function
of the overall variation of line orientation in the pattern.
(2) The speed in detecting certain line orientations was
measured as a function of target orientation contrast.
(3) Perceptual grouping was assessed quantitatively, and
the strength of grouping of similar and dissimilar elements
was compared.

GENERAL METHOD

Experiments were performed on adult subjects with normal or
corrected-to-normal visual acuity, who were paid for their partici­
pation. The subjects sat about 2 m away from a monitor screen
(CONRAC 7211) on which the stimuli appeared. Before and dur­
ing stimulus presentation, they were asked to fixate a small spot
on the screen that remained visible during the experiment.

The stimuli were texture patterns of bright lines (about 20' long
by 5' wide) that could appear at various orientations. The raster
width of the line arrangements was usually 35' of visual angle; in
some experiments, denser or less dense texture patterns were also
tested.

Four different paradigms were used. In the experiments on tex­
ture segmentation, the subjects had to distinguish texture areas and
to report the orientation of a texture bar that appeared in the center
of the screen and could be either vertical or horizontal. In the pop­
out experiments, the subjects either hadto detect a particularly salient
line element (at eccentricities of I O_r) and to indicate its position
relative to the fixation point ("left" or "right"), or to report the
presence or absence of a certain line in the pattern (visual search
experiments). In the grouping experiments, the subjects were asked
to detect ensembles of line elements and to indicate their spatial
coafiguration-sfor example, whether they formed triangles or cir­
cles. Note that this paradigm is different from the one originally
used in grouping experiments, in which the strength of grouping
by similarity was estimated by measuring its effect on grouping by
differences in luminance (Beck, 1966b, 1967). However, the visi­
bility of element configurations as measured here was found to be
a direct indication of the strength with which these elements formed
a distinct group. The figures used (triangles, circles) were arbitrary
and were selected because of their ease of being detected, distin­
guished, and reported by subjects.

The stimuli were generated by computer (LSI 23) and stored on
a display buffer from which they were displayed for a given time

through the use of a noninterlaced video technique (frame rate:
50 Hz). Computation time for generating a new picture was typi­
cally 2-3 sec. In some experiments, the stimuli were masked by
the immediately following presentation of another pattern with lines
at random orientations. In the configuration used, spatial resolu­
tion of the picture buffer was 256 x 256 pixels, at two luminance
levels (line elements, background). The presentation time of the
stimulus patterns was typically 100 msec (5 frame repetitions) for
nonmasked stimuli and 160 msec (8 frames) for stimuli followed
by a masking pattern. The mask itself was shown for 500 msec (25
frames). Screen luminances were set to 2 cd/m" (background) and
20 cd/m! (texture elements), resulting in a I log., luminance dif­
ference between texture elements and background (MIL = 9).

In all tasks (except Experiment 4), responses were based on global
impression rather than detailed analysis of the pattern. When a new
experiment was started, an initial time period was used to familiar­
ize the subjects with the paradigm and the required reactions. The
subjects directly entered their answers into the computer by pressing
specified buttons on the keybord. After a short delay, the computer
started the calculation of a new pattern, which was then displayed.
To keep the time for computing a new picture as short as possible,
line elements at various orientations were not generated individu­
ally but were read from memory with a resolution of 5° in line
orientation.

TEXTURE SEGMENTATION FROM
LOCAL DISCONTINUITIES

Experiment 1: Segmentation of
Nonuniform Texture Areas

The aim of this experiment was to distinguish the ef­
fect of local dissimilarity at a texture border and that of
global similarity within texture areas on perceived seg­
mentation. Because these two aspects would be indistin­
guishable with the use of texture patterns in which all lines
within an area had the same orientation (Figure IA), mea­
surements were extended to patterns with nonuniform tex­
ture areas in which line elements varied systematically
in orientation (Figure IB). Texture patterns were con­
structed from two parameters, the continuous variation
of line orientation in the background of the pattern (the
background orientation shift, Abg, indicating the differ­
ence in orientation between neighboring elements along
rows and columns in the pattern) and an independently
adjustable (usually larger) local change in line orienta­
tion at the outlines of the texture bar (texture border orien­
tation contrast, Alb). Both parameters were systematically
varied, and the various conditions were intermixed and
shown in random order, with actual line orientations
chosen at random for each presentation. The data shown
below represent an average of 60 or more stimulus pre­
sentations of each Alb/Abgcombination. The background
orientation shift was usually positive (lines rotated clock­
wise from left to right and from top to bottom), but it could
be inverted at random positions, causing the reversal of
orientation shift. Such reversals in the flow field of the
pattern were often applied when the variation of back­
ground orientations was large, in order to avoid dominant
macrostructures at oblique orientations. The stimulus pat­
terns were shown for 100 msec; they were not masked
afterwards. The screen distance was 220 cm.
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Figure 1. Segmentation of nonuniform texture areas. Panels A and B show stimulus patterns with systematic variation of two parame­
ters, the overall orientation difference between neighboring line elements, .:1ba (0° in A, 15° in B), and the local shift in line orientation
at the texture border, .:1tb (J0 0 in A, 90° in B). Subjects bad to detect the segregating texture area and to identify whether the global
bar was vertical or horizontal. The actual orientation of line elements was randomly varied. Panel C gives correct responses for Subject
H.C.N., sorted for similar background conditions (a1ternatingly filled and open circles) and fitted by psycbometric curves. Different
curves are shifted by 25% each and plotted together; dashed lines indicate 75% correct (thresbold). In panel D, threshold orientation
contrast (75% correct from curves as in panel C) is plotted against background orientation shift. Data from panel C are marked by
filled circles; data from 2 other subjects are added (open circles). The straight line indicates the case .:1.b = .:1ba, which is seen as a
continuous flow field with no segmentation.

Three subjects were tested in this experiment. For each
of them, data were collected in two to three sessions, each
of which lasted no longer than 2 h. Correct responses for
all border conditions on the same background variation
were fitted by a psychometric function (Nothdurft, 1985a),
whose 75 % level was taken as a measure of threshold
orientation contrast for texture segmentation on this back­
ground condition. Figure IC shows the measurements for
Subject H.C.N. Data points are sorted for the different
background conditions. Intersections of fitted curves with
the dashed lines (representing 75% correct responses) are
plotted in Figure ID. Note that the threshold values of
the border orientation contrast increase with background
orientation shift. For uniform areas (Abg = 0), local
orientation contrast ofless than 20° (less than 10° for Sub­
ject H.C. N.) was sufficient to provide texture segmenta­
tion, but even for an element-to-element variation of 20° ,
subjects could still correctly identify the global texture
bar when orientation contrast at the texture border was
made large enough. Up to values of about 15°-20°, the
required border contrast increased almost linearly with
increasing background variation. Above 30°, subjects
usually did not reach the 75% level for even maximal
orientation contrast (90°) at the texture border. Note that

upper limits of background variation for which segmen­
tation could still be obtained were similar for all subjects,
despite notable differences in threshold for small back­
ground variations.

These results cannot be explained by theories in which
texture segmentation is based on element similarity. Only
for zero background orientation shift could the analysis
of line orientation per se predict the texture figures seen.
For patterns with nonuniform texture areas, the analysis
of element similarity would have predicted quite differ­
ent segmentation figures. The figures seen were only to
be expected if texture segmentation were linked to the
detection of local dissimilarities larger than the overall
variation within a pattern (Nothdurft, 1991c). Such a sen­
sitivity to local dissimilarities (i.e., to orientation contrast)
could be achieved from nonspecific summation of VI cell
responses, which have been found to increase with local
orientation contrast (Knierim & Van Essen, 1992; Van
Essen et al., 1989).

An interesting observation in the course of these ex­
periments was that the detection of texture bars did not
depend on local orientation contrast alone, but was, to
some extent, also influenced by the actual orientation of
line elements near the texture border. Texture bars whose
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orientation lined up with the orientation of individual line
elements were more easily detected than those whose line
orientation and bar orientation differed considerably. This
effect was only seen for patterns in which the orientation
contrast at the texture border was so small that detection
was near threshold. For both very small and very large
contrast values, either no or all texture bars were detected,
independently of the actual orientation of line elements.
In the following series of experiments, these interactions
between bar and line orientations were studied in more
detail.

Experiments 2A-2C: Alignment Effects
in Texture Segmentation.

The experimental paradigms and the stimuli in these
experiments were similar to those used before, except that
the orientation of line elements within the texture bar and
the bar orientation itself (horizontal or vertical) were sys­
tematic parameters of the test. That is, line orientation
was not random but was varied systematically in steps of
15° (Experiments 2A and 2B). Variations included cases
in which line elements were aligned with the orientation
of the texture bar (see Figure 2A), and others in which
line orientation was orthogonal to it (see Figure 2C). Ex­
periments 2A and 2B were restricted to a single back­
ground shift and border contrast condition (~bg = 10°;
~tb = 20°), which was selected because it produced de­
tection rates near threshold in Experiment 1.

In Experiment 2A, 5 subjects were tested with this par­
adigm. Their mean responses are shown in Figures
3A-3C. The filled circles in Figure 3A give the number
of correct responses for patterns with a vertical texture
bar; the open circles in Figure 3B give those for patterns
with a horizontal bar. Because the background orienta­
tion shift was nonzero in all these patterns, only some of
the lines within the texture bar exactly lined up with its
orientation. The values on the abscissa in Figure 3A (0°
indicates vertical orientation, 90° indicates horizontal
orientation, and positive and negative values indicate right­
tilted and left-tilted lines, respectively) refer to the orien­
tation of the most central line elements in the bar (cf.

Figure 2), the lines above right and below left from the
center where the fixation point was located (not shown
in Figure 2). Other line elements had slightly different
orientations. However, for no element within the texture
bar was the deviation from the given value larger than
30° . As is obvious from the distribution of filled and open
circles, bars whose line elements were aligned with the
bar's orientation were detected better than bars whose line
elements were orthogonal to it.

When the data of both curves are pooled with respect
to the relative orientation difference between line elements
and the texture bar, the results (Figure 3C) reveal a sys­
tematic dependence of correct bar detection on the align­
ment of border and element orientations.

Note that subjects performed worse than chance level
for lines perpendicular to bar orientation, often identify­
ing a vertical bar of horizontal lines as a horizontal bar,
and vice versa. This indicates that subjects' decisions were
biased by the orientation of texture elements in the center
of the pattern. In order to see whether the bias was due
to the configuration of central line elements alone or
whether there was an additional effect from the alignment
of texture elements with the texture border, the follow­
ing two modifications of the experiment were made for
control. I

In Experiment 2B, the stimulus patterns were identi­
cal to those in Experiment 2A, but presentations also in­
cluded patterns with no texture bar as blank trials. The
background variation in these patterns was identical to that
of the bar stimuli (~bg = 10°), and the central line ele­
ments were either horizontal or vertical. In addition to
responding "vertical" or "horizontal," subjects could
also reject a pattern by entering a "no bar" response. No­
bar stimuli appeared in 30% of the presentations.

The curves in Figures 3D-3F represent the means of
3 subjects on 50 presentations of each bar condition. Their
rate in seeing bars from no-bar stimuli (dashed lines)
strongly depended on the orientation of the central line
elements. In the context of the apparently weak visibility
of the texture bars, the false alarm rate was well above
zero. However, false alarms were strongly biased toward
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Figure 2. Alignment effects in texture segmentation. Four patterns with constant stimulus conditions, according to Experiment 1 (verti­
cal bar; A... = 10°; A,b = 20°), but different actual line orientations. Subjects detected the texture bar in panel A more frequently than
that in panel C.
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Figure 3. Alignment effect5. Panels A-C give mean correct responses for 5 subjects' 'Ftection of vertical (A, fdled symbols) and hori­
zontal (B, open symbols) texture bars when orientation of line elements was systematically varied (Experiment 2A). Values on the ab­
scissa refer to the orientation of central line elements (0° indicates vertical orientation, and 90° indicates horizontal orientation). Verti­
cal bars are detected best when composed of vertical or near-vertical line elements (A, 0°), horizontal bars best when composed of
horizontal or near-horizontal lines (8, 90°). Panel C gives the averages of the curves in panels A and B with respect to alignment of
texture bar and line elements. Panels D-F give the means for 3 subjects' detection of vertical and horizontal bars in the presence of
blank trials (no-bar stimuli) with central lines at 0° or 90° (Experiment 2B). The plots are as in panels A-C, but subjecu were asked
to reject patterns without a texture bar. False alarms to blank stimuli are marked by dashed lines. Upper dashed lines indicate the
rate of seeing aligned bars (A, vertical bars from no-bar stimuli with central lines at 0°; B, horizontal bars from no-bar stimuli with
central lines at 90°; C, mean). Lower dashed lines indicate the rate of seeing nonaligned bars (A, vertical bars from no-bar stimuli
with central lines being horizontal [90°]; B, horizontal bars from no-bar stimuli with vertical central lines [0°]; C, mean). Detection
of aligned bars exceeds false alarm rate for aligned no-bar stimuli.

bars in an aligned orientation (upper dashed lines in Fig­
ures 3D and 3E). Although the rates for seeing nonaligned
bars were only slightly different between no-bar and bar
stimuli (lower parts of the curves and lower dashed lines),
there were consistent differences between the rates of see­
ing bars from aligned configurations (curve peaks and up­
per dashed lines). Subjects more often (correctly) detected
the aligned texture bar than they (wrongly) guessed that
such a bar was present in aligned no-bar textures. The
net effect (hits minus false alarms) was 15% on the aver­
age from 100 bar presentations to each of the 3 subjects.

In order to see whether the size of this effect depended
on orientation contrast at the texture border, we ran a final
test on another modification. In this experiment (Experi­
ment 2C), variation ofline orientation in the texture bar
was restricted to the aligned and nonaligned cases for both
vertical (see Figures 2A and 2C) and horizontal texture
bars, and to vertical and horizontal no-bar stimuli. The

advantage of this restriction was that the reduced num­
ber of test patterns allowed measurement of the subjects'
performances with other border orientation contrasts as
well. Tests were run in blocks of 80 bar and 40 no-bar
presentations each, with constant texture border contrast
within each block. Blocks with different border contrast
were run in sequence, and all tests were repeated until
data from 5-8 identical blocks (100-160 presentations per
stimulus) had been accumulated. Background orientation
shift was constant in all of these tests (~bg == 10°). Ex­
amples of stimulus patterns are shown in Figure 4A; the
different columns show patterns from different test blocks.
In addition to the vertical and horizontal bars from verti­
cal line elements plotted in Figure 4A (vertical referring
to lines in the center), vertical and horizontal bars from
horizontal line elements were also shown. The no-bar con­
ditions (shown in the right-hand column of Figure 4A)
were always included.
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Four subjects were tested in Experiment 2C; their mean
data are plotted in Figure 4C. Because the response
characteristics differed between subjects, data from 2 of
the subjects are separately shown in Figure 4B. Histo­
grams plot the percentage of bars seen from aligned
(filled), nonaligned (open), and no-bar (shaded) stimuli.
For large orientation contrast at the texture border
(..1tb = 60°), detection rates for both aligned and non­
aligned texture bars were high. With decreasing orienta­
tion contrast (and hence decreasing visibility of the bar),
Subject C.H. responded with continuously increasing false
alarm rates, whereas these rates remained fairly constant
for Subject B.1. On the other hand, the detection rate of
Subject B.1. strongly decreased with decreasing border
contrast, whereas this decrease was smaller for Subject
C.H. The resulting net effects were similar for both sub­
jects. The means of net effects are shown, separately for
aligned and nonaligned stimuli, in Figure 4C. With in­
creasing orientation contrast at the texture border, the de­
tection rates for both bar configurations increase, but the
detectability of the aligned bars was always better than
that of the nonaligned bars, in particular for intermediate
texture border contrast (weak visibility of the texture bar).
Thus, alignment of element orientation with that of the
texture border helped in detection of the bar. Note that,
although alignment effects were absent from the data of
Subject C.H. (Figure 4B), the means (Figure 4C) show
a clear effect even with her data included.

Usually, the majority of aligned bars was correctly iden­
tified (that is, the filled histograms in Figure 4B resem­
ble merely correct responses), whereas subjects often took
nonaligned bars for aligned bars in an incorrect orienta­
tion (that is, correct responses were fewer than indicated
by the open histograms in Figure 4B). Subject B.1., for
example, made almost no correct responses to nonaligned
bars for texture border contrast below 250. This bias of
bar identification toward aligned versions was prominent
for most subjects (in fact, for all except Subject C.H.)
and is comparable to the bias found in Experiments 2A
and 2B.

Experiments 1 and 2 indicate that texture segmentation
is primarily achieved from local dissimilarities in line
orientation, with some additional contribution from align­
ment effects between line elements and the texture border.
As discussed elsewhere (Nothdurft, 1991c), these obser­
vations cannot be explained by the notion that texture
segmentation is based on the detection of certain features
and the analysis of their similarity within texture areas.
With increasing variation of line orientation within tex­
ture areas, local dissimilarities have to be enlarged in order
to provide segmentation.

How the alignment of texture elements with bar orien­
tation can account for the better visibility of the global
figure on this basis remains an open question. Similar ob­
servations on the detection of aligned squares (Beck,
Rosenfeld, & Ivry, 1989) suggest that the ability of the
visual system to detect line continuations may add to
border extraction from local contrast. As Figure 4 illus-
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trates, alignment effects can affect texture segmentation
to a different degree, for different subjects. Whereas per­
formance was not affected at all, for Subject C.H., align­
ment effects were, in general, strong enough to make
subjects see bars even in continuous and nonsegmented
line arrays.

REQUIREMENTS FOR VISUAL POP-OUT

Experiment 3: Pop-Out From Local Dissimilarity
In this experiment, the role of orientation contrast in

the pop-out phenomenon was studied. The stimuli were
similar to those in Experiment 1, except that the targets
were single elements instead of texture bars (Figure 5).
The individual line elements (the targets) had a variable
orientation contrast (..1tg) larger than or equal to the
element-to-element variation of line orientation in the
background (..1bg). The targets appeared at an eccentric­
ity of I°-2° to either side of the fixation point, and the
subjects were asked to indicate whether they saw the tar­
get to the right (e.g., Figure 5A) or the left (e.g., Fig­
ure 5B) of the fixation point. The targets were defined
by saliency, not by a certain orientation. They could, in
fact, display any orientation during the course of a run.
The task was immediately clear to all subjects, and the
salient targets spontaneously caught their attention.

Stimulus presentation was identical to that in Experi­
ment 1; the stimuli were displayed for 100 msec and were
not masked afterwards. Background orientation shift, ..1bg,
and target orientation contrast, ..1tg, were systematically
varied, with random values for the actual line orientation
of each pattern.

Figures 5A and 5B show examples of stimulus patterns
with different background variations; in both patterns, the
target is spontaneously detected. Correct responses for
different target conditions on the same background vari­
ation were fitted by psychometric curves. The 75 %levels
of these curves were taken as the threshold orientation
contrast for targets to pop out against this background.
Threshold values of 5 subjects are plotted against back­
ground orientation contrast in Figures 5C and 5D.

Note that the operational definition of pop-out here is
different from the usual reference to search time indepen­
dent of display size. Considering the short presentation
time (100 msec) and the large number of elements shown
(121 and 144 items, respectively), the detection of the tar­
gets was instantaneous and probably independent of dis­
play size. This is also what subjects reported when doing
the test. As will be shown in Experiment 4, the depen­
dence of search time on the number of items displayed
is closely related to the target's saliency, which, in fact,
was measured here. Performance in detecting salient tar­
gets revealed curves similar to those for detecting tex­
ture bars (Figure lC); that is, the detectability changed
gradually with increasing target orientation contrast. In
order to allow for comparisons between different back­
ground conditions, 75%correct responses were taken as
an arbitrary reference. This, of course, does not imply
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Figure 5. Pop-out from local dissimilarity. Subjects had to detect salient targets in an otherwise continuous line array and to indicate
whether these appeared to the left or the right of the fixation point (in the middle of the pattern; not shown here). As in Experiment I,
variation of line orientation between elements (background orientation shift, abJ and local orientation contrast at target position (alg)
were the systematic parameters of the experiment (examples in A, abg = 0°, a,g = 30°, target on the right; B, abg = 20°, a,g = 90°,
target on the left). Panels C and D show target orientation contrast at threshold, plotted as a function of continuous orientation shift
between background line elements. Different line densities were tested. The thin straight lines in panel C indicate the target-free condi­
tions (alg = abJ; the corresponding value in panel D is a,g = 0°. The targets pop out when local orientation contrast is sufficiently
higher than background variation.

that the visual phenomenon of pop-out is given by 75 %
correct target detection.

The subjects performed the task on patterns with three
different line densities. The testing conditions for Sub­
jects K.D. and I.H., on the one hand, and Subjects C.H.,
B.S., and R.Z., on the other, were slightly different. The
first 2 subjects (Figure 5C) were tested with the following
patterns: (l) a high-density 15 x 15 element raster, with
a raster width (rw) of 0.48 0 (open squares); (2) a medium­
density 12x 12 element raster with rw == 0.6 0 (closed cir-

cles)-this arrangement was close to that used in Experi­
ment 1; and (3) a low-density 6x6 element raster with
widely spaced elements with rw == 1.2° (open circles).
The viewing distance was 220 em. Subjects C.H., B.S.,
and R.Z. (Figure 5D) were tested with (1) a high-density
15x 15 element raster with rw == 0.45 0 (open squares);
(2) a medium-density 9 x9 element raster with rw == 0.9 0

(closed circles); and (3) a low-denisty5 x5 element raster
with rw == 1.8 0 (open circles). The viewing distance was
203 em. The line elements had the same size in all of the



patterns (0.33 ° xO.OSo for the data shown in Figure 5C;
0.3r xO.09° for the data in Figure 5D). The targets ap­
peared at eccentricities ofO.Sr-2.33° (Figure 5C) and
1.S° (Figure 5D) to either side of the fixation point.

Under all of the tested conditions, the target orienta­
tion contrast required for pop-out increased with increases
in the overall variation of line orientation in the pattern,
in a way very similar to the increase of threshold orien­
tation contrast at texture borders with higher background
variation (Experiment 1). This suggests that both pop-out
and texture segmentation result from a similar neuronal
mechanism, which apparently is based on the detection
of local orientation contrast rather than on the analysis
of orientation per se. In fact, in many patterns, other line
elements had the same orientation as that of the target,
but they did not pop out perceptually. As for texture seg­
mentation, no orientation difference was found to pop out
from a pattern with sufficiently high background varia­
tions (dbg > 30°).

Stimulus patterns used for the curves in Figures 5C and
5D differed by a small but apparently important property.
In the patterns used for Figure 5C, the continuous back­
ground orientation shift was interrupted at the target po­
sition to make the four neighbors of the target all display
the same orientation (e.g., Figure 5B). With such pat­
terns, the threshold orientation contrast was consistently

Figure 6. Pop-out depends on background variation. The patterns
show eight pop-out targets in a circle-like configuration; their local
orientation contrast increases clockwise in steps of 10° (At, = 10°,
20°, ... , BOO). For a unifonn texture background (Aba = 0°), almost
all elements can be seen spontaneously. With increasing variation
of background elements (Ab, = 10°, Ab' = 20°), fewer elements
stand out from the pattern. Almost all of them seem to be hidden
when background variation is large enough (Ab, = 30°).
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decreased for widely spaced line textures (Figure 5C,
open circles). In the stimulus patterns used for Figure 5D,
the texture flow was continuous across the whole pattern,
and target orientation contrast was locally added to the
line orientation of the background element at the target's
position (as in the patterns shown in Figure 6). With these
patterns, threshold curves for different line densities were
similar and could, in fact, fall almost congruently (Sub­
ject C.H.). Note that target orientation contrast, in these
patterns, resembles the orientation difference from the
continuous flow pattern. Exact orientation differences be­
tween the target and its next neighbors may be different
from that value; this is particularly true for an orienta­
tion contrast of 90°, for which the local orientation dif­
ference between the target and its neighbors is only
90° - dbg. (These differences may be one explanation for
the observed difference in threshold curves for patterns
with low-density textures; cf. the open-circle curves in
Figures 5C and 5D.) On the other hand, construction of
patterns as in Figure 5B produces a local patch of simi­
lar lines-a figure that itself may be easily detected in low
line density patterns. (This is another possible explana­
tion of why sensitivity is increased in low-density textures;
cf. the open-circle curves in Figure 5C.)

The effect of the overall variation of line orientation
in a pattern on perceived pop-out of target elements is
demonstrated in Figure 6, which displays eight target ele­
ments in a circle configuration, with clockwise increas­
ing orientation contrast to the background (dll = 10°,
20°,30°, ... , SOO). Depending on the background orien­
tation shift, almost all (dbg = 0°) or only few (dbg = 30°)
targets, if any, can spontaneously be detected. Note that
lines elsewhere in the pattern do not pop out even if they
share the orientations of salient elements. Thus, orienta­
tion per se does not seem to provide pop-out. The role
of saliency in searching for a line at a certain orientation
was investigated in the following experiment.

Experiment 4: Without Orientation Contrast,
Visual Search Is Serial

In this experiment, subjects were required to detect ver­
tical lines under different stimulus conditions, as salient
or nonsalient elements of the texture array. Reaction time
(RT) was measured as a function of the number of ele­
ments shown. Three stimulus conditions were tested (cf.
Figure 7): patterns without salient elements (Condi­
tion A), patterns with one salient element that was or was
not the target (Condition B), and patterns with different
numbers of salient elements, one of which could be the
target (Condition C). A texture element was made salient
simply by presenting it at an orientation contrast far above
the variation of orientation between background elements
(dbg = 10°, dIg ~ 60°). The different stimulus condi­
tions, A, B, and C, were tested in separate runs. Vertical
lines and lines at close orientations (± 14°) were absent
from half (A) or one third (8, C) of the stimulus patterns
shown (no-target condition).

Figure 7 shows some examples of the stimulus patterns
used in this experiment. In Conditions A and B, the num-
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Figure 7. Stimulus patterns used in visual search experiments. The stimulus patterns displayed 4x4, 6x6, 8x8
(examples in the top rows), 10x 10 (not shown), or 12x 12 line elements (examples in the bottom row). They were
replaced by a mask (12x 12 elements, top right) immediately after the subject's reaction. The targets (vertical lines)
were shown under three different conditions. In Condition A, the targets were nonsalient, with local orientation con­
trast equal to that elsewhere in the pattern. The examples in the top row show instances of the target Oeft) and the
no-target case (right). In Condition B (middle row), the stimulus patterns always contained an element that had par­
ticularly high local orientation contrast and appeared salient among the other line elements. This element could be
the target (example on the left) or any other item in the pattern, in which case the target could be either nonsalient
(middle) or absent (right). In Condition C, the number of salient elements (high local orientation contrast) was varied
between 1 and 9. The patterns in the bottom row show examples with 3, 5, and 9 salient elements (from left to right)
for cases where the target is one of the salient elements Oeft), a nonsalient element in the background of the pattern
(middle), or not present (right). Targets and salient elements appeared at random positions (but not in the outermost
rows and columns of a pattern).

ber of items was varied, and the patterns displayed ar­
rangements of4x4 (only in Condition A), 6x6, 8x8,
10 X 10, and 12x 12 line elements. In Condition C, all
patterns contained 12X 12 lines, and only the number of
salient elements was varied. The lines had identical di­
mensions in all these patterns and were plotted at the same
density. The targets could appear at any position in the
pattern, except in the outermost rows or columns of the
line raster, so that the targets were always surrounded by

neighboring lines. (The subjects were not told of this re­
striction.) In patterns with more than one salient element
(Condition C), these were never shown in adjacent po­
sitions.

In contrast with the previous experiment, in which sub­
jects had to indicate the position of a particularly salient
target, here they were asked to indicate the presence or
absence of a certain target (vertical line), ignoring its po­
sition. They were instructed to perform this task accurately
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Table 1
Reaction Time Measurements of Experiment 4

Slope of Regression Lines [Milliseconds/Element]

Subject V.E. Subject M.L. Subject K.D.

Target Slope n Slope n Slope n

Condition A

Nonsalient 27.8±3.0 243 29.5±4.6 200 5.0±0.7 147
None 89.3±4.4 248 96.6±5.6 199 14.2±0.8 150

Condition B

Salient 7.0±I.7 200 7.1±2.7* 160 2.3±0.5 159
Nonsalient 30.5±4.3 190 19.2±3.9 160 5.0± 1.1 155
None 65.4±3.9 199 92.9±6.9 160 11.3±0.9 160

Condition C

Salient 276.6±65.7 194 115.5±40.2* 242 45.5± 14.0* 142
Nonsalient 186.3±82.8t 195 74.0±34.8t 249 59.9± 18.1* 140
None 317.6±81.7 200 -85.3±73.4t 249 -9.8±18.3t 150

Nore-n = number of stimuluspresentations. Differencesof slopes from zero are highly
significant (p < .001), except where marked (*p < .01; t p < .05).

and as fast as possible. The stimulus patterns were shown
continuously until the subject pressed a "ready" button
to indicate that a decision was made. This time was taken
as the subject's RT. The stimulus pattern was then im­
mediately replaced by a mask, and the subjectscould enter
their responses (vertical line present or absent) as fast or
as slowly as they wished. Mask patterns displayed 12x 12
lines at random orientations (including vertical ones) and
remained visible until the subject had responded. After
a break of about 3 sec, a new trial was started. Note that
in this procedure, RTs for hits and rejections were both
taken from identical actions of the subject. Different re­
sponses as to the presence or absence of vertical lines were
distinguished from subsequent typing when the RT had
already been measured.

In Figure 8, the mean RTs of 3 subjects are plotted
against the number of line elements (Conditions A and
B) or pop-out targets (Condition C) in the pattern. RTs
were averaged for correct responses (see Table I). False
alarms were rare «0.7%; see Table 2), but vertical lines
were sometimes missed, in particular when they were non­
salient (i.e., when they did not display local orientation
contrast).

The data in Condition A were obtained with patterns
from which salient line elements were completely absent.
The vertical lines did not pop out from these patterns, and
subjects reported that they had to look carefully for them.
This is reflected in a considerable increase of RT from

Table 2
Errors in Detecting Vertical Line Elements (Experiment 4)

Subject

V.E. M.L. K.D.

False alarms 0.7% 0.6% 0.0%
Misses of salient targets 1.5% 1.7% 2.9%
Misses of nonsalient target 4.7% 4.7% 2.6%

Note-In Condition B, Subject K.D. missed only 0.6% of salient tar­
gets and Subjects V. E. and M.L. missed no salient targets at all.

the 16-item to the 144-item presentations; slopes (see
Table 1) were about 30 msec/item for Subjects U.E. and
M.L., and 5 msec/item for Subject K.D. Mean RTs for
correct rejections (i.e., correct identifications of patterns
from which vertical lines were missing) increased with
slopes of about 90 msec/item (14 msec/item for Sub­
ject K.D.). Note that these values consistently exceeded
what one would expect from the characteristics of serial
search, where RT for no-target presentations should be
about double that for target presentations. However, re­
member that targets were excluded from positions in the
outermost rows and columns, in order that they be always
surrounded by neighboring elements. Therefore, if sub­
jects were following a search strategy of moving from
central parts of the pattern to more peripheral ones, they
would never need to screen as many elements in the tar­
get as in the no-target presentation. The possible under­
estimation of the slopes in target presentations is about
25%. Ifvalues were accordingly corrected (multiplied by
1.3), the relationship of slopes in target and no-target pre­
sentations would more closely fit the expectations. Also,
subjects missed some of the nonsalient targets; the esti­
mates of their mean RT might be slightly too low. How­
ever, both the pronounced increase of RT with an increas­
ing number of displayed elements and (roughly) the
doubling of RT for no-target presentations are clear indi­
cations of serial search for vertical lines in these patterns.

The curves for Condition B plot the data for patterns
with one salient line element. When this salient line was
not the target for which subjects were looking (filled cir­
cles), they had to search serially through all the back­
ground elements in order to detect the vertical line, simi­
larly to the situation when salient lines were completely
absent (Condition A; filled circles). However, when the
salient line element happened to be a vertical line
(squares), subjects detected that target immediately. Mean
RTs were greatly reduced in this case and showed less
variation with the number of items in the pattern (the
slopes were about 7 msec/item for Subjects U.E. and



M.L. and 2.3 msec/item for Subject K.D.), which is as­
sumed to indicate parallel search.

In the third test (Condition C), texture patterns con­
tained different numbers of salientelements, the total num­
ber of texture elements being constant in these patterns
(n = 144). In this condition, RT increased linearly with
the number of salient elements whether the target was
a"10ng the salient (squares) or the background (filled cir­
cles) elements. Mean RT was, in general, much longer
for patterns from which the target was missing (open cir­
cles), and there was no consistent variation between sub­
jects with the number of salient elements in this case. Note
that deviations of slopes from zero were nonsignificant
for Subjects M.L. and K.D. (Table I).

Analysis of the standard deviations (SDs) of the RTs
revealed a linear increase with increases in sample size
for the nonsalient target presentations of Conditions A and
B and a linear increase with increases in the number of
salient elements for salient targets in Condition C, where
search was assumed to be serial. SDs for nonsalient or
no-target presentations in Condition C were almost con­
stant and independent of the number of salient elements
presented.

Mean RTs were, in general, increased for nonsalient
versus salient targets, indicatingthat, even in Condition C,
saliency of the target helped to detect it. The fact that de­
tecting a nonsalient target in patterns with one salient ele­
ment (Figure 8B, filled circles) took only about as long
as did detecting a salient target among nine salient ele­
ments (Figure 8C, filled circles) suggests that even for
nonsalientelements search is not done element by element.
This could be due to the fact that line elements in these
patterns varied systematically in line orientation. Search
for vertical lines, even when not popping out from the
pattern, could probably be made by inspecting patches of
line elements rather than single elements. Such a strategy
may also explain why the slopes of the RTs for missing
targets were not exactly double those for nonsalient tar­
gets (Conditions A and B), an observation also made by
Wolfe, Friedman-Hill, Stewart, and O'Connell (1992).

An interesting observation is the variation in RT among
Subjects U.E., M.L., and K.D. (Table I). This also cor­
responds to observations by Wolfe et al. (1992), who
noted large variations of slopes in search tasks between
subjects. Subject K.D. of the present study, who was
highly trained in texture segmentation and pop-out tasks,
might have adopted a particularly fast strategy in search­
ing for vertical lines. However, despite the fact that she
reacted much faster in these tests than Subjects U.E. or
M.L., her RT data show the same characteristic slope dif­
ferences for the nonsalient, salient, and no-target con­
ditions.

Altogether, these curves show that detecting a vertical
line could only be considered to resemble a parallel pro­
cess when the vertical line itself was a salient, and prefer­
ably the only salient, element of the pattern. In this
situation, RT variation with the number of line elements
was minimal. Both when no lines popped out and when
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pop-out was associated with other line orientations, RTs
strongly increased with the number of displayed items,
suggesting a serial process in searching for the vertical
line. This provides strong evidence against the notion that
features are preattentively detected and recognized (Treis­
man, 1985, 1986; but see Treisman, 1988).

An indication of these results can be obtained from in­
spection of Figure 7. Detection of the target, a vertical
line, is easier and can apparently be done faster when the
target is salient, because of local orientation contrast (Con­
dition B, on the left), than when the target is not more
salient than other elements in the pattern (Condition A,
on the left; or Condition B, in the middle).

The experiments of this section have shown that pop­
out of orientation, like texture segmentation, is based on
orientation contrast but not on oriention itself. The fact
that a sufficiently large local orientation contrast is a suffi­
cient (Experiment 3) but also necessary (Experiment 4)
key for fast visual search argues against the special role
of orientation features in preattentive vision. Furthermore,
the detection of a specific target was shown to resemble
a serial process if the target was not sufficiently distinct
from its neighbors.

Altogether, the results from these experiments agree
with the view that the fast (and hence, presumably. preat­
tentive) detection of orientation features is based on the
preattentive detection of local dissimilarities and the at­
tentive (and apparently serial) identification of the fea­
tures themselves (cf. Sagi & Julesz, 1985). This does not
exclude the possibility that categorical aspects and top­
down processes may provide extremely fast (and perhaps
parallel) search among items that are locally distinct
(Wolfe et al., 1992; see the Discussion section below).

TWO COMPONENTS IN
PREATTENTIVE GROUPING

The important role of feature contrast in both texture
segmentation and pop-out, and the unimportance of fea­
tures themselves, raises questions about their role in
grouping phenomena. Is grouping based on similarity or
on saliency? That is, do elements of a pattern perceptu­
ally group because they are identical, or because they all
are sufficiently distinct from their next neighbors? Sub­
jects detect the circle of salient elements in Figure 6 well,
despite the fact that the orientations of the line elements
are different. This suggests that line orientation does not
affect perceptual grouping. On the other hand, however,
the orientation of line elements itself is not ignored, and
observers can selectively switch between lines at differ­
ent orientations grouping together. This is illustrated in
Figure 9. The first view shows a circular configuration
of six salient elements, which arises from the local dis­
similarity of these line elements that is independent of their
actual orientations. By concentrating on lines of a certain
orientation, one can see one of the two triangles that are
formed from identical lines. Thus, the information on line
orientation-the feature itself-can be used to modify the
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Figure 9. Preattentive and attentive grouping. The pattern shows
six salient elements in a circle-like configuration. By concentrating
on line elements of a certain orientation, two subgroups of these ele­
ments can be distinguished, each of which is made from identical
lines. What is the instantaneous percept of this figure? Do we see
triangles, because of the similarity of elements, or do we see a cir­
cle, because of their local orientation contrast?

grouping process. However, even concentration on a cer­
tain orientation-for example, on vertical lines-cannot
produce the percept of nonsalient line elements forming
a separate group. This indicates that saliency from local
orientation contrast is a prerequisite for grouping.

It seems likely that grouping for feature similarity (e.g.,
seeing the global triangles in Figure 9) is based on a sec­
ondary step of analysis that may well be influenced by
attention. Sagi and Julesz (1985) have shown that figural
grouping of salient elements can occur without knowledge
of the individual elements' orientations. Also, when one
looks at Figure I, one's first impression is that it consists
of a circle and not of triangles intersecting each other, an
impression that is achieved only during prolonged inspec­
tion. The fact that an observer can voluntarily switch be­
tween groups of different line orientations suggests that
higher, probably top-down processes are involved, the in­
vestigation of which lies outside the scope of this study
on preattentive vision. The role of similarity in preattentive
grouping was investigated in the following experiments.

Experiment 5: Preattentive Grouping
Is Independent of Element Similarity

Subjects were asked to detect groups of elements within
a texture array and to distinguish global configurations
formed by them.

The configurations were triangles made of salient ele­
ments. The triangles could point upward, downward, to
the left, or to the right (see Figure 10). The triangles were
made of similar (Condition A) or dissimilar line elements
(Condition B), all of which had the same local orienta­
tion contrast with respect to their neighbors (Figures lOA
and lOB). Within a run, the local orientation contrast of
target elements was systematically varied in order to mea­
sure differences in detection rate between these conditions.
Without the subjects' being told, stimulus patterns from
a third condition (C) were intermixed into the run. In these

patterns (Figure IOC), triangles of similar lines were
shown together with an additional but dissimilar line ele­
ment at a position opposite to the triangle's pointer, so
that salient line elements formed the figure of a square
rather than a triangle. If similarity played an important
role for preattentive grouping, one should expect subjects
to respond better (i.e., with lower threshold) to triangles
made of similar line elements than to triangles made of
dissimilar lines. They also should easily detect the trian­
gle of similar elements in Condition C, which was taken
as the "correct" response for this condition. However,
if grouping were based on the saliency of target elements
alone and information on line orientation, and if the sim­
ilarity of elements were ignored, performances in Con­
ditions A and B should be similar and subjects should
respond at chance level in Condition C.

The stimulus patterns were shown for 160 msec and
masked afterwards. Actual line orientation was randomly
varied between presentations. Three subjects were tested;
their data are shown in Figure 100. The open symbols
refer to true triangle stimuli with similar (continuous
curves) or dissimilar target elements (dashed curves).
With increasing target orientation contrast, the detection
of triangles increased. The closed symbols refer to tests
in which four salient elements were present, and in which
subjects never performed much better than chance (indi­
cated by a thin straight line). Note that Subject K.D. was
only tested with triangles pointing upward or downward
(i.e., chance was at 50%), whereas Subjects C.A. and
I.H. were both tested with triangles pointing in any of
the four directions (chance was at 25%). The detection
rates for Conditions A and B (triangles with similar and
dissimilar elements, respectively) show only small dif­
ferences, indicating little or no contribution from simi­
larity aspects in this task. This is confirmed by the data
of Condition C, which show that subjects did not prefer
the figure of identical lines over figures from any combi­
nation of salient elements. It should be stressed that volun­
tary selection of a certain line orientation does allow iden­
tification of the triangle of similar lines in Condition C.
However, such a selection would have required much
longer presentation times for the stimulus patterns than
those used here.

Experiment 6: Alignment Effects
in Configurational Grouping

The following experiment was performed to test
whether, in grouping, there would be interactions between
line orientation and figural form that would be similar to
those found with texture segmentation (Experiment 2).
Two stimulus conditions were compared, in which salient
line elements in a circle-like configuration were oriented
either tangentially or radially to the outline of the circle.
The background variation of line orientation was adjusted
to produce various degrees of visibility of the circle fig­
ures in these patterns (Figures lIA and l lB).

The displays were presented for 100 msec. The sub­
jects were required to indicate whether or not the circle
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Figure 10. Preattentive grouping is independent of element similarity. From brief inspection of the pattern, subjects had to detect the
global configuration of salient elements that formed triangles pointing in different directions. or these elements, either all were Identical
(A) or one was different (8), but all displayed the same local orientation contrast. Subjects were not Informed of this, hut patterns from
a third condition (C) were intermixed into these runs, in which groups of four elements (three same, one difl'erent) were present. The
open symbols in D give the detection rates (as functions of the local orientation contrast of target elements) for 3 subjects respondiDg
to triangles of similar (continuous curves) and dissimilar lines (dashed curves). The filled symbols plot the detection rates for "same"
triangles in four-point configurations (taken as the "correct" response in these patterns). Detection rates for the true trlaogles are very
similar, independent of target identities. Detection rates from four-point conf"JgUratlons remained at chance (thin line). For Subject K.D.,
only triangles pointing upward or downward were tested (chance level SO%).

was present in the pattern shown. As a control, patterns
with random distributions of the same line elements also
were shown. These patterns did not contain the circle fig­
ure. Figure II C shows the circle detection rates of 3 sub­
jects for the patterns shown in Figures IIA and l lB, Note
that for patterns with moderately visible figures (in the
second and third columns), all subjects preferred the tan­
gential over the radial configuration; that is, they more
often detected the circle when the orientation of line ele­
ments was aligned with the circle's outline than when
elements were orthogonal to it. In a few patterns (third
and fourth columns), some subjects could detect the cir­
cle even from radial configurations of line elements, sug­
gesting that the percept was not exclusively due to the
alignment of lines and figure outlines but that saliency it­
self was an important factor in the detection of the circle.
This underlines the limited influence of alignment effects
in configuration grouping. They were dominant only when
the saliency of target elements was close to threshold (cf.
Experiment 2C). If line elements were nonsalient, neither

the aligned (tangential) nor the nonaligned (radial) ver­
sions of the stimulus were detected (left-hand columns in
Figure IIC). With highly salient elements (fourth col­
umn), on the other hand, both versions could produce sim­
ilar detection rates (Subject C.L.).

Perceptual grouping, in our experiments, was found to
bebased primarily on the saliency of line elements, which
is both necessary and sufficient for the preattentive per­
cept of groups of elements to stand out from the pattern.
Such groups neither include nonsalient elements nor, in
preattentive vision, would form subgroups of identical
elements. Such subgroups can, however, be seen under
extended viewing conditions.

When one is looking for global configurations of sa­
lient elements, the alignment of individual elements with
the outline of a figure may help it to be seen. This effect
is qualitatively similar to that seen for texture segmenta­
tion (Figures 2 and 3), and it seems to play an important
role only for patterns in which the saliency of the figure
is near threshold.



370 NOTHDURFT

A ,_ I , -, -\. -" -\.
/, -/ I - / -/ -\. , , 1'1 , I , I '1--/ - ,- I- I- I -I -,

- I
,- , 1'1 , -,- -, 1, -,- I ' /

I , I t > 'I 'I- I , ,- I -, - I- I - I -
I , I , -, _' I , I , / I / -", - I '" I, /- ,I .... , .... _ .... f .... I' I _I - I ~I - .... - I - I
-I -/,- /-,-,- - /, /-\.-,/ , , I I' I / I ' , ............ , ,

I -, - I -I - , -, -
I , I ,- I - ,_ I_ I / I I _/ , /1- \ - / ' I , I' I, I 'I' I - I I 1 - I - 1-\ -I, -, " -1- , \ t > - /- \.-/\./ 1/ , I I , I .... t ... 1

7 I \ I ,
I - I - I - I - 1- 1 -- I \ , I ,-, - I

, I / -,/ ,- I -/ ,- / ' I \ I' I, , I ' I -, - ,- I - ,-, -,
I , 1_,- 1- I -, , - '\- " /

, , I, I / .... / .... / , I ":,,,,1-, , 1- \ - I - 1- , I I -, I, I - I , I / I
, I 1/ I ,- ,- ,- I /, 'I " , I' 1/1 ' I - I- I - I -, -1 - I

I - I -.... -,- I , I , ,- ,-, , I ~ I'" - I I .... , .... / ....-_I - I , I- I - .... -1 ~I - I -, I , I_ I -,- I, I I ,-, , '/ ' / I /- , I, I' I' I-I , I - 1- , - I -,- , -I
-, I -,-, -I, -' , / 1/ , ,- / 1 ,- I I' I ' I , 1- I -I ,

I- I- ,- ,- I- ,-
B,,\ .... /\/\/\/\;, .... / \/ .... "' .... ,,\; \

.... / .... /\/\1 ; /, \" .... \ .... \ \ ,- /\-\/\-\ ....
;' \" \ .... \ " _..... \
\ .... - " \ ... \ .... " ....
............ \ \ .... \ .... \ .... "
" .... "' .... , .... " .... , / ....
... \ .... \ I \ .... \ ,

" -/ .... \ .... \ " \ " ....
\ ........ \ " \ .... \ \ ....

'-1,_1'1,. /_
1/_/1/1_/,_/
,-\.'\1-1_/,1

I\. " \. l "I ",-" ­
\.- .... 1'-'-''''"
I"" J " I ,/ ,- '/­
'1-\./1-1\'''1'
1/,,;1-/'-/ .... /­
-'-/I_I/I_\./
" I / I I ;- \ _ -, I _

-/1-;-'/'-'1
""" - ,- " I .... -" 1_

I .... , .... J .... 1_ t > I ....
.... / ..... ,.... / .... , .... , .... ,
/ .... / .... t \ J .... 1 .... / ....

.... t ....' .... / .... '/1_1
1_1 .... '_I_I_i_
-1 .... 1 .... '_1 1

I .... _ ....1 .... I .... t > 1_
.... I ..... / .... , .... I I .... I
I .... I" , ....t I""
.... I .... / .... I \ t _, -,
I .... ' .... t .... ,- , .... t >

.... J .... / .... / .... , .... , ..... I

'-1- 1-1-'-1­
-1- 1-1-1-1_1
1-'-\-1/ 1-1­
_1-1_1_1-1-1
I - ..... - 1 _ 1 _ l >" I ­
-1_)_1_'_1_ 1
1-1-1-1- 1-1­
-1 .... ,-1-1- ....-1
'-1- 1- 1-1-1­
-1-1/ 1-\-1-1
1-1- 1- 1-1-1­
-,-1-1- 1_ 1-1

c
RZ

JLK

50

r- ILu aw
a::
a:: 50
0

u

r-
z -- --eLm-
w a
u 100
a::
w
(L

50

a dk
Figure 11. Alignment effects in grouping. Rows A and 8 present stimulus patterns with pop­

out elements in the configuration of a circle. Une elements are oriented tangentially (A) or radially
(8) to the outline of the fJgUre. The patterns were constructed to display easily visible (patterns
on the right side) or barely visible (patterns on the left side) circles for tangential configura­
tions. The histograms (C) show the detection rates for 3 subjects responding to patterns as in
row A when lines were aligned with the circle (open bars), or perpendicular to it (filled bars).
The percentage of false a1anns to control patterns is marked by a dashed line. With increasing
visibility of the circle configuration, the subjects' cIetection rates increased. For most conditions,
however, the aligned versions of the patterns were seen more often than the nonaligned versions.



DISCUSSION

Feature Analysis in Preattentive Vision
Three phenomena of preattentive visual perception were

studied in this paper. They all were shown to depend, in
a very similar way, on local dissimilarity in the line pat­
tern (i.e., feature contrast), rather than on global analy­
sis of line orientation (i.e., the feature itself). Texture
areas were seen as units even when they were made of
line elements at quite different orientations, and subjects
detected groups of dissimilar elements as well as groups
of similar elements, often without even noting the differ­
ence. These observations provide strong evidence against
a major role of feature analysis in preattentive vision. Fea­
tures themselves were not easily detected unless they were
particularly salient (Experiment 4), and saliency was
found to depend not on features but on feature contrast.
It was shown that the saliency of texture elements is due
to local dissimilarities in line orientation and is globally
influenced by the overall orientation variation within a
pattern. As discussed elsewhere (Nothdurft, 1991c), this
suggests a mechanism continuously dependent on orien­
tation contrast, which has been shown to be a prominent
response property of V1 and V2 cells in the macaque mon­
key (Knierim& Van Essen, 1992;Van Essen et aI., 1989).

Although such a conclusion is convincing with regard
to the stimuli tested in this study, other cues besides orien­
tation can induce segmentation of line arrays. Of course,
when line elements are arranged in such a way that tex­
ture areas differ in spatial frequency composition (Hallett
& Hofmann, 1991), segmentation can be strong, indepen­
dently of the local orientation contrast of line elements
at the texture border. In fact, such patterns segment even
when made small enough so that the orientation of line
elements cannot be seen. It is not yet clear to me, how­
ever, whether segmentation without a particular orienta­
tion contrast is always due to such effects alone. The lines
forming the circle in Figures llA-liB did not, in fact,
display any larger local orientation contrast than did the
lines in the background. Nevertheless, the circle can eas­
ily be seen, particularly in the right-hand configurations
of Figure l l A, where background elements are alternat­
ingly vertical and horizontal. It is less visible when back­
ground elements are slightly rotated (Figure l l A, third
column), and detectability becomes poor if other lines are
added to the background (which should, in fact, decrease
the local variation in background orientation). Whether
these effects could be explained by assuming a larger area
size over which orientation contrast is evaluated or by
differences in spatial frequency composition due to the
regularity of the background pattern remains to be
investigated.

The observations in the present study are also interest­
ing with regard to findings from other studies. Moraglia
(1989), in studying the detectability of horizontal lines,
found that targets interrupting a continuous flow pattern
were detected much faster than were targets fitted into
the global line flow (low target orientation contrast) or
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targets embedded in a random line pattern (large back­
ground variation in terms of the present study). These ob­
servations are similar to those obtained in Experiments
3 and 4 of the present study. Also, from search experi­
ments, Duncan and Humphreys (1989) have concluded
that speed of visual search is related to the dissimilarity
between the target and nontargets and to similarities
among nontargets. Such a relationship is also reflected
in the data from the present study. For increasing back­
ground variation (decreasing similarity among non­
targets), target orientation contrast (target-nontarget dis­
similarity) had to be increased for pop-out to be obtained
(see Figure 5). The important aspect added in the present
study was the role of local dissimilarities, in contrast to
the global similarity analysis in Ducan and Humphreys's
approach. In fact, pop-out occurred achieved even with
targets that also were members of the group of nontargets
(see Figure 6), provided that targets and nontargets were
locally dissimilar.

Local Analysis of Texture Gradients
The ability to detect texture borders has also been found

to be based on the local analysis of differences-that is,
on the detection of texture gradients. Whereas in earlier
studies, researchers mainly discussed the role of element
density and interelement separation (Julesz, 1986; Noth­
durft, 1985b), the present study underlines the important
role of feature (orientation) gradients even for constant
element spacing (see also Nothdurft, 1985b, 1990, 1991c).
Bacon and Egeth (1991) have recently called into ques­
tion the importance of local processing for fast visual
search. When searching for vertical or horizontal lines
among horizontal or vertical distractors, they did not find
any variation in RT with line spacings of up to 4 0

- 5.6 0
,

whereas other investigators have found a reduction in per­
formance, in both detection (Sagi & Julesz, 1987) and seg­
mentation tasks (Nothdurft, 1985b), for such widely
spaced elements. However, Bacon and Egeth (1991) have
found some variation in RT with the number of line ele­
ments in the display, which they discussed with regard
to similarity grouping of distractors increasing search ef­
ficiency (Duncan & Humpreys, 1989). One could argue
that their observations are consistent with the notion that
saliency, and not orientation per se, provides fast visual
search. Note that for sparse arrangements of lines around
the target and (because of the large number of displayed
elements) denser arrangements among the distractors, tar­
gets may become salient from other (e.g., luminance) in­
homogeneities in the pattern. Apparently, any saliency
would help to acceleratevisual search (Nothdurft, in press).

An interesting phenomenon in visual search has recently
been added by Wolfe et al.'s (1992) finding of categori­
cal components in the search for oriented lines (see also
Treisman & Gormican, 1988). These authors found that
search efficiency is improved if target lines display cate­
gorical aspects such as "steep" or "left-tilted," which
are absent from the pool of distractors. This seems to con­
tradict the statement made in the present study that fast



Figure 12. Local Hoe orientation affecting the perceived course
of a texture border. Depending on the actual orientation of lines
near the texture border, the same stimulus condition (4tb = 90°,
4ba = IS°) produces figures of slightly different form. Due to ver­
tical and borizontal lines near its outlines, the square in panel A
looks barrel shaped (cf. Nothdurft, 1991) and quite different from
that in panel B. Note, bowever, that the only difference between
them Is a shift in Hoe orientation by 45°.

case when line and border orientations are aligned, the
signal-to-noise ratio of border representation could be
notably better than in either case of one mechanism alone
representing the texture border. This interpretation is sup­
ported by the fact that texture borders appear to follow
the position of aligned line elements, which could lead
to considerable distortions of the shape of a texture area
(Figure 12). Whether neurones that distinguish the orien­
tation of texture borders exist, and whether their responses
to borders from aligned elements are stronger than those
to borders from nonaligned elements, remains to be
shown. From the studies of von der Heydt, Peterhans,
and Baumgartner (1984) on illusory contours, it seems
likely that V2 neurones could react in the assumed way.

Is Saliency Based on Orientation Contrast
or on Discontinuities in the Flow Pattern?

This suggests another possibility of how texture seg­
mentation and pop-out may be achieved in the visual sys­
tem. Borders or targets may simply be seen as places
where the continuous line pattern is interrupted (Link &
Zucker, 1987; Or & Zucker, 1989). Note that even in
patterns with a nonzero background orientation shift, the
line elements appear to line up, forming global' •stripes "
of a certain curvature. Texture borders, or salient ele­
ments, are often detected exactly at the places where this
continuous pattern is interrupted. The fact that it is diffi­
cult to achieve saliency from any orientation contrast for
background variations larger than 30° could then be at­
tributed to the limited ability of the visual system to detect
line continuations for such large orientation differences.

I admit that such an interpretation has certain advan­
tages. Flow patterns were prominent even in the patterns
used in the present study, and they did appear to be dis­
torted with large background variations (see Figure 6),
when pop-out also broke down. The observation of
Moraglia (1989) that horizontal targets are readily detected
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visual search requires sufficient target orientation contrast,
independently of the target's orientation. Note, however,
that in all stimulus patterns of Wolfe et al. 's study (ex­
cept those for Experiments 1 and 2) elements displayed
a local orientation contrast of 30° or more and hence were,
according to the present study, sufficiently distinct from
their neighbors. Whether, under such a condition, top­
down processes may improve search strategy or whether
the observations may also in part be explained by contri­
butions from neuronal filters with large receptive fields,
together with some degree of orientation anisotropy (see
Foster & Ward, 1991a, 1991b), remains open. Interest­
ingly, Wolfe et al. also found that vertical lines presented
in a continuum ofline orientations (distractors at 20°,40°,
60°, or 80° to either side of the vertical, 0°) required
serial search, as in Experiment 4 of the present study.
Also in their study, theslopes for target-present and target­
absent trials deviated from a 1:2 relationship (19.7 msec/
item: 49.5 msec/item) as they have in my experiments
(Table 1).

Target Localization
I want to explicitly underline the observation implicitly

made in the present study that subjects never reported any
difficulty in localizing a target when they had detected
it. This was the case both in "odd man out" tasks (Ex­
periment 3) and in the vertical line search task (Experi­
mental 4), although in the latter I have not explicitly mea­
sured subjects' performances in target localization. This
is different from the assumption that target features but not
target positions are recognized preattentively (Treisman,
1985). We made similar observations in a recent study
in which we triggered eye movements by using local dif­
ferences in line orientation (Parlitz & Nothdurft, 1990).

Alignment Effects
In addition to local orientation contrast, there was nota­

ble contribution to the detection of texture borders or
global figures from line elements having orientations sim­
ilar to those of the outlines of the figure to be detected.
Such an alignment effect, which was pronounced only for
detection rates near threshold, has recently been shown
to facilitate the detection of a straight line from exactly
aligned squares (Beck et al., 1989). The neural basis of
such an effect is not yet clear. It could reflect interactions
between neurones with similar orientation tuning (Gilbert,
1985; Gilbert & Wiesel, 1981, 1989; Mitchinson & Crick,
1982), which may play an important role in the percep­
tion of line continuation. Alignment effects could also be
due to the integration of orientation information at higher
levels. For vertical bars from vertical line elements, for
example, not only the increased responses to local orien­
tation contrast along the texture border but also the re­
sponses to vertical line elements may contribute to the
neuronal representation of the texture bar, whereas for
vertical bars from horizontal line elements, these differ­
ent contributions would be linked to orthogonal orienta­
tions. If both mechanisms add together, as would be the
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when they interrupt but not when they continue a circu­
lar flow pattern also supports such a view. However,
although both notions, orientation contrast and poor con­
tinuation, are indistinguishable with many patterns, some
of the observations from this study favor orientation con­
trast. First, large target or border orientation contrasts
produce pop-out and the percept of texture borders even
in patterns with a 20 0 background orientation shift. Thus,
if saliency were based on the detection of line discontinui­
ties, 200 differences should still be seen as continuous and
therefore nonsalient. But why, then, do local orientation
differences of 20 0 pop out in patterns with zero back­
ground variation? Second, if saliency were based on the
detection of deviations from good continuation, not only
larger orientation differences but also those smaller than
the background shift should pop out. However, this was
not observed. Lines that had, for example, zero contrast
with their neighbors were seen as continuation of the
global flow pattern, and they did not pop out even when
the background orientation varied by 25 0 between neigh­
boring positions elsewhere in the pattern. Third, pop-out
was not only observed when the assumed continuation of
lines was interrupted-that is, with texture borders or­
thogonal to the orientation of line elements-but also seen
between lines with an orientation similar to that of the
texture border, which, in fact, lined up with the global
flow pattern rather than interrupted it (cf. Figures 2A and
2B). This corresponds to neurophysiological recordings
from monkey VI, in which better responses to orienta­
tion contrast were not found to be exclusively restricted
to end-zone areas in the receptive field and to the align­
ment of test line and surrounding lines (Knierim & Van
Essen, 1992; Van Essenet al., 1989). Thus, although the
assumed mechanisms of interrupted line continuation and
local orientation contrast are functionally similar and in­
distinguishable to some extent, orientation contrast seems
to provide a more plausible explanation of the perceptual
phenomena seen.
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Figural Synthesis
The detection (and localization) of local orientation con­

trast is a necessary requirement for the grouping and
figural synthesis of texture elements. Orientation itselfwas
not seen to play an important role, as far as the analysis
for similarity is concerned. However, the additional ef­
fects from alignment in texture segmentation (Experi­
ment 2) and in grouping (Experiment 6) show that the
detection of configurations is not completely independent
of the orientation of line elements but is notably influ­
enced by the alignment of local line orientation with figure
borders (provided that the line elements are sufficiently
distinct from their neighbors). Variations in line orienta­
tion may cause different percepts of the same figure, as
is demonstrated in Figure 13. Whereas in Figure l3A,
the salient elements seem to form a circle, they obviously
form a square in Figure 13B, although the elements have
not changed their positions but have only switched their
orientation. Important cues for identifying a figure are
the corners of that figure. This suggests that elements
whose orientations coincide with the outlines of a figure
near its corners would provide the most vivid impression
of that figure, as can indeed be seen in Figure l3C. In­
terestingly, according to this study, corners are always
more salient than continuous lines, because of the direct
orientation contrast of their flanks. This may explain why
corners are so important in vision: they pop out. In addi­
tion, they provide the necessary information for evaluat­
ing the outlines of a figure and tell the visual system in
which direction it might be worthwhile to search for fur­
ther salient elements.

Other Features
There are many more visual cues that induce segmen­

tation and pop-out thanjust differences in orientation. As
mentioned above, I have been testing some of them re­
cently, using paradigms similar to those in this study. In­
terestingly, although many of the statements made here
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Figure 13. Influence of line orientation on the percept of configurational grouping. In aUpatterns, eight elements pop out because
of local orientation contrast. They seem to resemble a circle in panel A and a square in panel B, although the elements' positioDll
are identical and only line orientations are exchanged. The impression of a square is even stronger in panel C, where line elements
mark the comers of such a figure. Thus, local alignment of line elements with the outline of the global figure bas a cODlliderable
impact on the percept in these patterns.
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can be applied to the processing of other stimulus prop­
erties, some cannot. Motion, for example, was found to
have properties very similar to those of line orientation,
with segmentation and grouping being based primarily on
local differences in the pattern (Nothdurft, 1991b). Color,
however, as well as luminance and depth, seems to be­
have differently in some respects.

CONCLUSIONS

In this paper, I have shown that texture segmentation
from orientation is not based on element similarity within
a texture area but is based on local dissimilarities at tex­
ture borders.

I have also shown that the percept of an orientation tar­
get popping out from its context (' 'the odd man out" par­
adigm) can be related to target saliency, which was found
to depend on local orientation contrast from the overall
variation of line orientation in the pattern, and not orien­
tation per se. Searching for lines at a certain orientation
could only be done fast ("in parallel") if elements were
sufficiently distinct from their neighbors. Local dissimilar­
ity, therefore, is a prerequisite for pop-out and fast visual
search.

Even the grouping of orientation targets was shown to
depend primarily on the saliency rather than on the simi­
larity of texture elements. Nonsalient elements did not
group. And, in preattentive vision, salient similar line ele­
ments did not group any better than salient dissimilar ones.
Apparently it is only at a second (probably attentive) stage
of analysis that observers can see groups of similar lines
and voluntarily shift between such groups.
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