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Abstract

Long range interactions between texture elements (short, oriented line segments) were examined. Specifically, we studied the
influence of a background array of texture elements on the detectability of a target element (separated from the background by
an intermediate textured region) using textures like those of Caputo (Vis. Res. 1996, 36, 2815-2826). We found that, in general,
when the background elements were oriented orthogonally to the target element, detection of the target element was better than
when the background elements had the same orientation as the target element. We discuss these interactions in terms of inhibitory
and excitatory connections between orientation and spatial frequency selective linear filters (e.g. filters which mimic V1 simple
cells) which would respond to the individual texture elements. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The visual system is designed to recognize, among
other things, representations of objects which have long
contours such as chairs, faces, etc. However, the ‘build-
ing blocks’ for these representations of objects, at a
low-level (that is, V1 simple and complex cells), have
receptive fields which necessarily view only a small part
of any object. To recognize an object from isolated
inputs such as these requires assembling the outputs.
Thus, in order to further our understanding of visual
processing beyond these individual samples of the
world, we need to examine how these cells combine
information across space in the form of long range
interactions.

In this paper, we examine long range interactions
between perceptual ‘building blocks’ (specifically, short
line segments) in the context of texture segregation and
pop-out. Exemplary stimuli for our experiments are
shown in Fig. 1. Each stimulus/texture consists of three
areas: the target element surrounded by a patch region
surrounded by a background region. For example, in
Fig. la, the target is a —45° line element, the patch
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region is made of 90° line elements, and the back-
ground region is made of 45° line elements. In all of our
experiments, we explore the relationship between the
target element (or elements in one experiment), the
patch region, and the background region. More specifi-
cally, we are interested in the effect of the background
region on the detectability of the target element since
such an influence would be indicative of long range
interactions. As will be discussed in more detail below,
past research (Caputo, 1996) found that when the
target element and background elements had the same
orientation (iso-orientation), the target element was
harder to detect or identify than when the target ele-
ment and background elements differed by 90° (ortho-
orientation); we term this difference in performance the
i80- versus ortho-orientation effect. Typical models of
texture segregation (e.g., Malik & Perona, 1990; Landy
& Bergen, 1991) do not consider long range interactions
(between the target element and the background ele-
ments) and would predict that the target element
should be equally detectable in the iso-orientation and
ortho-orientation configurations. Thus, it is interesting
to study these long range interactions since they are not
accounted for by typical models of texture segregation.

There are different frameworks in which the percep-
tion of textures like those in Fig. 1 can be considered:
(1) one can think of such textures in terms of occluded
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surfaces' (e.g. for the iso-orientation textures in Fig. 1,
the target eclement and the background might be
thought to form a surface which is occluded by the
patch region as illustrated in Fig. 2); or (2) one can
think of such textures at a low-level in terms of inter-
acting filters selectively tuned for orientation and spa-
tial frequency. We will refer to these general
interpretations as the occluded surface framework and
the filter framework. It may be that these two view-
points are generally compatible; that is, the low-level
filters may feed into a higher-level surface representa-
tion. However, there is some research which makes
sense in terms of a filter framework but not in terms of
an occluded surface framework, and vice versa. We will
also consider physiological research regarding long
range cortical interactions in V1; it may be that the
interacting filters suggested in (2) are related to the
context effects seen in single cell recordings.

1.1. Background research

Long range interactions have been examined physio-
logically. Using single cell recordings (in V1), re-
searchers have examined how a stimulus presented
outside of a cell’s classical receptive field (CRF) can
influence a cell’s response. When a cell is presented with
a stimulus in its CRF to which it is sensitive (say, a
vertical grating), the cell will respond. When a cell is
presented with a stimulus outside its CRF (say, a
horizontal grating), it will not respond (if it did re-
spond, then the region would be considered to be inside
the CRF). However, there are cells that are sensitive to
context. That is, there are cells that respond differen-
tially to the central stimulus (the vertical grating) pre-
sented alone and the central stimulus presented in the
context of the surround stimulus (the horizontal grat-
ing). In general, cells which are sensitive to context
respond more when the central and surround stimuli
are orthogonal than when they are of the same orienta-
tion (iso- versus ortho-orientation effect). This effect
has been found using grating stimuli (Sillito, Grieve,
Jones, Cudeiro & Davis, 1995; Levitt & Lund, 1997)
and arrays of oriented line segments (Knierim & Van
Essen, 1992).

Long range interactions have also been examined
psychophysically. Caputo (1996) examined the effect of
a background region of elements on an oriented target

! For our purposes, we will consider a surface to be defined by an
array of similar texture elements (i.e. similar in orientation and sign
of contrast) which may include areas of smoothly varying texture
elements (i.e. smoothly varying in orientation). That is, there will be
some property which causes the ‘pieces’ of the scene to be grouped
together as a surface (similar texture elements in our case), and a
sudden change in this property would suggest a boundary/break in
the surface. Finally, if there is evidence of occlusion, a surface may
‘complete’ behind the occluding surface.

separated from the background by a patch region (as
shown in Fig. 1). Caputo (1996) had three major find-
ings. (1) Detection and identification of the target ele-
ment are superior when the target and background are
orthogonal rather than when they are of the same
orientation (the iso- versus ortho-orientation effect). (2)
The iso- versus ortho-orientation effect disappears if
the patch region elements are erased (however, we
found that the effect remains when there are no patch
elements). (3) The iso- versus ortho-orientation effect
diminishes as the distance between the target and back-
ground increases. Similar long range effects are seen in
other tasks. The apparent contrast of a grating is
reduced more when a surrounding grating has the same
orientation than when it is oriented orthogonally (Can-
non & Fullenkamp, 1991; Solomon, Sperling & Chubb,
1993).

The research presented here does not specifically
consider element alignment. According to some psycho-
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Fig. 1. Sample stimuli for Experiments 1 and 2. In all experiments,
stimuli consisted of white line segments on a gray background. Each
stimulus consisted of three regions: a target region, a patch region and
a background region. (a) The target region consists of one element
oriented at —45° the patch region is a 5x 5 region of 90° line
segments, and the background region is a 20 x 20 region of 45° line
segments. This stimulus is an example of an ortho-orientation texture
with a 45° background. (b) An iso-orientation texture with a 45°
background. (c) An ortho-orientation texture with a —45° back-
ground. (d) An iso-orientation texture with a — 45° background. The
target element was always (except in Experiment 4), oriented at either
—45° (a,d) or 45° (b,c). The patch region was always located in one
of four possible positions: (a) upper-left; (b) upper-right; (c) lower-
left; or (d) lower-right. The background region elements were always
oriented at either 45° (a,b) or —45° (c,d).
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Fig. 2. Illustration of the percept of textures like those of Fig. 1
according to the occluded surface framework. The patch is seen as a
textured surface that occludes the background. In the iso-orientation
condition, the target is perceived as ‘belonging’ to the background
surface, as if it were seen through a hole in the foreground patch
surface.

physical and physiological research (Field, Hayes &
Hess, 1993; Polat & Sagi, 1994; Kapadia, Ito, Gilbert &
Westheimer, 1995; Saarinen, Levi & Shen, 1997), cle-
ments of the same orientation and aligned are better
detected and grouped than orthogonal elements (or-
thogonal elements are not aligned by definition). Two
of the experiments performed by Kapadia et al. (1995)
elucidate the alignment issue. They examined the de-
tectability of a line segment presented with a high
contrast flanking line segment in humans, and the
response rate of neurons (in V1) to a line segment
presented in the CRF with a high contrast flanking line
simultaneously presented outside the CRF (Fig. 3a).
They found that (1) as the flanking element moved
laterally (Fig. 3b), the detectability of the target element
changed from being enhanced to being suppressed (at
approximatley 20 min of arc), and (2) when an orthog-
onal element was placed between the aligned target and

<—target

I <— flank

(a) (® ©

Fig. 3. Example stimuli used in experiments reviewed in the Introduc-
tion. (a) General stimulus setup for Kapadia et al. (1995) consisting
of a target line segment (of varying intensity) and a flanking line
segment. (b) Illustration of lateral movement of the flanking element
in Kapadia et al. (1995). (c) Illustration of an orthogonal line segment
placed between the target and flanking line segments in Kapadia et al.
(1995).

flanking elements (Fig. 3c), the detectability of the
target element decreased (that is, the alignment was
disrupted causing the facilitating effect to diminish).

The physiological and psychological findings can be
summarized as follows: (1) ortho-oriented elements fa-
cilitate processing of the target; (2) iso-oriented, aligned
elements facilitate processing of the target; (3) iso-ori-
ented, non-aligned elements inhibit processing of the
target.

This paper deals with the effects of an array of
background elements on the detectability of a target
element using textures like those shown in Fig. 1.
Clearly, in such textures, elements in the background
interact with one another, and further, some of these
elements are aligned. However, the particulars of these
interactions are beyond the scope of this paper, and the
interactions within the background elements should not
affect our results since they should be comparable in
both the iso- and ortho-orientation conditions. We will
focus on the effect of the background elements on the
target element. As stated above, we believe such inter-
actions can be interpreted in a low-level framework
involving filter interplay (filters modeled after V1 cells)
or in a higher-level framework involving occluded sur-
faces. We will argue for the former interpretation, but
first the evidence for the latter interpretation will be
presented.

1.2. Occluded surface framework and filter framework

Caputo (1996) argued that his work on textures like
those of Fig. 1 suggests an occluded surface interpreta-
tion (Fig. 2). The logic of Caputo’s argument is as
follows. In iso-oriented stimuli (Fig. 1b,d), the target
element and background are perceived as parts of a
uniformly textured surface. The patch elements are seen
as lying on a second surface that occludes the more
distant surface. The target element is perceived as if
seen through a hole in the patch surface. Because the
target element is perceived as ‘belonging’ to the larger
background surface, it no longer pops out (at least not
as well) and hence is more difficult to detect or identify.
For ortho-oriented stimuli (Fig. la,c), the target is no
longer ‘absorbed’ into the background, and detection
and identification are improved. This result is the iso-
versus ortho-orientation effect. Caputo (1996) but-
tresses this argument with a series of experiments using
simplified stimuli including manipulations of disparity-
defined depth of the various image regions. These last
results are reminiscent of the texture segregation results
of He and Nakayama (1994) who find that a ‘surface
representation’ created by a difference in disparity can
have an effect on texture segregation performance un-
der some circumstances.

We would like to interpret our results, and the other
results involving long range interactions using stimuli
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like those of Fig. 1, in terms of a low-level filter
representation (the filter framework). A standard, back
pocket model? of texture can not account for such long
range interactions. A generic version of the back pocket
model consists of: (1) applying a set of orientation and
spatial frequency tuned filters to the stimulus; (2) apply-
ing an even nonlinearity to these outputs, such as
squaring; and (3) segmenting the image based on varia-
tions in the output over space. This basic model does
not involve any interactions between the filters. How-
ever, consider an extension of this model with the
addition of a stage between (2) and (3) in which like
oriented filters inhibited one another and differently
oriented filters excited one another over space, in the
spirit of the physiological findings we have reviewed.
Such a modified back pocket model could, in principle,
account for the long range interactions found
psychophysically.

A model like the one just described should show that
(I) long range ortho-oriented elements facilitate target
detection and iso-oriented elements inhibit target detec-
tion (note that we are not considering the alignment
issue discussed earlier). Further, such a model predicts
that (II) if we weaken the percept of the target element
belonging to the same surface as the background ele-
ments, there should still be a performance difference
between the iso- and ortho-oriented conditions, and
(IIT) if the patch elements are removed, performance in
the iso- and ortho-oriented conditions should still be
different. To clarify points II and III, consider the
influence of a background element (B) on an orthogo-
nal target element (7°). The simplest possible hypothesis
is that the excitatory influence of B on T is static. That
is, the influence of B on T should not change if some
element is inserted (spatially) between B and 7, or if an
existing element between B and T is changed, or if an
existing element between B and T is removed. Further,
the influence of B on T should not change if the
contrast sign of B or 7 is changed (assuming an even
nonlinearity in stage (2) in the model). We performed
experiments to examine each of these points and other
exploratory experiments to learn more about the prop-
erties of long range interactions in texture segregation.

1.3. Preview of experiments

A list of the experiments we conducted is shown in
Table 1. We found an iso- versus ortho-orientation
effect in all of the experiments. The first six experiments
were ‘basic’ experiments carried out to confirm Ca-
puto’s (1996) iso- versus ortho-orientation effect and

2 These models are called ‘back pocket models’ of texture segrega-
tion, as researchers routinely pull these models out of their back
pockets to explain new results in texture segregation (Chubb &
Landy, 1991).

further explore long range interactions. The last three
experiments were carried out to distinguish between the
occluded surface framework and the filter framework.

Experiments 1 and 2 (Fig. 1) were carried out to
confirm Caputo’s (1996) results®. In Experiment 3 we
altered the patch element (Fig. 4a) to (1) see if the iso-
versus ortho-orientation effect depended on the type of
patch element and (2) to allow new manipulations of
the target element like those of Experiment 4. In Exper-
iment 4 we attempted to measure the ‘orientation-band-
width’ of the iso- versus ortho-orientation effect by
systematically altering the orientation of the target ele-
ment. In Experiment 5 we drastically increased the size
of the patch region (Fig. 4b) to see if the target and
background elements would still interact over a greater
region of space. In Experiment 6 we changed the single
target element to an array (texture) of 9 target elements
(Fig. 4c) to see if these findings truly apply to texture
segregation or if they only apply to pop-out. Next, two
experiments were run to examine point (II) raised
above. In Experiment 7 (Fig. 4d) the orientation dis-
continuity between the patch and background was
smoothed out so that the only discontinuity was be-
tween the target element and the patch elements*. Such
a manipulation should diminish the surface qualities
that could cause the target and background to form an
occluded surface since the patch and background now
form a smoothly varying surface (see our definition of
surface in the first footnote). This manipulation should
not alter the output from the sort of model described
for the filter framework except for (slight) interactions
between the smoothed elements and the target element
if they are within the range of the iso- versus ortho-ori-
entation effect. In Experiment 8 (Fig. 4e) the contrast
sign of the target element was altered from that of the
background elements. This manipulation should also
break down the surface qualities that could cause the
target and background to form an occluded surface
since the target element is no longer ‘similar’ to the
background elements with regards to brightness. This
manipulation should not alter the output from the sort
of model described for the filter framework since the
iso- and ortho-orientation interactions are not affected

3 Experiments 1, 2, 5 and 9 are similar to experiments run by
Caputo (1996). The results for Experiments 1 and 2 agree with
Caputo’s (1996) results. The results for Experiment 5 may agree with
Caputo’s (1996) results depending on one’s interpretation. The results
for Experiment 9 do not agree with Caputo’s (1996) results. All other
experiments in this paper are original. Caputo (1996) used two
different experimental procedures in his experiments, one of which is
open to bias (as discussed in section 3). Caputo (1996) ran all of his
experiments using both the biased and bias-free procedures except for
the ‘gap’ condition (here Experiment 9) which he ran only using the
biased procedure.

4 This experiment was suggested by Bob Shapley and is reminiscent
of Nothdurft (1992).
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Table 1
Summary of the experiments. Each row corresponds to a block of trials in an experiment. That is, in Experiment 4 a block of trials included only
a single stimulus type, whereas in all other experiments, blocks were mixed

Expt Stimulus Null Task
2000000 2220000 ewhite on gray
PR BN I B EaC AN N I B . T3 ¢
1 | “aaiios 2oiiii; +20x20be none Is the targeta“‘\’ora ‘7
ssvvvss sontves 5x5patch
AR L
100000 220t
2000000 2000000 ewhiteon gray illiil
sV Vs s s o AN . . ‘6 ‘o
2 SoVNl sivives +20x20be +svi1.. | Which interval has the target (““\’or ‘/°)?
csvv1ss ssvv1 .. 5x5patch XSRS
v000s0s te0eses vevescs
4020020 220000, IX]target vrs0s00
2000000 220000, ewhiteon gray il
2700077 27000772 470007/ . . N 3 LR
3 5082807 223987, +20x20bg 22000-- | Which interval has the target (‘“\’or ‘/>*)?
++000+ss +s000++ 5x5patch 47,0007/
1020000 1100000 PPV
ves2000 s000000 Ixltarget vesssss

242,52, ewhiteon gray I
co0o coo L. -
s.8%8s, *20x20bg 22000 | Which interval has the target (“‘\")?
+s000+ . 5x5patch 270007~
2239208
vs02000 lxltarget Y

2202007 ewhite on gray PP
2720007 22700077 . .
20920, *20x20bg +2000-. | Which interval has the target (‘‘ ~"")?
+s000+ . 5x5patch 4,000/
PPN ey
se0000, Ixlitarget v
2000000 ewhieongy | 1120000
42,0007+ 470007 . . vy
9287 *20x20bg 22000.. | Which interval has the target (‘‘~"")?
+s7s000s, 5x5patch 2,000/
2000000 Ixltarget 2ie0ess
e
2202720 ewhite on gray IV
270007 ¢ 27200077 . . ‘ LR}
2292877 *20x20bg 22000.- | Which interval has the target (‘‘=—"")?
ss000++ 5x5patch s2000/
e PP
2000200 Ixl target I
2227007 ewhite on gray tecevee
270007 ¢ 2700072 . . 6 .
509287, +20x20bg +s000-. | Which interval has the target (‘‘—"")?
ss000+ . 5x5patch 270007/
; PP H I
2000000 Ixltarget ilills
2202007 ewhite on gray tes0ves
270007/ 27200077 . .
28282, *20x20be 220ee.. | Which interval has the target (*'~")?
~s000+, 5x5patch 47,0007/
o224
2000000 Ixltarget VI
72202707 ewhite on gray VYN
270007 ¢ 220007/ . .
2089050 *20x20bg 22000-. | Which interval has the target (‘‘/*")?
ss000++ 55 patch +7000/ ¢
PPN DI
+200000. lIxltarget 0000094
i e e |
: e ; : . L » .
5 200206 “80°60, "20x20bg ~00000- | Which interval has the target (““\’or ‘") ?
400000/ 700000~ 11x11 patch rogoeg'
: .
2999997 1999997 Ixltarget 199900
C05608° t446040 wwhitongry | 1356467
20NNNO/s 2077202 200000~ . . 3 1
6 | “eviisr 18iig 20x200e 200000 | Which interval has the target (‘‘\’or ‘" ) region?
20svv0s s0ss,0s 5x5patch '::ggg'
1299887 129827 3uime
ves0000 +04000. swhiteon gray vesisss
STIIYIs 2hTiie 20000 b 000040
CaR A I B B A g Ca AN I I B v 2200V . .
T | cresvee sunsnis 77 pradient 22vii22 | Which interval has the target (““N’or /') ?
Srvivis sinivas ERRRY:
st1010s s00000.  3x3patch veseses
feetet ertett L targe 102000

ewhite on gray
w/ black target

8 +20x20 bg Which interval has the target (‘“\’or ‘) ?
5x5 patch
1x1 target
2000000 2200000 ewhite on gray IS
Q | Zi. il il 20x00e 22 o 2. | Which interval has the target (“‘\"or <"’ )?
’e ve os ++  5xS5 blank patch 1 x4
:
2000000 2000000 Ixlarget I




938 S.S. Wolfson, M.S. Landy / Vision Research 39 (1999) 933-945

by the sign of contrast. Finally, in Experiment 9 (Fig.
4f) we examined the point (III) raised above by remov-
ing the patch elements, leaving a gap between the target
element and the background elements. Overall, the
results for these experiments agree with a filter interpre-
tation rather than an occluded surface interpretation.
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Fig. 4. (a) Sample stimulus for Experiment 3 (circular patch ele-
ments). (b) Sample stimulus for Experiment 5 (11 x 11 patch region).
(c) Sample stimulus for Experiment 6 (3 x 3 target region). (d)
Sample stimulus for Experiment 7. Line segments between the back-
ground region and the patch region varied smoothly in orientation in
15° steps. This smoothing causes the patch region of 90° elements and
the background region of 45° elements to be smaller in size than in
Experiments 1 and 2 since what was the outer ring of the patch
elements and the inner ring of background elements are now part of
the smoothed area. (¢) Sample stimulus for Experiment 8. The sign of
contrast of the target element was opposite that of the background
elements. In the experiment, the patch and background elements were
white line segments and the target element was a black line segment
on a gray background. (f) Sample stimulus for Experiment 9 (patch
elements removed).

2. Methods
2.1. Subjects

There were six subjects in all; different subjects ran in
different experiments. Subjects JL, MP and SO were
naive to the purposes of the experiments. Subject LC
had some knowledge of the background literature per-
taining to the experiments. Subjects ML and SW (the
authors) had extensive knowledge of the experiments.
All subjects had normal or corrected-to-normal vision.

2.2. Stimuli

Each stimulus consisted of a texture like those shown
in Figs. 1 and 4. However, the actual stimuli consisted
of white lines or circles (texture elements) on a gray
background (except in Experiment 8§ which used a black
target element in addition to white elements). Stimuli
were 400 x 400 pixels in size, viewed from 177 cm,
resulting in a size of 5 x 5 deg’. Texture elements were
0.175 deg (14 pixels) in length (for line segments) or
circumference (for circular patch elements). The back-
ground luminance was 35 c¢d/m?. Texture elements had
a nominal 100% white-on-gray Weber contrast, result-
ing in an incremental luminance of approximately
1.2 x 10~* cd/texture element.

Each stimulus was a grid of 20 x 20 texture elements
consisting of three regions: the background region, the
patch region, and the target region/element. In all
experiments: (1) the patch was randomly placed in one
of four possible positions as shown in Fig. 1; (2) the
target element/region was centered within the patch; (3)
the center of the target element/region was always
located at the same distance (0.89 deg) from the center
of the image; (4) the background elements were ori-
ented at either 45° or —45° The particulars of the
stimuli for each experiment are outlined in Table 1. In
Experiment 4, the orientation of the target element was
varied; the intensity of each target was calibrated using
a photometer to be equal to that of a circular texture
element (so that luminance and orientation did not
covary).

The information presented above, in conjunction
with Table 1, details the stimuli for each experiment.
For example, consider Experiment 5. There were 16
unique target stimuli: two targets (45° and —45°) x
two backgrounds (45° and —45°) x four patch loca-
tions. There were eight unique null stimuli: one ‘target’
(a circle texture element, that is, a patch texture ele-
ment) x two backgrounds (45° and — 45°) x four patch
locations. As shown in Table 1 (and to be discussed
further below) the task was to detect which of two

3To avoid confusion, ‘deg’ is used to denote measurements of

stimulus size and “> for angles within the stimulus.
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temporal intervals contained the 45° or — 45° target. In
this experiment, the patch region was extended to be
11 x 11 elements rather than the usual 5 x 5 elements.
However, as stated above, the target element was lo-
cated 0.89 deg from the center of the image (as it was in
all experiments). As can be seen in Fig. 4b, this causes
the patch region in this experiment to extend through
the center of the image.

A mask was used in all experiments, but the same
mask was not used in all experiments. The mask con-
sisted of a ‘star’ at each texture element location. For
Experiments 1-3, the mask consisted of texture ele-
ments oriented at 90°, 65°, 45°, 25°, —25° —45° and
— 65°. This mask would not be adequate for Experi-
ment 4 in which some of the target elements were 0°.
Thus, the mask was changed for Experiment 4 (and all
subsequent experiments) to consist of texture elements
oriented at 90°, 67.5°, 45°, 22.5°, 0°, —22.5°, —45°
and — 67.5°. This change to the mask should not affect
the relative magnitude of the results between conditions
but might change the absolute magnitude across condi-
tions. One subject was tested with both masks in a
control experiment and did not show any appreciable
difference.

All images were generated prior to the experimental
session. The images were computed using the HIPS
image processing software (Landy, Cohen & Sperling,
1984a,b). Images were presented on a Nanao Flexscan
9070U color monitor. The lookup tables were set so
that the relationship between pixel value and display
luminance was linear.

2.3. Procedure

The experiments used a detection task with a two-in-
terval forced-choice procedure except for Experiment 1
which used an identification task. The subject’s task for
each experiment is listed in Table 1. A trial in Experi-
ment 1 consisted of: (a) 333 ms cue; (b) 333 ms blank;
(c) 33 ms stimulus; (d) individually adjusted inter-stimu-
lus interval (IST) for each subject; (e) 150 ms mask; and
(f) blank until the subject responded. The experimenter
adjusted each subject’s ISI® so that the percent correct
in the iso- and ortho-orientation conditions would be
between 50% and 100%.

A trial in Experiments 2—9 consisted of two repeti-
tions of the single interval used in Experiment 1 (e.g.
cue, blank, stimulus, ISI, mask, blank, cue, blank,
stimulus, ISI, mask, blank). Which stimulus interval

6 Subject JL’s ISI was 267 ms in Experiment 1, and 200 ms in all
others. Subject LC’s ISI was 50 ms in Experiments 1 and 5, and 17
ms in all others. Subject ML’s ISI was 17 ms in Experiments 2 and 9,
and 50 ms in all others. Subject MP’s ISI was 267 in Experiment 4,
and 33 ms in all others. Subject SO’s ISI was 200 ms. Subject SW’s
ISI was 50 ms in Experiment 1, and 17 ms in all others.

had the target stimulus and which interval had the null
stimulus were chosen randomly. Null stimuli were the
same as target stimuli except that in each null stimulus
the target element was replaced with a patch element.
The particular null and target stimulus to use on any
given trial were chosen at random (and the choice of
target stimulus was independent of the choice of null
stimulus). A subject’s response initiated the next trial.
Auditory feedback was provided after each trial.

Each experiment started with at least 64 practice
trials. Further trials were blocked as shown in Table 1,
that is, a block of trials corresponds to a single row in
the table. Thus, for all experiments, except for Experi-
ment 4, trials for any given block were chosen at
random from all possible stimuli for that experiment
(combinations of target orientation, background orien-
tation, and patch location). However, in Experiment 4,
each target orientation was run in separate blocks.
Each block consisted of 128 trials. When all the blocks
for an experiment are combined, each combination of
target orientation, background orientation, patch loca-
tion and target interval had been shown the same
number of times. In Experiment 5, each data point
represents at least 128 trials; in all other experiments,
each data point represents at least 256 trials.

3. Results

The results for Experiments 1-9 are shown in Figs.
5-13. Each figure has icons at the bottom of the figure
representing the experimental conditions and stimuli.
All icons illustrate textures with 45° line segments in the
background, but in all experiments, backgrounds of
both 45° and — 45° were used. For further information
about the experiments and icons, see Table 1. For all
graphs, the error bars indicate + 2 standard errors of
the mean.

Experiment 1 was an identification task: a texture
was presented (Fig. 1) followed by a mask and subjects
had to indicate whether the target element was a right
diagonal or a left diagonal. As shown in the results
(Fig. 5), the target element was generally identified
correctly more often when it was oriented orthogonally
to the background elements (ortho-orientation) than
when it had the same orientation as the background
elements (iso-orientation). Caputo (1996) ran compara-
ble experiments and found this same result.

The problem with this task is that it is open to
alternative strategies. For example, suppose that a sub-
ject only saw and was able to identify the target on a
subset of the trials (lets call these seen trials and the
remaining trials unseen trials). On the seen trials, sup-
pose the subject responded with the identity of the
target they perceived. On the unseen trials, the subject
should have to guess. However, suppose the subject
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Fig. 5. Results for Experiment 1. The task was an identification task;
the subject had to indicate whether the target element was a right or
left diagonal. In this and all subsequent figures, the stimuli used in the
experiment are illustrated with icons at the bottom of the graph.
Most subjects in this experiment show superior performance in the
ortho-orientation condition (see text for details on ML-1 versus
ML-2). Error bars indicate + 2 standard errors of the mean.

knows that if they did not see the target, it is likely that
the target was an iso-orientation target (since an iso-
orientation target, as shown in the experiments below,
was harder to detect than an ortho-orientation target).
Then, on unseen trials, the subject might respond that
the target was of the same orientation as the back-
ground. Assuming that the background orientation was
perceived correctly more often than not, this response
strategy would produce results like those shown for ML
(Fig. 5, ML-1). Such a strategy requires knowledge of
the experimental design or extensive use of feedback,
and produces little or no iso- versus ortho-orientation
effect. ML was asked to run the experiment again and
allocate the vast majority of his attention to the target
element, not the background. When asked to do this,
he did show the effect (ML-2). Thus, this task can
produce or not produce an iso- versus ortho-orientation
effect depending on the instructions and the subject’s
interpretation of the instructions. However, all subjects
except ML (including the naive subjects) did show the

effect. While it appears that there is an iso- versus
ortho-orientation effect, this experimental design is not
the best way to investigate it.

Experiment 2 was a detection task using a bias-free,
two interval, forced-choice procedure: a texture with a
target element (right or left diagonal) was shown in one
interval and a texture without a target element (a patch
element was placed in the target element location) was
shown in the other interval; subjects had to indicate
which interval contained the texture with the target
element. All subjects, expect for subject SO, showed
superior performance in the ortho-orientation condition
than in the iso-orientation condition (Fig. 6). It is
surprising that subject SO did not show the effect in
this experiment but did show the effect in Experiment 1
since she was naive (and ran Experiment 1 before
Experiment 2). Subject SO was not available to run any
more experiments, so we do not know why she did
show the effect once and did not show it the other
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Fig. 6. Results for Experiment 2. In this and all subsequent experi-
ments, the task was a detection task using a two interval forced-
choice procedure; the subject had to indicate which interval consisted
of a texture with a target element. Most subjects in this experiment
show superior performance in the ortho-orientation condition (see
text for details about subject SO).
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Fig. 7. Results for Experiment 3. All subjects show superior perfor-
mance in the ortho-orientation condition.

time’. However, overall, subjects do show an iso- versus
ortho-orientation effect in this experiment, as did sub-
jects in Caputo’s (1996) experiments that are compara-
ble to this one. However, the 1iso- versus
ortho-orientation effect is not as pronounced in this
experiment as it was in Experiment 1.

Experiment 3 was the same as Experiment 2 except
that the patch elements were changed. The patch ele-
ments were changed to (1) see if the type of patch
element was important and (2) find a type of patch
element which would not differentially interact with
targets of different orientations (for use in Experiment
4 below). All subjects performed better in the ortho-ori-
entation condition than in the iso-orientation condition
(Fig. 7) indicating that this effect is not dependent on
the use of vertical lines as patch elements. Further, the
effect was generally larger in this experiment than in
Experiment 2.

Experiment 4 was run to determine the ‘orientation
bandwidth’ of the iso- versus ortho-orientation effect
by systematically varying the target orientation in 15°
steps. The task was the same as in Experiment 3 except
that there was only one possible target in each block of
trials (as shown in Table 1). When the target element

7 Subject SO, in general, performed poorly in both Experiments 1
and 2. To help her with the task, we increased her stimulus duration
to 67 ms for both experiments. In addition, she required many
practice trials to get her performance above chance in Experiment 2.
We have no explanation for her difficulties with the task and her
differential performance in Experiments 1 and 2.

was a left or right diagonal, subjects showed the usual
iso- versus ortho-orientation effect (Fig. 8, far right
data points). Further, for subjects MP and SW, there is
still some effect when the target element has been
rotated by 15° from exactly iso- and ortho-oriented (see
the data points above a target orientation of |30°)).
Thus, the target element does not have to be exactly the
same orientation as or exactly orthogonal to the back-
ground elements to interact.

Subjects MP and SW ran the blocks of trials for this
experiment in the same order (each block of trials had
one target, the order of targets was: 45°, 30°, 15°, 0°,
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Fig. 8. Results for Experiment 4. All subjects show significantly better
performance in the ortho-orientation condition than in the iso-orien-
tation condition (as shown by the far right data points in each panel).
In general, this performance difference diminishes as the orientation
of the target element is altered by + 15° steps until it is a horizontal
line segment. Unlike all of the other two interval experiments, there
was only one possible target orientation in each block of trials (Table

1.



942 S.S. Wolfson, M.S. Landy / Vision Research 39 (1999) 933-945

100%
90% —
80% —
70% —
60% —
50% —

Percent Correct

pme—

|
Ortho Iso Ortho Iso

Percent Correct

;
1

I
Iso

V1 ssbs0 s 000000
400000/ s00000~
000007 700000~
00300/ 700700~
000007 700000~
00000/ 00000/
200000 2207024

RN

N

Fig. 9. Results for Experiment 5. All subjects show superior perfor-
mance in the ortho-orientation condition (although JL’s performance
difference was not significant).

—15°, —30°, —45°8. However, subject ML ran the
blocks in a different order (0°, —15°, —30°, —45°,
15°, 30°, 45°). We thought ML’s poor performance in
the 0° target case might be due to the order in which he
ran the trials, so after he had completed the experiment,
we had him run the 0° target trials again; this data
point is shown with an X on the left side of the plot.
This data point is, as expected, between the perfor-
mance levels in the [45°| target conditions. Thus, all
subjects show (1) performance in the 0° target case is in
between performance in the iso- and ortho-orientation
cases, (2) an iso- versus ortho-orientation effect which
generally persists even when the texture elements are
not exactly iso- or ortho-oriented.

Experiment 5 was run to get an idea of the spatial
extent of the iso- versus ortho-orientation effect. The
task in this and all subsequent experiments is the same
as in Experiment 3. The stimuli were the same as in
Experiment 3 except that the patch region was extended
from 5x5 (1.25x1.25 deg) to 11 x 11 elements
(2.75 x 2.75 deg). In general, even at this longer dis-
tance between the target element and the background

8 This ordering should minimize practice effects. To see why,
consider the far right data points in Fig. 8. These data points
represent the (standard) iso- and ortho-orientation conditions. Con-
sider just the ortho-orientation data point. This point consists of the
ortho-orientation trials from the 45° target blocks of trials and the
ortho-orientation trials from the — 45° target blocks of trials. Thus,
the first blocks of trials that were run (45°) and the last blocks of
trials that were run (—45°) have been averaged together. Similarly
the second set of blocks of trials and the second to last set of blocks
of trials were averaged, etc.

elements, the iso- versus ortho-orientation effect still
remains (Fig. 9). However, the effect is somewhat less
pronounced than it was in Experiment 3. It would be
useful to test even longer distances, but we could not do
this with our experimental setup.

Experiment 6 was run to see if the iso- versus ortho-
orientation effect was strictly a function of pop-out or
if we would find the same effect with texture segrega-
tion. The stimuli were the same as those of Experiment
3 except that the target region was increased from 1
element to 3 x 3 elements. Subjects continued to per-
form better in the ortho-orientation than in the iso-ori-
entation condition (Fig. 10). The terms texture
segregation and pop-out cannot, in general, be used
interchangeably. The results for segregation and visual
search experiments do not always yield the same results
(Wolfe, 1992). But, for our stimuli, either notion is
apropos (the iso versus ortho-orientation effect applies
in both cases).

In Experiment 7 we attempted to weaken the oc-
cluded surface percept. An occluded surface framework
suggests that the iso- versus ortho-orientation effect is a
function of the target element and the background
region forming a surface, in the iso-orientation condi-
tion, which is perceived to be occluded by the patch
region. There is an orientation discontinuity between
each of these regions which helps to define them. If the
discontinuity between the patch and background re-
gions were smoothed, then the patch and background
should group as a single surface, and the target should
be seen as separate. The textures used in this experi-
ment were like those used in Experiment 2 except that
the orientation discontinuity between the patch and

100%
90% —|
80% —
70% —
60% —

50% T
Ortho Iso

——

Percent Correct
ML

100%—
90% —
80% —
70% —
60% —
50% —

Percent Correct

/0M\N0/ 40/ /20¢
400000/
s

0
N

Fig. 10. Results for Experiment 6. All subjects show superior perfor-
mance in the ortho-orientation condition.
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Fig. 11. Results for Experiment 7. All subjects show superior perfor-
mance in the ortho-orientation condition.

background regions was smoothed (Fig. 4d). Subjects
perform better in the ortho-orientation condition than
in the iso-orientation condition (Fig. 11), suggesting
that the effect is not (solely) mediated by the perception
of occluded surfaces.

In Experiment 8 we again attempted to weaken the
occluded surface percept. The textures were like those
used in Experiment 3 except that the contrast of the
target element was reversed (from white to black). This
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Fig. 12. Results for Experiment 8. Most subjects show superior
performance in the ortho-orientation condition (see text for details on
subject ML’s performance).
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Fig. 13. Results for Experiment 9. All subjects show superior perfor-
mance in the ortho-orientation condition than in the iso-orientation
condition.

manipulation should interrupt the ‘grouping’ of the
target element and the background elements since they
are now perceptually quite different than each other.
For a filter model, however, the change in polarity need
have no effect as long as the nonlinearity has even
components or interactions occur within and between
ON and OFF channels. All subjects, except for ML,
continue to perform better in the ortho-orientation
condition than in the iso-orientation condition (Fig.
12). For this experiment only, subject ML noted and
used an apparent brightness difference in the target
elements to perform the task (that is, for ML, a circle
element had a different brightness than an iso- or
ortho-orientation target element, and the iso- and or-
tho-orientation targets had different brightnesses than
one another). Other subjects did not comment on any
brightness difference.

Experiment 9 was run to see if the patch elements are
necessary. Caputo (1996) found that removing the
patch elements eliminated the iso- versus ortho-orienta-
tion effect. Caputo (1996) used a biased procedure like
that of Experiment 1; as noted previously, this proce-
dure can eliminate the iso- versus ortho-orientation
effect if the subject has knowledge of the experimental
design or makes extensive use of feedback. However,
removing the patch elements should not diminish the
iso- versus ortho-orientation effect from the perspective
of the filter framework. Any long range interactions
between filters should continue to occur in the absence
of the intervening patch elements. The stimuli in this
experiment were the same as in Experiment 3 except
that the patch region was blank. The results (Fig. 13)
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using this bias-free task show that performance is still
better in the ortho-orientation condition than in the
iso-orientation condition.

4. Discussion

The results show that there are long range interac-
tions within textures. Specifically, a target element is
better detected when it is oriented orthogonally to an
array of background elements rather than oriented the
same as an array of background elements (in addition,
there may be effects of alignment, but these were not
investigated here). This iso- versus ortho-orientation
effect holds when the area between the target element
and background elements is blank (Experiment 9), filled
with vertical lines (Experiment 2), or filled with circular
texture elements (Experiment 3). The effect, specifically,
the difference in performance in the iso-orientation
condition and the ortho-orientation condition, dimin-
ishes as the orientation of the target element changes
from |45°| (right and left diagonal lines) to |0°| (horizon-
tal line) (Experiment 4). The effect is shown when the
distance between the target element and the nearest
background element is between 0.5 deg (the shortest
distance we examined, Experiment 3) and 1.25 deg (the
longest distance we examined, Experiment 5). Further-
more, the effect holds when the target element is a
single element and when the target is a group of
elements, two cases which are generally treated as the
separate phenomena of pop-out and texture segregation
(Experiment 6). Finally, the effect is still in evidence
when the textures are changed in ways that intuitively
will make them less like occluded surfaces (Experiments
7 and 8).

The iso- versus ortho-orientation effect is clearly
related to the notion of pop-out in visual search exper-
iments e.g. Treisman and Gelade (1980). In the visual
search literature, one is concerned with when a target
item pops out from a background of distractor items,
frequently using a yes-no paradigm, while varying the
number of distractors. Here, a two interval forced-
choice procedure is used and the layout of distractor
(background and patch) items is manipulated. How-
ever, the phenomenology is the same: for ortho-orienta-
tion stimuli, the target often appears to pop out of the
patch and background, and thus its form is easier to
discern.

If we consider the data across experiments, we find
that the iso- versus ortho-orientation effect is stronger
in the one interval identification task than in the two
interval detection task (compare Experiments 1 and 2),
though this difference could be due to bias. We find
that the iso- versus ortho-orientation effect is generally
stronger when the patch elements are composed of
circles rather than vertical lines (compare Experiments

2 and 3). Also, when the extent of the patch elements is
increased, the 1iso- versus ortho-effect diminishes
slightly (compare Experiments 3 and 5).

Our results can be thought of in the context of a filter
framework or an occluded surface framework. These
two frameworks might just be different levels of pro-
cessing, where the low-level filter outputs feed into a
higher-level surface representation. However, if this is
the case, there is something else involved too since (1)
there are texture segregation results which are inconsis-
tent with a filter framework but can be accounted for
by reference to an occluded surface representation (e.g.,
He and Nakayama, 1994); and (2) as we have shown in
Experiments 7 and 8, there are texture segregation
results which agree with a filter framework but cannot
be easily explained by an occluded surface framework.
All of our results are consistent with a filter framework
interpretation. The filter framework, as we have defined
it, can be conceptualized as a modified back pocket
model of texture segregation; that is, between the sec-
ond and third stage of a standard back pocket model
we can add a stage in which oriented elements interact
with one another. The model starts with a bank of
orientation and spatial frequency tuned linear filters
(like V1 simple cells); next, an even nonlinearity (such
as squaring) is applied to these outputs; next, orthogo-
nal elements excite one another and elements of the
same orientation inhibit one another; finally, the texture
is segmented based on changes in the output over
space. Such a model is roughly consistent with the
physiological literature on context effects discussed
earlier.

Experiment 7 (Fig. 4d) tests the filter theory by
smoothing the discontinuity between the patch elements
and the background elements. Such a manipulation
should not alter the output from a filter model very
drastically. That is, as stated in the Introduction, the
influence of the unrotated background elements (which
are the majority of the background elements) on the
target should be unaffected by the change in the ele-
ment orientations at the background/patch boundary.
The rotation of the elements near the boundary might
have an effect, but they are relatively few in number
and the effect should be small. However, the smoothed
elements should have a drastic impact on the occluded
surfaces interpretation. Since the background and patch
regions should now form one surface, the target should
be perceived as a separate object/surface, and no iso-
versus ortho-orientation effect is predicted. In support
of the filter framework, subjects in this experiment
show the iso- versus ortho-orientation effect. The oc-
cluded surface and the filter frameworks also suggest
different performance levels in Experiment 8 (Fig. 4e).
In this experiment we changed the sign of the contrast
of the target element relative to the contrast sign of the
background elements. This manipulation should disrupt
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the formation of an occluded surface consisting of the
target element and the background elements. However,
this manipulation should not change the output from a
filter model (with an even nonlinearity), and most sub-
jects do indeed continue to show the iso- versus ortho-
orientation effect in this experiment. Thus, our results
are consistent with the filter framework but not with
the occluded surface framework.

It may be that the orientation-tuned long range
interactions seen here are a low-level trick intended to
subserve a later computation of surfaces. In threshold
vision with brief displays as studied here, the workings
of these interacting filters are revealed. The full implica-
tions of surface representations are uncovered when the
visual system is given adequate time to form such
representations (as in the texture segregation results of
He and Nakayama (1994), or in visual search
experiments).

5. Conclusions

We have shown that there are long range interactions
between the oriented line elements which compose some
textures. In general, detection of a target element is
better when it is embedded in a (distant) background of
orthogonally oriented line elements rather than a back-
ground of similarly oriented line elements. These results
are comparable to single cell recording experiments in
V1 which examine the effects of stimuli placed outside
a cell’s classical receptive field on a cell’s response. We
believe our results can be accounted for by a model of
texture segregation that allows for long range interac-
tions among low-level filters across space and
orientation.
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