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Abstract The spatial cueing paradigm (Posner Quarterly
Journal of Experimental Psychology 32:3-25, 1980) has
often been used to investigate the time course of the deploy-
ment of visual attention in space. In a series of eight exper-
iments we investigated whether spatial cues would not only
enhance processing of stimuli presented at cued locations,
but also enhance processing of the entire texture in which the
stimuli were presented. Results showed highest accuracy for
responses to stimuli presented at cued locations, a replication
of the traditional cueing effect (Posner 1980). Additionally,
stimuli presented at uncued locations were responded to
with higher accuracy when they were presented inside the
same texture as the cued location, as compared with
stimuli presented outside the texture with the cued loca-
tion. To investigate this texture advantage for both auto-
matic and voluntary attention deployment, exogenous and
endogenous cues were used. The texture advantage was
observed for short interstimulus intervals (ISIs) of 50 and
100 ms for exogenous cues and for a longer ISI of 200 ms
for endogenous cues. These findings indicate that the
arrangement of task-irrelevant visual stimuli also can have
a large impact on the cueing effect. This suggests that
visual spatial attention spreads texture-wise across the
visual field. Control experiments revealed that the homo-
geneity within texture elements contributes most to the
effect but that the texture advantage is a function of both
orientation contrast at the texture border and homogeneity
within texture elements.
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Introduction

Visual selective attention plays an important role in informa-
tion processing, since it allows filtering relevant from irrel-
evant information and, thus, ensures efficient analysis of
incoming visual information. It is usually assumed that not
all parts of the visual field are attended to the same extent but
that certain locations receive prioritized processing, as com-
pared with other locations. Visual spatial attention has been
conceptualized as a focus that can be adjusted to the require-
ments of the visual field and facilitate information processing
at focused locations (Eimer, 1999; Eriksen & St. James, 1986;
LaBerge, 1983; Miiller & Hiibner, 2002; Posner, 1980;
Theeuwes, 2005).

Peripheral and central spatial cueing

Where the focus of attention is located and how it varies
over time has been widely studied using the spatial cueing
paradigm introduced by Posner (e.g., Cheal & Lyon, 1991;
Jonides, 1981; Miiller & Rabbitt; 1989; Nakayama &
Mackeben, 1989; Posner, 1980; Posner, Snyder, &
Davidson, 1980; Yantis & Jonides, 1990). In this para-
digm, a task-irrelevant central or peripheral cue precedes a
task-relevant target stimulus. A centrally presented sym-
bolic cue (e.g., an arrow) indicates the likely position of
the subsequent target. Such a central cue is assumed to
induce endogenous (i.e., under voluntary control) shifts of
attention that are initiated actively by the observer. On the
contrary, an exogenous cue presented in the periphery of
the visual field is assumed to capture attention due to its
intrinsic properties (e.g., its color, form, or abrupt onset).
Peripheral cues can induce exogenous (i.e. involuntary)
attention re-allocation in a reflexive manner. Valid cues
correctly indicate the target position and cause a benefit
(accuracy or response time), as compared with a neutral
condition (no cue prior to target), whereas invalid cues
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indicate an incorrect target position and cause a cost, as
compared with a neutral condition. These performance
differences are assumed to mirror attention deployment
to the cued locations (for reviews, see Klein, 2004; Ruz
& Lupiafiez, 2002).

Since uninformative cues (uninformative regarding the
target location) can be ignored when the cue is endoge-
nous, but not when it is exogenous (Jonides, 1981), it has
been argued that exogenous cues affect the first feed-
forward sweep of information through the brain in an
automatic manner (Lamme, 2000; Marzouki, Grainger, &
Theeuwes, 2007). However, since the magnitude of the
cueing effect increases also with increasing informative-
ness of a peripheral cue, it has been argued that an endog-
enous component may be involved in exogenous cueing as
well (Doallo et al., 2004; Miiller & Rabbitt, 1989; Wright
& Richard, 2000).

Experiments varying the time interval between cue and
subsequent (target) stimulus presentation have shown that
endogenous and exogenous cues yield attention shifts of
different time courses (Eimer, 2000; Funes, Lupiafez, &
Milliken, 2005; Jonides, 1981; Klein, 2004; Miiller &
Findlay, 1988). For exogenous cues, interstimulus intervals
(ISIs) of 50 ms were sufficient to produce a cueing effect,
whereas for endogenous cues, an ISI of 200 ms or more is
needed in order to observe a cueing effect (Liu, Stevens, &
Carrasco, 2007; Yeshurun, Montagna, & Carrasco, 2008).
The differential time course might be due to endogenous
attention shifts being slower or needing additional time to
decode the information carried by the symbolic cue (Eimer,
2000).

The distribution of spatial attention over time

To account for these results and in order to describe the
way attention is deployed in the visual field, the metaphor
of an attentional “spotlight” was suggested (Eriksen & St.
James, 1986; Posner, 1980; Posner et al., 1980).
According to this metaphor, attention is limited in size
and moves independently of eye movements (covert atten-
tion; Posner, 1980; Wright & Ward, 2008) through the
visual field. Visual information at locations within this
spotlight receives prioritized processing. Later studies
suggested that attention is not a strictly delimited area like
a spotlight but, rather, a gradient that provides the visual
field with various degrees of attention (Downing &
Pinker, 1985; Ghirardelli & Folk, 1996; Kravitz &
Behrmann, 2008; LaBerge, 1983; Mangun & Hillyard,
1988; Shulman, Wilson, & Sheehy, 1985) and that the
“shape” of this gradient may be flexibly adjusted to the
needs of a specific task (Belopolsky, Zwaan, Theeuwes, &
Kramer, 2007; Theeuwes, 2004).

Attention distribution depending on the structure
of the visual field

There is evidence that the distribution of visual selective
attention is shaped by the structure of the visual field. For
example, it has been suggested that attention is deployed
rather to entire objects than to specific spatial locations in
the visual field (Duncan, 1984; O’Craven, Downing, &
Kanwisher, 1999). In an experiment by Duncan, two
superimposed objects were presented. Each object had two
independent attributes. One object was a rectangle that was
either small or large and had a gap on either the left- or the
right-hand side. The other object was a line that was either
dotted or stroked and was tilted to either the left or the right.
Observers were to judge attributes of these objects; for
example, they had to judge where the rectangle had a gap
and/or whether the line was dotted. Participants’ perfor-
mance was equally good for judging one or two attributes
of the same object but was impaired for judging two attri-
butes of two different objects (i.e., one attribute for each of
the two objects). Because objects were placed at the very
same location, Duncan concluded that attention is limited to
one object at a time, not a location.

Further evidence for object-based attention stems from a
cueing experiment by Egly and colleagues (Egly, Driver, &
Rafal, 1994). Stimulus displays consisted of two drawn-out
rectangles, arranged in parallel, and the target consisted of a
filled square presented at one of the rectangle’s ends.
Participants had to press a button as soon as they had detect-
ed a target. Prior to the target onset, the outline of one of the
four ends of the two rectangles showed an abrupt luminance
change, serving as a spatial cue. Cue and target appeared at
the same location on 75 % of the trials and at different
locations on 25 % of the trials. The critical manipulation
was on trials with invalid cues: The target could appear at the
other end of the cued rectangle, or it could appear at the
equidistant end of the uncued rectangle. Egly et al. found the
shortest reaction times (RTs) for validly cued targets, indi-
cating spatial cueing. Moreover, targets presented at loca-
tions belonging to the cued object yielded shorter RTs than
did targets presented at locations belonging to the noncued
object, indicating that attention expanded to the entire object
on which the cue had been presented (Egly et al., 1994). Asa
result, stimuli appearing at the cued object were processed
more efficiently than stimuli appearing at a location that did
not belong to the cued object—evidence for object-based
cueing. In this experiment, the visual field was structured
by Gestalt principles of colinearity and closure, but similar
results were obtained for colinearity alone (Avrahami, 1999;
Marino & Scholl, 2005). Furthermore, the attention distribu-
tion in the visual field was also shown to be shaped by the
similarity of objects: Attention more likely spreads from one
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object to a group of objects when they are similar enough
(Dodd & Pratt, 2005). As was pointed out by Ben-Shahar
and colleagues (Ben-Shahar, Scholl, & Zucker, 2007), often,
full-fledged, arbitrarily defined objects are used in such
experiments, such as bars, rectangles, or circles. However,
it is not clear what counts as an object when it comes to the
deployment of attention. In the present study, we examined
how attention is deployed in the visual field when it is
structured not by objects but by basic simple features like
line orientation, which underlie objects and virtually any
everyday visual scene.

Such simple stimuli have been shown to be grouped
preattentively and processed as a unit and are called fextons
(Ben-Shahar et al., 2007; Julesz, 1986; Nothdurft, 1992,
1993; Wolfe, 1994). Textons allow a segregation of the
visual field into distinct areas in an effortless, spontaneous
way without the requirement of focal attention, a process
called texture segregation (Bergen & Julesz, 1983;
Nothdurft, 1992, 1993; Wolfe, 1992). Texture segregation
is one of the prime capabilities of the human visual system
(Sagi & Julesz, 1987; Schubo, Schroger, & Meinecke, 2007)
and is considered distinct from guided or parallel search
processes (Wolfe, 1992). Furthermore, it has been shown
that observers can divide their attention between two loca-
tions within the same texture far better than between two
locations within different textures (Ben-Shahar et al., 2007).
However, it remains unclear how a visual field that is struc-
tured by textures shapes the focus of attention and whether
textures induce a gradient of attention.

Rationale of the experiments

In the present series of eight experiments, we were interested
in how attention is deployed in textures of simple oriented
lines with texton quality. Since textures can be segregated
effortlessly and preattentively (Nothdurft, 1992; Wolfe,
1992), we wanted to examine when and how attention comes
into play when observers need to attend particular texture
locations. Large arrays of 50 vertical and 50 horizontal lines
were arranged in two halves to allow texture segregation on
the basis of orientation textons (cf. Fig. 1a). Horizontal and
vertical elements were arranged next to each other in such a
way that each half consisted of homogeneous elements,
resulting in two textures per display. To trigger attention
shifts, we employed both exogenous and endogenous cues
that are known to enhance processing of stimuli subsequent-
ly presented at the cued location for some time (Doallo et al.,
2004). We examined whether cues caused enhanced process-
ing at cued locations only or whether the cueing effect would
spread to the entire texture to which the cued location
belonged. A task-irrelevant oblique line, appearing at one
of the four locations, served as an exogenous cue
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(Experiments 1 and 4). A centrally presented arrow pointing
to one of the four positions served as an endogenous cue
(Experiments 2 and 3). After a variable time interval, a blue
or green line (the task-relevant target) appeared at one of the
four locations. The target could be shown at the same loca-
tion as the cue (valid trials), at a different location than the
cue but inside the same texture (invalid-inside trials), or at a
different location than the cue and outside the cued texture
(invalid-outside trials). In a series of eight experiments, we
examined the impact of cue validity (valid vs. invalid-inside
vs. invalid-outside) on the search for the target.
Informativeness of the cue (the probability that a cue would
correctly indicate the subsequent target position) and cue
exposure duration were varied to also examine the role of
voluntary attentional control, as compared with more spon-
taneous attention effects.

We hypothesized that cueing should lead to higher
accuracy for targets in invalid-inside trials, as compared
with invalid-outside trials. This would support the view
that attention is not restricted to the cued location but
spreads to the entire texture. It would further argue in
favor of an attentional gradient between textures. This
logic follows that in Egly et al. (1994), but low-level
perceptually coherent textures are considered instead of
higher-level objects. We further assumed that in line with
traditional cueing experiments (Miiller & Rabbitt, 1989;
Posner et al., 1980; Yantis & Jonides, 1990), performance
on valid trials should be better than that on invalid trials.
This would argue in favor of an attentional gradient within
a texture—that is, more attention at the valid location than
at the invalid-inside location. In addition to spatial dynam-
ics, by using several ISIs, we can track down the time
course of attention deployment from the starting point
(cued location) to various locations in the visual field
(e.g., locations inside/outside the texture). In additional
experiments, the two determinants of texture segregation,
orientation contrast at the texture border and homogeneity
within texture elements, were systematically varied (cf.
Ben-Shahar et al., 2007; Nothdurft, 1992). Thus, the con-
tribution of both texture properties to shaping the atten-
tional focus in textures could be further assessed.

General method
Participants

One hundred twenty-eight volunteers participated in eight
experiments and received payment or course credit. The
experiments were conducted with the understanding and
consent of each participant. All participants had normal or
corrected-to-normal vision and had normal color vision (test-
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ed via a Rodenstock R12 vision tester, with stimuli no.112
for visual acuity and stimuli no.173 for color vision).

In Experiment 1, 16 participants (5 male) were tested; all
were right-handed and between 23 and 27 years of age (M =
25.4, SD = 1.3). Experiment 2 comprised 16 participants (5
male), all right-handed, 20-29 years of age (M =23.2, SD =
2.5). Experiment 3 comprised 16 participants (4 male), 12
right-handed, 19-34 years of age (M = 26.1, SD = 4.1).
Experiment 4 comprised 16 participants (5 male), all right-
handed, 21-31 years of age (M = 24.0, SD = 2.9).
Experiment 5 comprised 16 participants (5 male), all right-
handed, 18-28 years of age (M = 21.4, SD = 2.9).
Experiment 6 comprised 16 participants (4 male), 15 right-
handed, 19-35 years of age (M = 22.9, SD = 4.3).
Experiment 7 comprised 16 participants (5 male), 12 right-
handed, 18-28 years of age (M = 22.6, SD = 2.8).

«Fig. 1 a Illustration of the four texture arrangements used in Experi-

ments 1-6. Horizontal and vertical lines were arranged in such a way
that the line stimulus array consisted of either a left and right texture
(left panels) or an upper and lower texture (right panels). All four
textures were equally likely to appear. b Trial sequence. A trial started
with a fixation dot presented for 500 ms, followed by the cue display
presented for 100 ms (Experiment 3: 1,000 ms) and a mask display with
a standard texture for a variable interstimulus interval (ISI; cf. Table 1
for specific ISI durations in each experiment). Subsequently, the search
display appeared for 200 ms and was replaced by a mask display that
lasted until the participant made a response. ¢ Illustration of the four
validity conditions used in Experiments 1—4. On valid trials, the cue and
target appeared at the same location. On invalid-inside trials, the cue
and target appeared at different locations, and the target was presented
inside the same texture. On invalid-outside trials, the cue and target
appeared at different locations, but the target was outside the cued
texture. Note that the distance between the cue and target was identical
on invalid-inside and invalid-outside trials. On invalid-diagonal trials,
the cue and target appeared at different locations, and the target was
diagonally shifted relative to the cue. Exogenous cues (Experiments 1,
4-8) were diagonal line elements presented at one of four possible
peripheral cue locations (left columns). Endogenous cues (Experiments
2 and 3) were centrally presented L-shaped arrows pointing toward one
of these four locations (middle columns). Targets were green or blue
line elements (a dotted line encircles the target locations for illustration
purposes and was not visible to the participants), oriented in the same
way as surrounding line elements

Experiment 8 comprised 16 participants (4 male), all right-
handed, 19-33 years of age (M = 23.3, SD =2.7)

Stimuli and apparatus

Participants were seated in a comfortable chair in a dimly lit,
electrically shielded, and sound-attenuated chamber, with an
ergonomic gamepad (Microsoft Sidewinder USB) in their
hands. Two buttons on the backside of the gamepad had to
be pressed with the left and right index fingers. All stimuli
were presented on a 19-in. computer screen with a 100-Hz
refresh rate placed at a distance of 85 cm from the observer.! A
light gray served as background for all displays. A trial
consisted of two consecutive displays, a cue and a search
display. Cue displays consisted of a matrix of 10 x 10 stimuli,

" Due to the fact that both authors changed affiliation during the
experimental series, different screens were used in Experiments 1—4
and 5-8. Instead of a 19-in. CRT screen, a 22-in. LCD (TN panel;
100 Hz) screen was used. To maintain the visual angle of all stimuli,
the distance to the screen was set to 100 cm. Preliminary tests showed,
however, that with these settings, performance was much better than in
Experiments 1-4, presumably due to the difference between CRT and
LCD screens. Thus, search display duration was decreased and, to
further avoid ceiling or floor effects, adjusted for each participant
separately in a step function: From a starting point of 100 ms, partici-
pants had to perform between 65 % and 85 % correct for two succeeding
practice blocks of 32 trials. If performance exceeded this criterion in
any single block, search display duration was increased or decreased by
20 ms. The criterion of 65 %—-85 % was chosen on the basis of
Experiment 4 (here, mean accuracy across all conditions was 75.9 %
(=1 SD =10.9 % = 65 %/85 %), which used exogenous uninformative
cues like Experiments 5-8.
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50 of which were horizontal and 50 of which were vertical
dark gray lines. Horizontal and vertical lines were arranged in
two halves, with horizontal and vertical lines separated in
either an upper and lower or a left and right half of the field
(cf. Fig. 1a). Both types of displays (separation into an upper
and lower or a left and right half) were presented with equal
probability. Line length was 1.1°, and the matrix had a length
and height of 14.8°. A single oblique line element, tilted 45°
clockwise or counterclockwise, served as the exogenous cue
in Experiments 1 and 4-8 (Fig. lc, left column). A centrally
presented equal-sided L-shaped arrow pointing to one of the
four quadrants was used as an endogenous cue in Experiments
2 and 3 (Fig. 1b, middle column). The cue indicated one of
four positions at 7.7° eccentricity at the center of each of the
four imaginary quadrants. Search displays were identical to
the cue displays, except that no cue was presented and one of
the horizontal or vertical lines was colored either green or blue
instead (each 50 %), serving as the target (Fig. lc, right
column). Targets appeared equally often at the four potential
cue positions. This led to four possible validity conditions: (1)
On valid trials, cues correctly indicated the target position
(e.g., Fig. 1b, upper row); (2) on invalid-inside trials, the cue
indicated a position different from the actual target position,
horizontally or vertically shifted by 15.4° but inside the ho-
mogeneous texture (e.g., Fig. 1¢c, second row); (3) on invalid-
outside trials, the cue indicated a position different from the
actual target position, horizontally or vertically shifted by
15.4° but outside the cued texture (e.g., Fig. lc, upper row);
(4) on invalid-diagonal trials, the cue indicated a position
different from the actual target position, diagonally shifted
by 21.8°. After cue offset and after search display offset, a
“standard” line array of horizontal and vertical lines was
presented without marked cue or target.

Procedure

A trial started with the presentation of a central fixation dot
(2 x 2 pixels) that remained on the screen throughout the
entire trial (see Fig. 1b for an exemplary trial sequence).
After 500 ms, the cue display was presented. Cue presenta-
tion time varied between experiments (see Table 1).
Subsequently, a standard texture was shown for a variable
ISI (see Table 1) to serve as a mask before the search display
appeared for 200 ms (see note 1) on the screen and was
subsequently replaced by the standard texture, again serving
as a mask. Participants were to press one of the response
buttons (labeled “GREEN” or “BLUE”) in order to indicate
the color of the target in the search display; response accu-
racy was emphasized, and there was no time limit for the
response. After a response was given, a blank screen (light
gray background) was shown for 300 ms until a fixation
cross indicated the beginning of the next trial. Response
assignment (left vs. right index finger) was balanced across
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participants. All four validity conditions (valid, invalid-
inside, invalid-outside, and invalid-diagonal) were com-
bined with four ISIs, leading to 16 conditions in each
experiment (see Table 1). All types of trials were randomly
assigned to blocks of 32 trials each (see Table 1 for number
of trials). After each block, performance feedback (re-
sponse accuracy) was given, followed by a short break of
at least 10 s.

Data analysis

Mean accuracy was computed for each participant sepa-
rately for all 16 conditions, excluding trials with false
responses and trials with RTs longer than the participant’s
mean RT £ 2 SDs. For RT analyses, trials with erroneous
responses or with RTs longer than the subject’s mean RT +
2 SDs were excluded. An ANOVA was calculated with the
factors ISI and validity (valid vs. invalid-inside vs.
invalid-outside vs. invalid-diagonal) for accuracy and
RTs. Greenhouse—Geisser correction was used when
appropriate.

Experiment 1

Experiment 1 examined whether performance for targets
presented at uncued locations was better when targets
belonged to the same texture as the cue. A single oblique line
element tilted 45° clockwise or counterclockwise served as an
exogenous cue. Targets appeared at the cued location on
72.7 % of all trials (valid trials) and at an uncued location on
27.3 % of all trials (9.1 % for each invalid condition). The ISI
between cue and search display was 50, 100, 150, or 200 ms.
We expected valid trials to result in the highest accuracy, in
compliance with the traditional cueing effect (Posner, 1980).
More important, if cues cause enhanced processing not only at
the cued locations but also for entire groups of similar stimuli,
invalid-inside trials should result in higher accuracies than
should invalid-outside trials.

Results
Accuracy (cf. Fig. 2a and Table 2)

Valid cues led to most accurate performance (M = 88.1 %),
followed by invalid-inside (M = 62.3 %), invalid-outside
(M = 60.0 %), and invalid-diagonal (M = 58.0 %) trials,
F(1.7,25.3) = 57.37, p < .001, * = .79. The most accurate
performance was reached for an ISI of 50 ms (M = 69.8 %),
followed by ISIs of 100 ms (M = 68.2 %), 150 ms (M =
66.6 %), and 200 ms (M = 63.8 %), F(3,45)=4.41, p=.008,
n* = .23. The interaction of both factors also reached signif-
icance, F(9, 135)=2.19, p=.026, 1> =.13. Planned contrasts
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Table 1 Overview of experimental settings in Experiments 1-8

Experiment 1

Experiment 2 Experiment 3 Experiment 4 Experiment 5 Experiment 6 Experiment 7 Experiment 8

Cue Type Exogenous Endogenous Endogenous  Exogenous Exogenous Exogenous Exogenous Exogenous

Informativeness 72.7 % 72.7 % 72.7 % 25 % 25 % 25 % 25 % 25 %

Inter-Stimulus 50/100/ 100/200/ 100/200/ 50/100/ 0/50/100 / 50/100/ 150/200 150/200

Interval [ms] 150/200 400/600 400/600 150/200 150/200 150/200

Cue Duration [ms] 100 100 1,000 100 100 100 100

No. of trials (blocks) 1,408 (44) 1,408 (44) 1,408 (44) 1,024 (32) 1,024 (32) 1,024 (32) 1,024 (32) 1,024 (32)

Texture Homogeneity: 0° 0° 0° 0° 0° 0° 0° 30°/90°
Cue display

Texture Homogeneity: 0° 0° 0° 0° 0° 0° 30°/90° 30°/90°
Search display

Border Contrast 90° 90° 90° 90° 90° 90° 90° 30°/90°

Change of Texture no no no no yes no no no
Arrangement

Change of Texton no no no no no yes (+90°) yes (gradual) no
Identity

Note. “Cue Type” describes whether cues were exogenous (diagonal line elements presented at one of four possible peripheral cue locations) or
endogenous (centrally presented L-shaped arrows pointing toward one of these four locations). “Informativeness” denotes the probability that the cue
correctly indicated the subsequent target location. “Interstimulus interval” marks the time between cue offset and target onset. “Texture Homoge-
neity: Cue display” denotes the homogeneity within texture elements in the cue display—that is, the orientation variation of line elements within a
texture (0° equals no variation). “Texture Homogeneity: Search display” denotes the same variation of homogeneity for the search display. “Border
Contrast” describes the orientation contrast at the texture border—that is, the orientation difference of neighboring line elements at the border
between textures. “Change of Texture Arrangement” specifies whether the texture arrangement switched from horizontal to vertical (or vice versa)
between the cue and search displays or whether the arrangement remained the same. “Change of Texton Identity” specifies whether the identity of all
texture elements (the textons) switched from horizontal to vertical (or vice versa) between the cue and search displays or whether all textons remained
the same. Bold font indicates that an experimental variation was unique for a particular experiment.

revealed a significant difference in accuracy between invalid-
inside and invalid-outside trials for an ISI of 50 ms (Mjsige =
66.8 % vs. Myyside = 60.1 %), p = .007, £ = 0.99, but not for
longer ISIs (all ps > .124).

Reaction times (cf. Table 2)

There was no effect of validity, F(1.1, 17.1) = 2.84, p =
107, n* = .16. The shortest RTs were found for an ISI of
200 ms (315 ms), followed by ISIs of 150 ms (335 ms),
100 ms (376 ms), and 50 ms (415 ms), F(3, 45) = 73.21,
p < .001, n* = .83. Also, the interaction of both factors
reached significance, F(3.9, 58.6) = 3.32, p = .017, 772 =
.18, but planned contrasts revealed no significant differ-
ence between invalid-inside and invalid-outside trials for
any ISI (all ps > .05).

Discussion

As was expected, exogenous cues led to higher accuracy
for targets presented at the cued location (valid trials), as
compared with any other position of the visual field (in-
valid trials). This shows that the traditional cueing effect
(Posner, 1980) can also be evoked by odd elements in
otherwise homogeneous textures. Improved performance

for valid, as compared with invalid, trials was observed for
all ISIs used, although the effect was slightly attenuating
from the shortest (50 ms) to the longest (200 ms) ISI.
More interesting, however, is that target accuracy on in-
valid trials also depended on whether target and cued
location were part of the same texture: For an ISI of
50 ms, accuracy on invalid trials was higher when the
target was presented in the same texture as the cue, as
compared with when the target was presented outside that
texture. We call this finding the fexture advantage. For
longer ISIs, targets did not benefit from being part of the
same texture as the cue.

Experiment 2

Experiment 1 showed that exogenous cues lead to better
performance on invalid-inside, as compared with invalid-
outside, trials. The aim of Experiment 2 was to examine
whether this texture advantage would be observed for endog-
enous cues as well. Experiment 2 was identical to Experiment
1, except that a centrally presented L-shaped arrow pointing to
one of the four target positions served as an endogenous cue
and longer ISIs were used that ranged between 100 and
600 ms (see Table 1).
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Fig.2 Mean accuracy in Experiment 1 (upper left panel), Experiment 2
(lower left panel), Experiment 3 (upper right panel), and Experiment 4
(lower right panel). Accuracy is shown as a function of interstimulus

Results
Accuracy (cf- Fig. 2b and Table 2)

As was expected, valid cues led to the best performance (M =
86.8 %), followed by invalid-inside (M = 79.5 %), invalid-
outside (M = 77.4 %) and invalid-diagonal (M = 75.8 %) trials,
F(2.1,31.0)=17.70, p = .002, " = .34. Performance was most
accurate for an ISI of 100 ms (M = 82.8 %)), followed by ISIs of
200 ms (M = 81.2 %), 400 ms (M = 80.0 %), and 600 ms (M =
75.6 %), F(3,45)=11.06,p <.001, 772 = .42. The interaction of
both factors did not reach significance (p = .153). Planned
contrasts, however, revealed a significant difference in accura-
cy between invalid-inside and invalid-outside trials for an ISI
0f 200 ms (Mipsige = 83.8 % vS. Moutsige = 77.9 %), p=.003, & =
1.12, but not for ISIs of 100, 400, or 600 ms (all ps > .214).

Reaction times (cf- Table 2)
Valid cues led to the shortest RTs (507 ms), followed by
invalid-inside (606 ms), invalid-outside (609 ms), and

invalid-diagonal (613 ms) trials, F(1.8, 26.3) = 10.91,
p=.001, 1> = .42 . For an ISI of 600 ms, the shortest RT were
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invalid-outside, red lines; for invalid-diagonal trials, see Table 2). Error
bars indicate the standard errors of the means

found (508 ms), followed by ISIs of 400 ms (570 ms), 200 ms
(606 ms), and 100 ms (651 ms) [main effect of ISI, F(1.5, 22.2)
=18.65, p <.001, * = .55]. The interaction of both factors did
not reach significance (p = .376); neither did planned contrasts
reveal a significant difference between invalid-inside and
invalid-outside trials for any ISI (all ps > .05).

Discussion

Similar to Experiment 1, valid cues led to more accurate
performance than did invalid cues in Experiment 2, replicat-
ing earlier studies (Klein, 2004; Ruz & Lupiaiiez, 2002).
More important, also endogenous cues yield a texture ad-
vantage: Accuracy on invalid trials was higher when the
target was presented in the same texture as the cued location,
as compared with when the target was presented outside that
texture. For endogenous cues, texture advantage was ob-
served much later than for exogenous cues—namely, for an
IST of 200 ms. For the shortest ISI of 100 and the two longer
ISIs of 400 and 600 ms, no texture advantage was found.
Comparing Experiments 1 and 2, it becomes evident that
endogenous cues need more time than do exogenous cues to
evoke a texture advantage.
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Table 2 Overview of mean accuracy and mean reaction times in Experiments 1-8

Valid Invalid-Inside Invalid-Outside Invalid-Diagonal
Experiment 1 Acc (%) RT (ms} Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
ISI 50 ms 92.9 359 66.8 425 60.1 435 59.3 441
100 ms  91.2 332 63.5 383 60.0 389 58.1 401
150 ms  87.4 312 59.8 341 61.2 342 58.1 346
200 ms  80.6 302 59.2 314 58.8 325 56.4 317
Experiment 2 Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
ISI 100 ms 883 572 81.7 668 79.5 693 81.6 672
200 ms 883 524 83.8 626 77.9 623 74.8 649
400 ms  87.5 472 78.3 613 77.4 593 76.7 603
600 ms 83.2 461 74.1 515 74.7 527 70.2 530
Experiment 3 Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
ISI 100 ms  88.0 615 73.0 817 64.9 876 63.5 888
200 ms  87.8 574 72.6 798 68.0 819 64.9 841
400 ms 873 537 68.0 726 69.6 769 63.2 754
600 ms  86.4 549 70.2 622 68.8 654 65.2 692
Experiment 4 Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
ISI 50 ms 87.6 485 76.9 522 72.9 537 73.9 528
100 ms  87.1 480 77.0 518 73.1 507 71.6 497
150 ms 855 455 73.5 488 71.3 475 72.7 491
200 ms  82.4 446 71.6 459 69.6 458 68.2 468
Experiment 5 Valid OLD-Inv.-Inside NEW-Inv.-Inside Invalid-Diagonal
Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
ISI 0O ms 90.9 560 87.2 566 852 565 84.0 567
50 ms 90.0 537 83.3 547 842 538 842 544
100 ms  87.7 528 79.6 540 80.2 540 76.3 551
150 ms  81.1 515 76.0 523 752 530 735 546
200 ms 787 516 72.8 528 72.8 512 71.6 504
Experiment 6 Valid Invalid-Inside Invalid-Outside Invalid-Diagonal
Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
IST 50 ms 90.1 572 83.3 607 84.0 598 82.5 621
100 ms  83.8 582 81.0 605 79.5 600 79.4 606
150 ms  84.1 566 80.8 592 81.5 599 77.5 602
200 ms  80.8 587 77.1 578 78.1 582 79.1 618
Experiment 7 Valid Invalid-Inside Invalid-Outside Invalid-Diagonal
Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
Homogeneity of High ISI 50 ms 85.7 540 77.6 553 73.6 572 76.0 563
search display 100ms  78.0 531 66.5 562 66.6 566 65.0 572
Low 50 ms 84.7 556 80.8 573 713 565 79.6 559
100 ms  74.1 547 70.8 557 70.9 568 70.3 567
Experiment 8 Valid Invalid-Inside Invalid-Outside Invalid-Diagonal
Border Contrast Texture Homogeneity Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms) Acc (%) RT (ms)
High High ISI 50 ms 91.6 492 879 545 81.1 525 80.2 545
100 ms 87.4 498 81.7 536 78.7 538 76.1 539
High Low 50 ms 94.1 506 86.4 528 82.8 564 83.5 544
100 ms  88.8 510 80.4 541 713 533 76.1 544
Low High 50 ms 92.7 521 87.8 532 822 535 81.4 539
100 ms  86.6 531 79.9 531 81.4 527 71.7 530
Low Low 50 ms 93.4 510 84.0 565 81.6 559 81.3 548
100 ms  86.8 506 81.6 548 80.5 520 77.1 535

Note. The first column to the left indicates the number of the experiment, and the second column indicates the interstimulus interval (ISI). Columns
3—6 show the mean accuracy (Acc) in percent correct and the mean reaction times (RT) in milliseconds across all participants for valid, invalid-inside,
invalid-outside, and invalid-diagonal trials. Note that in Experiment 5, texture border switches from horizontal to vertical (or vice versa), resulting in
OLD-invalid-inside and NEW-invalid-inside trials (see the Experiment 5 section for details). In Experiment 7, the additional factor “Homogeneity of
search display” was varied while the homogeneity of the cue display remained homogeneous (as in Experiments 1-5). High homogeneity denotes an
orientation difference of 30° within a texture (low homogeneity: 90°). In Experiment 8, the two additional factors, “Border Contrast” and “Texture
Homogeneity,” were varied. High border contrast denotes a 90° orientation difference between neighboring lines at the border of the texture (low
border contrast: 30°). High homogeneity denotes an orientation difference of 30° within a texture (low homogeneity: 90°).
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Experiment 3

Experiment 2 revealed a cueing effect on valid trials already
after an ISI of 100 ms. A texture advantage, however, was
observed only later, after an IST of 200 ms. One may there-
fore wonder how the texture advantage relates to traditional
spatial cueing and what time course both effects follow. One
may speculate that a cue presentation time of 100 ms and an
IST of 100 ms were enough time to induce traditional spatial
cueing on valid trials but too short to induce a texture
advantage. Alternatively, one may assume that the texture
advantage may be a by-product of failed spatial cueing; that
is, participants may have had problems in focusing their
attention on the cued location but have attended the entire
texture. Experiment 3 was designed to investigate whether
an increase in cue presentation time to 1,000 ms would
change the cueing effect pattern and, especially, whether it
would modulate the texture advantage. With this increase,
participants would have enough time to focus their attention
on the cued location and would not need to attend the entire
element texture. Contrarily, the presence of a texture advan-
tage with a longer preparation interval would speak in favor
of a texture effect independent of traditional spatial cueing.

Results
Accuracy (cf. Fig. 2c and Table 2)

Again, valid cues led to the highest accuracy (M = 87.4 %),
followed by invalid-inside (M = 70.9 %), invalid-outside (M =
67.8 %), and invalid-diagonal (M = 64.2 %) trials, F(1.3, 19.5)=
20.05, p <.001, 77 = .57. No other effects reached significance
(all ps > .241). Planned contrasts revealed a significant differ-
ence for invalid-inside and invalid-outside trials for an ISI of
100 ms (Mipsige = 73-0 % vs. Myysige = 64.9 %), p = .002, € =
1.20, and for an ISI of 200 ms (M,sige = 72.6 % vs. Myyside =
68.0 %), p =.003, ¢ = 1.11, but not for an ISI of 400 or 600 ms
(all ps > .05).

Reaction times (cf. Table 2)

Valid cues led to the shortest RTs (569 ms), followed by invalid-
inside (741 ms), invalid-outside (779 ms), and invalid-diagonal
(794 ms), F(1.2,18.7)=17.60, p < .001, 1> = .54. For an ISI of
600 ms, the shortest RTs were found (629 ms), followed by ISIs
of 400 ms (696 ms), 200 ms (758 ms), and 100 ms (799 ms),
F(1.5,22.3)=28.09, p < .001, 1 = .65. There was an interac-
tion of ISI and validity, F(4.4, 66.7) = 2.75, p = .031, = .16,
There was an interaction of ISI and validity, F(4.4, 66.7)=2.75,
p=.031, 177 = .16, and planned contrasts revealed a significant
difference between invalid-inside and invalid-outside for an ISI
of 100 ms (Miygige = 817 ms vs. Myyside = 876 ms), p = .015,
€ = 0.84, but for no other ISI (all ps > .081).
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Discussion

As in Experiment 2, ISIs 0of 400 and 600 ms showed no texture
advantage in the present experiment. Interestingly, however,
while in Experiment 2 a texture advantage was found for an
IST of 200 ms but not earlier, Experiment 3 showed that an
increase in cue presentation time can cause a texture advan-
tage already for an ISI of 100 ms. In both Experiments 2 and 3,
an optimal strategy would have been to focus on the cued
location (target probability of 73 %), while all other positions
were equally “unlikely” to be followed by the target (each
9 %). Even though participants had enough time now to focus
their attention accordingly, accuracy was still higher on
invalid-inside than on invalid-outside trials. This indicates that
the texture had an impact on search performance in addition to
the Posnerian cueing effect. In fact, a texture advantage was
now observed already after a shorter ISI of 100 ms. The
increase in cue presentation time thus did not abolish the
texture advantage but, rather, made it appear at an earlier time
interval. This strongly speaks in favor of a texture effect
independent of traditional spatial cueing.

Experiment 4

Is it possible that the texture advantage observed in the previ-
ous experiments was entirely due to endogenous control
mechanisms? In Experiment 1, exogenous cues were used
that are considered to cause automatic attention shifts (Klein,
2004; Marzouki et al., 2007). However, it is often argued that
exogenous cues may also induce endogenous control to some
extent when they are informative (Doallo et al., 2004; Miiller
& Rabbitt, 1989; Wright & Richard, 2000). The aim of
Experiment 4 was to test whether a texture advantage is also
observed without endogenous control being involved. To do
so, the experimental design of Experiment 1 was modified so
that the target would appear at each of the four positions with a
probability of 25 %. Hence, the cue was uninformative with
respect to the location of the subsequent target, and partici-
pants would not benefit from attending to one position more
than to another, since the target could appear at any position
with equal probability.

Results
Accuracy (cf. Fig. 2d and Table 2)

Valid cues led to the best performance (M = 85.6 %), followed
by invalid-inside (M = 74.7 %), invalid-outside (M = 71.7 %),
and invalid-diagonal (M = 71.6 %) trials, F(1.3, 19.2) =21.37,
p <.001, 77 = .59. Best performance was reached for an ISI of
50 ms (M =77.8 %), followed by ISIs of 100 ms (M =77.2 %),
150 ms (M =75.7 %), and 200 ms (M = 73.0 %), F(2.0, 30.6) =
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20.46, p < .001, ¥ = .58. There was no interaction of both
factors, p = .857.

To directly compare accuracy performance between the
crucial conditions invalid-inside and invalid-outside, planned
contrasts were calculated for each of the four ISIs separately.
Accuracy differed significantly for an ISI of 100 ms (Mj,sige =
77.0 % vs. Myysige = 73.1 %), p = .004, ¢ = 1.08, and for an ISI
of 50 ms (Minsige = 76.9 % VS. Moytsige = 72.9 %), p = .009,
€ =0.93, but not for an ISI of 150 or 200 ms (all ps > .05).

Reaction times (cf. Table 2)

Valid cues led to the shortest RTs (466 ms), while responses
differed only slightly between the other three conditions:
invalid-inside (497 ms), invalid-outside (494 ms), and invalid-
diagonal (496 ms), F(3, 45)=10.07, p <.001, n2 =.40. For ISIs
of 200 ms, the shortest RT were found (458 ms), followed by
ISIs of 150 ms (477 ms), 100 ms (500 ms), and 50 ms (518 ms),
F(1.9,28.1)=17.94, p < .001, 7 = .55. There was no interac-
tion of ISI and validity (p = .098), and planned contrasts
revealed no significant difference of the means between
invalid-inside and invalid-outside for any ISI (all ps > .05).

Comparison of Experiments 1 and 4

To assess possible differences in the texture advantage due to
cue informativeness, a post hoc ANOVA with the within-
subjects factor validity and the between-subjects factor informa-
tiveness (Experiment 1, 73 % validity, vs. Experiment 4, 25 %
validity) was conducted separately for the ISIs of 50 and 100 ms.
The ISIs of 50 and 100 ms were chosen because significant
differences between invalid-inside and invalid-outside were
found for these ISIs in at least one the experiments.

IST of 50 ms

Accuracy was generally higher for uninformative cues
(74.9 %; Experiment 4) than for informative cues (63.5 %;
Experiment 1), F(1, 30) = 5.41, p = .027, n* = .153.
Additionally, accuracy in both experiments was better on
invalid-inside trials (71.8 %) than on invalid-outside trials
(66.5 %), F(1, 30) = 14.27, p = .001, 1> = .32. The texture
advantage did not differ for informative cues in Experiment 1
(Minsidge = 66.8 % vs. Myysige = 60.1 %), as compared with
uninformative cues in Experiment 4 (Mjysiqe = 76.9 % vs.
Mousidze = 72.9 %) (interaction of validity and informative-
ness, p = .336).

IST of 100 ms
The results show the same pattern as for the ISI of 50 ms: Across

both experiments, performance was better for uninformative
cues (75.0 %; Experiment 4) than for informative cues

(61.7 %; Experiment 1), F(1, 30) = 7.18, p = .012, 1% = .193.
In addition, accuracy was higher on invalid-inside trials (70.2 %)
than on invalid-outside trials (66.6 %), F(1,28)=15.38, p=.027,
n* = .15. The texture advantage was of comparable size for
informative cues in Experiment 1 (Mj,ige = 63.5 % vS. Myuside =
60.0 %) and uninformative cues in Experiment 4 (Mjsiqe =
77.0 % vs. Myysige = 73.1 %); no interaction of validity and
informativeness was observed, p = .907.

Discussion

In Experiment 4, the texture advantage was about the same
size as in Experiment 1, where the exogenous cue was
informative with respect to the subsequent target location.
As in Experiment 1, a texture advantage was found for the
shortest ISI of 50 ms but not for longer ISIs of 150 and
200 ms. In contrast to Experiment 1, a texture advantage
was also found for an ISI of 100 ms. In Experiment 4,
exogenous cues were not informative concerning the subse-
quent target location; one may conclude that a texture ad-
vantage can be observed both in exogenous and endogenous
cueing and that an endogenous component is not necessary
to elicit this effect.

Experiment 5

Experiments 1-4 showed that accuracy on invalid trials
depended on the texture to which the cued location belonged:
When target and cue were part of the same texture, perfor-
mance was better than when they were in different textures.
In these experiments, the texture segregation was identical in
cue and search displays; that is, when the visual field in the
cue display was segregated into a left and right texture, this
segregation into left and right was left unchanged in the
search display. Accordingly, we could determine at what
point in time the texture advantage disappeared when the
texture arrangements were left unchanged. Experiment 5,
however, was designed to determine whether and at what
point in time the texture advantage would disappear when
the segregation changed. To that end, Experiment 5 used
different texture arrangements in cue and search displays.
Different ISIs between the cue and target allowed for mea-
suring for how long a texture advantage could be observed
for the cued texture after textures had been changed.

Method

The stimuli and procedure were identical to those in
Experiment 4, with the following exception: The texture
arrangement changed immediately after the cue offset from
vertical to horizontal or vice versa. For example, in cue
displays, the visual field was segregated in an upper texture
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of horizontal and a lower texture of vertical lines. After cue
offset, the visual field changed to a left texture of horizontal
and a right texture of vertical lines. Line orientation around
the cued location was left unchanged. With this change of
texture arrangement, the definition of invalid-inside and
invalid-outside changed as well: A target that was presented
at a location that was part of the cued texture in the cue
display (OLD-invalid-inside; cf. Fig. 3a, middle column)
could belong to a different texture during its presentation.
Alternatively, a target that was presented at a location outside
the cued texture in the cue display could belong to the same
texture during its presentation (NEW-invalid-inside; cf.
Fig. 3a, right column).

To precisely track the point in time at which the texture
advantage may disappear, we used an additional ISI = 0
condition in which the search display followed the cue display
without delay.

Results

Accuracy (cf- Figure 4a and Table 2)

Valid cues led to most accurate performance (M = 85.7 %),
followed by OLD-invalid-inside (M = 79.8 %), NEW-invalid-
inside (M =79.5 %), and invalid-diagonal (M = 77.9 %) trials,
F(3, 45) = 29.24, p < .001, 1 = .66. The most accurate
performance was reached for an ISI of 0 ms (M = 86.8 %),
followed by ISIs of 50 ms (M = 85.4 %), 100 ms (M = 80.9 %),
150 ms (M = 76.4 %), and 200 ms (M = 73.9 %), F(4, 60) =
63.35, p < .001, * = .81. There was no interaction of both
factors, p = .599. Planned contrasts revealed a significant
difference in accuracy between OLD-invalid-inside and
NEW-invalid-inside trials for an ISI of 0 ms (Mjnsige =
87.2 % vs. Myysige = 85.2 %), p = .022, € = 0.78, but not for
longer ISIs (all ps > .316).

Reaction times (cf. Table 2)

There was no effect of validity on RT, F(1.3, 19) = 0.40,
p=.586, 17" = .03. The shortest RTs were found for an ISI of
200 ms (515 ms), followed by ISIs of 150 ms (528 ms),
100 ms (539 ms), 50 ms (541 ms), and 0 ms (564 ms), F(4,
60)=11.36, p <.001, 7> = .43. The interaction of both factors
did not reach significance, p = .101.

Discussion

Results showed that only when the ISI was 0 ms—that is,
when the target immediately followed the cue—participants
were better on OLD-invalid-inside than on NEW-invalid-
inside trials. Hence, only immediately after the texture
rearrangement could a texture advantage according to the
old texture arrangement be observed. With longer ISIs, any
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texture advantage was lost. At the same time, performance
for NEW-invalid-inside trials was not better for any ISI.
Thus, although the old texture advantage was lost, no texture
advantage according to the novel texture arrangement could
evolve once the cue was not visible anymore. Interestingly,
the benefit at the cued location (i.e., the traditional cueing
effect) persisted throughout all ISIs used, although the tex-
ture advantage could not spread to the novel texture.

Experiment 6

In Experiments 14, the textures were defined both by the
orientation contrast at the texture border and by the contrast
within texture elements—that is, homogeneity within the tex-
ture elements. Thus, the texture advantage may have resulted
from either of these stimulus characteristics, which may, in
turn, have triggered different perceptual processes. Although
Experiment 6 was conducted to disentangle these two potential
mechanisms by changing texton identity between the cue and
search displays, while leaving the orientation contrast at the
texture border the same (cf. Fig. 3b). If the texture border alone
accounted for the texture advantage in the previous experi-
ments, a similar benefit on invalid-inside trials over invalid-
outside trials should be observed. Conversely, if texture ele-
ment homogeneity (i.e., the identity of all textons within a
texture) caused the texture advantage, no benefit in invalid-
inside trials over invalid-outside trials would be expected.

Method

The stimuli and procedure were identical to those jn
Experiment 4, with one exception: The identity of the line
elements was changed from vertical to horizontal and vice
versa with cue display offset. For example, when the upper
texture consisted of horizontal and the lower texture of
vertical lines in the cue display, the upper texture lines would
change to vertical and the lower texture lines to horizontal
after cue offset. The texture border was left unchanged.

Results
Accuracy (cf. Figure 4b and Table 2)

Valid cues led to best performance (M = 84.7 %), while
accuracy differed only slightly between the other three condi-
tions: invalid-inside (M = 80.5 %), invalid-outside (M =
80.8 %), and invalid-diagonal (M = 79.6 %) trials, F(3, 45) =
12.55, p < .001, n* = .46. The best performance was reached
for an IST of 50 ms (M = 85.0 %), followed by ISIs of 150 ms
(M=81.0%), 100 ms (M= 80.9 %), and 200 ms (M = 78.8 %),
F(3,45)=14.36,p<.001, 7 = .49. There was no interaction of
both factors, p =.214. Planned contrasts revealed no significant
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difference for invalid-inside and invalid-outside trials for any
ISI (all ps > .196).

Reaction times (cf. Table 2)

Valid cues led to the shortest RTs (577 ms), followed by
invalid-inside and invalid-outside (each 595 ms) and invalid-
diagonal (612 ms), F(3, 45)=6.68, p =.001, 1* = .31. There
were no other significant effects (all ps > .1).

Discussion

Ifthe texture advantage was due to the texture border, the texture
advantage should have been left unchanged in the present
experiment, because the border contrast was the same on cue
and target trials. However, Experiment 6 showed that texture
advantage was lost when texton identity changed between the
cue and search displays. Performance on invalid-inside trials
was not better than on invalid-outside trials for any ISI, although
the border was left unchanged, generally allowing the same

<« Fig. 3 alllustration of the different texture arrangements in cue and search

displays as used in Experiment 5. When the cue display was segregated in
an upper texture of horizontal and a lower texture of vertical lines (i.e.
horizontal texture border; left panel), the search display (and the standard
texture during the interstimulus interval [ISI]) was segregated in a left
texture of horizontal and a right texture of vertical lines (i.e., vertical
border). Note that this changes the definition of invalid-inside and inva-
lid-outside: A target may be presented at a location that was part of the cued
texture in the cue display (OLD-invalid-inside; middle panel) or at a
location that would be part of the cued texture if the cue was still present
(NEW-invalid-inside; right panel). b Illustration of the textures with texton
identities changing between cue and search displays, as used in Experiment
6. When the cue displays is segregated in an upper texture of horizontal and
a lower texture of vertical lines (left panel), the search display (and the
standard texture during the ISI) is segregated in an upper texture of vertical
and a lower texture of horizontal lines (right panel). Thus, texton identity
changes, while the texture border remains unchanged. The dotted line
encircles the target locations for illustration purposes and was not visible
to the observers. ¢ Illustration of the textures with texton orientation
gradually changing, as used in Experiment 7. The cue display comprised
horizontal and vertical lines only. In the search display (and the standard
texture during the ISI), the orientation of the line elements gradually
changed 30° (high homogeneity) or 90° (low homogeneity) from one side
of the texture to the other side of the texture. Deviation in orientation
(difference in orientation from cue display to orientation in search display)
of single line elements increased along the texture border, being small
around the cued location and the invalid-outside location and being large
around the invalid-inside and invalid-diagonal locations. The increase in
deviation was less pronounced in the high-homogeneity condition (upper
row) than in the low-homogeneity condition (lower row)

texture segregation (e.g., upper and lower visual fields) in cue
and search displays. Thus, the homogeneity within the texture
elements seems the critical aspect determining the texture ad-
vantage. The texture advantage seems to be bound to the identity
of the homogeneously arranged individual textons. The orienta-
tion contrast at the border seems less relevant.

Experiment 7

In Experiment 6, the orientation of each line element
changed from horizontal to vertical or vice versa with the
cue display offset (i.e., the orientation was swapped for cue
display vs. ISI and search display). This resulted in a max-
imum contrast of 90° at each location in the display, which
may have induced some sort of backward mask. Hence, this
mask, rather than the texton identity change as such, could
have broken up the texture advantage. In Experiment 7, we
wanted to test possible masking effects of the transients by
gradually varying the deviation in orientation (cue display —
search display) within a texture. Invalid-outside trials were
privileged over invalid-inside trials by imposing a stronger
deviation in orientation at invalid-inside locations. If devia-
tion in orientation served as some sort of mask, this mask
should be stronger for invalid-inside, due to the higher devi-
ation in orientation. Let us assume a reliable texture advan-
tage (the advantage for invalid-inside over invalid-outside)
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Fig. 4 a Mean accuracy in Experiment 5 as a function of interstimulus
interval (ISI) and validity (valid, green lines; invalid-inside, blue lines;
invalid-outside, red lines; for invalid-diagonal trials, see Table 2). b
Mean accuracy in Experiment 6 as a function of ISI and validity (valid,
green lines; OLD-invalid-inside, blue lines; NEW-invalid-inside, red

was still found even when the potential masking for invalid-
inside was stronger than for invalid-outside. This would also
argue against the idea that the deviation in orientation in
Experiment 6 was resulting in some sort of masking, which
in turn undermined the texture advantage.
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lines; for invalid-diagonal trials, see Table 2). ¢ Mean accuracy in
Experiment 7 as a function of ISI, texture homogeneity (30° vs. 90°),
and validity (valid, green lines; invalid-inside, blue lines; invalid-out-
side, red lines; for invalid-diagonal trials, see Table 2). Error bars
indicate the standard errors of the means

Method
The stimuli and procedure were identical to those in

Experiment 6, with one exception: The identity of the line
elements was not swapped between the cue and search
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displays from vertical to horizontal or vice versa (i.e., an all-
encompassing change of 90° in orientation) but changed
gradually within a texture. Deviation of the line orientation
from the cue display increased along the border of the tex-
tures, with deviation being smallest at the cued location. This
deviation manipulation led to varying differences in orienta-
tion between the cue display and the search display for the
four quadrants of a display (cf. Fig. 3¢). For example, in a
horizontally divided display, when the cue was presented in
the upper left quadrant, the search display lines on the left-
hand side (where the cued location was) deviated less from the
lines in the cue display than did the lines on the right-hand side
(where the invalid-inside location was). To maintain the con-
trast of 90° at the texture border, the lower texture changed
analogously, leading to a similar gradual deviation in the
lower texture from left to right: The search display lines on
the left-hand side (where the invalid-outside location was)
deviated less from the lines in the cue display than did the
lines to the right (where the invalid-diagonal location was).
Thus, the deviation manipulation led to the least difference in
orientation between the cue display and the search display for
valid and invalid-outside trials and to the most difference in
orientation for invalid-inside and invalid-diagonal trials. The
gradual change from one side of the texture to the other side
could be either 30° (high homogeneity) or 90° (low homoge-
neity) (cf. Fig. 3c). If the change in orientation for the search
display serves as a backward mask for the cue display, invalid-
inside locations should suffer more from increased within-
texture contrast than should invalid-outside, because the sin-
gle line element at the invalid-inside location deviated more
from the single line element at the same location in the cue
display.

Results

A two-way ANOVA with the factors validity and within-
texture contrast (high vs. low) was run for the ISIs of 50 and
100 ms, separately for accuracy and RTs.

IST 50 ms: Accuracy. (cf. Fig. 4c, Table 2)

Valid cues led to the best performance (M = 85.2 %), followed
by invalid-inside (M = 79.2 %), invalid-diagonal (M =77.8 %),
and invalid-outside (M = 75.4 %) trials, F(3, 45) = 10.24,
p = .001, 77 = .41. Performance was slightly better for high
within-texture contrasts (M = 80.6 %) than for low within-
texture contrasts (M = 78.2 %), F(1, 15) = 6.76, p = .020,
17 = 31. There was no interaction of both factors, p = .103.
Planned contrasts revealed a significant difference for invalid-
inside and invalid-outside trials for low within-texture contrast
(Minside = 77.6 % vs. Myysiae = 73.6 %), p=.002, £ = 0.79, and
for high within-texture contrast (M;,sige = 80.8 % vs. Myyside =
77.3 %), p=.018, ¢ = 0.82.

IST 50 ms: Reaction times (cf. Table 2)
There were no significant effects (all ps > .200).
IST 100 ms: Accuracy. (cf- Fig. 4c, Table 2)

Valid cues led to the best performance (M = 76.1 %),
while accuracy differed only slightly between the other
three conditions: invalid-inside (M = 68.6 %), invalid-
outside (M = 68.8 %), and invalid-diagonal (M =
67.6 %) trials, F(3, 45) = 5.77, p = .002, n* = .28.
Performance was slightly better for high within-texture
contrasts (M = 71.5 %) than for low within-texture con-
trasts (M = 69.0 %), F(1, 15) = 10.88, p = .005, 1> = .42.
While valid cues yielded worse performance for high (M =
74.1) than for low (M = 78.0) within-texture contrast,
invalid cues yielded better performance for high (M =
70.7) than for low (M = 66.0) within-texture contrast
[interaction of validity and within-texture contrast, F(3,
45)=4.27, p=.010, * = .22]. Planned contrasts revealed
no significant difference for invalid-inside and invalid-
outside trials for low within-texture or high within-
texture contrast (all ps > .473).

ISI 100 ms: Reaction times (cf. Table 2)
There were no significant effects (all ps > .113).
Discussion

In Experiment 7, the textons’ identity varied between the cue
and search displays, but in contrast to Experiment 6, their
deviation in orientation was not always 90° but depended on
the relative position within the texture and was gradually
changed. For textons around the cued location and the
invalid-outside location, deviation was relatively low,
whereas around the invalid-inside location (and the invalid-
diagonal location), deviation was relatively high. The results
were comparable to those in Experiment 4 (which was sim-
ilar to Experiment 7, except for the change between the cue
and search displays): Invalid-inside trials yielded better per-
formance than did invalid-outside trials for both an IST of 50
and 100 ms. Valid trials led to best performance. This repli-
cation of the texture advantage makes it unlikely that the
change in texton identity served as some sort of backward
mask that may have broken up the texture advantage in
Experiment 6. Since the deviation in orientation from cue
display to search display was larger for invalid-inside trials
than for invalid-outside trials, presumptive masking should
have, if anything, privileged invalid-outside trials, as com-
pared with invalid-inside trials. Quite the contrary was ob-
served: Performance was better on invalid-inside trials than
on invalid-outside trials for both high and low homogeneity
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within textures. This texture advantage was almost the same
in size for Experiments 4 and 7 (3.95 % for Experiment 4 and
3.75 % for Experiments 7 across ISIs of 50 and 100 ms).

This finding is particularly interesting because of its im-
plications for the role of texton identity changes in the
texture advantage. In Experiment 6, when the texton identi-
ties changed from vertical to horizontal and vice versa, no
texture advantage was found. In Experiment 7, when the
textons identities also changed, but gradually within a tex-
ture, a texture advantage comparable in size to that for
unchanged textures (Experiment 4) was found. Most inter-
esting, in the low-homogeneity condition of Experiment 7,
the deviation in line orientation from the cue to the search
display was about the same as in Experiment 6 for the
invalid-inside location. Still, there was a pronounced texture
advantage for low-homogeneity trials in Experiment 7 and
no texture advantage in Experiment 6. Thus, the difference in
performance in Experiments 6 and 7 was likely due to the
neighboring elements within the texture. These were gradu-
ally decreasing in deviation toward the cued location in
Experiment 7 or had exactly the same deviation (i.e., 90°)
in the entire texture in Experiment 6. Thus, the texture
advantage seems not to be bound to the individual identity
of the textons. Rather, properties of neighboring textons
seem to be crucial for the texture advantage. Results suggest
that gradual changes in orientation within a texture do not
disrupt processing, whereas abrupt changes in orientation do
disrupt processing of the texture. This can lead to differential
processing at locations where the actual change of orienta-
tion (here, invalid-inside locations) is the same.

Experiment 8

Experiment 6 suggests that the homogeneity within texture
elements contributes more to the texture advantage than does
the texture border. A comparison of Experiment 6 and
Experiment 7 suggests that not the homogeneity per se but,
rather, the properties of neighboring textons within a texture
determine how a texture is processed. A gradual change in
orientation does not disrupt the texture advantage, whereas a
uniform change of the entire texture makes the texture ad-
vantage disappear. Experiment § investigated the respective
proportion of texture homogeneity and texture border in
more detail by systematically varying border contrast and
texture homogeneity. This texture manipulation goes back to
a study by Nothdurft (1992) that employed a texture segre-
gation task. Nothdurft (1992) presented a rectangular patch
of simple oriented lines on a background of lines with
different orientation and varied the homogeneity of the back-
ground (high vs. low homogeneity) independently from the
border contrast—that is, the orientation difference of neigh-
boring lines at the border (high vs. low contrast). Although
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texture homogeneity may rely on various local contrasts with-
in the texture and, thus, be comparable to the contrast at the
border, we wanted to disentangle these texture-defining deter-
minants to shed light on differential underlying processes.
Thus, we used a similar manipulation as Nothdurft (1992)
and varied the homogeneity within texture elements and the
orientation contrast at the border independently.

Method

Similar to Experiment 7, either texture homogeneity could
be 30° (high homogeneity), meaning that line elements al-
ways varied within a range of 30° within a texture (e.g., from
10° to 40°), or texture homogeneity could be 90° (low
homogeneity; e.g., elements varied from 10° to 100°). In
contrast to Experiment 6, the texton identity did not change
between the cue and search displays. Orientation contrast at
the texture border could be 30° (low contrast), meaning that
neighboring lines at each side of the border were 30° differ-
ent in orientation (e.g., 0° vs. 30°), or border contrast could
be 90° (as in Experiments 1-6; high contrast; e.g., 0° vs.
90°). This resulted in 2 x 2 possible textures—(1) high
homogeneity and high border contrast, (2) high homogeneity
and low border contrast, (3) low homogeneity and high
border contrast, and (4) low homogeneity and low border
contrast (cf. Fig. 5 for an illustration—which were combined
with two ISIs (50 vs. 100 ms), and the four validity condi-
tions from Experiments 1-6. Cues were exogenous and
uninformative (cf. Table 1 for all experimental settings).
Since there were 2,048 trials, participants had to take part
in two sessions of 1,024 trials, each of which was at least
24 h apart.

Results

A three-way ANOVA with the factors validity, border con-
trast (high vs. low), and texture element homogeneity (high
vs. low) was run for the ISIs of 50 and 100 ms, separately for
accuracy and RTs.

IST 50 ms: Accuracy (cf- Figure 5 and Table 2)

Valid cues led to the most accurate performance (M = 92.9 %),
followed by invalid-inside (M = 86.5 %), invalid-outside
(M = 81.9 %), and invalid-diagonal (M = 81.6 %) trials,
F(1.6, 23.6) = 11.94, p = .001, 1 = .44. No other effects were
significant (all ps > .125). Planned contrasts revealed a signif-
icant difference in accuracy between invalid-inside and invalid-
outside trials when homogeneity was high, both for high border
contrast (Mipsige = 87.9 % vs. Myysiqe = 81.1 %; cf. Fig. 5, upper
left panel), p = .022, ¢ = 0.83, and for low border contrast
(Minsige = 87.8 % vs. Myysige = 82.2 % ; cf. Fig. 5, lower left
panel), p = .012, € = 0.89. When homogeneity was low, the
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Fig. 5 Mean accuracy in Experiment 8, separately for textures with
high (left column) and low homogeneity (right column) and separately
for textures with high (upper row) and low border contrasts (lower row).
Each of the four panels shows an exemplary texture and the accuracy for
each validity condition (valid, green lines; invalid-inside, blue lines;
invalid-outside, red lines; for invalid-diagonal trials, see Table 2). The
exemplary textures in the four panels all have a “starting angle” of 5°
(upper left texture line) to illustrate how the overall orientation differ-
ence between neighboring lines (texture homogeneity) and the local
shift in line orientation at the texture border (border contrast) was
varied. In the experiment, the “starting angle” was randomly chosen
on each trial

difference between invalid-inside and invalid-outside just failed
to reach significance for high border contrasts (Mj,siqe = 86.4 %
vs. Mouside = 82.8 %; cf. Fig. 5, upper right panel), p = .086,
e = 0.51, while no difference was found for a low border
contrasts (Migiqge = 84.0 % vs. Myyige = 81.6 %; cf. Fig. 5,
lower right panel), p =.197, ¢ = 0.31.

ISI 50 ms: Reaction times (cf. Table 2)
Valid cues led to the shortest RTs (507 ms), while responses

differed only slightly between the other three conditions:
invalid-inside (542 ms), invalid-outside (546 ms), and invalid-

diagonal (544 ms), F(1.5, 22) = 10.11, p = .002, 1* = .40. No
other effects were significant (all ps > .139).

IS1 100 ms: Accuracy (cf. Table 2)

Valid cues led to the most accurate performance (M =
87.4 %), followed by invalid-inside (M = 80.9 %),
invalid-outside (M = 79.5 %), and invalid-diagonal (M =
76.8 %) trials, F(1.6, 24.4) = 10.07, p = .001, > = .40. No
other effects were significant (all ps > .186). Planned
contrasts revealed no significant difference in accuracy
between invalid-inside and invalid-outside trials for any
combination of texture homogeneity and texture border
contrast (all ps > .124).

IS 100 ms: Reaction times (cf. Table 2)
There were no significant effects (all ps > .076).
Discussion

Experiment 8 systematically varied homogeneity within tex-
ture elements and orientation contrast at the texture border.
Results showed that textures with high homogeneity (varia-
tion within a range of 30°) were sufficient to evoke a texture
advantage, regardless of the degree of border contrast. In
textures with high element homogeneity, targets that were
presented in the cued texture (invalid-inside trials) were
more often correctly identified than targets in the uncued
texture (invalid-outside trials) both for a high border contrast
of 90° (advantage of 6.8 %) and for a low border contrast of
30° (5.6 %). In textures with low element homogeneity
(variation of 90°), hardly any texture advantage was ob-
served: The effect just failed to reach significance when
border contrast was high, and it was absent when border
contrast was low. This further supports the notion that texture
homogeneity, rather than the orientation contrast at the tex-
ture border, caused the texture advantage, although the bor-
der may add an additional benefit to invalid-inside, as com-
pared with invalid-outside, trials. Interestingly, although the
search display in the high-homogeneity and high-border-
contrast condition in Experiment 8 was identical to the
search display in the high-homogeneity condition in
Experiment 7, a reliable texture advantage was found only
in Experiment 7. The difference between the search displays
in both experiments was that the previous cue display was
either the same as the search display (Experiment 8) or
completely homogeneous (Experiment 7). Apparently, the
duration of cue presentation (100 ms) in which the complete-
ly homogeneous texture was shown in Experiment 7 was
sufficient to induce a pronounced texture advantage that
prevailed over the presentation of the less homogeneous
search display. When no completely homogeneous texture
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was shown at all (Experiment 8), the texture advantage could
not be fully unfolded.

General discussion

The present results provide evidence for the impact of textures
on the deployment of spatial attention in the visual field. The
results indicate that both exogenous and endogenous cues not
only enhance processing of subsequently presented targets at
cued locations, but also enhance processing of the entire cued
texture.

Texture advantage for exogenous and endogenous cues

In eight experiments, participants had to identify the color of a
target stimulus. Before search display onset, a cue indicated
the likely target position; targets could appear at cued or
uncued locations. Both exogenous and endogenous cues
resulted in higher performance for subsequent targets when
they were presented at the same location as the cue
(Experiments 1 and 4-8) or when the endogenous arrow cue
was pointing to the target location (Experiments 2 and 3). This
shows that the benefit on valid trials that has been observed in
traditional cueing experiments (for a review, see Ruz &
Lupiafiez, 2002) can also be obtained by odd elements in
otherwise homogeneous textures.

The novel finding of the present experiments is that perfor-
mance for targets presented at uncued locations systematically
depended on the way the visual field was segregated into
textures. On invalid trials, performance was still better when
the target and cue were presented inside the same texture
(invalid-inside) than when they were in different textures (in-
valid-outside). Note that the spatial distance between the cued
location and the target was the same in these conditions, so that
the better performance could be attributed only to the position
inside or outside the texture. We refer to the accuracy benefit of
invalid-inside over invalid-outside as the fexture advantage.

We varied the interval between the cue and target (ISI) to
track the time course of cueing effects and the texture advan-
tage. When cues were exogenous, the time course of the
texture advantage depended on the informativeness of the
cue. When the cue was informative, a, texture advantage was
found for an ISI of 50 ms, whereas uninformative cues caused
a texture advantage for 50 and 100 ms. While it was often
argued that exogenous cues can also comprise an endogenous
component when being informative (Doallo et al., 2004;
Miiller & Rabbitt, 1989; Wright & Richard, 2000),
Experiment 4 could therefore rule out the possibility that an
endogenous component is necessary to cause a texture advan-
tage; exogenous control is sufficient. Interestingly, overall
performance was worse when cues were informative than
when they were uninformative. This might seem odd at first
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glance, but note that the difference is clearly on invalid rather
than valid trials. This is in line with the recent finding that
cueing benefits on valid trials might not depend on cue infor-
mativeness, whereas costs on invalid trials do depend on cue
informativeness: Cueing costs are larger for informative cues
than for uninformative cues and can sometimes be found for
informative cues only (Doricchi, Macci, Silvetti, & Macalusa,
2010; Lasaponara, Chica, Lecce, Lupianez, & Doricchi, 2011).

Not only exogenous, but also endogenous cues can trigger
a texture advantage as shown in Experiments 2 and 3; how-
ever, this effect was observed later than with exogenous
cues. For endogenous cues, the time course of the texture
advantage depended on the preparation time to deploy atten-
tion to a cued location. A texture advantage was found for the
shortest ISI of 100 ms only when preparation time was
relatively long (1,000 ms; Experiment 1), but not when it
was relatively short (100 ms; Experiment 2). Thus, a longer
preparation time that allows participants to optimally prepare
for the subsequent target stimulus does not abolish the tex-
ture advantage but seems to expand it to an earlier point in
time. The longer lasting texture advantage for endogenous
than for exogenous cues is in line with the finding that
endogenous cues need to be decoded by the organism, lead-
ing to delayed attention shifts, as compared with the auto-
matically triggered attention shifts observed with exogenous
cues (Miiller & Rabbitt, 1989).

There has been some debate as to how endogenous
control relates to object-based attention. Some studies
found that only exogenous cues can trigger a spread of
attention to entire objects (e.g., Macquistan, 1997; see also
Lauwereyns, 1998). However, it was also found that when
task demands or instructions encourage a broader attention
focus, endogenous cues also can cause object-based atten-
tion (Goldsmith & Yeari, 2003; see also Chen & Cave,
2008). In contrast to these studies, which used rectangular
objects in otherwise empty visual fields, we used fully
structured visual fields and textures in the present study.
These may, as in Goldsmith and Yeari (2003), have caused
a tendency in the observer to generally broaden the atten-
tion focus (i.e., independently of task demand or instruc-
tions) and to attend entire textures rather than single loca-
tions. In any case, the present study provides further
evidence that object-based attention may also be obtained
under endogenous control.

Contrary to accuracy results, RTs did not differ between
invalid-inside and invalid-outside trials in the present experi-
ments. This is not surprising, considering that participants
were instructed to respond as correctly as possible, neglecting
RTs (which were furthermore not displayed in feedback
screens). However, valid trials resulted in shorter RTs, as
compared with invalid trials in all experiments. Thus, the
traditional cueing effect seems much stronger than the texture
advantage and has an impact on RTs even though participants
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did not explicitly try to respond as quickly as possible.
Traditional cueing may extend to postperceptual processes
such as response selection, while the texture advantage affects
mainly perceptual processes.

Attention deployment in a structured visual field

The present results may shed some new light on the way
visual selective attention is shaped by the structure of the
visual field. It has previously been demonstrated that attention
is rather deployed to entire objects than to specific spatial
locations (Duncan, 1984; Egly et al., 1994; O’Craven et al.,
1999). For example, when a part of a rectangle is exogenously
cued, all rectangle locations benefit from cueing. This sug-
gests that attention tends to spread to an entire object when the
object is defined by the Gestalt principles of colinearity and
closure (Egly et al., 1994). Similar results were obtained when
the visual field was structured by colinearity only (Avrahami,
1999; Marino & Scholl, 2005) or by multiple objects that
differ in similarity (Dodd & Pratt, 2005).

The present series of experiments extends these findings
and shows how attention is deployed on a more fine-grained
level. Instead of using full-fledged, rather arbitrarily defined
objects that have the shortcoming that is not clear what counts
as an object when it comes to the deployment of attention
(Ben-Shahar et al., 2007), we structured the visual field with
the basic simple feature line orientation, which underlies
objects in everyday life. These simple texton stimuli have
the advantage that they can be grouped preattentively to be
processed as a unit (Julesz, 1986; Nothdurft, 1992, 1993),
which allowed separating the effects of segregating the visual
field (preattentively into textures) and the deployment of
attention (toward cue/target). The texture advantage we found
in several experiments indicates that attention is deployed
texture-wise. Positions equidistant to a cued location were
not provided with the same amount of attention. Instead,
targets in the same texture as the cued location were provided
with more attention than were targets outside that texture. This
is in line with the finding that attention can be divided far
better between two locations within the same texture than
between two locations within different textures (Ben-Shahar
et al., 2007).

The present results show two aspects of the deployment of
spatial attention: First, the cued location is provided with
more attention than any other location inside or outside its
texture, and second, when uncued locations are compared,
the texture to which the cued location belongs is provided
with more attention than is the other texture. We thus con-
clude that cueing constituted an attention gradient with
highest priority directly at the cued location, followed by
less efficiency at locations inside the cued texture, with these
receiving yet more priority than locations in the remaining
visual field.

For object-based attention, it has been found that after
prolonged ISIs, invalid locations that are part of a cued object
show impaired performance, as compared with invalid loca-
tions that are part of another object, while the cued location
still shows enhanced performance (i.e., inhibition of return;
Weger, Abrams, Law, & Pratt, 2008). This was not the case
in the present experimental series: Although valid locations
showed highest accuracy throughout all ISIs and any texture
advantage disappeared after 100 ms (exogenous cues) or
200 ms (endogenous cues), performance on invalid-outside
trials never exceeded that on invalid-inside trials. This dif-
ference in the gradient of attention may be due to the fact that
parts of full-fledged objects like rectangles (Weger et al.,
2008) are more likely to be subject to inhibition than are
parts of a texture (present study). Another reason for not
observing inhibition of return in the present experiment may
have been the emphasis on accuracy, which usually delays
the point in time at which inhibition of return can be ob-
served (Lupiafiez, Milan, Tornay, Madrid, & Tudela, 1997).

Interestingly, the texture advantage followed a different
time course than the traditional cueing effect (Posner, 1980).
While traditional cueing was observed for basically all cue—
target intervals, the texture advantage was present for short
latencies only. This indicates a different time course of
attention deployment. Attention deployment toward cued
locations lasts longer than attention deployment toward tex-
tures to which the cued location belongs. Results show
different time courses of texture-induced gradients of focal
attention for exogenous and endogenous cues: Exogenous
cues cause a relatively early spread of attention toward the
cued texture and then a focus on the cued location for longer
ISIs. Endogenous cues cause a strong gradient of attention
first, then a broader gradient encompassing the entire texture.
Finally, the focus of attention recontracts around the cued
location. The results suggest that the size of the attentional
gradient is variable, generally shrinks over time, but is also
modulated by exogenous versus endogenous control.

The effect of texture grain on the gradient of attention

To further investigate the texture-induced gradient of atten-
tion, we examined whether the grain of the texture affected the
way attention was deployed in the visual field. A previous
study by Avrahami (1999) has shown that attention deploy-
ment in a structured visual field may depend on the grain of
the structure. In her experiment, two successive spatially
separated stimuli were presented on a grid of long parallel
lines that encompassed the entire display. Participants had to
respond as quickly as possible whenever they detected the
second stimulus. RTs for the second stimulus were shorter
when attention had to be shifted parallel to the lines (i.e., a
shift “along the grain”; cf. Fig. 6a, upper row), as compared
with orthogonal attention shifts (i.e., “against the grain”; cf.
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Fig. 6 a Illustrative definition of the texture grain. A direction parallel to
the orientation of the lines (upper row) is defined as “Along Texture
Grain,” whereas a direction orthogonal to the orientation of the lines
(lower row) is defined as “Against Texture Grain.” b In invalid-inside
trials, attention deployment from the cue to the target could be along the
grain (left panel) or against the grain (right panel). The dotted line
encircles the target locations for illustration purposes and was not visible

Fig. 6a, lower row; Avrahami, 1999), suggesting more effi-
cient attention deployment along the grain than against the
grain. Conversely, the grain of a structure does not modulate
attention deployment when two to-be-attended stimuli are
simultaneously presented (Ben-Shahar et al., 2007). We
conducted a post hoc analysis on invalid-inside trials for
Experiments 14, separately for cues and targets connected
along the grain of the texture versus against the grain of the
texture (cf. Fig. 6b). Mean accuracy for invalid-inside trials
was collapsed across all ISIs and then compared for grain
(along vs. against) with a #-test for dependent measures for
each experiment. In Experiment 1, accuracy was higher for
connections along the grain (M = 64.9 %) than for connections
against the grain (M = 59.8 %), p = .036, ¢ = 0.69. In
Experiment 2, accuracy was only marginally higher for
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to the participants. ¢ Mean accuracy for invalid-inside trials in Experiment
1 (upper left panel), Experiment 2 (lower left panel), Experiment 3 (upper
right panel), and Experiment 4 (lower right panel). Accuracy is shown as
a function of interstimulus interval and attention deployment along the
grain (filled bars) versus against the grain (empty bars). Error bars
indicate the standard errors of the means

connections along the grain (M = 80.3 %) than for connections
against the grain (M = 78.4 %), p = .088, ¢ = 0.50. In
Experiment 3, accuracy was higher for connections along
the grain (M = 73.7 %) than for connections against the grain
(M =679 %), p<.001, € = 1.34. In Experiment 4, accuracy
was about equally high for connections along the grain (M =
71.7 %) and for connections against the grain (M = 71.6 %),
p=.449,¢=0.05.

These results are well in line with earlier findings
(Avrahami, 1999) and show that the texture-induced gradient
of attention may also be a function of texture grain. The
performance difference between valid and invalid-inside
trials was smaller when cue and target locations were
connected with the grain, suggesting a more balanced atten-
tion deployment within the cued context (i.e., a balanced
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attention gradient). However, for locations connected against
the grain, the performance difference between valid and
invalid-inside trials was larger, suggesting a more focused
attention deployment on the cued location (i.e., a stronger
attention gradient). Interestingly, the gradient of attention
was modulated by the grain only when cues were informa-
tive (Experiments 1, 2, and 3). The differences in invalid-
inside trials between “against the grain” and “along the
grain” may also be interpreted as a figure—ground effect. It
has previously been found that textons parallel to the border
are more likely to be perceived as the figure and textons
orthogonal to the border are more likely to be perceived as
the ground (e.g., Jingling & Zhaoping, 2008). Accordingly,
the present results suggest that attention deployment within
the figure may be more efficient than attention deployment
within the ground.

Representation of texture homogeneity and border contrast
on a salience map

Current theories of visual attention often assume that atten-
tion deployment is based on a salience map that codes the
visual field in a topographical manner; the salience map
represents all stimuli in the visual field with a particular
activation according to their physical features, such as con-
trast or similarity (Fecteau & Munoz, 2006; Itti & Koch,
2000; Li, 2002; Wolfe, 1994). The activation pattern on the
salience map is available at a very early point in visual
processing (Itti & Koch, 2000), may be based on activations
in V1 (Li, 2002; Zhaoping, 2003; Zhaoping & Snowden,
20006), and is used to later prioritize those stimuli in the
visual field that will receive more elaborated, attentive pro-
cessing (e.g., Wolfe, 1994). To account for cueing effects, it
has been suggested that targets are represented with a higher
activation on valid, as compared with invalid, trials, because
of the residual cue activation at the same location (e.g.,
Fecteau & Munoz, 2006). Results from the present study
support this assumption but also suggest that targets on
invalid-inside trials receive more activation than do targets
on invalid-outside trials. Apparently, the texture arrangement
adds to the cue-induced activations on the salience map and
reflects the gradient of attention. While the cued location
receives highest activation, the cued texture receives more
activation than does the remaining visual field. Thus, on
invalid-inside trials, targets benefited from higher residual
activation of the cue display, as compared with targets on
invalid-inside trials, resulting in the texture advantage.

This activation pattern seems to be disrupted by dynamic
changes in the visual field: When the texture arrangement in
cue and search displays was different (Experiment 5), no
texture advantage was observed, except for the shortest ISI.
Apparently, the texture-induced gradient of activation on the
salience map rapidly disappears when a novel texture

arrangement is shown. Interestingly, the novel texture ar-
rangement does not seem to induce a new gradient of acti-
vation on the salience map, since NEW-invalid-inside trials
were not found to show better performance than OLD-
invalid-inside trials at any ISI. It may be that subsequent
texture representations extinguish each other, leaving a sin-
gle activation peak at the previous cue location merely pre-
serving the traditional cueing effect.

The texture advantage observed in the present experiments
may have resulted from orientation border contrast between
the two textures (e.g., Zhaoping, 2003) or the homogeneity of
texture elements (Nothdurft, 1992). We disentangled these
two potential factors by changing texture element (texton)
identity between cue and search displays, while leaving the
texture border the same. When the deviation in orientation
was 90° (i.e., horizontal and vertical lines were swapped;
Experiment 6), results showed that the texture advantage
disappeared for all ISIs. When the deviation gradually in-
creased from the cued location to the invalid-inside location
(Experiment 7), results showed that this change in identity did
not affect the texture advantage. Results from Experiments 6
and 7 suggest that the texture border contrast alone cannot
account for the texture advantage. If the texture advantage was
due only to the higher activation at the texture border
(Zhaoping, 2003), the texture advantage should have been left
unchanged in Experiment 6, because the border contrast,
inducing higher activation on the salience map (cf. Zhaoping
& Snowden, 2006), was the same on cue and target trials. It is
also unlikely that masking effects can account for the lack of
texture advantage in Experiment 6: In Experiment 7, where
the deviation in orientation (cue display — search display) was
higher for invalid-inside trials than for invalid-outside trials,
presumptive masking should have privileged, if anything,
invalid-outside trials, as compared with invalid-inside trials.
However, the disruption of the texture advantage due to a
change of texton identity depended on the way the search
display varied in orientation. When the deviation in texton
orientation gradually varied (Experiment 7), texture advantage
was stable, while an all-encompassing abrupt change of ori-
entation eliminated the effect. It may be that the presumed
spread of higher activation on the salience map from the cued
location to all locations that belong to the cued texture was
intercepted by the abrupt identity change (Experiment 6),
which resulted in lower activation levels at the invalid-inside
locations. In Experiment 7, the gradual change in orientation
may have allowed a more efficient spread of higher activation
from the cued location to all locations that belonged to the
cued texture. Results from Experiment 8 showed that such a
spread of activation on the salience map within a gradually
varying low-homogeneity texture was impaired when the low
homogeneity was already present in the cue display. In
Experiment 8, orientation contrast at the texture border and
homogeneity within texture elements were systematically
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varied. Even for the maximum border contrast of 90° (also
used in Experiments 1-6), only a slight texture advantage was
observed when texton homogeneity was low. Conversely, a
homogenous texture was sufficient to elicit a texture advan-
tage even for a weak border contrast of 30°. This shows that
texture homogeneity had a stronger impact on the texture
advantage than did the border.” While border contrast may
have some general effect on the distribution of activation on
the salience map, the impact of homogeneity on salience map
activation is more complex. When the initial cue display is
completely homogeneous, a subsequent search display with
low homogeneity seems to not interrupt the salience increase
of the entire texture as long as changes in orientation are
gradual (Experiment 7). When the initial cue display also is
less homogeneous, the increase in salience for the entire
texture is less pronounced (Experiment 8). It has been argued
before that similar stimuli may result in stronger linkage (e.g.,
Duncan & Humphreys, 1989; Meinecke & Donk, 2002;
Nothdurft, 1992), which allows grouping into larger percep-
tual units (Schubd et al., 2004; Schubd, Wykowska, & Miiller,
2007). Dissimilar stimuli, on the other hand, may also result in
a high-contrast induced activation on the salience map (Li,
2002). As a result, activation on the salience map may spread
from the cue location to neighboring elements when these are
similar enough or gradually changing in orientation, while
activation for elements that are too deviant in orientation
(e.g., at the border and beyond; the uncued texture) may be
suppressed.

Texture advantage as a result of event integration processes

A different approach to account for exogenous cueing effects
is the event integration approach (Lupiainez & Milliken, 1999;
Lupiafez, Milliken, Solano, Weaver, & Tipper, 2001). The
event integration approach suggests that current perceptual
information can be integrated with perceptual information
the observer was previously exposed to. This happens in such
a way that the spatiotemporal match between successive
events (e.g., cue and search displays) determines the efficien-
cy of processing of both events (Funes et al., 2005).
According to the event integration approach, cue and target
have to have a spatiotemporal match in order to be integrated
into one single event. This is the case when the ISI is short
enough (temporal match) and the cue is valid (spatial match).
In this case, location information from the cue can be used to
localize the target, leading to improved target processing
(Funes et al., 2005). The spatial match may also be flexibly
adjusted to the structure of the entire visual field: Since

21t should, however, be noted that homogeneity and texture border
contrast cannot be completely separated. High texture homogeneity
may be similar to a low contrast within a texture, and low texture
homogeneity may be similar to a high contrast within a texture.
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“spatial Stroop,” usually reduced by spatial cues, is reduced
not only at the cued location, but also for the entire cued object
(Luo, Lupiaiiez, Funes, & Fu, 2010), it was suggested that all
locations of an object can be integrated into one event. In this
regard, the texture advantage found in the present series of
experiments could be explained in terms of a spatial match
assumption. Spatial match between a cue display and a search
display is higher when the cue and target locations change
within a texture, as compared with a change between textures.
In other words, when the target appears in the same texture as
the cue, there may be sufficient spatial match for integration.
However, when the target appears in a different texture than
the cue, they cannot be perceptually integrated, and two
“object representations” have to be initiated, one for the cue
and one for the target. For longer ISIs, spatial match might
still be evident on invalid-inside trials, while the degree of
temporal match would be low on invalid-inside and invalid-
outside trials (cf. Luo, Lupidfiez, Funes, & Fu, 2011).
Accordingly, invalid-inside and invalid-outside trials may
yield similar accuracy rates at longer latencies. Accordingly,
the present data can be well explained in terms of the event
integration approach and may be suited to extend it from
object-based to texture-based attention.

Conclusions

There has been quite some evidence that attention deploy-
ment is guided by the structure of the visual scene the
observer encounters—for example, by colinearity, closure,
or similarity of comprised elements (Dodd & Pratt, 2005;
Duncan, 1984; Egly et al., 1994). With a variation of the
spatial cueing paradigm (Posner, 1980), the present study
investigated in eight experiments how preattentively seg-
regated textures shape the focus of attention induced by
spatial cues. Our results showed that not only locations,
but also entire textures can benefit from a cue. Whereas
highest performance was observed for targets at cued
locations (valid trials), a differential performance was
shown for invalid trials: for targets presented inside the
same texture as the cue, performance was higher, as com-
pared with targets presented outside that texture. This
suggests a benefit for stimuli inside the same texture as a
previously cued location—that is, a texture advantage. For
exogenous cues, this texture advantage was found for
informative and uninformative cues. For endogenous cues,
the texture advantage was evident no matter whether par-
ticipants had a short (100 ms) or a long (1000 ms) prep-
aration time. Additional experiments revealed that the
homogeneity within texture elements may contribute more
to this effect than the orientation contrast at the texture
border but that, when the orientation changes gradually, a
less homogeneous arrangement can still elicit a texture
advantage.
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This sheds new light on the way attention is deployed in a
structured visual field and helps to explain how the gradient of
the attentional focus is shaped by contrast, homogeneity, and
gradual changes within a texture.
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