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Collinearity Impairs Local Element Visual Search

Li Jingling
China Medical University

Chia-Huei Tseng
The University of Hong Kong and National Taiwan University

In visual searches, stimuli following the law of good continuity attract attention to the global structure
and receive attentional priority. Also, targets that have unique features are of high feature contrast and
capture attention in visual search. We report on a salient global structure combined with a high
orientation contrast to the background, which actually impairs the search for a local element. In a search
display containing 21 � 27 short horizontal element bars, we rotated the orientation of a whole column
by 90° so that it stood out as a salient vertical collinear column. Observers searched for a small tilt on
one of the elemental bars, and the target only occasionally overlapped with the salient column (over-
lapping targets) by chance. In other words, the collinear column was not informative about a target search
and was task-irrelevant. Our results showed that the target tilt orientation was discerned more slowly and
less accurately for overlapping targets than nonoverlapping targets. In five experiments, we demonstrated
that collinear grouping on the salient distractor was the major cause of this impairment. Potential
mechanisms of how a global structure interacts with perceptual salience are discussed.
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Grouping laws help individuals to perceive rich information
from the visual world beyond retinal images. For example, humans
are able to isolate occluded objects correctly based on the similar
textures and continuous contours that objects generally share.
Elements are easier to segregate from the background if they
follow a “continuity” Gestalt law (Field, Hayes, & Hess, 1993;
Hess, Hayes, & Field, 2003) or are in a continuous enclosed global
arrangement (Conci, Müller, & Elliott, 2007; Kovács & Julesz,
1993). Neurons in the primary visual cortex are more sensitive to
a bar or a Gabor that is presented with flankers displaced in a
single line (i.e., collinear) (e.g., Graham, 2011; Ito & Gilbert,
1999), and their responses increase with the saliency of a collinear
contour (Li, Piëch, & Gilbert, 2006). Additionally, the evaluation
of the orientation of a texture-defined target among randomly
oriented bars depends not only on the orientation contrast along the
border but also on whether the orientation within the target aligns
with the global border direction (i.e., collinear) (Nothdurft, 1992).
These studies highlight the fact that display organization, espe-
cially collinear or continuous organization, modulates search per-
formance greatly and receives attentional priority in various tasks
(Driver, Davis, Russell, Turatto, & Freeman, 2001; Freeman, Sagi,
& Driver, 2001, 2004; Freeman & Driver, 2005).

The contribution for collinear organization is overlooked in
most widely used saliency models in visual search (e.g., Duncan &
Humphreys, 1989; Itti & Koch, 2001; Koch & Ullman, 1985;
Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989). Sa-
lience computation (e.g., Itti & Koch, 2001) is usually seen as a
multistage process, starting from a calculation of basic feature
differences between a target and its neighboring counterparts (lo-
cal feature contrast; Nothdurft, 1992), such as in the dimension of
color or orientation. Then, information from all feature dimensions
is integrated into a final score at each spatial location, which is
called a salience map. This map is used to guide attentional
deployment. It is interactive with top-down factors such as exper-
tise and task requirements. However, the benefit of collinear or
continuous organization for attention requires computation beyond
local feature contrast and is not included in these models, although
other perceptual grouping principles such as the law of similarity
have been mentioned (e.g., Duncan & Humphreys, 1989). One
exception is the V1 salience model proposed by Zhaoping (2005),
which held that salience information is determined early in V1 (see
also Li, 2002). The model suggested that our system relies on the
most activated V1 neuron to signal the most salient positions in the
corresponding visual field. Given that collinear facilitation is
known to be a property that is registered in V1 (e.g., Ito & Gilbert,
1999; Li et al., 2006), it is included in the salience computation
under this model (Zhaoping, 2003).

In this study, we focus on the contribution of law of good
continuity on visual search. In particular, we discuss one form of
continuity—when items align head to tail along a straight line, that
is, collinearity. As shown in Figure 1a, the entire display is filled
with regularly spaced, short, horizontal bars, creating a homoge-
neous background with an exceptional column of short vertical
bars aligned with each other (i.e., collinearly), whereas, in Fig-
ure 1b, the column with all horizontal bars is equally salient but is
a global structure formed by the principle of similarity (not by
principle of continuity or collinearity). According to the V1 sa-
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lience model (Li, 2002; Zhaoping, 2005), the collinear structure in
Figure 1a is a supersalient column because (a) orientation of all
elements in this column are 90° from that of the background bars,
and (b) the bars in this column are collinear to each other. These
are known to evoke maximum V1 response. Jingling and Zhaoping
(2008) have shown that change detection accuracy on a column
with high orientation contrast to the background receives an addi-
tional benefit from collinearly grouping, suggesting that the col-
linear grouping makes a salient column with high orientation
contrast a supersalient column.

The irony is that collinear grouping usually requires lower local
feature contrast because the spatial structure is commonly gener-
ated with small but gradual changes between adjacent items. That
is, a salient global structure is constructed by local elements that
contain less salient information. In all previous studies that have
shown that perceptual grouping facilitated target searches, the
target was the global structure. In the current study, we aimed to
test whether this supersalient column also facilitates the search for
a target on local elements.

To better capture the nature of the bottom-up influence in visual
search, we designed the supersalient column as a task-irrelevant
distractor. The idea was not to let top-down strategy guide atten-
tion to the distractor, so that any search advantage for a target that
overlapped spatially with the distractor should be caused mainly
by attentional capture of the distractor (Jonides & Yantis, 1988;
Yantis & Egeth, 1999). To make the distractor task irrelevant, we
overlapped the target on the distractor by chance; that is, the
location of the distractor was irrelevant to the location of the target.
Figure 1a shows an example of a nonoverlapping condition in
which the target was not on the supersalient distractor. We com-
pared the performance of the nonoverlapping condition to that of
the overlapping condition. In similar displays in which the distrac-
tor was defined by high-contrast color, orientation, or shape (Tu-
ratto & Galfano, 2000, 2001; Turatto, Galfano, Gardini, & Masc-
etti, 2004), the response time was shorter and the accuracy was
higher for target discrimination when the target overlapped with
the distractor, and the results suggested that unique distractors cap-
tured attention and facilitated searching. Thus, we also expected to
find a search advantage for targets that overlapped with a collinear
salient distractor. Of note, in the first experiment, we found not only
the absence of facilitation but also the presence of impairment when
the target overlapped with the supersalient distractor. These findings
are contrary to findings usually reported in the irrelevant distractor
paradigm, and ours is the first study, to our knowledge, to show that
a response to a target was slower and less accurate when it overlapped
with a salient distractor. In subsequent experiments, we identified
collinearity as the cause of the impairment in visual searching. Our
results demonstrated that saliency in the global structure could impair
the search for a local element.

Experiment 1

Method

Participants. Twenty undergraduate students at China Med-
ical University participated in this experiment. They were unaware
of the goal of the study and received 100 NTD or additional course
credits to compensate them for their time.

Stimuli and apparatus. The experiment was conducted in a
dimly lit room. Further, participants sat and placed their chins on
a chinrest to view the stimuli from a distance of 60 cm. The stimuli
were shown on a 21-in. monitor (ViewSonic) driven by a dual-core
CPU personal computer (Acer). The screen was refreshed at a rate
of 70 Hz. The experiment was programmed using Psychtoolbox,
Version 2.54, in Matlab (Brainard, 1997; Pelli, 1997).

The search display consisted of 576 white element bars arranged
in 21 rows � 27 columns against a dark background (see Fig-
ure 1a). Each bar was 0.81° � 0.18° in the visual angle, placed on
a regular grid with a unit grid spacing of 1.04°. The target was a

Figure 1. Examples of the search display in each experiment: all of the
search displays (a) and the selected regions of the search displays (b�d).
The target is left-tilted (highlighted above, but not shown in the experi-
ment) and the distractor is the column of collinear vertical bars (a). This
example is a nonoverlapping target. The target is left-tilted and overlaps
with the horizontal distractor (b). The target is horizontal and overlaps the
tilted distractor (c). The target is left-tilted and does not overlap the
collinear distractor in the horizontal direction (d).
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gap (45° tilted right or left) on one texture element bar. All the
texture elements were horizontal bars except for a salient column
comprising vertical bars (see Figure 1a). The luminance level was
120.05 cd/m2 for white and 0 cd/m2 for black.

Design. The target gap was always presented at the 11th
(center) row and randomly drawn from one of seven columns (the
8th, 10th, 12th, 14th, 16th, 18th, or 20th column). The collinear
distractor column was also randomly selected from the same seven
possibilities. An overlapping target was defined when the target
gap was located on the collinear column. The target shown on a
noncollinear column was a nonoverlapping target (see Figure 1a).
We independently varied the target and the collinear location so
that only one seventh of the trials contained overlapping targets
(i.e., chance level, because there were seven possible locations).
That is, the collinear distractor was irrelevant to the task and did
not predict the location of the target.

Procedure. Each trial began with a blank display for 500
ms, followed by the target display, which stayed on the screen
until the participant responded. A blank display was then shown
for 800 ms before the next trial started. Participants responded
by pressing two marked keys on a number keypad to indicate
left- or right-tilted targets. Ten practice trials were completed
prior to data collection. Participants were encouraged to re-
spond as quickly as possible while maintaining accuracy. Dur-
ing the experiments, participants were permitted to take a break
after every 50 trials. Each participant completed 196 trials,
which took approximately fifteen minutes.

Results

Any correct response that took longer than 2 SD above the
grand mean of response times (reaction time [RT]) was dis-
carded. As a result, 1.88% of trials were removed. Table 1
shows a summary of RTs. Contrary to expectations, the mean
RT to discriminate an overlapping target was significantly
longer than that for a nonoverlapping target, t(19) � 11.91, p �
.001. Participants’ abilities to accurately discern an overlapping
target was also significantly lower than that of a nonoverlap-
ping target, t(19) � 5.46, p � .001.

To further understand how the responses varied with target or
distractor proximity, we plotted the observers’ RTs as a function of
the distance between the target and the distractor in Figure 2.
Because the responses did not differ significantly when the target
was to the left or the right of the collinear distractor, we lumped
these two conditions together in our results. Distance 0 indicated
that the target was on top of the collinear distractor (i.e., the
overlapping target), whereas Distance 2 was the condition for

which the target was two bars to the left or to the right side of the
distractor. The results of a one-way analysis of variance (ANOVA)
showed that both RT, F(6, 114) � 86.17, mean square error
(MSE) � 5,137.65, p � .001, and accuracy, F(6, 114) � 17.38,
MSE � 0.002, p � .001, varied with distance. Tukey’s post hoc
analysis revealed that the responses were slowest and the accuracy
was poorest at Distance 0 (the overlapping targets) compared to all
other distances (p � .01). Also, responses were slower at Distance
2 (two bars from the target to the collinear distractor) than at
Distance 4 (p � .05). In sum, a target on top of the collinear
distractor was associated with longer RT and less accurate detec-
tion. In addition, this impairment was reduced when the target was
moved away from the distractor.

To test whether the same impairment could be obtained for
targets at different eccentricities, we plotted the target location
with the target types in Figure 2b. The results, subjected to a
two-way repeated ANOVA, showed that the RTs to the overlap-
ping targets were faster when the target was at the center rather
than at other locations, F(6, 114) � 3.87, MSE � 30,868.23, p �
.01. The impairment from the overlapping targets reflected in the
RT and accuracy, as shown in Figure 2b, persisted at all the
eccentricities, F(1, 133) � 21.68, 42.36, 78.06, 56.32, 17.05,
35.08, and 27.89 for locations from the left to the right, respec-
tively, MSE � 38,476.06, ps � .001. The impairment was robust
and consistent across eccentricities.

Discussion

We found that observers responded more slowly and less accu-
rately to overlapping targets than to nonoverlapping targets. The
“masking” effect of the distractor was consistently observed when
the target was on top of (Distance 0) or immediately adjacent to
(Distance 2) the distractor across all target eccentricities. However,
it was unclear whether it was the distinct texture boundary (i.e., the
90° orientation contrast between the distractor and the background
bars) or collinearity that contributed to the additional time needed
in the overlapping target condition. To test these possibilities, we
preserved a distinct texture border but disrupted the collinearity in
the distractor by reversing the target and the distractor orientation
(Experiment 2, see Figure 1b) and replacing all element bars with
45° or 135° tilt bars (Experiment 3, see Figure 1c). We expected
to observe persistent impairment, as in Experiment 1, if the texture
border was critical. Otherwise, the impairment in target discrimi-
nation would be due to the grouping from the spatial integration of
the collinear distractor.

Table 1
Mean Corrected Reaction Times (RT) and Accuracy for Experiments 1�3

Experiment 1

Experiment 2

Experiment 3Vertical distractor Horizontal distractor

Overlapping Nonoverlapping Overlapping Nonoverlapping Overlapping Nonoverlapping Overlapping Nonoverlapping

Mean RT (ms) 1,173.69 784.45 838.15 696.15 763.58 739.11 866.73 858.06
SD (ms) 164.65 71.23 183.62 92.78 115.31 91.14 98.59 111.87
Accuracy (%) 84.67 96.07 88.69 97.52 95.83 95.83 95.00 96.15
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Experiment 2

Method

Twelve undergraduate students were recruited and compensated
with additional course credits or 50 NTD. They had normal or
corrected-to-normal vision and did not participate in Experiment 1.
In half of the trials, the distractor was a column formed from
vertical bars, as in Experiment 1 (called the vertical distractor),
whereas in the other half of the trials, the distractor was a column
formed from horizontal bars (called the horizontal distractor) (see
Figure 1b). In both conditions, the orientation of the bars forming

the distractor was always 90° from the background bars. Note that
both the horizontal and the vertical distractors were a single
column of bars in the search display; therefore, globally, the
distractor was seen as vertical. Each participant completed 196
trials after 10 practice trials.

Results

Only correct trials were included in the RT analysis. Trials with
RTs greater than 2 SD of the group RT mean were discarded. As
a result, 2.18% of the trials were excluded. The RTs and accuracy
(see Table 1) were then subjected to a two-way repeated ANOVA,

Figure 2. The reaction times (RT) and accuracy of Experiment 1. RTs and accuracy are plotted against the
distance between the target and the collinear distractor (a). Distance 0 is the overlapping condition. The RT and
accuracy of two types of targets (overlapping vs. nonoverlapping) are plotted against target eccentricity (b).
Eccentricity 0 is the condition in which the target is at the center of the display. Negative eccentricity is on the
left side; positive eccentricity is on the right side. Error bars show standard error of the mean.
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with the target type (overlapping or nonoverlapping) and distractor
type (vertical or horizontal) as factors. In general, the RT re-
sponses were faster for nonoverlapping targets (717.46 ms) than
for overlapping targets (788.10 ms), F(1, 11) � 11.86, MSE �
7,012.93, p � .01. The interaction between distractor type and
target type was significant, F(1, 11) � 8.67, MSE � 4,780.04, p �
.05. The impairment of the overlapping targets over nonoverlap-
ping targets was limited to trials with the vertical and collinear
distractors, F(1, 22) � 20.52, MSE � 5,896.49, p � .001, but not
in trials with the horizontal distractor, F(1, 22) � .61, MSE �
5,896.49, p � .44. There was no evidence of a speed–accuracy
trade-off.

We plotted the effect of distance between the target and the
distractors in Figure 3. We collapsed the results from the left and
right of the distracters, because they did not differ significantly.
The results were submitted to a two-way repeated ANOVA with
distance (0, 2, 4, 6, 8, 10, and 12) and distractor type (vertical or
horizontal) as factors. Generally, distance altered the RTs, F(6,
66) � 8.07, MSE � 5,391.73, p � .001. In addition, Tukey’s post
hoc analysis suggested that overlapping targets (Distance 0) were
associated with slower RTs than nonoverlapping targets at Dis-
tances 6, 8, 10, or 12 (p � .01). Also, targets that were farthest
from the distractor (Distance 12) were detected more slowly than
those at intermediate distances (Distances 6 and 8) (p � .01).
Further, an effect of the distractor type was found, F(1, 11) � 9.92,
MSE � 5,192.84, p � .001. Of note, the interaction between
distance and distractor type was significant, F(6, 66) � 6.45,
MSE � 4,107.88, p � .001. The effect of distance differed with
these two types of distractors. As shown in Figure 3, in trials with
vertical distractors, observers responded slower to targets that
overlapped with the distractor (Distance 0) than to targets at all
other distances (p � .01). For trials with horizontal distractors, the
observers responded at the slowest rate to targets that were farthest
from distractors (Distance 12) than Distances 4, 6, 8, or 10 (p �
.01). Therefore, the distractor impaired visual search only in the
vertical distractor condition. The results for accuracy were also

subjected to a two-way ANOVA. The results showed a significant
main effect of distance, F(6, 66) � 2.66, MSE � .004, p � .05.
The results of Tukey’s post hoc analysis suggested that partici-
pants were less accurate in their detection of overlapping targets
(92.26%) than targets at Distance 12 (98.96%, p � .05). The other
effects were not significant. Thus, there was no evidence of a
speed–accuracy trade-off.

Discussion

In Experiment 2, we found an interaction effect. Specifically,
RT responses to overlapping targets were slower with vertical
distractors than with horizontal distractors. Because both the hor-
izontal and the vertical distractors had a 90° orientation contrast to
the bars in the background, differences between them could be
attributed only to collinearity, not the texture borderline. We noted
that the impairment effect was smaller in the current experiment
(142.00 ms) than in Experiment 1 (389.24 ms), presumably be-
cause of the dilution from the mix of testing conditions.

We hypothesized that collinear grouping of the salient distractor
but not the saliency per se affected the impairment of overlapping
targets. In Experiment 3, we tilted all element bars by 45° so that
the background bars and the distractor still formed a 90° angle (see
Figure 1c), but neither the distractor column nor the background
columns was collinear. However, the texture borderline was still
obvious, and the local feature contrast was the same as in the previous
two experiments. Were the impairment of overlapping targets to
persist, then we could reject the hypothesis of collinearity.

Experiment 3

Method

Another 15 undergraduate students at China Medical University
participated in this experiment for additional course credits or 50
NTD. The design and procedure were identical to those used in

Figure 3. The reaction times (a) and accuracy (b) of Experiment 2. Error bars show standard error of the mean.
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Experiment 1, except (a) the target was a small, black vertical or
horizontal (see Figure 1c) on top of one of the background bars and
(b) the bars in the display were all tilted 45° to the left or right, and
the distractor column deviated 90° from other columns in the
display. The orientation of the bars (left- or right-tilted) in the
background and distractor varied across the trials. There were 196
total trials.

Results

To avoid the effects of outliers on future analyses, correct trials
with RTs greater than 2 SD of the group mean were discarded. In
total, 1.87% of the trials were removed. Table 1 shows the results
for the overlapping and the nonoverlapping targets. Contrary to
what was observed in Experiment 1, the overlapping targets and
nonoverlapping targets did not differ with regard to RT, t(14) �
1.42, p � .18, or accuracy, t(14) � 0.94, p � .36. Thus, by
removing collinearity, we did not observe the impairment from
overlapping targets as in Experiment 1.

Analysis of the distance between the target and the distractor
(Figure 4) revealed significant variations in RT due to distance,
F(6, 84) � 14.78, MSE � 3,641.48, p � .001; however, the pattern
was opposite to that obtained in Experiment 1. In particular, RTs
at Distance 12 were slower than those of distances between 0 and
8 (ps � .01). That is, participants actually responded slower when
the targets were farther away from the distractor. Also, the RTs at
Distance 10 were slower than those at distances between 2 and 8
(p � .05). There was no significant effect of accuracy data,
suggesting that the observed effect in the RTs was not due to a
speed–accuracy trade-off.

Discussion

In Experiment 3, removing the collinearity property of the
distractor eliminated the masking effect of the overlapping targets.
The distractor remained salient because the bars on the distractor
were perpendicular to those in the background. Because the results
of Experiments 2 and 3 pointed to the importance of the collinear

structure of the distractor, we examined the modulation from the
collinear distractor further in Experiment 4.

We varied the length of the collinear distractor in Experiment 4,
to manipulate the strength of the collinearity (Hess, Hayes, &
Field, 2003). We hypothesized that if collinearity was a significant
cause of impairment in overlapping targets, then reducing the
number of vertical bars should reduce the observed effect.

Experiment 4

Method

Another 16 undergraduates at China Medical University partic-
ipated in this experiment for additional course credits or 50 NTD.
Experiment design was identical to that of Experiment 1, except
the number of vertical bars in the distractor column could be three,
nine, or 21. The 21-bar distractor was the one used in previous
experiments. In the condition with nine bars, vertical bars were
located in positions 7�15 in the column of 21 items, whereas the
other positions were horizontal bars. In the three-bar condition,
only positions 10�12 in the column of 21 bars were vertical; the
rest of the bars in the column were horizontal. The target in the
overlapping target condition was always overlapped with a vertical
bar with three, nine, or 21 neighboring collinear bars, whereas the
nonoverlapping target was always displayed on a horizontal bar.
Each participant completed six practice trials and 294 experimen-
tal trials.

Results

We discarded 2.04% of trials that took longer than 2 SD above
the RT group mean. The RTs (see Table 2) were subjected to a
two-way ANOVA with line length (three, nine, or 21 bars) and
target type (overlapping or nonoverlapping) as factors. Results
showed that RTs were faster when the distractors had three bars, as
opposed to nine and 21 bars, F(2, 30) � 21.77, MSE � 1,743.14,
p � .001. Also, they were faster for nonoverlapping targets
(761.50 ms) than for overlapping targets (891.25 ms), F(1, 15) �
138.11, MSE � 2,925.81, p � .001. We found an interaction
between line length and target type, F(2, 30) � 56.58, MSE �
2,120.24, p � .001. Overlapping targets were slower than non-
overlapping targets with nine bars, F(1, 45) � 104.36, MSE �
2,388.76, p � .001, and with 21bars, F(1, 45) � 164.95, MSE �
2,388.76, p � .001. There were no significant differences between
target type with three-bar distractor, F(1, 45) � .28, MSE �
2,388.76, p � .60. Therefore, participants did not always respond
more slowly to targets on the vertical bars than on the horizontal
bars.

The accuracy of the selected responses (see Table 2) was also
subjected to a two-way repeated ANOVA. Accuracy was higher
for trials with three-bar distractors than those with 21-bar distrac-
tors, F(2, 30) � 7.51, MSE � .003, p � .01. Also, overlapping
targets were less accurately detected than nonoverlapping targets,
F(1, 15) � 17.75, MSE � .006, p � .001. The interaction between
line length and target type was significant, F(2, 30) � 11.97,
MSE � .002, p � .001. Accuracy for overlapping targets was
lower than that for the nonoverlapping targets in the nine-bar
condition, F(1, 45) � 7.72, MSE � .003, p � .01, and the 21-bar
condition, F(1, 45) � 37.54, MSE � .003, p � .001. However,

Figure 4. The reaction times (a) and accuracy (b) of Experiment 3. Error
bars show standard error of the mean.
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accuracy did not differ between the two types of targets in the
three-bar condition, F(1, 45) � .25, MSE � .003, p � .62.
Therefore, the accuracy analysis confirmed that the overlapping
targets were more difficult to discern than nonoverlapping targets
only when the distractor was composed of enough vertical bars
(e.g., nine or 21 bars) and formed a collinear pattern.

Distances between the targets and the distractors are plotted in
Figure 5. In general, RTs were slowest for trials with three-bar
distractors, F(2, 30) � 10.10, MSE � 2,213.52, p � .001. Also, the
distance between the targets and the distractors modulated RTs,
F(6, 90) � 37.93, MSE � 4,103.59, p � .001. Tukey’s post hoc
analysis revealed that RTs at Distance 0 (the overlapping targets)
were slower than those for all other distances. In addition, at
Distance 12, RTs were slower than those at distances between 2
and 10 (p � .01). The length of the collinear bars interacted with
distance, F(12, 180) � 10.70, MSE � 3,818.49, p � .001. A
distance effect was found for all three lengths of collinear bar, F(6,
270) � 9.56, 20.24, and 30.86, for three-, nine-, and 21-bar
conditions, respectively, MSE � 3,913.52, p � .001; however, the
effects showed different patterns. As shown in Figure 5, RTs were
slowest at Distance 12 for the three-bar condition, whereas they
were slowest at Distance 0 for the nine- and 21-bar conditions
(p � .01). Accuracy was also analyzed using a two-way repeated
ANOVA. In general, accuracy was lowest at Distance 0, F(6,
90) � 8.14, MSE � .004, p � .001. An interaction between
distance and the length of the collinear bars was also found, F(12,

180) � 2.87, MSE � .003, p � .01. Specifically, accuracy was
lowest at Distance 0 only for the nine- and 21-bar conditions, F(6,
270) � 2.49 and 10.84, for nine-bar and 21-bar, respectively,
MSE � .003, p � .05.

Discussion

In Experiment 4, the number of collinear bars was manipulated.
We found that the collinear distractor impaired visual searching
(e.g., prolonged RT and decreased accuracy) only when the num-
ber of the collinear elements was more than nine bars, suggesting
that strength of the collinearity determines the level of interfer-
ence. However, one may note that all RT slow-down conditions
mentioned in the previous experiments occurred when observers
looked for a broken tilt on a vertical collinear column: In Exper-
iments 1 and 2, the longest RT was needed when the broken tilt
target overlapped with a vertical collinear distractor column. The
faster nonoverlapping conditions happened to contain a broken tilt
on a horizontal collinear column formed by the background bars.
In Experiment 3, there were no vertical collinear columns in the
display. Further, RTs did not differ between conditions. In Exper-
iment 4, although there was no significant impairment when there
were three collinear elements, there was no facilitation of over-
lapping targets on a vertical column either. Therefore, the observed
performance impairment in previous experiments might reflect
higher difficulty in orientation discrimination for a vertical column

Figure 5. The reaction times (a) and accuracy (b) of Experiment 4. Error bars show standard error of the mean.

Table 2
Mean Corrected Reaction Times (RT) and Accuracy for Experiment 4

Three bars Nine Bars 21 Bars

Overlapping Nonoverlapping Overlapping Nonoverlapping Overlapping Nonoverlapping

Mean RT (ms) 783.24 792.43 925.44 748.91 965.08 743.15
SD (ms) 54.28 49.24 56.34 41.11 63.24 46.03
Accuracy (%) 95.54 96.58 90.63 96.43 84.38 97.17
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than for a horizontal or other collinear column orientation rather
than the spatial structure of the distractor that others have claimed.

To address this possibility, we rotated the search display in
Experiment 1 by 90° so that the display contained a horizontal
collinear distractor formed by short horizontal bars. In this case, an
overlapping target was on a horizontal column, whereas a non-
overlapping target was on a vertical column (see Figure 1d). If the
vertical column is limiting the observers’ performance, then the
rotated display should help participants more with overlapping
targets than with nonoverlapping targets. If, however, search per-
formance is constrained primarily by collinearity, then participants
should encounter the same search impairment with overlapping
targets, given that overlapping targets are still positioned on a
collinear distractor.

Experiment 5

Method

Another nine students from the University of Honk Kong and
one at China Medical University participated in Experiment 5. The
design of the experiment was similar to that of Experiment 4,
except that the entire search display was rotated 90° so that the
collinear distractor was composed of horizontal bars. Figure 1d
offers an example. The distractors were made with horizontal bars
and extended along the horizontal direction, making the distractor
collinear. Because of the rotation of the search display, the posi-
tions of the targets and the distractors varied by row rather than by
column. The target was on the 14th (central) column of the display.
The vertical position of the target varied between one of seven
positions selected from the 5th, 7th, 9th, 11th, 13th, 15th, and 17th
rows of 21 items. The distractor was also located on one of the
seven possible rows. The distractor could have a length of three or
21 bars. Each participant completed six practice trials and 196
experimental trials.

Results

We discarded the 1.96% of the trials that took longer than 2 SD
above the group mean RT. The corrected data are shown in Table
3. RTs were subjected to a two-way ANOVA with line length
(three or 21 bars) and target type (overlapping or nonoverlapping)
as factors. Participants responded faster for trials with a three-bar
distractor than with a 21-bar distractor, F(1, 9) � 8.17, MSE �
4,962.07, p � .05. Also, we found an interaction between line
length and target type, F(1, 9) � 56.19, MSE � 2,280.82, p �
.001. The simple main effect analysis showed that RTs for the
overlapping targets were faster than those for the nonoverlapping

targets when the line length of the distractor was three bars, F(1,
18) � 9.88, MSE � 3,562.79, p � .01. However, when the line
length of the distractor was 21 bars, participants responded to
overlapping targets more slowly than they did to nonoverlapping
targets, F(1, 18) � 28.50, MSE � 3,562.79, p � .001. Accuracy
data were also analyzed by two-way ANOVA, and no significant
effect was found. Thus, collinear distractors, regardless of orien-
tation, resulted in impairments on overlapping targets.

We further tested the distance effect in this experiment (Figure
6). RTs were subjected to a two-way ANOVA with line length and
distance as factors. Trials with the greatest distance between target
and distractor (12 bars) had longer RTs than the other conditions,
F(6, 54) � 10.78, MSE � 5,255.64, p � .001. An interaction
between line length and target type was found, F(6, 54) � 7.07,
MSE � 5,297.40, p � .001. When the line length was three bars,
RTs for trials at Distance 0 (overlapping targets) were significantly
faster than RTs in the other conditions, F(6, 108) � 6.97, MSE �
5,276.52, p � .001. In contrast, when the distractors had 21 bars,
RTs of trials at Distance 0 were slower than those at Distances 2,
4, 6, 8, and 10. Also, the trials with the greatest distance (12 bars)
had slower RTs than those at Distances 2, 4, 6, 8, and 10, F(6,
108) � 10.87, MSE � 5,276.52, p � .001. Accuracy data did not
have any significant effect, showing no evidence of a speed–
accuracy trade-off.

Discussion

We replicated the impairment effect in searching for overlap-
ping targets compared to nonoverlapping targets in an alternative
search display in which the targets were positioned vertically and
collinear distractors were extended horizontally. Only distractors
with 21 collinear bars elicited impairment, whereas distractors
with three collinear bars had a significant facilitation for overlap-
ping targets. This seems to suggest that a salient distractor without
much collinear information modulates visual search differently.
Nevertheless, the orientation of collinearity or the orientation of
background bars does not matter. These findings argue against the
conjecture that the search inferiority is due to a target’s presence
on a vertical elemental bar or that collinear grouping in the
background matters.

General Discussion

In this study, we tested search performance on a small target that
occasionally overlapped with a salient distractor. The results of
previous studies have shown that salient distractors captured at-
tention automatically in the color, orientation, and luminance
dimensions. Therefore, they facilitated search performance for

Table 3
Mean Corrected Reaction Times (RT) and Accuracy for Experiment 5

Three bars 21 Bars

Overlapping Nonoverlapping Overlapping Nonoverlapping

Mean RT (ms) 860.19 944.09 1,037.08 894.57
SD (ms) 161.91 127.97 199.13 127.63
Accuracy (%) 96.43 94.88 88.57 95.12
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overlapping targets rather than nonoverlapping ones (Turatto &
Galfano, 2000, 2001; Turatto et al., 2004). We found that a large
collinear salient distractor impaired visual searching. Specifically,
a target that overlapped with the distractor was discerned more
slowly and less accurately than one that was not. The interference
was not due to simple orientation contrast, because displays with
a similarly high local orientation contrast but without collinear
connections eliminated the interference (Experiments 2 and 3).
Also, this interference decreased when the number of collinear
bars in the distractor was reduced, suggesting that collinear
strength modulated search performance (Experiment 4). Finally,
we confirmed that the interference was a general phenomenon not
specific to a particular orientation. We conclude that collinearity
modulated visual search differently than modulated other basic
visual features.

The question remains why visual search does not improve as a
result of overlapping targets with salient collinear distractors
where attention was drawn. One possibility is that, in our display,
observers’ attention was captured by the distractor due to its strong
feature contrast against other background bars. However, the col-
linear structure forms an “objecthood” property that prevents the
target on it from being singled out. According to Driver et al.
(2001), perceptual grouping can be perceived as forming an object
and receive priority in the attentional process. Among the percep-
tual grouping laws, collinearity, or the law of good continuity,
elicits neural responses in the primary visual cortex. Thus, it is
possible that participants perceived our collinear distractor as a
salient “object” and tended to process the object prior to a single
element (i.e., the target) on this object. This observation is similar
to that reported by Hillstrom and Yantis (1994), who noted that
responses to a local target were modulated by congruency of the
global structure only if the local target broke the grouping and was
singled out. Zhaoping and Guyader (2007) demonstrated similar
competition between the feature and the object levels in a visual
searching task. They created a condition in which the target and the
distractors were similar at the object level, but quite distinct at the
feature level. That is, the target was salient as a feature, but not as

an object. Their results showed that the search response improved
from saccadic eye movement toward feature-level information, but
slowed when additional time was allowed for extra object-level
process. Similarly, in our display, the collinear distractor might be
creating additional perceptual grouping regularity that generates
stronger conflicts in the overlapping condition than in the non-
overlapping condition, resulting in the need for longer RTs to
discern the target orientation.

In neurophysiology, several neural hierarchy theories have sug-
gested that attention orienting is jointly determined by information
from multiple levels of the visual stream (Serences & Yantis,
2006; Shipp, 2004). For example, Serences and Yantis (2006)
proposed that attention defines a momentary “coherence field” to
selectively highlight neural activities in a receptive field in various
brain regions. Simple visual features were coded in early regions,
such as V1, whereas more complex feature configurations were
represented at intermediate levels such as V4 and IT. According to
their theory, a target can be marked as salient from the early
feature coding region but marked as part of an object and inte-
grated into a coherence field in a later region when the object is
perceived and attended to. It is possible that, between the feature
level in the early region and the object level in higher cortical
areas, midlevel perceptual regularity is represented at a separate
site. Although these models generally assume that the salience map
registering orientation contrast can reside in the primary visual
cortex, there is a lack of consensus about the location at which
midlevel perceptual grouping and its “coherence field” is ex-
tracted. Current neurological evidence suggests that both early
visual areas (Seghier et al., 2000; Sheth, Sharma, Rao, & Sur,
1996; von der Heydt, Peterhans, & Baumgartner, 1984) and later
cortical areas (De Weerd, Desimone, & Ungerleider, 1996; Men-
dola, Dale, Fischl, Liu, & Tootell, 1999; Seghier et al., 2000;
Stanley & Rubin, 2003) are involved in the spatial integration of
contour.

According to Zhaoping’s (2003) V1 model of saliency, our
collinear distractor activated neurons in V1 largely because it
created the highest iso-orientation suppression and highest col-

Figure 6. The reaction times (a) and accuracy (b) of Experiment 5. Error bars show standard error of the mean.
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linear facilitations. This made the collinear bar a supersalient item
on the V1 salience map, supported in a change detection task
(Jingling & Zhaoping, 2008). Based on the model, however, the
search target elicited less neural activation than the white back-
ground bar on which it was always positioned because the target
was smaller. Also, relative to the collinear distractor, which was
90° from its neighboring elements, the target had lower orientation
contrast, because it was only 45° away. These facts about the target
all led to the same conclusion that our distractor was more salient
than our target and that the distractor should be where attention
was directed. This leads to a prediction that the target should be
found more easily when it occurs at the attended location (i.e.,
when it overlaps with the distractor), which is the opposite of what
we found. The discrepancy implies that the V1 salience model is
insufficient to account for the dynamic interaction between col-
linearity and other features. It also suggests that further processing
after V1 is needed to capture the search performance on the
elements on a collinear structure.

The role of collinearity in modulating salience and visual search
has received relatively little attention in the literature. Previous
studies showing that collinearity facilitated visual search have
usually confounded the collinearity structure with other Gestalt
laws, such as closure. In addition, the structured organizations
were usually confined to small local areas around the target (Conci
et al., 2007; Donnelly, Humphreys, & Riddoch, 1991; Hadad &
Kimchi, 2006; Spehar, 2002). The closest study to ours was
conducted by Moraglia (1989). In his study, small bars formed
several layers of circular structures with different radii centered at
the same point. These small bars could be either continuously
aligned to each other (circular pattern) or randomly oriented (ran-
dom pattern). Moraglia (1989) demonstrated that detecting a hor-
izontal bar in a circular pattern was easier than detecting a hori-
zontal bar in a random pattern, even when the structure was
task-irrelevant and did not predict the target presence or location.
When the target was located in the circular pattern, the search RT
was longest if the target orientation matched the circular path. If
the target orientation deviated from the projected path orientation,
the circular structure released the target and made the search
easier. Our results were consistent with the findings of their study
that perceptual grouping can hamper target search, although we did
not find a similar facilitation effect, possibly due to the following
differences in the two studies. First, in our display, only task-
irrelevant distractors were displayed collinearly, creating the im-
pression of a regular lattice of bars with a salient distractor. In
Moraglia’s (1989) study, the entire display was structured with a
scattered buddle of bars. It is possible that Moraglia’s (1989)
global structure drew attention to the whole display, which con-
tained the target within. In contrast, in our arrangement, the ob-
servers might have needed a secondary inhibition after attention
was first drawn to the salient distractor location at which the target
was not present. Second, our collinear distractor did not predict the
target location (they overlapped only by chance), whereas in
Moraglia’s (1989) study, the target, when present, was always
embedded in the collinear pattern. Therefore, the global pattern
was more statistically relevant to the task in the latter case, and it
might have elicited an easier facilitation in behavior responses.
Third, our task was to discern target orientation (i.e., left- or
right-ward), whereas Moraglia’s (1989) was to detect (i.e., the
presence or absence of a horizontal bar). Because detection and

discernment require different degrees of target processing, it is
possible that collinearity affects them differently. Fourth, our
target was perceived as a small slant on one of the elements
constructing the collinear pattern; therefore, the presence of the
slant would not alter the global collinear structure. However, in
Moraglia’s (1989) study, the target was one of the elements whose
presence altered the structure and stood out as a deviation from the
smooth structure.

The role of a collinear structure on visual search is still unclear.
When collinearity seemed to help in the presence of other infor-
mation, such as grouping, closure, and luminance polarity (e.g.,
Conci et al., 2007), we reported that collinearity prevented a target
from being singled out and, therefore, interfered with visual
search. Our display was special, in that our targets were much
smaller than the distractors. In most visual search or irrelevant-
distractor paradigms that report facilitation effect, the targets and
distractors have been the same size (Jonides & Yantis, 1988;
Turatto & Galfano, 2000, 2001; Turatto et al., 2004; Yantis &
Egeth, 1999). In the change detection experiment conducted by
Jingling and Zhaoping (2008), a globally defined supersalient
distractor also facilitated finding the globally defined target. This
size manipulation enabled us to create a phenomenon similar to the
global precedence effect (Navon, 1977), because the larger col-
linear distractor, even if it is task-irrelevant, exerts its grouping on
a local orientation discrimination task. This global precedence
effect may also account for the lack of facilitation of overlapping
targets with long, noncollinear distractors in Experiments 2 and 3.
Although they were not grouped collinearly, the long distractors
made of horizontal or tilted bars were grouped by the law of
similarity. Because neurons in the early visual cortex did not
respond to stimuli following the law of similarity as much as the
law of good continuity (Ito & Gilbert, 1999; Graham, 2011), these
distractors might have had weaker groupings than the collinear
distractors. Nevertheless, the weaker grouping from law of simi-
larity might still be sufficient to draw attention to the structure, to
delay target discrimination, and, thus to nullify the facilitation
effect from local saliency. Further studies are needed to confirm
this conjecture.

In addition to the global precedence effect, the figure�ground
organization may offer an alternative explanation for the impair-
ment effect of the overlapping targets. The collinear distractor,
because it was long and cut the display in two, may be taken as an
edge (and, therefore, the ground) and the two homogenous fields
are the figure. Further studies on eye movements would help to test
this conjecture. Finally, the target’s shape in our search display
created discontinuity in the target element. Observers may, thus,
take “searching for a discontinuity” as task set and avoid any
continuity (i.e., the collinear distractor) in the display. Further
studies are needed to test these hypotheses.

Because many investigators have focused on which basic attri-
butes are included in the bottom-up initial computation (see Wolfe
& Horowitz, 2004) and how top-down factors modulate in the
salience map (see Baluch & Itti, 2011), relatively little research has
been done on the intermediate level of contribution. In this study,
we examined the interaction between target searching and a task-
irrelevant collinear structure to expand our understanding of the
operational characteristics of perceptual regularity. However, sev-
eral questions remain unanswered: Is this interference specific to
collinearity or a general phenomenon to other Gestalt laws, such as
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continuity? How and where does perceptual regularity interact
with the well-established bottom-up and top-down components in
the salience computation that guides visual search? Do local fea-
ture contrast and global grouping interact in a symmetric way in
salience computation, or does global grouping have a precedence
privilege? And, finally, is the impairment caused by overlapping
targets from the encoding stage or response selection?

Conclusion

In this study, we systematically investigated the role of col-
linearity by rejecting the orientation contrast contribution and by
showing that distractors without a collinearity structure (even with
the same high feature contrast) did not interfere with visual
searches. We argue that the collinear distractor drew attention to
our visual search task and delayed the target search by attracting
the viewer to the task-irrelevant structure first. Our results suggest
that salience processing from bottom-up factors may differ from
those involving spatial integration.
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