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Incidental learning of invariant configurations of items can facilitate visual search, which is termed contextual cueing effect.
Previous debates about the mechanisms of the contextual cueing effect mainly focused on the roles of attentional guidance and
response-related components. Because the time for perceiving displays is very short, few studies have revealed the role of initial
perceptual processing. Thus, in the present study, we manipulated the key variable of display contrast to prolong the perceptual
processing duration in low-contrast displays. With response-time and eye-movement recording, the study explored the role of
initial perceptual processing. In addition, we examined the roles of attentional guidance and response-related components. From
three experiments we found: In addition to the role of attentional guidance, the initial perceptual processing could also contribute
to a contextual cueing effect in a low-contrast condition; there was only the facilitation from attentional guidance in a high-
contrast condition. These results suggest that perceptual processing can also play a role if the perceptual processing time is
prolonged, but the main role involves improved attentional guidance.
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Introduction

Objects in a real scene are not arranged randomly but are
highly structured. For example, a mouse and a keyboard
often appear together; and a pillow is usually on a bed rather
than under a bed. Chun and Jiang (1998) found that visual
search could be facilitated by learned spatial configurations.
In their study, participants were asked to find a T-target among
L-distractors. Unknown to the participants, search displays
used by half'the trials were repeated across blocks, while other
search displays were used only once during the whole exper-
iment. There was a benefit with regard to search time in re-
peated trials compared to novel trials as the experiment
progressed, which is termed a contextual cueing effect.

Since its inception, a large body of studies have focused on
the mechanisms of the contextual cueing effect, specifically,
how learned knowledge facilitates visual search. However, the
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conclusions have been inconsistent. In general, there are three
explanations: attentional guidance hypothesis, faster
response-related processing hypothesis, and dual stages hy-
pothesis (both attentional guidance and facilitated response-
related processes).

First, the attentional guidance hypothesis supposes that
learned configurations can guide attention to targets more ef-
ficiently. Studies in favor of this hypothesis are discussed
below.

Chun and Jiang (1998) examined the search efficiency of
repeated and novel displays (indicated by search slopes and
intercepts as a function of varied set size) across three different
set sizes. If attentional guidance contributes to a contextual
cueing effect, then there should be a greater decrease in search
slopes for repeated than for novel displays. However, if other
processes contribute to this effect, then the intercepts of search
functions should be different in repeated and novel displays.
They found a shallower search slope for repeated displays
rather than a difference in intercepts, and thus concluded that
the contextual cueing effect was driven by attentional
guidance.

Harris and Remington (2017) found a reduction in the
number of fixations of repeated displays rather than a differ-
ence in the time between the last fixation and button press (an
indicator of the facilitation from response selection).
Furthermore, they used “pop-out” displays, in which
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attentional guidance was almost maximal. There was still only
a reduction in the number of fixations in repeated displays,
which suggested a single mechanism, improvements in atten-
tional guidance contributing to the contextual cueing effect.
Many other eye-tracking studies also supported this hypothe-
sis (Geringswald, Baumgartner, & Ploomann, 2012; Manelis
& Reder, 2012; Peterson & Kramer, 2001; Zang, Jia, Miiller,
& Shi, 2015).

Previous studies found that N2pc amplitude contralateral to
targets was greater for repeated than for novel displays, be-
cause N2pc reflects the allocation of attention to the target,
thus in favor of the attentional guidance hypothesis (Johnson,
Woodman, Braun, & Luck, 2007; Kasper, Grafton, Eckstein,
& Giesbrecht, 2015).

Second, the hypothesis of faster response-related process-
ing supposes that contextual cueing is due to improved re-
sponse selection processes, which need less time between lo-
cating targets and committing to responses in repeated than in
novel displays.

This assumption was first proposed by Kunar, Flusberg,
Horowitz, and Wolfe (2007). Using the same logic as Chun
and Jiang (1998), they did not observe a statistical difference
on search slopes between repeated and novel displays.
However, there was still a stable contextual cueing effect even
when the target “popped out” (attentional guidance was
regarded as already optimal), although the effect was small.
Furthermore, they found that the contextual cueing effect dis-
appeared when the response-related processing was disturbed.
Thus, they concluded that contextual cueing effects should be
due to faster response selection processes.

Sewell, Colagiuri, and Livesey (2017) contrasted the
quantitative predictions of an expedited search account
(attentional guidance) and decision threshold account
(response-related processing) with a diffusion model.
With a typical contextual cueing experiment, they exam-
ined how well different versions of the model account for
each participant’s response time (RT) data. They found
ten of the total 15 participants were best fit by a model
that corresponded to a decision threshold account, and
only one participant was best fit by a model that
corresponded to an expedited search account. The study
provided strong support for the latter, and relatively weak
support for the former. With the signal detection theory,
Schankin, Hagemann, and Schubd (2011) could estimate
participants’ sensitivity and response bias. They found
that observers showed a more liberal response criterion
(beta as the parameter) to repeated displays, but no differ-
ence in sensitivity (d-prime as the parameter); there was a
larger amplitude for repeated displays on a late positive
activity (reflecting response-related processes) but no dif-
ference in the N2pc (reflecting focused attention). These
results supported the hypothesis of response-related pro-
cessing. In addition, studies with incidental learning,
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which can be considered as contextual cueing effects in
a broad sense, also found that it facilitates resolution of
search decisions rather than improving search efficiency
(Hout & Goldinger, 2012).

Third, the hypothesis of dual stages suggests that contex-
tual cueing effects benefit from both improved attentional
guidance and faster response-related processing. Some evi-
dence supporting this argument is provided below.

With eye-movement recording, Zhao, Liu, Jiao, Zhou, Li,
and Sun (2012) divided the total RT of each trial into three
segments: the early phase (representing the initial perceptual
process, the parameter is initial saccade latency), the middle
phase (representing attentional guidance, the value is RT mi-
nus the time of early and late phase), and the late phase
(representing a response-related process, the parameter is the
time between last eye fixation and button press response).
They found that the time of the middle phase showed a greater
reduction for repeated than for novel displays over epochs,
and the difference between repeated and novel displays was
more than 100 ms. In addition, the time of late phase also
presented a slight decrease on repeated displays compared
with novel displays, the difference between them being about
50 ms. These results suggested that attentional guidance con-
tributed most to the contextual cueing effect, but the facilita-
tion of response selection also played a certain role.

Although Kunar et al. (2007) did not observe the role of
attentional guidance, Kunar, Flusberg, and Wolfe (2008) sug-
gested that attentional guidance could play a role if it was
given sufficient time. We can speculate from both studies that
improved attentional guidance as well as faster response-
related processing could contribute to contextual cueing
effects.

Studies found that both N2pc (reflecting focused attention)
and LRP (a component associated with response-related pro-
cesses) were enhanced in repeated displays, compared with
novel displays (Schankin & Schubdo, 2009, 2010). This indi-
cated that guidance of attention together with response-related
processing account for the entire contextual cueing benefit.

It is well known that we first need to perceive the display
when we search for a target in it. So, perceptual processing
should be the first phase for a visual search task. One magne-
toencephalography (MEG) study found a significant differ-
ence between repeated and novel displays in participants’ oc-
cipital lobes about 50-100 ms after display onset (Chaumon,
Drouet, & Tallon-Baudry, 2008), which suggested that early
sensory cortices may have been activated in the contextual
cueing effect. In addition, Schlagbauer, Rausch, Zehetleitner,
Miiller, Geyer, and Notes (2018) found that memory of dis-
play context can enhance the representation of the display in
the contextual cueing effect. Can the initial perceptual pro-
cessing then ever play a role in contextual cueing effect? To
our knowledge, few studies have examined its role (but see
Zhao et al., 2012). In order to ensure that each item had equal
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visibility before the first saccade, Zhao et al. (2012) corrected
the size of each item according to eccentricity from the fixa-
tion point, so that the experiment could be more likely
to detect the role of initial perceptual processing. However,
they still could not find its role. We think that the failure to find
the role of perceptual processing may be due to this phase
specifically. The very short period of time for perceptual pro-
cessing together with the total relatively much longer RTs
resulted in them being unable to detect the difference in time
between repeated and novel displays easily (of course, we
should add, this result may also occur because perceptual pro-
cessing does not play a role in the contextual cueing effect).
Consequently, it is still worth asking whether the initial per-
ceptual processing can ever play a role when the perceptual
processing time is prolonged.

The present three experiments were designed to examine
this supposition. Because the duration of perceptual process-
ing will be decreased by increasing the contrast of the display
(Kojima, & Kawabata, 2012), our experiments test the role of
initial perceptual processing in the contextual cueing effect by
manipulating the key variable of display contrast. As we
know, it takes more time to perceive displays in low than in
high contrast. So, if there is a role of perceptual processing in
low-contrast displays, then it will also contribute to the bene-
fits of RT for participants searching in repeated displays.
Furthermore, because the contextual cueing effect benefits
little, if at all, from perceptual processing under typical con-
ditions (high-contrast displays), we might find a stronger con-
textual cueing effect in low-contrast displays than in high-
contrast displays. The direct evidence (also the most powerful)
will come from eye-movement data. Initial saccade latency is
the time from onset of the display to initiation of the first
saccade, and it is influenced by a process of perceptual recog-
nition (Zhao et al., 2012). So, if there is a role of perceptual
processing, we would expect shorter initial saccade latencies
in repeated than in novel displays. In addition, as previous
studies did not reach an agreement on the roles of attentional
guidance and response selection, we tested the roles of atten-
tional guidance (by the number of fixations) and response
selection (by decision time, the duration between last eye fix-
ation and response) in our experiments. If the effect benefits
from improving attentional guidance, there should be fewer
fixations required to find targets in repeated displays.
Similarly, there should be a shorter time between fixating tar-
gets and emitting responses in repeated trials if response-
related processing contributes to this effect.

Experiment 1

To examine whether initial perceptual processing has a role,
we compared the magnitudes of contextual cueing effect be-
tween high- and low-contrast conditions, as well as the initial

saccade latencies between repeated and novel displays. In ad-
dition, we examine the roles of attentional guidance and
response-related processing.

Method
Participants

Thirty-seven undergraduates (18 men and 19 women, M age =
20.81 years, SD = 1.60 years) took part in the experiment as
paid volunteers. Because of unsuitability for G*Power soft-
ware, the sample size was defined according to the following
two factors. First, we referred to some previous highly related
studies (Zhao et al., 2012). Second, we increased the sample
size appropriately in order to obtain stable results and ensure
that enough eye-movement data can be obtained. All partici-
pants reported normal or corrected-to-normal vision and had
never participated in such a visual search experiment before.
They were naive as to the purpose of this study and gave
informed consent prior to their participation.

Apparatus and stimuli

Participants were tested individually in a normally lit room
and had their head supported by an eye tracker’s chin rest
and forehead support about 70 cm from a 19-in. cathode ray
tube (iilyama HM903DT B) color monitor (display resolution
1,280 x 1,024 pixels; refresh rate: 85 Hz).E-Prime 2.0 soft-
ware was used to control event scheduling and collect RTs,
run on a PC under the Windows XP operating system. Eye
movements were recorded using a Hi-Speed-500 eye-tracking
system (Senso Motoric Instruments GmbH, Teltow, Germany)
with a sampling rate of 500 Hz and a spatial resolution of
0.01°. An eye movement was classified as a saccade when
its velocity reached 40°/s. Minimum fixation duration is 50
ms.

Stimuli were generated by a Matlab Program, similar to
those in Chun and Jiang’s (1998) Experiment 1, except that
we used monochromatic items within each search display. On
every trial, either white (RGB: 255, 255, 255; high-contrast
trials) or grayish (RGB: 130, 130, 130; low-contrast trials)
items were presented against a uniform gray (RGB: 128,
128, 128) background; Michelson contrasts of the stimuli on
high- and low-contrast displays were 0.68 and 0.04, respec-
tively (Fig. 1).

Each display contained 11 L-shaped distractors that were
rotated 0°, 90°, 180°, or 270° and one T-shaped target rotated
90°to the left or right (balanced across trials). Participants
searched for T and pressed one of the two buttons correspond-
ing to the orientation of T. All items were about 1.9° x 1.8°
visual angle, and with equal length between horizontal bars
and vertical bars. They randomly appeared within an invisible
8 x 6 grid and the center position of each item was slightly
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a) Low contrast

Fig. 1 Examples for the low- (a) and high- (b) contrast displays. In order
to show the example of low-contrast displays clearly on a printed version,
the color of items in a is grayish (RGB: 160, 160, 160) , but in the actual
experiment, the color of items in low-contrast displays was a different

jittered vertically and horizontally to reduce co-linearity be-
tween items. Twelve items were evenly placed into four quad-
rants of the search displays, with the constraint that items were
prevented from appearing in the four corners of displays; in
addition, targets could not appear within the central four cells,
or in the three cells of each corner.

Procedure and design

Participants were instructed to search for the target (sideways
T) and then pressed a button as quickly and as accurately as
possible. They were to press the “F” key with their left hand if
the target was rotating 90°to the left, and “J”” with their right
hand if it was rotating 90°to the right. Once they understood
the instructions, they completed a practice block of 16 trials.
Participants were then calibrated with an eye-tracker’s 9-point
calibration, followed by 448 trials (28 blocks of 16 trials) of
the formal experiment.

Each trial began with a fixation display. Participants were
instructed to stare at the central fixation point for 700 ms.
Afterward, the array of stimuli appeared until participants
gave a response. The display terminated if no response was
given within 9 s. After a brief blank gray screen of 1 s, the next
trial began.

The experiment used a within-subject design, and the inde-
pendent variables were display contrast (high contrast vs. low
contrast), display type (repeated vs. novel), and epoch (1-7);
the dependent variables were RTs, initial saccade latency
(from onset of the display to initiation of the first saccade),
number of fixations, and decision time (duration between the
last eye fixation and responding). There were 28 blocks of 16
trials each (four repeated and low contrast, four repeated and
high contrast, four novel and low contrast, four novel and high
contrast). These trials were randomized within blocks. To in-
crease statistical power, blocks were collapsed into seven
epochs of four consecutive blocks.
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b) High contrast

gray (RGB: 130, 130, 130). The color of items in b is white (RGB: 255,
255, 255). The background of both kinds of contrast displays was the
same gray (RGB: 128, 128, 128)

The repeated displays consisted of eight unique search ar-
rays that were repeated across blocks, once per block. The
identities of distractors and the locations of all items in these
repeated displays were maintained across repetitions, but the
identities of targets were randomly chosen to avoid associat-
ing a certain response with a certain configuration. The novel
displays consisted of eight unique search arrays that were
newly generated for each block, with the constraint that the
locations of targets were repeated across blocks. The target
appeared equally often at each of 16 possible locations
throughout the experiment (eight for repeated displays and
eight for novel displays) in order to rule out location proba-
bility effects. The targets’ locations were evenly distributed
across four visual quadrants in both repeated and novel
displays.

After the experiment, a surprise recognition task was ad-
ministered to examine whether observers could explicitly dis-
cern repeated from novel displays. This session included 16
displays: eight novel displays (four with high contrast and four
with low contrast) were randomly intermixed with eight re-
peated displays (four displays for each contrast condition)
from the earlier visual search task. Participants were instructed
to respond to whether the display had appeared in the earlier
visual search task without time limit.

Results

In all data analyses in this paper, if the sphericity assumption is
violated, a Greenhouse-Geisser correction was applied.

Overall accuracies were very high, over 95%. No differ-
ence was observed among display type, display contrast, and
epoch in accuracy. Because of a technical error that resulted in
a low tracking rate (about 80% or less) of three observers, eye-
movement data from the other 34 participants were analyzed
further, but the analysis of RTs used data from all 37
participants.
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In RTs and eye-tracking analyses, trials were rejected from
analysis if their responses were incorrect or the data to be
analyzed exceeded three standard deviations of each ob-
server’s mean of each condition. This resulted in a loss of
2.61% and less than 2.54% of the data in the RTs analysis
and eye-tracking analysis, respectively.

Response times

A 2 (display contrast: high, low) x 2 (display type: repeated,
novel) x 7 (epoch) repeated-measures analysis of variance
(ANOVA) was run on RT data. There were significant main
effects of epoch [F(2.78, 100.13) = 32.36, p < 0.001, np2 =
0.47], display contrast [F(1, 36) = 156.42, p < 0.001, np2 =
0.81], and display type [F(1, 36) = 81.40, p < 0.001, npz =
0.69]. Significant two-way interactions were revealed for ep-
och x contrast, F(3.89, 140.20) = 3.63, p = 0.008, np2 =0.09,
demonstrating a greater downtrend for low contrast as the
experiment progressed; epoch x display type, F(4.41,
158.87) = 3.06, p = 0.02, np2 = 0.08, indicating the signifi-
cantly faster responses in repeated than novel conditions as the
epoch session progressed; and contrast x display type, F(1,
36) =85.11, p < 0.001, np2 = (.70, showing different tenden-
cies of RTs on high- and low-contrast displays. The three-way
interaction was not significant, (6, 216) = 1.53, p = 0.17.
Figure 2a illustrates the mean RTs for each configuration con-
dition as a function of epoch for high- and low-contrast
displays.

In order to investigate the magnitude of the contextual cue-
ing effect for different contrast conditions (or in other words,
the trends of different display types as the experiment
progressed), we performed 2 (display type: repeated, novel)
x 7 (epoch) repeated-measures ANOVAs in high- and low-
contrast displays, respectively, although there was no signifi-
cant three-way interaction of display type, contrast, and ep-
och. The following eye-movement data were also analyzed in
a similar way whether or not there was a significant three-way
interaction. For low-contrast trials, there were main effects of
epoch [F(3.67, 132.21) = 18.57, p < 0.001, npz = 0.34] and
display type [F(1,36)=114.95,p <0.001, np2 =0.76], and the
interaction between epoch and display type was marginally
significant, F(4.36, 156.80) = 2.31, p = 0.06, np2 = 0.06;
RTs were faster for repeated displays (M = 1,312 ms) than
for novel displays (M = 1,490 ms), indicating the presence
of typical contextual cueing effect. A marginally significant
interaction is common due to contextual cueing emerging al-
ready at the first epoch (e.g., Chun & Jiang, 1998; Harris &
Remington, 2017). For high-contrast trials, there was a signif-
icant main effect of epoch [F(2.08, 74.79) = 40.42, p < 0.001,
np2 = 0.53] and a significant interaction between epoch and
display type [F(4.27,153.81)=2.68, p = 0.03, npz =0.07]; the
main effect of display type was not significant, F(1, 36) =
1.31, p = 0.26. Further analysis of the interaction only

revealed significantly longer RTs of repeated trials in epoch
1, so we did not observe a contextual cueing effect on high-
contrast displays.

Recognition test

Mean accuracy in the explicit recognition task was 54.42%;
this differed significantly from a chance guessing level of
50%; two-tailed #(36) = 2.56, p = 0.015, Cohen d = 0.85,
suggesting that a contextual cueing effect may not be implicit.
However, when we compared the mean accuracy of the low-
and high-contrast conditions separately with 50%, the former
revealed only a marginally significant difference #36) = 1.83,
p = 0.075, Cohen d = 0.61, two-tailed, while the difference
with the latter was not significant, #36) = 1.36, p = 0.18,
Cohen d = 0.45. In addition, the correlation between a con-
textual cueing effect and memory score was not significant, »
=-0.05, p = 0.77, suggesting that a contextual cueing effect is
implicit to some extent. Considering that there were contro-
versial opinions on the explicit or implicit nature of contextual
memory (Vadillo, Konstantinidis, & Shanks 2016), we do not
draw any strong conclusions on this issue.

Eye movements

We analyzed three eye-tracking parameters: initial saccade
latency, the time from onset of the display to initiation of the
first saccade, our proxy for perceptual processing; the number
of fixations corresponding to the attentional guidance; and
decision time, duration between the last eye fixation and
responding, our proxy for response-related processing (Zhao
etal., 2012).

Initial saccade latency A 2 (display contrast: high, low) x 2
(display type: old, new) x 7 (epoch) repeated-measures
ANOVA revealed a significant main effect of display contrast,
F(1, 33) = 303.77, p < 0.001, npz = 0.90, the interaction be-
tween display contrast and display type [F(1, 33) =26.54,p <
0.001, np2 = 0.45] was also significant, indicating different
tendencies of initial saccade latencies on high- and low-
contrast displays. In addition, the interaction between epoch
and display contrast was significant, F(6, 198) = 5.61, p <
0.001, np2 = 0.15, suggesting that the tendencies of initial
saccade latencies were different on high- and low-contrast
displays as the experiment progressed. None of the other main
effects or interactions were significant, ps>0.29. We also con-
ducted 2 (display type) x 7 (epoch) repeated-measures
ANOVAs on high- and low-contrast displays, respectively
(Fig. 2b). For low-contrast trials, a significant main effect of
display type was observed [F(1, 33) = 8.89, p = 0.005, npz =
0.21], suggesting that the initial saccade latencies were shorter
in repeated than in novel displays, but there was no main effect
of epoch or the interaction of both factors. The lack of
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Fig. 2 Results of Experiment 1. (a) Mean reaction times for searching
targets. (b) Initial saccade latency. (¢) Number of fixations before
response. (d) Time between the start of the last fixation and behavioral
response, as a function of epoch in four variable combinations,
respectively. For the Repeated & Low condition, a repeated display was

interaction is puzzling, and we explore the possible reason in
the Discussion section. For high-contrast displays, there were
significant main effects of epoch [F(3.98, 131.38) =4.04, p =
0.004, np2 = 0.11] and display type [F(1, 33) = 33.00, p <
0.001, npz = 0.5], while their interaction was not significant
(p = 0.27), suggesting that the initial saccade latencies of re-
peated displays were longer than novel displays, and the initial
saccade latency presented tenuous increasing as the experi-
ment progressed.

Number of fixations We first performed a 2 (display contrast:
high, low) x 2 (display type: old, new) x 7 (epoch) repeated-
measures ANOVA. This revealed significant main effects of
all three factors: epoch, F(3.76, 124.00) = 36.64, p < 0.001,
N, = 0.53; display contrast, F(1, 33) = 63.58,p < 0.001,n,> =
0.66; display type, F(1,33)=65.32, p <0.001, npz =0.66. The
interaction between epoch and display contrast was signifi-
cant, F(6, 198) = 7.34, p < 0.001, np2 = 0.18, as was the
interaction between display contrast and display type, F(1,
33) =45.81, p < 0.001, np2 = 0.58. The interaction between
epoch and display type was marginally significant, F(3.93,
129.61) = 2.33, p = 0.06, np2 =0.07, and the three-way inter-
action was also marginally significant, F(6, 198) = 2.03, p =
0.06, np2 = 0.06. We then conducted 2 (display type) x 7
(epoch) ANOVAs on high- and low-contrast displays,
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presented with low contrast; for the Novel & Low condition, a novel
display was presented with low contrast; for the Repeated & High
condition, a repeated display was presented with high contrast; for the
Novel & High condition, a novel display was presented with high
contrast. Error bars represent the within-subject standard error

respectively (Fig. 2¢). For low-contrast trials, this revealed a
significant main effect of epoch, F(4.36, 143.72) = 12.76, p <
0.001, npz = 0.28, a significant main effect of display type,
F(1, 33) = 85.86, p < 0.001, np2 = 0.72, and a significant
interaction between them, F(4.30, 141.95) = 2.52, p = 0.04,
np2 = 0.07. The results suggested that fewer fixations were
gradually required to find targets on repeated than on novel
displays as the experiment progressed. For high-contrast trials,
there was only a significant main effect of epoch, F(3.83,
126.45)=53.15, p < 0.001, npz = (0.62, neither the main effect
of display type [F(1, 33) = 0.13, p = 0.72] nor the interaction
between epoch and display type [F(4.18, 137.76) = 1.61, p =
0.17] was significant.

Decision time Similarly, a 2 (display contrast: high, low) x 2
(display type: old, new) x 7 (epoch) repeated-measures
ANOVA was first conducted. This revealed significant main
effects of epoch [F(3.77, 124.39) =2.86, p = 0.03, np2 =0.08]
and display contrast [F(1, 33) = 28.86, p < 0.001, np2 =0.47];
the interaction between display contrast and display type was
also significant [F(1, 33) = 10.78, p = 0.002, np2 = 0.25].
Neither the main effect of display type nor the other interac-
tions was significant, ps>0.35. We also conducted 2 (display
type) x 7(epoch) repeated-measures ANOVAs on high- and
low-contrast displays, respectively (Fig. 2d). For low-contrast
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displays, there were significant main effects of epoch [F(6,
198) = 2.38, p = 0.03, np2 = 0.07] and display type [F(1, 33)
= 6.38, p = 0.02, npz = 0.16]. The interaction between them
was not significant, F(6, 198) = 0.66, p = 0.68. These results
suggest that decision time was longer on repeated than on
novel displays. For high-contrast displays, the main effects
of epoch [F(4.16, 137.15) = 2.10, p = 0.08, np2 = 0.06] and
display type [F(1, 33) = 3.62, p = 0.07, np2 = 0.10] were all
marginally significant. Their interaction was also not signifi-
cant, F(4.29, 141.58) = 0.57, p = 0.70. The decision time of
repeated displays was shorter than novel displays.

Discussion

The results here clearly show the facilitation of initial percep-
tual processing as a source of contextual cueing effect in low-
contrast displays. The magnitude of contextual cueing in low
contrast was larger than in high contrast: We observed the
effect under a low-contrast condition, but not under a high-
contrast condition. Furthermore, the eye-tracking data re-
vealed that repeated displays shorten the initial saccade laten-
cies under a low-contrast condition compared with novel dis-
plays. All the evidence converges on the conclusion that per-
ceptual processing also contributes to a contextual cueing ef-
fect if its time is prolonged.

In agreement with most previous studies (Chun & Jiang,
1998; Harris & Remington, 2017; Johnson et al., 2007; Zang
et al., 2015), this experiment also suggested that improved
attentional guidance contributed to a contextual cueing effect
(here we refer to low-contrast displays only, since there was no
contextual cueing effect on high-contrast displays). Repeated
displays reduced the number of fixations required to find tar-
gets. We didn’t find a benefit from response selection on low-
contrast displays, in fact there was a slight cost. Repeated
displays showed a slightly longer time between the last eye
fixation and key-press response in the low-contrast condition.
We discuss this phenomenon in detail in the General
discussion.

In sum, Experiment 1 suggested that both initial per-
ceptual processing and attentional guidance contributed
to the contextual cueing effect, at least in the low-
contrast condition.

One puzzling aspect of the results is the lack of interac-
tion between epoch and display type in low-contrast trials
for initial saccade latencies. As a phase of the search task,
initial perceptual processing should have shown a signifi-
cant interaction since contextual cueing only emerged after
statistical learning of the displays had been established in
early epochs. However, previous studies have suggested
that contextual cueing sometimes can emerge within the
first epoch of the experiment (Chun & Jiang, 1998;
Geyer, Zehetleitner, & Miiller, 2010; Harris &
Remington, 2017; Kunar et al., 2007, 2008; Zhao et al.,

2012). In the same way, we speculate that it is a common
result due to the role of initial perceptual processing
emerging within the first epoch. As with Chun and Jiang
(1998), we compared the difference between repeated and
novel configurations of the first few blocks on the initial
saccade latencies (Fig. 3). We found that the benefit of the
initial saccade latency was not significant until block 5
[two-tailed #33) = 2.09, p = 0.04, Cohen d = 0.73], in fact
block 4 had been marginally significant [two-tailed #33) =
1.88, p =0.07, Cohen d = 0.65], so the benefit did not exist
from the start. In addition, the duration of the phase of
initial perceptual processing per se is very short, and this
meant any small factors could influence the statistical re-
sults, such as the small number of trials within each block (
16 trials here, so only eight configurations need to be re-
membered), which makes learning earlier and easier.

The loss of contextual cueing under a high-contrast condi-
tion was surprising. Eye-movement data showed that the ben-
efit of repeated displays from response selection was nullified
by the cost of initial perceptual processing; there was no ben-
efit from attentional guidance (Fig. 2). The results may be
accounted for by interference from the low-contrast trials. In
Experiment 1, low- and high-contrast displays intermixed
within blocks and appeared randomly, but they were very
different with regard to difficulty of search tasks. As we can
see, the average RT was 1,383 ms for low-contrast trials,
whereas it was 965 ms for high-contrast trials. Consequently,
we assumed that participants focused most of their cognitive
resources on the more difficult displays (low-contrast dis-
plays). Although contextual cueing, as an incidental learning
or statistical learning phenomenon, can occur with minimal
attentional resources, the learning effect is usually weaker than
when attention is fully available (Musz, Weber, & Thompson-
Schill, 2015; Pollmann, 2019; Thiessen, Kronstein, &
Hufnagle, 2013).

In addition, the target search task of this experiment, espe-
cially for the high-contrast trials, is easier overall than that in
most of the previous studies. First, the stimuli were similar to
those in Chun’s Experiment] (Chun & Jiang, 1998), except
that we used monochromatic items, but the size of our stimuli
was bigger in the visual angle. Second, there were only 16
trials in each block (eight trials in the high-contrast condition).
As a whole, this resulted in a relatively fast search time. We
can speculate from previous studies that the magnitude of the
contextual cueing effect decreases as the difficulty of the
search task decreases (Geyer, Zehetleitner, & Miiller, 2010;
Harris & Remington, 2017; Kunar, Flusberg, & Wolfe, 2006).
Indeed, Harris and Remington (2017) did not observe evi-
dence of contextual cueing following valid spatial cues in their
first two experiments. So, we supposed that weaker contextual
cueing benefits per se together with the interference of low-
contrast trials resulted in a null significant effect for high-
contrast trials. Experiment 2 tested this possibility.
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Experiment 2

As noted above, the loss of contextual cueing for high-contrast
trials in Experiment 1 is probably due to interference from
low-contrast trials. To test this possibility and examine the
reliability of the role of initial perceptual processing in con-
textual cueing effect, we ran this experiment, identical to
Experiment 1 except that high-contrast displays were present-
ed separately from low-contrast displays. Participants first
completed one type of contrast display and then finished the
other type of contrast display. Thus, if it is the interference
from low-contrast trials that resulted in the loss of contextual
cueing in high-contrast trials, we should observe the contex-
tual cueing effect in this experiment. Critically, we can verify
the account that contextual cueing also benefits from expedit-
ed perceptual processing of repeated displays.

Method
Participants

Thirty-one new undergraduates (10 men and 21 women, M
age =20.16 years, SD = 1.16 years) were paid to participate in
Experiment 2. We reduced the sample size slightly relative to
Experiment 1 because participants could complete
Experimental 1 easily. All participants had normal or
corrected-to-normal vision and had never participated in such
a visual search experiment before. They were naive as to the
purpose of this study and gave informed consent prior to their
participation.

Stimuli and procedure

The equipment and stimuli were identical to the ones
used in Experiment 1 except that the visual search task
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was completed in two sessions. One session contained
all high-contrast displays, while the other session
contained only low-contrast displays. So, each session
consisted of 28 blocks of eight trials each (four repeated
displays, four novel displays). The order of the two
sessions was shuffled so that half the participants fin-
ished the high-contrast trials first and then finished the
session of low-contrast displays, and this order was re-
versed for the other half of participants. In practice tri-
als, participants were presented with only one contrast
level, which was the same as the first session displays.
Following the first session, participants were given a
break of at least 5 min but were allowed to wait as
long as they wished before beginning the second ses-
sion. Consistent with Experiment 1, after the visual
search tasks of two sessions, participants performed a
recognition test that contained high- and low-contrast
displays from the two sessions.

Results

For visual search task, the overall accuracy was very
high, above 99%. A 2 (display contrast) x 2 (display
type) x 7 (epoch) repeated-measures ANOVA on accu-
racy only revealed a main effect of display type, F(1,
30) = 12.61, p = 0.001, npz = 0.30, demonstrating that
accuracy was higher for repeated than for novel
displays.

Trials with incorrect responses were excluded from the
analysis, which resulted in a loss of 0.78% of all trials. For
each experimental condition, RTs and eye-tracking data out-
side the range of +3 standard deviations from means were also
discarded as “outliers” (1.63% and less than 1.48%,
respectively).
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Reaction times

A 2 (display contrast: high, low) x 2 (display type: repeated,
novel) X 7 (epoch) repeated-measures ANOVA on the RT data
revealed a significant main effect of display contrast, (1, 30)
= 125.86, p < 0.001, npz = 0.81, a significant main effect of
display type, F(1, 30) = 72.16, p < 0.001, np2 =0.71, and a
significant main effect of epoch, F(6, 180) =43.53, p < 0.001,
np2 = 0.59. The interaction between epoch and display type
was significant, F(6, 180)=3.67, p =0.002, npz =0.11, aswas
the interaction between display contrast and display type, F(1,
30) = 32.98, p < 0.001, np2 = 0.52. The interaction between
epoch and display contrast was marginally significant, F(3.71,
111.14) =2.15, p = 0.09, np2 = 0.07. There was no significant
three-way interaction between display contrast, display type,
and epoch, F(6, 180)=1.71, p = 0.12. Figure 4a illustrates the
mean RT values for each configuration condition as a function
of epoch for high and low contrast.

Analogous to Experiment 1, to compare the contextual
cueing effect for different display contrasts, we conducted
separate ANOVAs (display type by epoch) on high- and
low-contrast trials. For low-contrast trials, there was a signif-
icant main effect of epoch, F(6, 180)=21.91, p < 0.001, np2 =
0.42, and a significant main effect of display type, F(1, 30) =
69.71, p < 0.001, np2 = 0.70. The interaction between epoch
and display type was also significant, F(4.67, 140.01) = 2.80,
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Fig. 4 Results of Experiment 2. (a) Mean reaction times for searching
targets. (b) Initial saccade latency. (¢) Number of fixations before
response. (d) Time between the start of the last fixation and behavioral
response, as a function of epoch in four variable combinations,
respectively. For the Repeated & Low condition, a repeated display was

p = 0.022, np2 = 0.09, demonstrating that participants were
able to respond significantly faster in repeated (M = 1,230 ms)
than in novel displays (M = 1,349 ms) as the experiment
progressed. For high-contrast trials, we found a significant
main effect of epoch, F(3.26, 97.78) = 18.81, p < 0.001, np2
= 0.39, and interaction of epoch and display type, F(6, 180) =
2.70, p = 0.016, np2 = 0.08. There was no significant main
effect of display type, F(1, 30) = 1.65, p = 0.21. This demon-
strated that the contextual cueing effect still do not generate
steadily in high-contrast displays in spite of a trend for con-
textual cueing in epochs 4, 5, and 7.

Recognition test

The results of the recognition test replicated those obtained in
Experiment 1, revealing a significant difference between
mean accuracy (54.64%) and the guessing level of 50%,
#(30) = 3.02, p = 0.005, Cohen d = 1.10, suggesting that the
contextual cueing effect may not be implicit. While mean
accuracy in low-contrast trials was marginally significantly
different with guessing level #30) = 1.79, p = 0.08, Cohen d
= (.65, for high-contrast trials the difference was not signifi-
cant, #(30) = 1.65, p = 0.11, Cohen d = 0.60. The correlation
between contextual cueing effect and memory score was not
significant, » = 0.22, p = 0.24, suggesting that a contextual
cueing effect is implicit.
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presented with low contrast; for the Novel & Low condition, a novel
display was presented with low contrast; for the Repeated & High
condition, a repeated display was presented with high contrast; for the
Novel & High condition, a novel display was presented with high
contrast. Error bars represent the within-subject standard error
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Eye movements

Because of a technical error, three participants’ data were not
recorded. Eye-tracking data of the other 28 participants were
analyzed further.

Initial saccade latency A 2 (display type) x 2 (display contrast)
x 7 (epoch) repeated-measures ANOVA revealed a significant
main effect of display contrast, F(1, 27) = 148.12, p < 0.001,
np2 = 0.85, and a significant main effect of display type, F(1,
27) = 8.25, p = 0.008, np2 = 0.23. The interaction between
display contrast and display type was also significant, F(1, 27)
=17.41,p <0.001, np2 = 0.39. None of the other main effects
or interactions were significant, ps>0.18.

We conducted separate ANOVAs (display type by epoch)
on high and low contrast (Fig. 4b). There was a significant
main effect of display type for low-contrast trials [F(1, 27) =
19.85, p < 0.001, np2 = 0.42], reflecting shorter initial saccade
latencies in repeated displays, without a significant main effect
of epoch (p>0.20) or interaction between them (p>0.66). As
with Experiment 1, we compared the difference of initial sac-
cade latencies between repeated and novel configurations
within the first few blocks. This revealed that participants
did not show any contextual cueing benefit in block 1 [#27)
=0.96, p = 0.35, Cohen d = 0.37], but did exhibit it to some
extent in block 2 [#(27) = 1.94, p = 0.06, Cohen d = 0.75]. For
high-contrast trials, there was no significant main effect or
interaction: epoch, F' < 1, p>0.77; display type, F = 2.59, p
= 0.12; epoch by display type, F = 1.76, p = 0.11. Overall, the
results collectively suggested again that shorter initial saccade
latency contributes to RT benefits in repeated displays.

Number of fixations

A 2 (display contrast) x 2 (display type) % 7 (epoch) repeated-
measures ANOVA showed a significant main effect of epoch,
F(3.36, 90.76) = 23.22, p < 0.001, np2 = 0.46, a significant
main effect of display contrast, F(1, 27) = 94.81, p < 0.001,
npz = 0.78, and a significant main effect of display type, F(1,
27) = 80.11, p < 0.001, np2 = (0.75. The interaction between
display contrast and display type was significant, F(1, 27) =
31.18,p<0.001, np2 =0.54, as well as the interaction between
epoch and display type, F(6, 162) =2.20, p =0.05, np2 =0.08.
None of the other interactions was significant, all p>0.45.
We performed 2 (display type: repeated, novel) x 7 (epoch)
repeated-measures ANOVAs in high- and low-contrast trials,
respectively (Fig. 4c). The ANOVA of low-contrast trials
yielded a significant main effect of epoch, F(3.78, 102.03) =
11.23, p < 0.001, np2 = 0.29, and a significant main effect of
display type, F(1, 27) = 78, p < 0.001, np2 = 0.74, but the
interaction of them was only marginally significant, F(6, 162)
=1.80, p = 0.10, np2 = 0.06. Analogous to the initial saccade
latency, we consider this lack of interaction a common finding
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due to the role of attentional guidance emerging within the
first epoch, or other factors such as the tiny difference per se
or the small numbers of trials within each block. The results
produced by ANOVA for high-contrast trials were the same as
for low-contrast trials. There were significant main effects of
epoch [F(3.10, 83.79) = 13.57, p < 0.001, np2 = 0.33] and
display type [F(1, 27) = 5.9, p = 0.022, np2 = 0.18], but no
interaction between them, F(6, 162) = 1.22, p = 0.30. These
revealed that fewer fixations were required to find the targets
for repeated displays in both high and low contrast.

Decision time

A 2 (display contrast) x 2 (display type) x 7 (epoch) repeated-
measures ANOVA on the time between the last eye fixation
and responding revealed a significant main effect of epoch,
F(6,162)=2.31,p=0.04, np2 =0.08, a significant main effect
of display type, F(1,27)=10.45, p =0.003, np2 =0.28,and a
marginally significant main effect of display contrast, F(1, 27)
=3.31, p = 0.08, np2 = 0.11. The interaction between epoch
and display type was significant, F(6, 162) =3.17, p = 0.006,
np2 = 0.11, as was the interaction between display type and
display contrast, F(1,27)=15.07, p=0.001, np2 =0.36. There
was no significant interaction between epoch and display con-
trast (p>0.95). The three-way interaction between epoch, dis-
play type, and display contrast was also significant, F(6, 162)
=293, p=0.01,7,>=0.10.

We followed up the three-way interaction with separate
ANOVAs (display type by epoch) on high and low contrast
(Fig. 4d). The ANOVA of low-contrast trials only revealed a
significant main effect of display type, F(1, 27) = 22.36, p <
0.001, np2 =0.45, as in Experiment 1, suggesting that decision
time was significantly longer on repeated than on novel dis-
plays. Both the main effect of epoch (p = 0.40) and the inter-
action between epoch and display type (p = 0.14) were not
significant. For high-contrast trials, there was only a signifi-
cant interaction between epoch and display type, F(6, 162) =
5.23, p < 0.001, np2 = 0.16, revealing a longer decision time
on repeated displays in the first two epochs, and a shorter
decision time on repeated displays in epoch 4 and epoch 5.
The main effects of epoch (p = 0.29) and display type (p =
0.71) were not significant.

Discussion

Experiment 2 replicated the main results of Experiment 1,
finding a steadily contextual cueing effect only in low-
contrast displays and benefits on the initial saccade latency
as well as the number of fixations in repeated displays.
These again demonstrate that the initial perceptual processing
could be a driving force of the contextual cueing effect, pro-
vided that participants take sufficient time to perceive the dis-
plays; in addition, attentional guidance also plays a major role.
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The improved attentional guidance found is consistent with a
large number of previous studies (Chun & Jiang, 1998; Harris
& Remington, 2017; Zhao et al., 2012).

One of the results that bears commenting on is the decision
time, our proxy for the duration of response-related processes.
Although there was no significant difference on this indicator
between repeated and novel displays with high contrast,
which is a common finding (e.g., Chun & Jiang, 1998;
Harris & Remington, 2017), decision times were longer on
repeated than on novel displays with low contrast. This result
is consistent with Experiment 1, which also showed a not very
reliable cost. We will try to explain these divergent results in
detail in General discussion.

Another confusing and also most important issue is that
there is still no steadily contextual cueing effect in high-
contrast displays. Does the interference from low-contrast tri-
als still persist? We first examined this possibility. If it was the
case, the contextual cueing effect of high-contrast displays
should larger for those participants who performed them first
than those who performed them second. The magnitude of a
contextual cueing effect was calculated according to the data
of the last four epochs. Our analysis found no significant dif-
ference between them (the former is 16 ms, the latter is 27 ms),
#29)=10.53, p =0.60, Cohen d = 0.20. This suggested that the
manipulation of Experiment 2 eliminated the interference of
low-contrast trials successfully, and there are probably other
reasons for the weak contextual cueing effect under the high-
contrast condition.

We also compared the magnitude of the contextual cueing
effect in the first session (M = 78 ms) with that in the second
session (M = 82 ms); the results revealed no significant differ-
ence, #(30) = 0.13, p = 0.90, Cohen d = 0.05. Lastly, we
compared the contextual cueing effect of low-contrast trials
for participants who performed them first (M = 136 ms) with
those who performed them second (M = 140 ms), and the
difference was still not significant, #29) = 0.11, p = 0.91,
Cohen d = 0.04. Although no T-test of the three pairs revealed
a significant difference, we found a trend that contextual cue-
ing effect of the second session was slightly bigger than the
first session, whether in high or low contrast.

Higuchi and Saiki (2017) found that the contextual cueing
effect occurred earlier and was bigger to some extent when
participants restricted their eye movements compared to when
eye movements were allowed. This suggests that the strategy
of searching used by participants may have an effect on the
contextual cueing effect. In addition, studies suggested that
both stress and negative emotion could impair the contextual
cueing effect (Kunar, Watson, Cole, & Cox, 2014b; Meyer,
Quaedflieg, Bisby, & Smeets, 2019). Thus, we speculated that
participants may be more focused (or active) during the first
session search task because of emotions such as expectations
compared with the second session task. In addition, with the
eye-tracker chin rest, participants’ heads were fixed, and this

may have resulted in mental stress. The specific participants’
mental states could decrease the magnitude of the contextual
cueing effect and result in the loss of the already small con-
textual cueing with high contrast.

Although the above-mentioned T-test analysis suggested
that the interference from low-contrast trials was eliminated.
But the null significant difference may have resulted from
reductive power by splitting the data. So, interference from
low-contrast trials could still exist.

So, it was necessary to conduct experiment 3, which ex-
cludes the possible interference of low-contrast trials and the
factor of variation in participants’ mental state.

Experiment 3

As noted above, in order to rule out possible interference,
Experiment 3 examined the contextual cueing effect only with
high contrast; in order to control the factor of participants’
mental state, this experiment tested only at the level of RTs.
By this means, we wanted to make sure that the contextual
cueing effect can occur in our experiment as in most of previ-
ous studies.

Method
Participants

Thirty-three new undergraduates (11 men and 22 women, M
age =20.33 years, SD = 1.24 years) were paid to participate in
Experiment 3. All had normal or corrected-to-normal vision
and had never participated in such a visual search experiment
before. They were naive as to the purpose of this study and
gave informed consent prior to their participation.

Stimuli and procedure

The equipment and stimuli were identical to those in
Experiment 1 except that we no longer used the eye tracker
(heads no longer were fixed), and there were only high-
contrast trials. So, the experiment consisted of 28 blocks of
eight trials each (four repeated displays, four novel displays).
Similarly, after the visual search tasks, participants performed
a recognition test.

Results

The overall accuracy of the visual search task was very high,
above 95%. No difference was observed between display type
and epoch in accuracy.

Trials with incorrect responses were excluded from the
analysis, which resulted in a loss of 1.18% of all trials. For
each experimental condition, RTs outside the range of +3
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standard deviations from the means were also discarded as
“outliers” (1.42%).

Reaction times

A 2 (display type: repeated, novel) x 7 (epoch) repeated-
measures ANOVA on the RT data revealed a significant main
effect of epoch [F(4.23, 135.34) = 57.50, p < 0.001, npz =
0.64] and a marginally significant main effect of display type,
F(1,32)=3.25,p=0.08, np2 =0.09. The interaction between
epoch and display type was also significant, F(6, 192) = 2.76,
p=0.01, np2 = 0.08, suggesting that RTs on repeated displays
were gradually shorter than on novel displays as the experi-
ment progressed. Although the results of this experiment were
similar to results obtained in Experiment 2 statistically (the
only difference between them was that the main effect of dis-
play type changed from not significant to marginally signifi-
cant), the trends of the data now were more consistent with
most previous studies (Chun & Jiang, 1998) (see Fig. 5).

Recognition test

The results revealed a significant difference between mean
accuracy (60.99%) and the guessing level of 50%, #32) =
4.66, p < 0.001, Cohen d = 1.65, suggesting that a contextual
cueing effect may be explicit. But the correlation between
contextual cueing effect and memory score was not signifi-
cant, » = 0.22, p = 0.21, suggesting that memory of displays
maybe implicit.

Discussion

The results here clearly revealed a contextual cueing effect
with high contrast, although it was still very weak, about
31 ms according RTs of the last four epochs. Thus, it demon-
strates our presumption that the unstable contextual cueing
effect of high contrast in Experiment 2 was due to interference
from low-contrast trials and/or participants’ specific state.
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Fig.5 Results of Experiment 3. Mean reaction times for searching targets
as a function of epoch in repeated and novel displays respectively. Error
bars represent the within-subject standard error
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It is worth nothing that the contextual cueing effect of this
experiment is really small comparing with previous classic
studies, such as that of Chun and Jiang (1998), in which the
magnitude of contextual cueing in Experiment 1 was 71 ms.
As we noted in the discussion of Experiment 1, the search task
was easier than Experiment 1 of Chun and Jiang (1998), so the
weak contextual cueing is reasonable.

Another point to note is that the two factors that we pre-
sumed resulted in unstable contextual cueing of Experiment 2
on high contrast did not affect (or if at all, only a very small
effect) the data of low contrast. In our opinion, it is the very
weak contextual cueing in high contrast that caused the two
factors that could have an effect.

General discussion

In order to examine the mechanisms of contextual cue-
ing effect, particularly the role of initial perceptual pro-
cessing, this study lengthened the time for perceptual
processing by manipulating the contrast of search dis-
plays. With an eye-tracking technique, we found that
initial perceptual processing could also contribute to a
contextual cueing effect, provided that the perceptual
processing time is prolonged. The other driving force
of contextual cueing effect was attentional guidance.
However, we did not observe the role of response-
related processing. In low contrast, participants need
shorter initial saccade latency and fewer fixations to
locate targets for repeated than for novel displays.
Namely, both initial perceptual processing and attention-
al guidance contribute to the contextual cueing effect.
With high contrast the contextual cueing effect benefited
solely from reduction of the number of fixations, which
means that only attentional guidance facilitates the visu-
al search.

This study extended the mechanisms of contextual cue-
ing effect further and clearly showed that perceptual pro-
cessing could also contribute to the contextual cueing ef-
fect if its time is prolonged. To our knowledge, only two
studies have examined the role of initial perception in the
contextual cueing effect (Chaumon, Drouet, & Tallon-
Baudry, 2008; Zhao et al., 2012). However, Chaumon
et al. support the role of perceptual processing and Zhao
et al. did not find a role, maybe due to the very short time
for perceptual processing. In fact, although Geyer et al.
(2010) aimed to examine whether the contextual cueing
effect of a pop-out visual search could benefit from other
factors except for response selection, to some extent this
study suggested that perceptual processing could play a
role. Each trial in their study started with the presentation
of “placeholder” squares marking the locations of the sub-
sequent search items. In this way, for one thing,
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participants had additional “preview” time to process the
displays, and for another, they could not actually search
for targets. Furthermore, they asked participants to judge
if targets exist. The display exposure was time limited or
with stress on response speed in their Experiment 2. So,
this could rule out later sources contributing to the con-
textual cueing effect. They found that a contextual cueing
effect could exist in pop-out visual search, even without
benefits from response selection. Moreover, King, Korb,
and Egner (2012) revealed that learned associations could
link closely with the bottom-up information, and together
facilitate the visual search task. We consider that the
bottom-up information does facilitate the phase of percep-
tual processing, and the learned associations contribute to
attentional guidance. So, we can conclude that perceptual
processing is possibly a contributing factor to the contex-
tual cueing effect. However, some studies have suggested
that bottom-up information (e.g., colored backgrounds,
segmentation by salient features) played little or negative
roles in the contextual cueing effect (Conci & Miihlenen,
2009; Kunar, John, & Sweetman, 2014a). Given the
above, future studies should further examine the interac-
tion between perception and contextual cueing effect un-
der different conditions.

In low contrast, except for the role of perceptual pro-
cessing, there was a role of attentional guidance — in fact,
it played a major role. In Experiment 1, the benefit of
time on the perceptual processing phase in repeated dis-
plays was about 8 ms, while the mean number of fixations
required to find targets reduced about 0.67 in repeated
displays. Similarly, in Experiment 2, the time of percep-
tual processing saved about 11 ms in repeated displays,
and the mean number of fixations saved about 0.52. We
defined this as a fixation only, when the fixation duration
was no less than 50 ms. So, we can estimate that the time
saved due to the decreasing number of fixations in repeat-
ed displays was greater compared with the time saved
from perceptual processing. Thus, the improved attention-
al guidance contributes most to the contextual cueing ef-
fect, even in low-contrast conditions. These results were
consistent with a large body of previous studies (Chun &
Jiang, 1998; Harris & Remington, 2017; Peterson &
Kramer, 2001; Zhao et al., 2012).

Unexpectedly for us, with low contrast of both exper-
iments, the decision times were longer for repeated than
for novel displays, but this cost on response-related pro-
cessing was not observed with high contrast. We supposed
that this resulted from our proxy for response-related pro-
cesses — decision time. We defined this as the duration
between the last eye fixation and key-press response
(Zhao et al., 2012). This index was suitable for high-
contrast trials, but not for low-contrast trials. With low
contrast, the high similarity between item color and

background color made participants compare the target
with surrounding distractors repeatedly, and only then
could they decide whether it was the target.
Consequently, participants must have seen the target be-
fore the last fixation. In other words, it was not possible
that participants did not see the target until the last fixa-
tion. Consistent with this suggestion, we examined the
data of participants’ scan path, and found that it was not
the last fixation for which participants put their fixation
on the target the first time in most trials, in other words,
participants fixated the target, moved away, and then
returned before making a response on most low-contrast
displays. Given the above, we can speculate that our
proxy for response-related processes (decision time)
underestimated the actual amount of time for response-
related processing with low contrast.

In general, whether there is a role of response-related
processing in the contextual cueing effect of low contrast
remains to be further examined. But at least in high-
contrast displays, our study did not observe facilitation
from response-related processing. Congruently, Harris
and Remington (2017) suggested that even in a
parallel-search condition, the contextual cueing effect
did not benefit from the phase of response selection.
By contrast, Zhao et al. (2012) found that facilitation of
response selection also played a role, although the role
was small. One possible reason for our high-contrast tri-
als lacking facilitation from response selection was the
weak contextual cueing effect (the RTs benefit was only
26 ms). RTs in the study by Zhao et al. (2012) benefitted
by around more than 100 ms. Since the total benefit was
very small, it was hard to find a statistically significant
difference even there was a role of response-related pro-
cessing. Another possible reason was the difference in
stimuli between Zhao et al. (2012) and our study. They
used corrected displays, in which the size of each item
was equal according to the eccentricity from the fixation
point. However, the displays used by us were the most
common one, as in Chun and Jiang (1998). As a result,
future research needs find out the condition in which
response-related processing plays a role.

Similarly, with regard to the controversy between
Zhao et al. (2012) and Harris and Remington (2017)
about the role of response selection, one of the reasons
was also their different stimuli. The stimuli used by
Harris and Remington (2017) were the same as ours,
the most common ones, as in Chun and Jiang (1998).
Maybe corrected displays used by Zhao et al. (2012)
made the role of response selection more likely to oc-
cur, because the size of each item was equal according
to the eccentricity from the fixation point, and partici-
pants tend to make less eye movements, leaving more
room for response-related processes to play a role.
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Another possible reason was the specific parameter,
proxy for response-related process. Zhao et al. (2012)
defined it as the time between the last eye fixation
and response, while Harris and Remington (2017) de-
fined it as the time between when the eyes first fixate
the target and the response. It is possible that the last
eye fixation is not the first time of it landing on a
target, as we found in our data of eye movements,
sometimes participants fixated the target, moved away,
and then returned before responding. However, the am-
biguity in defining the proxy for the response-related
process is a problem inherent to all eye-tracking studies,
as noted by Sisk, Remington, and Jiang (2019). So,
maybe we need to find new methods to examine the
role of response-related processing.

It is worth nothing that one of our experimental hy-
potheses may be puzzling or controversial: the amount
of contextual cueing effect would be greater in low-
than in high-contrast if there is a role of perceptual
processing. One could think that the attentional guid-
ance and response-related processing perhaps play dif-
ferent roles in different display contrast, in other words,
the greater contextual cueing effect of low-contrast dis-
plays may due to other factors (such as attentional guid-
ance, response-related process) instead of perceptual
processing. Indeed, we think that it is possible accord-
ing to our eye-movement data, but we could not know
this before our experiments. In addition, before imple-
mentation of the experiments, we had preconceived that
even if this is the case, we still can use our eye-
movement data (initial saccade latency) to examine
whether initial perceptual processing plays a role in
the contextual cueing effect.

In sum, this study validates the role of perceptual
processing in the contextual cueing effect as long as
the perceptual processing time is prolonged, moreover,
in favor of the attentional guidance hypothesis. As a
whole, we speculate that whether the contextual cueing
effect benefits from improved perceptual processing and/
or attentional guidance and/or improved response-related
processing, depends on the time during which the cor-
responding phase proceeds. If a specific phase needs
more time to proceed, the corresponding factor will play
a larger role. This needs further investigation in future
studies.
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