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Abstract Implicit learning of visual contexts facilitates
search performance—a phenomenon known as contextual
cueing; however, little is known about contextual cueing
under situations in which multidimensional regularities
exist simultaneously. In everyday vision, different infor-
mation, such as object identity and location, appears si-
multaneously and interacts with each other. We tested the
hypothesis that, in contextual cueing, when multiple reg-
ularities are present, the regularities that are most relevant
to our behavioral goals would be prioritized. Previous
studies of contextual cueing have commonly used the vi-
sual search paradigm. However, this paradigm is not suit-
able for directing participants’ attention to a particular
regularity. Therefore, we developed a new paradigm, the
“spatiotemporal contextual cueing paradigm,” and manip-
ulated task-relevant and task-irrelevant regularities. In
four experiments, we demonstrated that task-relevant reg-
ularities were more responsible for search facilitation than
task-irrelevant regularities. This finding suggests our vi-
sual behavior is focused on regularities that are relevant to
our current goal.

Keywords Contextual cueing . Implicit learning . Attention .

Task-dependency

Our visual environment consists of highly structured arrange-
ments of objects. Individuals can implicitly learn such regu-
larities, and these regularities lead to efficient processing of
visual scenes (Turk-Browne, Jungé, & Scholl, 2005; Chun &
Turk-Browne, 2008; Chun, 2000). Research has shown that
implicit learning of contexts facilitates search performance,
which is a phenomenon referred to as “contextual cueing”
(e.g., Chun & Jiang, 1998). However, little is known about
contextual cueing under situations in which multiple regular-
ities exist simultaneously, although in everyday vision, differ-
ent information, such as object identity and location, appears
simultaneously and interacts with each other. The current
study investigated task dependency in contextual cueing;
namely, whether visual attention is guided by all regularities,
or preferentially by task-relevant regularities.

Human beings learn regularities in their environments
through repeated experience. Previous studies have investigat-
ed what humans learn from the environment, and how learned
knowledge affects our visual behavior. For example, studies
of contextual cueing have demonstrated that people can learn
spatial configurations and object identities, and that such ac-
quired knowledge is used as a cue for attending and looking
(Chun & Jiang, 1998; Chun& Jiang, 1999). In the latter study,
participants were asked to search for a target among
distractors as quickly as possible to assess contextual cueing.
Reaction times for the target became faster when the same
configurations or same sets of objects were presented repeat-
edly than when different configurations or object sets were
presented. Participants in this kind of experiment do not real-
ize that the same pattern is repeated during the search task, so
learning occurs without awareness of this manipulation (i.e.,
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implicit learning). Note that certain studies of contextual cue-
ing have distinguished between implicit learning itself and
expressions of implicit learning (Jiang & Leung, 2005;
Goujon, Didierjean, & Marmèche, 2009). According to
Jiang and Leung (2005), contextual cueing is the expression
of implicit learning, defined as the facilitation of reaction time
by memory-guided attention, and implicit learning could oc-
cur evenwhen there is no contextual cueing. The current study
focused on the contextual cueing effects, rather than on im-
plicit learning itself, because we were interested in how mem-
ory guides our visual attention.

Studies on contextual cueing have demonstrated that mem-
ory for regularities of location or identity guide visual attention
independently, but, in everyday vision, these different regular-
ities appear simultaneously and interact with each other. For
example, in a classroom, we might always see a blackboard,
desks, lights, and chairs in the same configuration. In such a
situation, there are regularities of object identity and spatial
location. However, little is known about how this environment
containing multidimensional regularities guides visual atten-
tion. Multiple regularities might simultaneously guide our at-
tention, or alternatively our attention might be guided only by
regularities that are relevant to our current behavior.

One study focusing on single dimensional multiple regu-
larities has suggested that contextual cueing occurs only for
attended objects (Jiang & Chun, 2001). In this latter study,
participants were presented with red and green colored ob-
jects, and were asked to search for either a red or a green
target, such that the target color (say “red”) was attended,
whereas the other color (say “green”) was ignored. Under this
manipulation, reaction times decreased when the attended ob-
jects were presented repeatedly, whereas they did not decrease
when the ignored objects were repeatedly presented. This re-
sult indicates that selective attention is important for inducing
contextual cueing.

Therefore, possibly, attention acts as a filter that determines
the multiple regularities that would preferentially induce con-
textual cueing. Based on this possibility, we can hypothesize
that a task in which people are currently involved also modu-
lates contextual cueing for multidimensional regularities, and
that task-relevant information is prioritized. However, studies
examining this issue have shown inconsistent results, depend-
ing on experimental settings. Therefore, strong evidence to
support the contention that the task prioritizes relevant infor-
mation in contextual cueing is lacking. For example, Endo and
Takeda (2004) found that contextual cueing occurs only for
the location, even when the task is relevant for object identity.
They showed that the location was the only learned regularity
during visual search, although object identity regularity was
also simultaneously presented and the task was to find a target
of a certain identity. Their findings suggested that location
learning predominates in contextual cueing, regardless of the
task. In contrast, Jiang and Song (2005) showed that

contextual cueing occurs both for identity and location under
situations when identity is as salient as location. They reported
that, when participants observed a variety of stimulus shapes,
or colors, during learning, they could use not only location
regularity, but also object identity regularity as cues for a tar-
get. Although this latter study suggested that multidimension-
al regularities can help deploy visual attention, it remains un-
clear whether both regularities interact equally with contextual
cueing, or whether one of the multiple regularities is
prioritized.

Another paradigm, implicit sequence learning, has also
suggested that task-relevant information is selectively ac-
quired (Meier, Weiermann, & Cock, 2012). In their study,
the authors prepared primary (category: e.g., plant and instru-
ment) and secondary (a specific word regarding the category:
e.g., rose and piano) information. Secondary information was
presented sequentially, and participants reported the primary
information corresponding to the secondary information
(when “rose” was presented, “plant” was the correct answer).
Both primary and secondary information were regular for cer-
tain participants, whereas only the primary information was
regular for other participants. Then, authors removed all the
regularities in a subsequent test, and they predicted that, if
both primary and secondary information were learned during
exposure, the participants presented with both primary and
secondary regularities would show a larger response disrup-
tion compared to participants presented with only the primary
regularity. Interestingly, the results showed that the response
disruption was not different between the two groups.
Therefore, the authors concluded that only task-relevant
(primary) information is learned as regular. This finding is
important, but since the conclusion is based on the null result
that the response disruption did not differ, regardless of the
information that was randomized, we need to be careful in
concluding that task-irrelevant information did not guide at-
tention in this study. In addition, the study also showed that the
location information is learned even when participants
responded to stimulus categories (Meier, Weiermann, &
Cock, 2012, Experiment 3). This result is consistent with that
of Endo and Takeda (2004), showing a location dominance in
contextual cueing. Therefore, it remains possible that location
information becomes prioritized when memory guides visual
attention, regardless of the task.

The current study was designed to clarify whether task
demands mediate contextual cueing under multidimensional
regularities. Addressing this issue requires manipulating task-
relevant and task-irrelevant regularities, rather than tasks dom-
inated by one type of regularity. Although visual search is
commonly used to study contextual cueing, performance in
visual search tasks is dominated more by the location than by
other features (Endo & Takeda, 2004, but see Jiang & Song,
2005). This location dominance might stem from the global
layout, which is a critical factor for visual search paradigms.
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Jiang and Wagner (2004) conjectured that global layout infor-
mation could be more important than individual location in-
formation, because global layout is related directly to a set of
individual object locations, and location might be more
dominant than other features of an object. As discussed
above, Endo and Takeda (2004) reported that location was
the only learned regularity during visual search, even though
other regularities were also presented at the same time.
Perhaps location bias in visual search is due to global infor-
mation, the elimination of which would weaken the domi-
nance of location in information bias. It might be possible to
use a serial reaction time (SRT) task to eliminate the location
bias stemming from layouts in which stimuli are sequentially
presented (Nissen & Bullemer, 1987). In the SRT paradigm,
participants are required to respond to each stimulus, and re-
sponses are facilitated when the same sequences are presented
repeatedly. Although the SRT task is a satisfactory paradigm,
it has certain shortcomings for the purpose of our research.
The first shortcoming of the SRT task was that it has a strong
motor component, because it requires participants to press a
key in response to every stimuli, thereby repeating the same
sequence of keystrokes (Hoffmann & Koch, 1997). We were
interested in finding out about how a task mediates memory-
guided visual attention, rather than about learning motor se-
quences. The second problem of the SRT task was that people
sometimes tend to be aware of repeated patterns in the task,
which is possibly caused by reliance on only a few stimuli.

To solve these problems, we developed a spatiotempo-
ral contextual cueing paradigm by combining the spatial
contextual cueing (Chun & Jiang, 1998; Endo & Takeda,
2004) and the temporal contextual cueing (Olson & Chun,
2001; Mayberry, Livesey, & Dux, 2010) paradigms. In the
spatiotemporal contextual cueing paradigm, images are
presented sequentially in variable locations, and the task
is to find pre-determined targets (say “female face”) and
ignore the distractors (say “male face”). Only one item is
present during each image, so as to ensure sufficient at-
tention is paid to each item, which is expected to reduce
the confounding effects of global layout information on
target detection. In contrast to the SRT task, this paradigm
does not require responding to every item in a sequence,
which allows examining how visual attention is guided by
memory during perception, independently of motor learn-
ing. Moreover, it also allows the use a variety of locations
and stimuli. A number of studies have shown robust con-
textual cueing effects with respect to location regularity
(Chun & Jiang, 1998; Chun & Jiang, 2003; Jiang & Chun,
2001) and object identity regularity (Chun & Jiang, 1999;
van Asselen, Sampaio, Pina, & Castelo-Branco, 2011).
Therefore, in our experimental paradigm, we manipulated
individual object location and identity, as task-relevant
and task-irrelevant regularities. Moreover, we used facial
identity as a property of object identity, because it is

relatively complex and variable. Thus, this paradigm
was considered a suitable candidate for investigating in-
teractions between a task and contextual cueing.

In the spatiotemporal contextual cueing paradigm, the type
of regularity of concern to participants was determined by the
target definition. The paradigm consisted of an identity-related
and a location-related task. In the identity-related task, the
target was defined by gender (say “female”). In the location-
related task, the target was any face that was presented off-
center of the placeholder. In the learning phase, a sequence of
invariant locations and facial identities was presented repeat-
edly (invariant sequence), such that those stimuli information
were learned as a regularity. In the subsequent test phase, we
removed the regularity from the presentation of facial identity,
or the location, by randomizing the presentation order of in-
formation in the invariant sequence. We tested whether task-
relevant regularities showed a larger effect of repetition than
task-irrelevant regularities, or if both task-relevant and task-
irrelevant regularities contributed equally to spatiotemporal
contextual cueing.

Experiment 1

We examinedwhether the task determined the type ofmultiple
regularity that was prioritized in contextual cueing by
employing a spatiotemporal contextual cueing paradigm. In
Experiment 1, we tested whether invariant sequences with
object identity and location regularities were learned in this
paradigm. Participants were asked to find a target face that
was the opposite gender to distractor faces among a sequence
(if the first item in a sequence was a “male face”, the target
was a “female face”), and to report the direction of the target
rotation (all faces were rotated 5° to the right or left of the
vertical axis). Invariant sequences were presented repeatedly
during the learning phase, and both facial identities and the
locations of the invariant sequences were randomized to re-
move regularity in the test phase. If invariant sequences were
learned during the learning phase, reaction times should be
slower in the test phase in comparison to the last block of
the learning phase, because the regularities in the invariant
sequences were not available as a cue for response to target
in the test phase.

Methods

Participants

Sixteen students attending Kyoto University (five women and
11 men, mean age = 22.4 years) participated in this experi-
ment. The number of participants was determined through
several pilot experiments. All participants had normal or
corrected-to-normal vision and were naïve concerning the
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purpose of the experiment. Written informed consent was ob-
tained from all participants prior to participation in the exper-
iment. They received JPN\ 1000 (nearly equal to US $10) per
hour for their participation.

Apparatus

Stimulus presentation was controlled by MATLAB (The
MathWorks, Inc.; http://uk.mathworks.com/) with
Psychtoolbox (Brainard 1997; Pelli 1997; http://psychtoolbox.
org/). The visual stimuli were presented on a 19-inch CRT
monitor with a resolution of 1280 × 1024 pixels and a refresh
rate of 100 Hz. The position of the participant’s head was fixed
with a chin rest, and the visual distance of the head from the
CRT was 75 cm. Responses were made with a standard
keyboard.

Stimuli

Eighty images of Japanese male and female faces were used
(40 facial stimuli for each gender, with neutral facial expres-
sion). Each face subtended a visual angle of 1.7° at the diam-
eter. Eight, 16, 24, and 32 stimulus locations were placed
evenly on the circumferences of four imaginary circles with
radii of 2.3°, 4.6°, 6.9°, and 9.2° from the center, respectively
(80 possible locations, see Fig. 1). All faces were rotated 5° to
the right or to the left of the vertical axis. The directions of
facial images were randomly selected in each trial. All facial
stimuli were presented against a black background.

Figure 2 shows the time course of the stimulus sequence in
a trial. Each trial had 9–13 faces, consisting of a pre-filler or
pre-filler sequence (two to five faces), an invariant sequence
(six faces), a target, and a post-filer. Pre-filler: to make the

temporal position of the target unpredictable, a filler face or
a filler sequence consisting of two to five faces was presented
before the invariant sequence. Faces in filler sequences were
the opposite gender to the target face, and were randomly
presented in each trial. Thus, the target could appear some-
where between the 8th and the 12th item in a trial sequence.
Invariant sequence: Each invariant sequence consisted of six
faces of the opposite gender to the target. The faces and loca-
tions in invariant sequences were fixed throughout the learn-
ing phase, and these sequences were presented repeatedly,
such that percipients could learn regularities. There were 16
instances of invariant sequences generated for each participant
(8 male sequences and 8 female sequences). Neither facial
identities, nor locations were duplicated within a sequence.
Target: a target always follows an invariant sequence. Each
invariant sequence was associated with a certain target face of
the opposite gender. Since there were 16 instances of invariant
sequences, 16 different targets were used (half was a combi-
nation of a male invariant sequence and a female target, and
the other half was a combination of a female invariant se-
quence and a male target). Post-filler: after the presentation
of the target, a random face with the opposite gender to the
target was presented.

In the test phase, randomized sequences were presented
instead of invariant sequences (see the both random row in
Fig. 3). Both locations and facial identities of invariant se-
quences were randomized. The target faces were identical to
those in the learning phase.

Procedure

The task was to find the target, which was the opposite gender
to the distractors within a sequence, and to report the direction
of the target rotation as accurately and as quickly as possible
with a key press. A fixation cross (0.5° × 0.5°) appeared at the
center of the display, and the stimulus sequence was presented
1500 ms after the fixation onset. Within a sequence, stimulus
onset asynchrony was 750 ms, and inter-stimulus interval was
250 ms. Reaction times were calculated from target onset.
Feedback displays and a low-pitched buzz were provided only
for incorrect responses.

The experiment began with the 16-trial practice session.
This was followed by the 18-block learning phase. During
the learning phase, each invariant sequence was presented
once in a block; therefore, invariant sequences were presented
for a total of 18 times. Each block consisted of 16 trials be-
cause 16 invariant sequences were prepared for the current
experiment. In the two-block test phase, randomized se-
quences were presented in place of invariant sequences.
Both locations and facial identities of invariant sequences
were randomized in the test phase, whereas the target faces
were the same as those in the learning phase. There was no
distinctive transition to the test phase.

Fig. 1 An example of location setting. Placeholders were not presented
in actual displays
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After the test phase, a recognition test was conducted to
investigate whether learning was implicit. In the recognition
test, participants observed invariant sequences from the
learning phase and randomized sequences from the test
phase with the exception of the target, and they were re-
quired to respond to two kinds of recognition tests on the

location of the target and its identity. In the location recog-
nition test, participants were asked to select the target loca-
tion from among two placeholders: the correct location and
one of the other target locations. In the identity recognition
test, participants were required to select the target face from
among two faces: the correct face and one of the other target

Target
Learning phase

Test phase

Time

Time

Invariant

sequence

Identity 

random

Location 

random

Both 

random

Fig. 3 Examples of an invariant sequence in the learning phase and
randomized sequences in the test phase. Image size of faces in the
figure is enlarged for illustrative purposes. During the learning phase,
invariant sequences that were invariant in both location and facial
identity, were presented repeatedly. In the following test phase, we
removed location and/or identity regularities by randomizing the

information in invariant sequences. Both locations and identities were
randomized in Experiment 1, either identities or locations were
randomized in Experiment 2 and later experiments. All faces were
rotated 5° either to the right or to the left of the vertical axis. The
directions of faces were selected randomly for each trial; therefore, there
were no regularities in the direction of faces

+

Invariant Sequence
(6 images) 

Fixation 

Target

Random
  image

+ 

+ 

Filler Sequence

(1–5 images)

+ 

+ 

Fig. 2 An example of a trial sequence. Image size of faces in the figure is
enlarged for illustrative purposes. A fixation cross appeared at the center
of the display, and the stimulus sequence was presented 1500 ms after the
onset of fixation. Within a sequence, stimulus onset asynchrony was
750 ms, and inter-stimulus interval was 250 ms. After presentation of

the fixation cross, either a filler face, or a filler sequence of two to five
faces was presented to make the temporal position of the target
unpredictable. Then, an invariant sequence was presented, which was
followed by the target. After target presentation, another filler face was
presented

Atten Percept Psychophys (2016) 78:2397–2410 2401



faces. Each display remained on the screen until a response
was made.

Analyses

Incorrect trials, trials with reaction times shorter than 200 ms,
or reaction times longer than three SD in each epoch were
discarded recursively as outliers. To increase statistical power,
reaction times in the learning phase were collapsed into six
epochs of three consecutive blocks, and reaction times in the
test phase were collapsed into one epoch.

A repeated-measures analysis of variance (ANOVA) with
epoch (1–6) factor was conducted to examine the effect of
epochs on reaction times in the learning phase. Decreased
reaction times in the learning phase would be accounted not
only by leaning effects of invariant sequences, but also by
general practice effects (Olson & Chun, 2001). Therefore,
we calculated cueing effects as the differences in reaction
times between the last epoch of the learning phase (6th epoch)
and the test phase. We also conducted a paired t-test between
cueing effect and the baseline. Cueing effects were expected
to be larger than zero if responses in the test phase were de-
layed as a result of removing regularity.

Results

The results of reaction times in Experiment 1 are shown
in Fig. 4. The ANOVA conducted on reaction times in the
leaning phase showed a significant main effect of epoch,
F(5, 75) = 9.95, P < .001, ηp

2 = .399. This result indicates
that reaction times decreased in accordance with the ep-
och. The calculated cueing effects were shown in Fig. 5.
A t-test indicated that the cueing effect was significantly
larger than zero, t(15) = 2.93, P = .010, d = 1.035,

suggesting that reaction times in the test phase were
slower than those in the last epoch of the learning phase.

The results of accuracy are shown in Table 1. Mean accu-
racy throughout the experiment was 85.5 %. An ANOVA
conducted to examine the accuracy in the learning phase
showed a significant main effect of epoch, F(5, 75) = 10.08,
P < .001, ηp

2 = .402. This result suggested that the target de-
tection performance improved in accordance with the epoch.
Similar to reaction time differences in cueing effects, we cal-
culated the accuracy differences between the last epoch of the
learning phase and the test phase. A t-test revealed that differ-
ence in accuracy was not significantly different from zero,
t(15) = 1.68, P = .114, suggesting that there was no speed–
accuracy trade-off.

Mean accuracies for target location in the invariant and
randomized sequences in the location recognition test were
53.9 % (SD = 10.2) and 45.7 % (SD = 11.8), respectively. A
paired t-test showed no significant difference between these
scores, t(15) = 1.64, P = .122. Each accuracy value was com-
pared with chance level of performance (50 %), which indi-
cated no significant differences, invariant sequence: t(15) =
1.54, P = .122, randomized sequence: t(15) = 1.46, P = .166.

Mean accuracies in the face recognition test for the target
face in the invariant and randomized sequences were 54.3 %
(SD = 11.1) and 54.3 % (SD = 12.4), respectively. A paired t-
test showed no significant difference between these values,
t(15) = 0. There were also no significant differences between
each accuracy level and chance level of performance, invari-
ant sequence: t(15) = 1.55, P = .143, randomized sequence:
t(15) = 1.38, P = .187.

Discussion

We found that responses to the target were impaired when
location and identity were randomized in the test phase, sug-
gesting that participants learned the regularities present in the
learning phase. Results from the recognition test suggest that
this learning did not depend on explicit knowledge of the
target information within invariant sequences. These results
establish that certain aspects regarding location and identity-
based regularities were learned. In subsequent experiments,
we sought to more closely examine the contribution of these
types of regularities for learning.

Experiment 2

We confirmed that certain aspects of location and identity-
based regularities were learned in the spatiotemporal contex-
tual cueing paradigm. Therefore, in Experiment 2, we inves-
tigated whether task-relevant regularities were prioritized in
contextual cueing, or whether both task-relevant and task-
irrelevant regularities contribute equally to contextual cueing.

700 

750 

800 

850 

900 

1 2 3 4 5 6 test 

R
ea

ct
io

n 
T

im
e 

(m
s)

Epoch
Fig. 4 Reaction times in Experiment 1. Error bars Standard error
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In Experiment 2, similar to Experiment 1, participants were
required to find a target face that was the opposite gender to
distractor faces, so the task was identity-related. Invariant se-
quences were presented repeatedly during the learning phase.
There were two groups in Experiment 2: identity-random and
location-random groups. In the identity-random group, we
removed identity regularities in the test phase and examined
whether object identities were learned and facilitated response
to the target. In the location-random group, we randomized
locations of the invariant sequences in the test phase and tested
whether locations induced contextual cueing.

Methods

Thirty individuals that did not participate in Experiment 1
were recruited. Half of the participants (eight women and sev-
en men, mean age = 21.4 years) were assigned to the identity-
random group, and the remaining half (six women and nine
men, mean age = 21.6 years) to the location-random group.
The apparatus and stimuli were identical to those in
Experiment 1 with the exception that object identities of

invariant sequences changed in the test phase for the
identity-random group, and locations of the invariant se-
quences changed in the test phase for the location-random
group.

Results

The results of reaction times in Experiment 2 are shown in
Fig. 6. An ANOVA conducted to examine the effects of
group (identity-random, location-random) and epoch (1–6)
factors on reaction times in the learning phase showed a
significant main effect of the epoch, F(5, 140) = 36.53, P <
.001, ηp

2 = .566, indicating that reaction times decreased in
accordance with the epoch. The main effect of group and
the interaction were not significant, group: F(1, 28) = 0.03,
P = .864; interaction: F(5, 140) = 0.37, P = .871. Figure 5
shows cueing effects in Experiment 2. The cueing effect
was significantly larger than zero for the identity-random
group, t(14) = 2.62, P = .020, d = 0.957, but was not
different from zero for the location-random group, t(14) =
0.64, P = .535, indicating that the reaction times in the test

Fig. 5 Cueing effects expressed as differences in reaction times between the last epoch of the learning phase and the test phase in Experiments 1–3.
Symbols indicate significant differences between conditions (+P < .10, *P < .05). Error bars Standard error

Table 1 Mean accuracy (%) and standard deviation in the learning and test phases

Experiment (group) Learning phase Test phase

Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5 Epoch 6 Both random Identity
random

Location
random

1 78.3 (11.8) 85.2 (7.8) 87.4 (6.4) 85.9 (8.4) 87.9 (6.4) 88.4 (6.3) 85.7 (6.9) – –

2 (Identity-random) 85.0 (5.5) 87.2 (6.1) 90.8 (4.8) 90.4 (4.3) 90.3 (2.7) 92.9 (3.7) – 93.1 (5.2) –

2 (Location-random) 82.4 (10.4) 89.9 (8.0) 91.0 (7.1) 91.4 (7.3) 91.8 (5.6) 91.9 (6.5) – – 90.8 (7.6)

3 (Identity-random) 80.6 (9.7) 85.0 (9.2) 90.0 (6.9) 89.0 (7.3) 90.3 (7.0) 87.4 (8.7) – 85.6 (9.4) –

3 (Location-random) 84.6 (9.0) 86.3 (5.9) 87.6 (6.9) 90.6 (7.2) 89.4 (9.1) 88.6 (7.4) – – 89.4 (8.8)

4 (Identity-related task) 83.6 (8.1) 86.7 (6.5) 90.4 (5.8) 90.4 (6.1) 91.9 (6.4) 90.8 (5.3) – 92.5 (7.2) 92.9 (7.0)

4 (Location-related task) 78.8 (9.2) 82.5 (10.3) 86.4 (7.2) 87.5 (7.0) 90.0 (8.3) 91.7 (9.2) – 89.2 (9.3) 90.0 (10.0)
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phase became longer than those in the last epoch of the
learning phase when the identity regularity was removed,
although this was not the case when the location regularity
was removed. Also, the cueing effect in the identity-
random group tended to be larger than that in the
location-random group, t(28) = 1.98, P = .057, d = 0.724.

Mean accuracies of responses were 90.0 % in the identity-
random group and 89.8 % in the location-random group (as
detailed in Table 1). An ANOVA conducted to examine the
effect of group and epoch factors on accuracy in the learning
phase showed a significant main effect of epoch, F(5, 140) =
16.68, P < .001, ηp

2 = .373, indicating that accuracy level
increased in accordance with epoch. The main effect of group
and the interaction were not significant, group: F(1, 28) =
0.02, P = .881; interaction: F(5, 140) = 1.49, P = .198. The
accuracy differences between the last epoch of the learning
phase and the test phase were not different from zero for either
groups, identity-random group: t(14) = 0.14, P = .887,
location-random group: t(14) = 0.51, P = .615. Also, there
was no difference between the two groups in accuracy differ-
ence, t(28) = 0.51, P = .615, indicating that there was no
speed–accuracy trade-off.

Mean accuracies for target location within invariant and
randomized sequences in the location recognition test were
47.9 % (SD = 13.1) and 53.3 % (SD = 13.5), respectively, in
the identity-random group, and 46.7 % (SD = 14.0) and
50.8 % (SD = 9.70), respectively, in the location-random
group. Each accuracy value was compared with chance level
performance, which indicated no significant differences in the
identity-random group, invariant sequence: t(14) = 0.62, P =
.547; randomized sequence: t(14) = 0.95, P = .357, or in the
location-random group, invariant sequence: t(14) = 0.93, P =
.370; randomized sequence: t(14) = 0.33, P = .744.

Mean accuracy in the face recognition test for the target
face within invariant and randomized sequences were
52.9 % (SD = 15.3) and 50.4 % (SD = 8.34), respectively, in
the identity-random group, and 53.3 % (SD = 8.80) and
45.0 % (SD = 15.5), respectively, in the location-random

group. There were no significant differences between accura-
cy values and chance level performance in the identity-
random group, invariant sequence: t(14) = 0.74, P = .472;
randomized sequence: t(14) = 0.19, P = .849, or in the
location-random group, invariant sequence: t(14) = 1.47, P =
.164; randomized sequence: t(14) = 1.25, P = .233.

Discussion

The results showed that responses to the target were impaired
when identity was randomized in the test phase of the identity-
random group, although responses were not disrupted when
location was randomized in the test phase of location-random
group. This suggest that participants learned object identity
regularities present in the learning phase and used them to
predict targets, whereas they did not use location regularities
for target detection. Results from the recognition test suggest
that this learning did not depend on explicit knowledge of
target information within invariant sequences. These results
suggest that task-relevant object identities were implicitly
learned and facilitated responses to targets when the task
was identity-related. Thus, task demands mediated spatiotem-
poral contextual cueing, and, when repeated, task-relevant
regularity had an advantage over task-irrelevant regularity,
which supported our prediction.

Experiment 3

The purpose of Experiments 3 was to generalize the finding
that task-relevant regularities are prioritized in contextual cue-
ing.We investigated whether locations were used preferential-
ly as contextual cues when the task was location-related. The
experimental task was to find a face presented off-center in the
placeholder. Invariant sequences were presented repeatedly
during the learning phase, and then either locations or identi-
ties of the invariant sequences were randomized in the test
phase.

Methods

Thirty individuals that did not participate in Experiment 1 or 2
were recruited. Half of the participants (four women and 11
men, mean age = 22.3 years) were assigned to the location-
random group, and the remaining half (two women and 13
men, mean age = 21.2 years) was assigned to the identity-
random group. The apparatus and stimuli were identical to
those in Experiments 1 and 2 except that placeholders (2.0°
of visual angles in diameter size) were drawn around each
facial image. The target faces were presented off-center (0.3°
above or below the center of the placeholder), and the
distractor faces were presented at the center of the place-
holders. The task was to find a target face that was off-center
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in the placeholder and to report the direction in which the
target face was rotated. Unlike in previous experiments, target
faces were the same gender as distractor faces, such that when
the target was a female face, the distractors were also female
faces. This manipulation was conducted to control for the
possibility that participants focused on gender rather than spa-
tial offset (located in the center, or off-center in the placehold-
er). Invariant sequences were presented repeatedly during the
learning phase, and then either locations (location-random
group) or identities (identity-random group) of the invariant
sequences were randomized in the test phase.

Results

The results of reaction times in Experiment 3 are shown in
Fig. 7. An ANOVA with group (location-random, identity-
random) and epoch (1–6) factor examining the effect of epoch
on reaction times in the learning phase indicated a significant
main effect of epoch, F(5, 140) = 43.06, P < .001, ηp

2 = .606,
indicating that reaction times decreased in accordance with
epoch. The main effect of group and the interaction was not
significant, group: F(1, 28) = 0.30, P = .589; interaction: F(5,
140) = 0.08, P = .995. We investigated the effects of removing
regularity by calculating cueing effects as reaction time differ-
ences between the last epoch of the learning phase and the test
phase (Fig. 5). The cueing effect was significantly larger than
zero for the location-random group, t(14) = 2.84, P = .013, d =
1.035, but was not different from zero for the identity-random
group, t(14) = 1.23, P = .239, suggesting that response was
impaired only when location regularities were removed in the
test phase. However, there was no difference between the
cueing effect in the identity-random group, or in the
location-random group, t(28) = 0.79, P = .438. The lack of
differences in the cueing effect indicated that we failed to
provide evidence that response was disrupted more in the
location-random group than in the identity-random group.

This could be due to individual variances, because we con-
ducted a between-participant experiment with respect to the
test condition.

Mean accuracies in the learning and test phases (shown in
Table 1) were 88.1 % in the location-random group and
86.8 % in the identity-random group. An ANOVA was con-
ducted to examine the effects of group and epoch factors on
accuracy in the learning phase, which indicated a significant
main effect of epoch, F(5, 140) = 7.36, P < .001, ηp

2 = .208,
suggesting that accuracy level increased in accordance with
epoch. Neither the main effect of group, nor the interaction
were significant, group: F(1, 28) = 0.13, P = .712; interaction:
F(5, 140) = 1.08, P = .369. The accuracy differences between
the last epoch of the learning phase and the test phase were not
different from zero for either group, location-random group:
t(14) = 0.32, P = .757, identity-random group: t(14) = 1.37, P
= .193. Also, there was no difference in accuracy between the
two groups, t(28) = 0.91, P = .369, indicating that there was no
speed–accuracy trade-off.

In the location recognition test, mean accuracies for target
location within the invariant and randomized sequences were
48.8 % (SD = 12.5) and 57.9 % (SD = 11.9), respectively, in
the location-random group, and were 50.8 % (SD = 12.2) and
52.1 % (SD = 14.7), respectively, in the identity-random
group. Accuracy in each case was compared with chance lev-
el, which indicated that accuracy for invariant sequence in the
location-random group was not different from chance level,
t(14) = 0.39, P = .705, whereas accuracy for randomized se-
quences was higher than chance level, t(14) = 2.57, P = .022, d
= 0.939. However, there were no significant differences in
accuracy in the identity-random group: invariant sequence,
t(14) = 0.26, P = .796, randomized sequence, t(14) = 0.55, P
= .592.

In the face recognition test, mean accuracies for the target
face within invariant sequences and randomized sequences
were 57.9 % (SD = 9.59) and 50.3 % (SD = 11.5), respective-
ly, in the location-random group, and 50.4 % (SD = 11.9) and
53.3% (SD = 15.3), respectively, in identity-random group. In
the location-random group, accuracy for invariant sequences
was higher than chance level, t(14) = 3.20, P < .001, d = 1.17,
whereas accuracy for randomized sequence was not different
from chance level, t(14) = 0.28, P = .784. There was no sig-
nificant differences between accuracy values and chance level
performance in the identity-random group: invariant se-
quence, t(14) = 0.14, P = .894, randomized sequence, t(14)
= 0.84, P = .413.

Discussion

We found the slowed response in the test phase only when
location regularity was removed, and this suggests that loca-
tions induced spatiotemporal contextual cueing. There was no
difference between the cueing effect for the identity-random
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and location-random groups, so we failed to provide strong
evidence that task-relevant location regularity is prioritized in
location-related task. Possibly a between-participant design
experiment is not suitable for comparing the effect of regular-
ity removing. In Experiment 4, we employed a within-
participant design experiment. Participants could not recog-
nize target locations when they were presented invariant se-
quences. However, recognition accuracy for the randomized
sequences in the location-random group was higher than
chance level. This might reflect familiarity with the random-
ized sequences because these sequences were presented in the
test phase, and the recognition test was conducted immediate-
ly after the test phase. In the face recognition test, accuracy for
the invariant sequences in the location-random group were
higher than chance. Even if a task were location-related, par-
ticipants might learn the association between the invariant
sequences and the targets explicitly.

Experiment 4

In Experiment 3, we failed to provide sufficient evidence that
location regularity was prioritized in location-related tasks.
This might have been because the between-participant design
was unsuitable. Therefore, we designed in Experiment 4 hav-
ing a within-participant design with respect to removing reg-
ularity in the test phase, and again investigated whether there
was a bias favoring task-relevant regularities compared to
task-irrelevant regularities in spatiotemporal contextual cue-
ing. Participants were assigned to either identity-related or
location-related task group, and invariant sequences were ob-
served during the learning phase. Then, all participants were
presented with both identity-random and location-random se-
quences in the test phase. If the task prioritized relevant regu-
larity, reaction times in the test phase were expected to be
slower when task-relevant regularity was removed, compared
to when task-irrelevant regularity was removed.

Methods

Thirty individuals that did not participate in previous experi-
ments were recruited. Half of the participants (four women
and 11 men, mean age = 22.7 years) were assigned to the
identity-related task, whereas the remaining half (three women
and 12 men, mean age = 22.2 years) was assigned to the
location-related task.

The apparatus and stimuli were similar to those
Experiments 1–3; however, unlike in previous experiments,
both identity- and location-random sequences appeared in the
test phase. There were two blocks in the test phase, with a
block containing the same number of identity- and location-
random sequences. Each invariant sequence was presented
once in each block by randomizing trial-by-trial either identity

or location regularity. For example, if a certain invariant se-
quence was presented as the identity-random sequence in the
first test block, then it was presented as the location-random
sequence in the second test block. We did not conduct the
recognition test in Experiment 4, because in previous experi-
ments we have confirmed that participants could not explicitly
discriminate the target within an invariant sequence.

Results

The results of reaction times in Experiment 4 are shown in
Fig. 8. An ANOVA examining the effects of task (identity-
related, location-related) and epoch (1–6) on reaction times in
the learning phase showed a significant main effect of epoch,
F(5, 140) = 27.23, P < .001, ηp

2 = .493, and a marginally
significant main effect of task, F(1, 28) = 2.93, P = .098, ηp

2

= .095. The interaction of task and epoch was not significant,
F(5, 140) = 0.08, P = .995. Thus, reaction times decreased in
accordance with epoch, and reaction times in the identity-
related task tended to be faster than those in the location-
related task.

To assess the effects of removing regularity, we calculated
cueing effects as the difference between the last epoch of the
learning phase and the test phase (Fig. 9). An ANOVA con-
ducted to examine the effects of cueing effects with task (iden-
tity-related, location-related) and test condition (location ran-
dom, identity random) revealed a significant interaction of
task and test condition, F(1, 28) = 7.47, P = .011, ηp

2 = .211,
but none of the main effects was significant, task: F(1, 28) =
0.01, P = .918; condition: F(1, 28) = 0.33, P = .568. The
simple main effect of test condition was significant for cueing
effects in the identity-related task, F(1, 14) = 4.99, P = .042, ηp

2

= .263, and was marginally significant for those in the
location-related task, F(1, 14) = 3.57, P = .080, indicating that
cueing effects were larger for task-relevant regularity than for
task-irrelevant regularity. Moreover, previous experiments
showed slower reaction times in the test phase than in the last
epoch of the learning phase; therefore, we compared cueing
effects for each condition with zero. This indicated that none
of the cueing effects showed slower reaction times in the test
phase than in the last epoch of the learning phase for the
identity-related task in the identity-random condition, t(14) =
0.99, P = .338; or in the location-random condition, t(14) =
1.25, P = .232, or for location-related task in identity-random
condition, t(14) = 1.36, P = .197, or in the location-random
condition: t(14) = 1.63, P = .126. These findings are discussed
below.

Mean accuracy in the learning phase was 89.0 % in the
identity-related task, and 86.1 % in the location-related
task. An ANOVA conducted to examine accuracy in the
learning phase showed a main effect of epoch, F(5, 140) =
18.81, P < .001, ηp

2 = .402. The main effect of task and
the interaction were not significant, task: F(1, 28) = 1.63,
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P = .212; interaction: F(5, 140) = 1.31, P = .264. Similar
to cueing effects as reaction time difference, we calculated
accuracy differences between the last epoch of the learn-
ing phase and the test phase. An ANOVA on accuracy
differences with task and test condition factor did not
show any main effects or interaction, task: F(1, 28) =
1.48, P = .234; condition: F(1, 28) = 0.14, P = .713; or
interaction: F(1, 28) = 0.67, P = .421.

Discussion

The results of Experiment 4 indicated that reaction times de-
layed more for identity-random sequences than for location-
random sequences in the identity-related task, and in contrast,
responses were more delayed for location-random sequences
than for identity-random sequences in the location-related
task. This suggested that spatiotemporal contextual cueing
effects were different, depending on the task. Unlike in
Experiments 1–3, in Experiment 4, we did not find any

differences between the last epoch of the learning phase and
the test phase. This could be due to the design of Experiment
4, in which two types of sequences were mixed in the test
phase. In the test phases of Experiments 1–3, participants only
observed either identity- or location-random sequences,
whereas in Experiment 4, they observed both sequences.
Therefore, it is possible that responses were partly facilitated
by sequences that preserved task-relevant regularity, and this
facilitation might have reduced the response delay for se-
quences in which task-relevant regularity was removed.
There was also a possibility that response was not delayed
because participants made quick responses by sacrificing ac-
curacy (i.e., speed-accuracy trade-off). However, we did not
observe the accuracy differences between the test phase and
the last epoch of learning phase, or between the conditions.
Although we did not find response delays resulting from re-
moving task-relevant regularity, responses for task-relevant
and task-irrelevant regularity were different across tasks,
and, therefore, the results of Experiment 4 suggested that task
mediated spatiotemporal contextual cueing.

General discussion

The current research was designed to investigate whether the
nature of a task determines the type of multidimensional reg-
ularity that is prioritized in contextual cueing. To investigate
this issue, we developed a spatiotemporal contextual cueing
paradigm, and tested whether task-relevant regularities con-
tributed to contextual cueing effects more than did task-
irrelevant regularities, or whether both task-relevant and
task-irrelevant regularities contributed equally to contextual
cueing. Our results indicated that, when object identities were
relevant to a task during the initial exposure to a sequence
containing both location and identity regularities, participants
were impaired in detecting object identities for identity-
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random sequences, as compared to location-random se-
quences. Similarly, when object location was task-relevant,
reaction times increased more for location-random sequences
than for identity-random sequences. Even if both location and
object identity were available for predicting the target during
the learning phase, task-relevant regularity facilitated perfor-
mance more than did task-irrelevant regularity.

Thus, our hypothesis—that task-relevant regularities are
prioritized in spatiotemporal contextual cueing— was clearly
supported, but the magnitudes of contextual cueing effects
were not consistent across the experiments. In Experiments
1–3, when the task-relevant regularities were randomized, re-
action times became significantly slower in the test phase than
those in the last epoch of learning phase (i.e., contextual cue-
ing effect). However, in Experiment 4, we failed to show a
significant difference between the test phase and the last epoch
of the learning phase. These inconsistent results can be ex-
plained by several factors. One possible factor is speed-
accuracy trade-off. We first conjectured that contextual cueing,
the response delay in the test phase, was not obtained because
participants made quick responses by sacrificing accuracy.
However, since there were no accuracy differences, we ruled
out this possibility. Another possible factor is different learning
rates across experiments. By fitting power functions to the da-
ta (see Chun & Jiang, 2003), we found that the learning rates,
represented as an exponent of the power function, were smaller
in Experiments 3 and 4 than in Experiments 1 and 2 (the func-
tions were Experiment 1: RT = 720 + 139N–0.67, Experiment 2:
RT = 727 + 153 N–0.64, Experiment 3: RT = 1 + 952 N–0.10,
identity-related task in Experiment 4: RT = 0 + 836 N–0.07, and
location-related task in Experiment 4: RT = 0 + 886 N–0.06).
Therefore, it is possible that acquisition of the task-relevant
regularities did not complete during the learning phase in
Experiments 3 and 4. If learning did not complete, when the
task-relevant regularities were preserved in the test phase,
response to the task-relevant regularity would be facilitated.
Learning rates can be different depending on the task de-
mands (identity-related or location-related) and on partici-
pants’motivations. Considering the fact that most studies in
contextual cueing have employed more than 20 repetitions
(e.g., 30 times in Chun & Jiang, 1998; 25 times in Endo &
Takeda, 2004), perhaps 18 repetitions may not be enough to
complete learning in the current experimental setting. Yet,
the learning rate cannot fully explain the inconclusive re-
sults; response was delayed in Experiment 3, but was not
delayed in Experiment 4, whereas both Experiments 3 and 4
showed smaller learning rates than the other experiments.
Probably the difference in experimental design between
Experiments 3 and 4 can account for the inconsistency be-
tween these experiments. Participants observed sequences
with only task-relevant regularities randomized in the test
phases of Experiments 1-3, while they also observed se-
quences with task-relevant regularities in Experiment 4.

This “mixed design” of the test phase in Experiment 4 might
reduce the response delay in trials with task-irrelevant regu-
larities, due to sequential influences from previous trials with
task-relevant regularities. It is well known that the perfor-
mance in the current trial influences the following trial (e.g.,
Gratton effects, Gratton et al., 1992) Moreover, compared
with a block with homogeneous trials, a block with different
types of trials tends to increase response variability, leading to
a weaker effect size. Together, the combination of differential
learning rates and experimental design can account for the
lack of contextual cueing effects in Experiment 4. Overall,
our findings are consistent with respect to the fact that task-
relevant regularity has an advantage over task-irrelevant reg-
ularity, thus the weakness in our results is not fatal to our goal.

In the recognition test, participants could not explicitly rec-
ognize task-relevant regularities that they used as a contextual
cue during the learning phase. Moreover, participants could
not discriminate target identities within invariant sequences in
the identity-related task (Experiments 1 and 2), and also they
could not discriminate target locations in the location-related
task (Experiments 3). These results suggest that task-relevant
regularities were learned as contextual cues but in an implicit
manner.

The results of the current study were consistent with
previous findings indicating that, in sequence learning,
task-relevant information is learned selectively. Jiménez
and Méndez (1999) showed that selective attention to ob-
ject shapes was necessary for learning the relationship be-
tween the current object shape and the next object location
in a sequence. Another study by Meier, Weiermann, and
Cock (2012) has also shown that task-relevant information
is processed preferentially in sequence learning, although
this finding is based on the null result, indicating that the
response when both task-relevant and task-irrelevant infor-
mation changed was not different from the response when
only task-relevant information changed. The current study
clearly demonstrated differences in interactions between
task-relevant and task-irrelevant information and
memory-guided attention, by using a spatiotemporal con-
textual cueing paradigm. It is possible that the mechanism
of contextual cueing is similar to implicit sequence learn-
ing, because both these types of learning rely on utilizing
learned regularities in predicting upcoming events.

One important implication of the current study con-
cerns how individuals use redundant regularities to predict
upcoming events. When an object has both task-relevant
and task-irrelevant regularities, attention might be directed
to the regularity that is related to ongoing activity, and
therefore task-relevant regularities might be preferentially
utilized to anticipate the next event. As a result, humans
might give more weight to task-relevant regularities, be-
cause memory resources are limited, rather than basing
judgements equally on all types of regularities.
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The results of the current study, however, do not negate the
possibility that both task-relevant and task-irrelevant regular-
ities are learned during exposure to all type of tasks, because
the contextual cueing phenomenon reflects memory-guided
attention, rather than implicit learning itself. Indeed, Jiang
and Leung (2005) demonstrated that contextual cueing occurs
only for the attended regularity, although implicit learning
itself occurs for both attended and unattended regularities. In
their study, participants were presented with black and white
colored objects, and were asked to search for a target colored
either black or white. Under this manipulation, the target color
was attended, whereas the other color was ignored. Results
showed that reaction times decreased only when attended col-
ored objects were presented repeatedly, and not when objects
in the ignored color were repeatedly presented, suggesting that
contextual cueing preferentially occurs for the attended ob-
jects. In a subsequent test, they switched object colors, such
that previously attended objects were ignored, and previously
ignored objects were now attended. Results indicated that pre-
viously ignored and now attended objects facilitated perfor-
mance, whereas previously attended and now ignored context
no longer affected reaction times. These findings suggest that
expression of implicit learning depends on attending to the
context, whereas the implicit learning of the context itself is
independent of attention. We were interested in aspects of
multidimensional regularities that guide visual attention,
and, therefore, we focused on the expression of implicit learn-
ing, rather than implicit learning itself. Our results indicated
that task-relevant information is prioritized in the expression
of implicit learning, which is indexed by spatiotemporal con-
textual cueing effects. Further studies are needed to examine
whether task-irrelevant information is learned, even though
such information is not used as target cues, or whether implicit
learning does not occur for task-irrelevant information.

We demonstrated that task-relevant regularities are related
more closely to spatiotemporal contextual cueing. The re-
maining question is whether this finding can be generalized
to spatial contextual cueing in visual searches. Most studies of
contextual cueing have instructed participants to search for a
target having a certain identity, such as a target “T” among
distractors “L,” and have demonstrated location learning.
Moreover, location was the only information learned during
visual search in a study that asked participants to find an object
with closed contours among outlined objects (Endo& Takeda,
2004). One possible explanation of these findings is that par-
ticipants attended to location, because global layout informa-
tion was obtained in the initial stage of the visual search
(Treisman & Gormican, 1988). Indeed, we did not find a lo-
cation dominance when images were presented sequentially.
Another possible explanation of these findings is that location
information is more salient during visual search than other
features (Jiang & Song, 2005). Jiang and Song (2005) sug-
gested that learning could be identity contingent when identity

is salient enough even in visual search. Thus, bottom-up in-
formation such as saliencymight mediate attentional weight in
contextual cueing, and under situations in which identity is as
salient as location, top-down attention might act as a filter that
determines whether identity, or location regularity is priori-
tized even in visual search. Therefore, if we successfully ma-
nipulate the saliency of location, the task might determine
which regularities guide our visual attention more strongly
in spatial contextual cueing. Another method to generalize
our findings to contextual cueing in visual search is by using
multiple regularities other than location regularity, such as
colors and shapes, as well as categories and subcategories of
colors and shapes, or facial identities and facial expressions.

It is possible that task demands modulate not only contex-
tual cueing, but also other types of statistical learning.
Moreover, additional evidence is needed to conclude that the
task modulates statistical learning in a more general sense. For
example, it is known that passive exposure to colored object
sequences induces object-based statistical learning that binds
colors and shape (Turk-Browne et al., 2008). Although the
task was not manipulated in the above study, it is possible that
task-relevant information would be preferentially learned in
statistical learning under similar experimental settings. The
findings of this study might be limited by the experimental
setting using location and object identity, which are typical
regularities used in contextual cueing. Nevertheless, the cur-
rent study did indicate that the task determines information
within an object, which is implicitly learned, at least under
certain conditions.

In summary, the current study demonstrated that spatiotem-
poral contextual cueing occurs preferentially for task-relevant
regularities, even when redundant multiple regularities are
available. It is suggested that further understanding of interac-
tions between our behavioral goals and implicit learning is
critically important, because human behavior is shaped by
identifying various useful regularities through attentive pro-
cessing of visual scenes.
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