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Abstract Attention, the mechanism bywhich a subset of sen-
sory inputs is prioritized over others, operates at multiple pro-
cessing stages. Specifically, attention enhances weak sensory
signal at the perceptual stage, while it serves to select appro-
priate responses or consolidate sensory representations into
short-term memory at the central stage. This study investigat-
ed the independence and interaction between perceptual and
central attention. To do so, I used a dual-task paradigm,
pairing a four-alternative choice task with a visual search task.
The results showed that central attention for response selec-
tion was engaged in perceptual processing for visual search
when the number of search items increased, thereby increas-
ing the demand for serial allocation of focal attention. By
contrast, central attention and perceptual attention remained
independent as far as the demand for serial shifting of focal
attention remained constant; decreasing stimulus contrast or
increasing the set size of a parallel search did not evoke the
involvement of central attention in visual search. These results
suggest that the nature of concurrent visual search process
plays a crucial role in the functional interaction between two
different types of attention.

Keywords Central attention . Perceptual attention . Visual
search

The human brain is constantly bombarded with massive
amounts of information. However, despite the impressive ca-
pability and complexity of the brain, the capacity of human

information processing is severely limited, such that only a
subset of sensory inputs can be consciously perceived, acted
upon, or stored in memory (Cohen, Cavanagh, Chun, &
Nakayama, 2012; Marois & Ivanoff, 2005). Under these ca-
pacity limits, selective attention, by which a subset of informa-
tion is prioritized or processed in finer detail at the expense of
other information, plays a crucial role to protect the system
from information overload and optimally allocates limited pro-
cessing resources (Desimone & Duncan, 1995; Prinzmetal,
McCool, & Park, 2005).

A predominant theory of capacity limitations, the central
bottleneck model, has proposed that there are distinct classes
of attention, each of which operates at different processing
stages (Pashler, 1984, 1991). Specifically, the performance of
any sensorimotor task involves distinct stages of processing,
namely, perceptual, central, and motor stages (see Fig. 1). At
the perceptual stage, where the extraction of sensory data and
identification of the stimuli occurs, attention operates to en-
hance sensory signals and distinguish them from noise
(Carrasco, Penpeci-Talgar, & Eckstein, 2000; Dosher & Lu,
2000; Han&Marois, 2014; Luck& Ford, 1998). At the central
stage, attention plays a role in the process of response selection
or short-termmemory consolidation followed by the execution
of selected response at the motor stage (Jolicoeur &
Dell‘Acqua, 1998; Pashler, 1984, 1994a; Tombu & Jolicoeur,
2003, 2005).

The central bottleneck model posits that there is a bottle-
neck at the central stage, allowing only a single central oper-
ation to proceed at a time. This account provides a simple
explanation for an illustrative example of capacity limitations,
the psychological refractory period phenomenon (PRP); when
people try to perform two sensorimotor tasks in rapid succes-
sion, the response to the second task is almost invariably de-
layed (Welford, 1952). According to the model, the PRP orig-
inates because the response selection of the second-presented
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task should be postponed until the first response selection is
completed (Pashler, 1984, 1994a; but see also Tombu &
Jolicoeur, 2003, 2005).

Another important proposition of the central bottleneck
model is that even though two separate response selections
cannot proceed simultaneously, the perceptual process of a
stimulus can take place simultaneously with the central pro-
cess of another stimulus without interference. This is because
the attentional mechanisms involved in each stage of process-
ing have separate, independent capacities. While the strict
bottleneck account has been challenged by other models for
the PRP, such as the central capacity sharing model (Tombu&
Jolicoeur, 2003, 2005), it is commonly agreed that the central

stage is the locus of the PRP and has separate capacity from
the perceptual stage.

The claim that central and perceptual attention are indepen-
dent has been empirically supported by a number of studies
showing that perceptual processing is not subject to the central
capacity limitation of response selection (Johnston, McCann,
& Remington, 1995; Pashler & Johnston, 1989). In those
studies, applying the locus of slack method (Schweickert,
1980), participants were required to make immediate and
speeded responses to two stimuli, which were separated by a
short or long stimulus onset asynchrony (SOA). An important
experimental factor was perceptual difficulty of the second
task; while the demand of the first task (Task 1, T1) remained
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Fig. 1 Processing stages and differential effects of lowering stimulus
contrast and increasing the number of stimuli. a At the long SOA, both
the central and perceptual manipulations slows Task 2 RT. b At the short
SOA, the increased duration of the perceptual process is absorbed into the
cognitive slack period produced by the overlap between the two central

processes, whereas the increased central processing duration is not. c
Predicted results for Task 2 RT. Perceptual and central manipulations
should have an underadditive and an additive effect on Task 2 RT with
SOA, respectively. T1 = Task 1; T2 = Task 2
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the same, the second task (Task 2, T2) stimuli were distorted
or their contrast was lowered. Obviously, this perceptual ma-
nipulation of T2 stimuli lengthened T2 RT when the SOA
between T1 and T2 was long enough that each task could be
performed in isolation. By contrast, with the short SOA, such
T2 manipulation affected T2 RT little, yielding an
underadditive interaction of SOA and T2 difficulty on T2
RT. This was because the increased processing duration of
T2 by distorting or contrast-lowering of the stimuli was
absorbed into a cognitive slack period. Specifically, as shown
in Fig. 1b, with the short SOA, the central processes of T1 and
T2 overlap. This overlap postpones the central process of T2
until the T1 central process finishes, which produces a slack
period. However, the perceptual process of T2 can be done in
parallel with the T1 central process. Thus, when perceptual
processing of T2 was lengthened, the increased processing
duration could be absorbed into the slack period.

Notably, not all kinds of T2 difficulty manipulations have
underadditive effects on the perceptual task RT with SOA.
The processes of mental rotation, spatial position judgement,
size scaling, and other high-level classifications (e.g., lexical
decision) were found to require some processing at the central
stage (Johnston & McCann, 2006; McCann, Remington, &
Van Selst, 2000; Ruthruff, Miller, & Lachmann, 1995). While
these results suggest that besides response selection there are
certain classes of processes taking place at the central stage,
the process of identifying prespecified target stimuli seems to
take place primarily at the perceptual, precentral stage.

Expanding these previous studies, a recent study systemat-
ically varied the demand for perceptual attention needed for a
visual task and tested the possibility of interaction between
perceptual and central attention (Reimer, Strobach, Frensch,
& Schubert, 2015). In this study, participants performed an
auditory discrimination task and a visual attention task, which
were separated by variable SOAs. The visual task consisted of
searching for a target stimulus defined by the combination of a
specific color and an orientation (red vertical bar) among a
variable number of distractors (red horizontal and green ver-
tical bars). What is novel in this study was that the demand for
perceptual attention was increased by increasing the number
of search items rather than degrading the stimulus quality or
increasing the complexity of the target process.

The results showed that increasing the search set size had
an underadditive effect on search RT with the SOA between
the two tasks; search RT increased as a function of search set
size only with the long SOA. The same pattern of results was
found when the visual search task was preceded by another
visual task (color discrimination task). Based upon these, they
concluded that visual attention deployed for conjunction
search was independent from central attention needed for re-
sponse selection.

However, contrary to that study, other researchers reported
findings that the deployment of visuospatial attention for visual

search was impaired by concurrent central processing (Brisson
& Jolicoeur, 2007a, b; Robitaille, Jolicoeur, Dell’Acqua, &
Sessa, 2007). In such a study (Brisson & Jolicoeur, 2007a),
participants performed a tone discrimination task and a visual
search task, which were separated by a short or a long SOA.
While participants were doing the tasks, their electrophysio-
logical responses were recorded. As a result, at the short SOA,
the N2pc component of event-related potential (ERP), a nega-
tive deflection of the ERP at posterior electrodes contralateral
to the position where focal attention is allocated, was attenuat-
ed. Given that the N2pc is a neural marker of the deployment
of visuospatial attention toward a specific location (Woodman
& Luck, 1999), this result suggests that response selection load
taxing central attention impaired the deployment of focal atten-
tion necessary for perceptual processing. In line with this, a
study by Lien and colleagues also demonstrated the attenuation
of the N2pc component by concurrent response selection load
(Lien, Croswaite, & Ruthruff, 2011).

How can these contradicting results be reconciled? Based
on the studies using the cognitive slack paradigm, it is quite
clear that the perceptual identification process of a stimulus can
proceed simultaneously with the central process of another
stimulus. Thus, perceptual and central attention seem to be
independent. However, there also seems to be cases when cen-
tral attention is involved in perceptual processing. First, given
the findings by Brisson and Jolicoeur and those by Lien and
colleagues, the demand for response selection should be sub-
stantial; these studies showed that the performance of four-
choice tasks interfered with the immediate deployment of spa-
tial attention (Brisson & Jolicoeur, 2007a), while the two-
choice task did not (Lien et al., 2011). Second, the performance
of the search task immediately following the response selection
task should require the allocation of focal attention to a specific
stimulus/location. That is, central attention seems to play a role
in the deployment of focal attention when it is needed for
perceptual processing (Brisson & Jolicoeur, 2007a). One can
thus predict that when the performance of a given search task
requires the serial allocation of focal attention, concurrent re-
sponse selection load should interfere with the search process.
By contrast, when multiple search stimuli are processed in
parallel without multiple deployments of focal attention, the
search should be able to proceed simultaneously with the re-
sponse selection process without impairment.

Reimer and colleagues assumed that conjunction search is
performed by serially shifting focal attention among the
search items (Reimer et al., 2015). This assumption is ground-
ed on a seminal study by Treisman and Gelade (1980). This
study showed that when participants searched for a singleton
target, search performance was invariant, regardless of how
many search items were presented. By contrast, when partic-
ipants searched for a conjunction target, formed by combining
two different features, search performance suffered as the
number of items increased. These findings were explained
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by positing that the conjunction search requires capacity-
limited attentional resource. Specifically, to detect a combina-
tion of multiple features among heterogeneous distractors, fo-
cal attention should be serially allocated to each search item.
This serial search is inevitable because the amount of atten-
tional resource deployed for visual search is finite.

However, the strict distinction between serial and parallel
searches has long been challenged. According to the guided
search model proposed by Wolfe and colleagues (Wolfe, Cave,
& Franzel, 1989), serial search is needed to ultimately locate the
target. However, prior to serial shifting of attention, parallel
processing of multiple items takes place to guide focal attention.
Furthermore, some researchers even demonstrated that a type of
conjunction search (size-orientation conjunction) proceeded in
an automatic, capacity-unlimited manner, obviating the need for
serial shifting of attention (Huang & Pashler, 2005).

While another study showed that the process of binding two
simple features might require capacity-limited attentional re-
sources (Bouvier & Treisman, 2010), unequivocal evidence
showing that conjunction search is performed in a serial manner
is lacking. Contrary to the claims of Treisman and Gelade
(1980) and Wolfe and colleagues (1989) that serial attention is
need for detecting a combination of features, several groups of
researchers have found evidence that parallel processing of mul-
tiple items is sufficient for detecting a conjunction target (Bichot,
Rossi, & Desimone, 2005; Sung, 2008). For example, in the
process of searching for a red vertical bar among green vertical
and red horizontal bars, any green item should be filtered out,
and only the red items should be candidates for further process-
ing. In line with this, an anonymous reviewer also pointed out
that the performance of conjunction search should include such
a process of tagging the locations containing the target color
items. Then, this parallel activation of the target color locations
should guide focal attention toward the target location.

It is important to note that even though multiple items can be
processed in parallel, it is possible that the search process is still
capacity limited. If this is so, as mentioned above, limited
amount of attentional resource should be shared by multiple
items (Sung, 2008; Townsend, 1971, 1972). Hence, as the num-
ber of search items increases, processing rate of each item should
decrease, yielding a steep search slope. Specifically, I suggest
that the feature-based, location-tagging process takes place in
parallel, but consumes the limited perceptual capacity. In this
framework, increasing the set size of a conjunction search task,
even though that manipulation increases the demand for atten-
tional resources distributed among the search items, does not
increase the demand for serially shifting the focal attention.
This might be why the set size manipulation of conjunction
search had an underadditive effect on search RTwith SOA.

I do not argue that conjunction search does not depend on
focal attention. In the process of reporting the presence/
absence or identifying a conjunction target stimulus, focal
attention has to be allocated to the target location (Bichot

et al., 2005). What matters here is whether the number of
deployment of focal attention would increase as set size in-
creases. For conjunction search, this would not be the case;
multiple items are analyzed in parallel in the way elaborated
above, followed by the deployment of focal attention toward
the located target stimulus.

To be clear, even though I suggest an alternative explana-
tion to the conventional serial search account about how con-
junction search is performed, I do not make any strong claim
regarding this issue. What seems to be clear is that the perfor-
mance of conjunction search depends on set size. However,
there are at least two possible causes for the set size effect; it
might be either due to serial search or due to limited parallel
search. It is also noteworthy that a study showed that a type of
conjunction search (size-orientation conjunction), yielding
significant search slope, did not depend on capacity-limited
attentional resources (Huang & Pashler, 2005).

Contrary to the case of conjunction search, if a search task
that is unequivocally known to be performed in a serial man-
ner (e.g., an orientation target search task; see Buschman &
Miller, 2009; Woodman & Luck, 1999) is paired with a re-
sponse selection task, a different result should emerge. In this
case, increasing search set size would also increase the de-
mand for serially allocating focal attention. Given the evi-
dence that the allocation of focal attention toward a specific
location/stimulus is mediated by central attention (Brisson &
Jolicoeur, 2007a), set size and SOA should yield an additive
effect on search RT when the search proceeds serially.

To test this prediction, I designed an experiment employing
the cognitive slack method. In the experiment, participants
performed a dual task, consisting of a letter identification task
(Task 1, T1) and a visual search task (Task 2, T2). It is impor-
tant to note that given the purpose of this study, I intended to
choose visual tasks for both T1 and T2 to maximize the inter-
ference between the tasks (Reimer et al., 2015). Another im-
portant point is that for T2, I chose a task of searching for a
specific orientation target among heterogeneous distractors be-
cause this kind of search is known to require the deployment of
focal attention (Buschman & Miller, 2009; Wolfe, Friedman-
Hill, Stewart, & O’Connell, 1992; Woodman & Luck, 1999).

In each trial of this experiment, T1 was followed by T2 with
a short or long SOA. T2 difficulty was manipulated in two
different ways. In one type of trials, the number of T2 stimuli
increased.With this manipulation, behavioral performance suf-
fers because processing load increased, straining the perceptual
capacity. In the face of this capacity limitation, focal attention
would have to be serially allocated to each item. In the other
type of trials, the contrast of T2 stimuli was lowered. This
manipulation has been known to affect the visual task perfor-
mance at the perceptual, but not at the central stage (Pashler &
Johnston, 1989). I included this contrast-lowering manipula-
tion as a way of confirming that the current experimental par-
adigm can replicate a well-established pattern of result.
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To predict results, when the contrast of stimuli is lowered,
T2 RTat the long SOA should be lengthened, but T2 RTat the
short SOA should not be affected. This is because the increased
processing duration at the perceptual stage can be absorbed
into a slack period evoked by overlap between the two tasks
(see Fig. 1b). Hence, when the contrast of T2 stimuli is
lowered, an underadditive interaction of the SOA and percep-
tual difficulty on T2 RTshould be found (Johnston et al., 1995;
Pashler & Johnston, 1989). By contrast, when the set size of
the orientation search task increases, the demand for focal at-
tention should increase, evoking the involvement of central
attention. In this case, the duration of central processing should
be lengthened, yielding an additive effect of SOA and percep-
tual difficulty on T2 RT. That is, T2 RT should be lengthened
both at the short and at the long SOAs (see Fig. 1c).

Experiment 1

Method

Participants

Eighteen adults (eight males, 18–25 years) with normal or
corrected-to-normal vision participated for course credit.
Prior to running the main experiment, I performed a pilot test
to determine the appropriate sample size. The power analysis

based upon the pilot testing revealed that N of 14 should be
enough to detect a significant effect at the level of .80.
Informed consent was obtained from each participant.

Stimuli and apparatus

The experiment was programmed and run using PsychoPy
(Peirce, 2007). The stimuli were presented on a 21-in. LCD
monitor with a gray background. The first task (T1) was a
letter identification task. Participants responded to four differ-
ent Korean letters, 가, 나, 다, or 라 by pressing z, x, c, or v
buttons on a keyboard with their left hand. The letters were
written in black and presented at the center of the screen. The
height of letters was 1 degree of visual angle.

The second task (T2) was a visual search task. The search
stimuli were Gabor gratings (1.5o × 1.5o), presented on an
imaginary circle around the center of the screen, whose radius
was 3 degrees. Participants were required to search for a 45-
degree-tilted grating among vertical or horizontal gratings and
indicate whether the target was tilted to the left or right by
pressing B.^ or B/^ buttons with their right hand. The contrast
of the gratings was 15% or 100% (see below).

Design and procedure

As shown in Fig. 2, T1 stimulus was presented for 20 ms,
followed by the 230-ms T2 stimuli presentation. The SOA

20 ms 230 ms

Time

500 ms100 or 1800 ms

set size 3

set size 6

set size 3-low

Fig. 2 Trial design of Experiment 1
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between the two tasks was short (120 ms) or long (1,820 ms).
Participants were instructed to perform the two tasks as fast
and accurately as possible. There were four levels of T2 task
difficulty: Set Size 3, Set Size 3–low, Set Size 6, and Set Size
6–low. In the baseline trials (Set Size 3), three high-contrast
(100%) Gabor gratings were presented. One of themwas a 45-
degree-tilted target grating and the others were a vertical grat-
ing and a horizontal distractor grating. In the Set Size 3–low
trials, three Gabor gratings were presented as in the Set Size 3
trials, but their contrast was low (15%). In these trials, the
quality of task stimuli was impoverished, but processing load
should remain the same (Garner, 1970; Lavie & de Fockert,
2003). Contrary to the Set Size 3–low trials, there were trials,
in which task difficulty was increased by increasing the num-
ber of search items. In these Set Size 6 trials, six search items
were presented, straining more processing capacity than in the
Set Size 3 and Set Size 3–low trials. Finally, there were Set
Size 6–low trials, in which six, low-contrast search stimuli
were presented. All these different types of trials were ran-
domly intermixed within an experimental block.

To summarize, the experiment consisted of a 2 × 4 factorial
design with SOA (short and long) and T2 difficulty (Set Size
3, Set Size 3–low, Set Size 6, and Set Size 6–low) as within-
subject factors. A total of 576 trials were divided into six
experimental blocks. There were 48 trials for each SOA ad
T2 difficulty level. Because the main comparisons of interest
were comparisons between the Set Size 3 and Set Size 3–low
trials and between the baseline and Set Size 6 trials, an initial
analysis did not include the data for Set Size 6–low trials were
not analyzed. These trials were included in the experiment to
balance the numbers of high- and low-contrast and Set Size 3-
and Set Size 6-trials. Hence, to analyze data, I applied a 2 × 3
repeated-measures ANOVA to reaction time (RT) and re-
sponse accuracy data with SOA (short and long) and T2 dif-
ficulty (Set Size 3, Set Size 3–low, Set Size 6) as factors. Then,
a subsequent analysis was based upon all the data, including
the Set Size 6–low data. Significant main effects and interac-
tions were further tested by t tests. Statistical thresholds of
these were corrected for multiple comparisons using False
Discovery Rate procedure.

Results and discussion

Mean accuracies of the letter (T1) and search (T2) tasks were
98% and 95.5%, respectively (see Table 1). A 2 × 3 repeated-
measures ANOVAwith SOA (short and long) and T2 difficul-
ty (Set Size 3, Set Size 3–low, Set Size 6) as factors was
applied to T1 and T2 accuracy data. These analyses revealed
that there was a significant main effect of T2 difficulty on T2
accuracy, F(2, 34) = 4.26, p < .05, η2g = .05. This was because
search accuracy at the Set Size 6 trials (94.2%) was signifi-
cantly lower than at the Set Size 3 (96.5%) and Set Size 3–low

trials (96%), ps < .05. No other main effect or interaction was
found from the accuracy data. This high level of search accu-
racy and the absence of interaction between factors warrants
that subsequent RT data analyses would not be confounded by
speed–accuracy trade-offs.

The same analysis was applied to RT data (see Fig. 3). For
T2 RT, there was a significant main effect of T2 perceptual
difficulty, F(2, 34) = 12.45, p < .01, η2g = .038. The main
effect of SOA was also significant, F(1, 17) = 90.78, p <
.01, η2g = .28. Most important, the interaction between SOA
and T2 perceptual difficulty was significant, F(2, 34) = 6.19, p
< .01, η2g = .01. To further investigate this interaction, I ran
pairwise interaction analyses.When the data for Set Size 3 and
Set Size 3–low trials were analyzed, there was a significant
underadditive interaction between SOA and perceptual diffi-
culty, F(1, 17) = 11.68, p < .01, η2g = .01. Specifically, there
was a significant RT increase at the long SOA (49ms, p < .01),
whereas no significant increase (6 ms) was found at the short
SOA. This is a replication of well-established findings from
studies using similar paradigms (Johnston et al., 1995; Pashler

Table 1 RT (ms) and accuracy (%, in parentheses) data for Experiment
1

Task 2 (visual search task)

Task 2 difficulty

SOA Set Size 3 Set Size 6 Set Size 3–low Set Size 6–low

Short 1,008 (95.8) 1,061(94.3) 1,002 (95.0) 1,045 (92.6)

Long 799 (97.2) 861 (94.2) 849 (96.9) 904 (94.1)

Task 1 (four-choice letter task)

Task 2 difficulty

SOA Set Size 3 Set Size 6 Set Size 3–low Set Size 6–low

Short 854 (97.3) 892 (97.5) 821 (98.0) 863 (98.6)

Long 542 (98.1) 544 (99.0) 544 (98.6) 547 (98.7)
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Fig. 3 Results of Experiment 1. Error bars represent standard errors of
the mean. T1 = Task 1; T2 = Task 2 (Color figure online)
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& Johnston, 1989); even though the current experimental set-
tings were not conventional, regarding the adopted visual
stimuli (Gabor gratings) and timing parameters (excessively
different SOAs; but see Brisson & Jolicoeur, 2007a), this find-
ing provides an important validation of the present experiment
and set up a stage for further analyses. By contrast, the anal-
ysis using the data for Set Size 3 and Set Size 6 trials revealed
no such interaction, p > .51; similar RT increases were found
at both SOAs as the search set size increases (52 ms and 62ms
for the short and long SOAs, respectively).

Following the above analyses, similar analyses were run,
using all the dataset, including the Set Size 6–low trial data.
The results remained the same; the main effects of SOA, per-
ceptual difficulty, and interaction were significant, ps < .01.
Most important, the mean RT for the Set Size 6–low trial
was significantly longer than that for Set Size 6 trial only at
the long SOA, t(17) = 3.47, p < .01, but not at the short SOA, p
>.0.27. No such interaction was found when the Set Size 3–
low and Set Size 6–low data were analyzed; the RT differences
were significant both at the short and long SOAs, ps < .01, and
these did not differ from each other (43 ms vs. 55 ms), p > .51.

To summarize, the set size and contrast manipulations dif-
ferentially affected the visual search RT. Increasing set size
and lowering stimulus contrast similarly lengthened T2 RT
at the long SOA, whereas at the short SOA, T2 RTwas length-
ened only when set size was increased. These results suggest
that while contrast-lowering lengthens the processing duration
at the perceptual stage, set size manipulation primarily affects
central processing of the search.

While this study provides evidence that response selection
load differentially interacts with the set size and contrast ma-
nipulations, an analysis of T1 RT revealed that there could be
an alternative explanation for the current results. The ANOVA
applied to the T1 RT data revealed significant main effects
SOA, F(1, 17) = 109.9, p < .01, η2g = .66, and T2 perceptual
difficulty, F(2, 34) = 20.56, p < .01, η2g = .02.More important,
the interaction between SOA and perceptual difficulty was
also significant, F(2, 34) = 11.55, p < .01, η2g = .02.

The significant slowing of T1 response at the short SOA
and the effect of T2 difficulty on T1 performance were also
reported in many other studies (Brisson & Jolicoeur, 2007a;
Miller, Ulrich, & Rolke, 2009; Pashler, 1991; Tombu &
Jolicoeur, 2003, 2005). Indeed, in a previous study, in which
T1was an auditory four-alternative choice task, a similar mag-
nitude of T1 slowing with the current experiment was found
(Brisson & Jolicoeur, 2007a). While there is a debate regard-
ing the causes of this T1 slowing (Han & Marois, 2013b;
Pashler, 1994b; Tombu & Jolicoeur, 2003), it does not affect
the interpretation of the observed pattern of T2 RT data.
Specifically, the observed T1 slowing might be either because
T1 and T2 share the central capacity or because participants
grouped their responses. According to the central capacity
sharing model, regardless of how much capacity is shared

between T1 and T2, precentral manipulations of T2 has
underadditive effects on T2 RT with SOA (Tombu &
Jolicoeur, 2003). Likewise, the presence/absence of response
grouping was found to only affect T1 RT data, but had no
effect on T2 RT data and their interpretation (Ulrich &
Miller, 2008); evenwhen participants grouped their responses,
precentral manipulation of T2 has an underadditive effect on
T2 RT with SOA.

However, the significant interaction between SOA and per-
ceptual difficulty on T1 should be seriously considered.
Specifically, the interaction was because T1 RT was signifi-
cantly longer for the Set Size 6 trials than for the Set Size 3
trials at the short SOA, p < .01, while there was no difference
at the long SOA. This T1 RT increase at the short SOA might
have been carried over to T2 RT. Specifically, it is possible
that the set size manipulation had an underadditive effect with
SOA, lengthening T2 RT only at the long SOA, but not at the
short SOA. However, when T1 response at the short SOAwas
delayed, this would also delay T2 response, mimicking that
set size and SOA had an additive effect, lengthening T2 RT at
both SOAs.

To test this possibility, I ran a control analysis, in which a
repeated measure 2 (short and long SOAs) × 2 (Set Size 3 and
Set Size 6) ANOVA was run, excluding data for participants
showing excessively large T1 slowing at the Set Size 6 trials
(see Fig. 4a). Given that a power analysis revealed thatN of 14
was sufficient to detect significant effect at the level of .80,
four participants’ data were excluded. Now, as shown in
Fig. 4a, there was no interaction between SOA and T2 per-
ceptual difficulty on T1 RT, p > .37. The set size manipulation
still had similar effects on T2 RTat both SOAs, p > .51. Other
aspects of the result also remained the same; there were sig-
nificant main effects of SOA, F(1, 13) = 52.6, p < .01, and
perceptual difficulty, F(1, 13) = 12.2, p < .01. A similar anal-
ysis was also run to control for the effect of T2 contrast low-
ering on T1 RT (see Fig. 4b). The repeated measure 2 (short
and long SOAs) × 2 (Set Size 3 and Set Size 3–low) ANOVA
revealed that contrast lowering had an underadditive effect on
T2 RT with SOA, F(1, 13) = 5.03, p < .05. These results
confirm that the observed pattern of results was not because
T1 RT increase was carried over to T2 RT, but because re-
sponse selection load differentially interacted with the set size
and contrast manipulations.

Taken together, consistent with my prediction, as the num-
ber of items in the orientation search display increased, search
RT was lengthened both at the short and long SOAs. This is
because the performance of the search task requires the serial
allocation of focal attention to the search stimuli. As the search
set size increased, the demand for focal attention also in-
creased. In this case, central attention was involved to effi-
ciently shifting focal attention. By contrast, when multiple
items could be processed in parallel during the search, increas-
ing the search set size should not increase the demand for focal
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attention. In this case, as Reimer and colleagues found, the set
size manipulation should have no effect on search RT at the
short SOA, but lengthen search RT at the long SOA.

Experiment 2

Experiment 1 showed that while perceptual and central atten-
tion were independent, central attention could be involved in
perceptual processing required to perform visual search when
the demand for focal attention increased. This is a contrasting
result with the findings by Reimer and colleagues (Reimer
et al., 2015). I argue that this is because the natures of
employed search tasks were different; the orientation search
inmy Experiment 1 was performed by serially allocating focal
attention to search items (Buschman & Miller, 2009; Wolfe
et al., 1992; Woodman & Luck, 1999), whereas conjunction
search in the study by Reimer and colleagues proceeded in
parallel (Bichot et al., 2005; Sung, 2008). To further support
this claim, in Experiment 2, I aimed at replicating the findings
by Reimer and colleagues, using the similar experimental pro-
cedure and stimuli with those of Experiment 1. Most of the
details of the procedure and stimuli were identical to those of
Experiment 1, except that now participants performed a con-
junction search task; the target was defined as a conjunction of
a specific color and an orientation.

Method

Participants

Fourteen adults (nine males, 18–25 years) with normal or
corrected-to-normal vision participated for course credit.
Informed consent was obtained from each participant.

Stimuli and apparatus

The same stimuli and apparatus as Experiment 1 were used,
except for the following. T1 letters were written in white
against a black background. T2 was a conjunction search task.
The target was a red, 45-degree-tilted grating, which was tilted
to the left or right. The distractors comprised red vertical grat-
ings and green 45 degree-tilted gratings. There were Set Size 3
and Set Size 6 trials.

Design and procedure

The details were identical to those of Experiment 1, except for
the following. As shown in Fig. 5, while T1 remained the
same, for T2, participants searched for a red 45-degree-tilted
gratings among red vertical gratings and green 45-degree
tilted gratings and indicated whether the target was tilted to
the left or right via button presses. The design consisted of a 2
× 2 factorial design with SOA (short and long) and set size
(Set Size 3 and Set Size 6) of T2 as within-subject factors.

Results and discussion

Mean accuracies for T1 and T2 were 96.8% and 92.5%, re-
spectively (see Table 2). A repeated-measures two-way
ANOVA applied to T1 and T2 accuracy data revealed that
there were main effects of set size, F(1, 13) = 40.2, p < .01,
η2g = .21, and SOA, F(1, 13) = 20.46, p < .01, η2g = .17, on T2
accuracy. No other main effect or interaction was significant.

The ANOVA applied to T2 RT data showed that the main
effect of set size was significant, F(1, 13) = 30.94, p < .01, η2g
= .02, and so was the main effect of SOA, F(1, 13) = 104.5, p
< .01, η2g = .44. Importantly, the interaction between SOA and
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set size was also significant, F(1, 13) = 24.57, p < .01, η2g =
.01 (see Fig. 6). This significant interaction was because in-
creasing set size had an underadditive effect on T2 RT with
SOA; at the long SOA, increasing set size significantly length-
ened T2 RT by 69 ms, p < .01, whereas there was no signif-
icant set size effect at the short SOA (12 ms difference, p >
17). The analysis of T1 RT revealed a significant main effect
of SOA, F(1, 13) = 68.16, p < .01, η2g = .55, with no other
main effect and interaction.

Notably, this was a contrasting result with that of
Experiment 1. Specifically, when participants searched for a
specific orientation target among heterogeneous distractors,
set size had an additive effect on search performance with
SOA. However, increasing the set size of a conjunction search
had a different effect; search RT increased only at the long
SOA, but not at the short SOA. To quantify this differential
pattern across search tasks, I ran a three-way mixed ANOVA
with set size (Set Size 3 vs. Set Size 6) and SOA (short vs.

long) as within subject factors and search type (orientation
search of Exp. 1 vs. conjunction search of Exp. 1) as a
between-subjects factor. This analysis revealed a significant
three-way interaction, F(1, 30) = 5.78, p < .05, η2g = .002,
confirming that increasing set sizes of the orientation and con-
junction searches differentially interacted with the SOA
manipulation.

As I predicted, when the search items were processed in
parallel, increasing the search set size affected search RT only
at the long SOA, but not at the short SOA. This is a replication
of the results that Reimer and colleagues reported. These re-
sults indicate that in a dual-task situation, increasing the set
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Table 2 RT (ms) and accuracy (%, in parentheses) data for Experiment
2

Task 2 (visual search task)

Task 2 difficulty

SOA Set Size 3 Set Size 6

Short 1,004 (93.0) 1,016 (87.8)

Long 745 (96.7) 814 (92.3)

Task 1 (four-choice letter task)

Task 2 difficulty

SOA Set Size 3 Set Size 6

Short 831 (97.5) 843 (96.7)

Long 577 (96.1) 586 (97.1)
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size of a visual search can have an additive or underadditive
effect with SOA on search RT, depending on the nature of
search process. If the search is parallel, an underadditive in-
teraction between set size and SOA should be found. By con-
trast, with a serial search, the increased search set size should
increase the demand for a process mediated by central atten-
tion, the serial deployment of focal attention, yielding an ad-
ditive interaction between set size and SOA.

To be noted, the magnitude of set size effect at the long
SOAwas comparable to that of the orientation search task in
Experiment 1. As elaborated in the introduction, this signifi-
cant search slope by itself does not directly tell whether the
search is serial or parallel; the limited parallel search model,
positing that the finite amount of attentional resource is dis-
tributed among search items, predicts the exactly same mag-
nitude of set size effect as the serial model does (Sung, 2008;
Townsend, 1971, 1972).

General discussion

This study investigated how central attention interacts with
perceptual attention. In two experiments reported here, a task
taxing response selection process at the central stage (four-
alternative choice task) was followed by a perceptually de-
manding search task with the short or long SOA. As a result,
when the search stimuli were degraded by lowering their con-
trast, the search RTwas lengthened only at the long SOA, but
not at the short SOA. This underadditive interaction of SOA
and perceptual difficulty on search RTsuggests that the central
process of a stimulus can be done in parallel with the percep-
tual process of another stimulus. By contrast, when the search
process became demanding as search set size increased, an
additive effect of search difficulty and SOA was found.
However, such an additive effect was found only when the
search process heavily required the serial shifting of focal
attention.

The nature of relationship between central and perceptual
attention has been controversial; while some studies showed
that perceptual and central attention had separate capacities
(Pashler, 1991; Pashler & Johnston, 1989; Reimer et al.,
2015), others showed evidence for a close tie between the
two (Brisson & Jolicoeur, 2007a, b; Robitaille et al., 2007).
An important contribution of this study is that it clarified when
perceptual and central attention are independent and when
they interact with each other. Based on the present results
and other previous findings, I suggest that central attention
and perceptual attention are, by default, separate mechanisms.
However, there are some circumstances when they interact.
That is when the limited perceptual capacity is strained to the
extent that only a subset of inputs can be processed at a time.
In this case, central attention comes into play to resolve this
limitation by serially allocating focal attention to the stimuli.

While increasing the set size of the orientation search task
in Experiment 1 had an additive effect on search RT with
SOA, the similar manipulation in the conjunction search task
in Experiment 2 yielded an underadditive interaction between
set size and SOA. This should be because each type of
searches strained the perceptual capacity in different manners.
Specifically, the process of searching for a specific orientation
target among distractors of two different orientations in
Experiment 1 is known to depend on serial search even though
the target could be readily discriminable from the distractors
(Wolfe et al., 1992; Woodman & Luck, 1999). To locate a
specific orientation target among multiple, heterogeneous
distractors, focal attention should be serially allocated to each
search stimulus.

By contrast, searching for a conjunction target can be done
in a different manner. The analyses of simple features of mul-
tiple stimuli, such as color, shape, or orientation, can proceed
in parallel, followed by the deployment of focal attention to-
ward the feature conjunction target (Bichot et al., 2005).
Specifically, as an anonymous reviewer, detecting a feature
conjunction might comprise several distinct processes. For
example, in the process of searching for a red tilted grating
among red vertical and green tilted gratings, initially, the lo-
cations containing the red items should be tagged for further
guidance of focal attention. This location tagging process
might proceed in a parallel manner at the perceptual stage,
consuming the limited amount of attentional resource. While
this perceptual process can proceed simultaneously with a
central process of the concurrent task, capacity-limited per-
ceptual attention should be needed. This account can explain
both the significant set size effect of the conjunction search at
the long SOA and the underadditive effect of set size and SOA
on search RT with SOA.

The framework proposed in the present study not only
helps resolve the longstanding issue of the relationship be-
tween central and perceptual attention but also fits well with
recent findings from cognitive neuroscience research. As
mentioned earlier, Brisson and Jolicoeur showed that concur-
rent response selection load impaired the deployment of vi-
suospatial attention required for the performance of a visual
search task (Brisson & Jolicoeur, 2007a, b). In line with this, a
brain region associated with response selection, the lateral
prefrontal cortex (LPFC) or inferior frontal junction (IFJ),
was found to be activated when focal attention was allocated
to a specific location (Asplund, Todd, Snyder, & Marois,
2010). Furthermore, the IFJ was implicated in a unified,
shared bottleneck responsible for the psychological refractory
period and the attentional blink (Marti, Sigman, & Dehaene,
2012; Tombu et al., 2011).

Finally, a neuroimaging study showed that the manipula-
tion of increasing the number of stimuli to be processed in-
creased activation of the IFJ, but the manipulation of
degrading the quality of sensory inputs did not (Han &
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Marois, 2013a). Notably, both types of task difficulty manip-
ulations impaired behavioral performance similarly, but only
the former increased the IFJ activation. This imaging data
demonstrated a neural dissociation between capacity limits
imposed on the information processing system and limits of
quality of sensory data inputted to the system (Garner, 1970;
Lavie & de Fockert, 2003; Norman & Bobrow, 1975).
Considering this finding, together with the studies mentioned
above, one can infer that the IFJ is involved in both response
selection process and resolving capacity limitations by
shifting attention. This clearly explains why concurrent re-
sponse selection load delays visual search when search set size
increased in the present study. Specifically, imagine that a
search task taxing the perceptual capacity should be per-
formed while response selection proceeds. To resolve the per-
ceptual capacity limit, focal attention should be serially de-
ployed, which is mediated by the IFJ. However, when this
region is already engaged in the response selection process,
the search process should be postponed until the response
selection process finishes, yielding an additive effect of set
size with SOA on search RT.

To conclude, this study showed that task demands affect
the relationship between central and perception attention. By
default, central attention is separate from perceptual process-
ing, such that the perceptual analysis of a stimulus can proceed
simultaneously with the central operation of another stimulus
without mutual interference. However, when the number of
items to be examined increases, thereby increasing the de-
mand for serial shifting of focal attention, central attention
comes into play to resolve this situation. What matters here
is not just the set size, but whether increasing set size also
increases the demand for serial shifting. When multiple items
can be processed in parallel, the set size manipulation did not
evoke the involvement of central attention in visual search.
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