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Visual search training benefits from the integrative effect of
enhanced covert attention and optimized overt eye

movements
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Training serves as an effective approach to improve
visual search performance when the target does not
automatically pop out from the distractors. In the
present study, we trained participants on a conjunction
visual search task and examined the training effects in
behavior and eye movement. The results of
Experiments 1 to 4 showed that training improved
behavioral performance and reduced the number of
saccades and overall scanning time. Training also
increased the search initiation time before the first
saccade and the proportion of trials in which the
participants correctly identified the target without any
saccade, but these effects were modulated by stimulus’
parameters. In Experiment 5, we simultaneously
recorded eye movements and electroencephalography
signals and the results revealed significant N2 posterior
contralateral (N2pc) components after the stimulus
onset (i.e., stimulus-locked) and before the first saccade
(i.e., saccade-locked) when the search target was the
trained one. These N2pc components can be considered
as the neural signatures for the enhanced covert
attention to the trained target. Together with the
training-induced increase in functional visual field, these
mechanisms could support the beneficial effects of
increased search initiation time and reduced number of
saccades. These findings suggest that visual search
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training enhanced covert attention to target and
optimized overt eye movements to facilitate search
performance.

Effective identification of a search target in a
complex visual environment relies on multiple factors.
To reveal the complex mechanisms underlying this
simple behavior, investigators have developed a variety
of visual search tasks in which participants look for a
predefined target among various distractors (Duncan
& Humphrey, 1989; Theeuwes, 1992; Treisman &
Gelade, 1980). According to the patterns of searching
behavior, a search task is called parallel if a single
feature that could easily pop out from homogeneous
distractors defines the target. As a result, reaction
time (RT) in parallel search is independent of the
number of distractors (Bergen & Julesz, 1983; Duncan,
1989; Egeth, Jonides, & Wall, 1972). In contrast, in a
conjunction visual search task in which the target is
defined by combination of two features and may share
one of the two features with distractors, the task is serial

Citation: Zhang, Q., Huang, Z,, Li, L., & Li, S. (2022). Visual search training benefits from the integrative effect of enhanced covert
attention and optimized overt eye movements. Journal of Vision, 22(8):7, 1-23, https://doi.org/10.1167/jov.22.8.7.

https://doi.org/10.1167/j0v.22.8.7

Received January 15, 2022; published July 15, 2022

ISSN 1534-7362 Copyright 2022 The Authors

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC__ND


mailto:zhangqipsy@qq.com
mailto:382551921@qq.com
mailto:liang.li.brain@aliyun.com
mailto:sli@pku.edu.cn
https://doi.org/10.1167/jov.22.8.7
http://creativecommons.org/licenses/by-nc-nd/4.0/

Journal of Vision (2022) 22(8):7, 1-23

because it requires shifts of attentional focus among
search items (Treisman & Gelade, 1980). Consequently,
reaction time in serial visual search increases as the
number of distractors increase (Treisman & Paterson,
1984).

Because we live in a diverse and dynamic world,
experience-dependent adjustments of visual functions
are necessary. Training on visual search tasks in
laboratory is a useful approach to examine the
experience-dependent visual behavior. According to
the influential feature integration theory (Treisman &
Gelade, 1980), a unitary detector of a conjunction of
features could emerge after extended practice on the
stimuli with that conjunction. The emergence of the
unitary detector would lead to a change of search
mode from serial to parallel. However, the unitary
detector also implies that the training effect would
not be transferred to the stimuli in which one of the
conjunctive features is changed. Another important
theory of attention, the guided search model, proposed
that visual search process is simultaneously serial
and parallel, and selection history could serve as a
source of information to guide search process (Wolfe,
1994; Wolfe, 2021). The guided search model also
suggests that, when the same target is searched for
consecutively many times, higher attention priority
would be assigned to it in the subsequent search.
Particularly, the participants could learn to pay
attention to the specific features of a conjunction target
more effectively, making the transfer of the training
effect possible if a stimulus retains only a fraction of
the conjunctive features (Andersen, Hillyard, & Miiller,
2008).

In recent years, various forms of visual search
paradigms have been adopted in visual search training,
including visual search of shape (Qu, Hillyard, &
Ding, 2017; Sigman & Gilbert, 2000), orientation
(An, Sun, Wang, Wang, Ding, & Song, 2012), and
letter (Bueicheku, Miré-Padilla, Palomar-Garcia,
Ventura-Campos, Parcet, Barrés-Loscertales, & Avila,
2016; Bueicheku, Miro-Padilla, & Avila, 2019), as well
as various conjunction visual search tasks (Su, Lai,
Huang, Tan, Qu, & Ding, 2014; Frank et al., 2016;
Reavis, Frank, Greenlee, & Tse, 2016; Reavis, Frank, &
Tse, 2018). These studies all demonstrated that training
can substantially improve visual search performance.
Among them, Su et al. (2014) demonstrated a
feature-based attention enhancement mechanism
rather than a unitization mechanism. Transfer of the
training effects to untrained stimuli was also found
in different tasks (Sirenteanu & Rettenbach, 2000;
Sireteanu & Rettenbach, 1995). These results agreed
with the hypothesis of the guided search model (Wolfe,
1994; Wolfe, 2021). To reveal the neural mechanisms
behind the observed improvement, neuroimaging
techniques had been adopted in other investigations.
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For example, the increased early sensory-evoked N1
component was found after visual search training
(Clark, Appelbaum, van den Berg, Mitroff, &
Woldorff, 2015). Particularly, Qu et al. (2017)
presented strong evidence that after training, trained
target stimulus that was physically non-salient
could capture attention as indicated by the N2
posterior contralateral (N2pc) event-related potential
(ERP) component. Studies that used conjunctive
stimuli defined by the spatial configuration of two
elements also revealed training-induced performance
improvement (Reavis et al., 2016; Reavis et al., 2018).
Using functional magnetic resonance imaging, these
studies found that conjunction learning in visual
search led to an increase in target-evoked activity
relative to distractor-evoked activity even when
participants passively viewed the trained stimuli
while performing an unrelated, attention-demanding
task (Reavis et al., 2016). Overall, the literature
suggests that training on visual search could facilitate
the detection of target on the level of object or
feature.

The guided search model proposed that the search
process is simultaneously serial and parallel (Wolfe,
2021). Correspondingly, visual search is a process
that is generally recruits both covert attention and
overt attention (Hoffman & Subramaniam, 1995;

Li, Pan, & Carrasco, 2021; Moore & Fallah, 2001;
Posner, 1980). However, although the parallel search
is generally associated with covert attention, the serial
search could involve both modes. As suggested by

the previous literature, training could facilitate the
search performance by the transformation from serial
search to parallel search. Indeed, attentional capture by
previously trained target stimulus could be a hint for
this transformation process (Qu et al., 2017). However,
how training concurrently modulates the covert and
overt aspects of attention in visual search remains a
less investigated topic. The above-mentioned studies
had adopted paradigms in which participants were
required to maintain fixation during the search task
and therefore focused more on the covert aspect of
attentional processing. In natural viewing conditions,
the optimal efficiency for identifying a search target
would be achieved by the combination of enhanced
covert attention and improved overt eye movements.
Mandatory fixation during the search process may
not be sufficient to reveal the integrative effect of
training in both of them. In the present study, we used
a free viewing paradigm and recorded participants’
eye movements with an eye tracker to avoid this
problem.

In the free viewing paradigm in which the
participants can shift their gazes among search items,
the duration of eye movement can be decomposed into
three epochs (Malcolm & Henderson, 2009): search
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initiation time as the fixational period before the first
saccade, scanning time as the period from the first
saccade until the beginning of the last fixation, and
verification time as the duration of the last fixation
until the participants’ response. Given our hypothesis
that training would induce an integrative effect of
covert and overt attention, we took the advantage of
this approach and examined whether the specific epochs
and the related measurements of covert and overt
attention were modulated by visual search training.
Specifically, we examined the proportion of correct
trials in which no saccade (zero-saccade trials) or only
one on-target saccade (single on-target-saccade trials)
was made before response. These two measurements
were tightly associated with the covert attention that
may contribute to the training-induced transformation
from serial to parallel search. In addition, we attempted
to measure the functional visual field (FVF) in these
two types of trials as an indicator of the spatial
scope of attention that we believed training effect
might have taken place (Wolfe, 2021; Wu & Wolfe,
2022).

Stimulus parameters (e.g., stimulus size and set
size) and crowding effect have been shown to influence
attentional processing and visual search performance.
Set size has long been considered a critical parameter
in serial search task as increasing the number of search
items would significantly slow down the search time
(Drury & Clement, 1978; Luck & Hillyard, 1990;
Treisman & Gelade, 1980; Wolfe, 1994). Stimulus size
is another factor that has particular impact on the
recognition of items at periphery vision (Carrasco &
Frieder, 1997; Lindberg & Néasidnen, 2003; Xue, Tao,
Wang, & Zhang, 2020). In addition, crowding effect
that is related to both stimulus size and set size has also
been shown to impair precise identification of target
at their periphery visual field (Levi, 2008; Madison,
Lleras, & Buetti, 2018; Whitney & Levi, 2011). Bearing
these considerations in mind, we manipulated the
stimulus size and set size across experiments to examine
their influence on the training of visual conjunction
search.

Furthermore, by simultaneously recording eye
movements and electroencephalography (EEG) signals,
we could also reveal the neural signatures of covert
attention that were accompanied with the training
effects in overt eye movements. Particularly, we
examined saccade-locked N2pc component (Huber-
Huber, Ditye, Marchante Fernandez, & Ansorge, 2016;
Talcott & Gaspelin, 2021; Weaver, van Zoest, & Hickey,
2017) along with the classical stimulus-locked N2pc that
measured the stimulus-induced attentional bias (Eimer,
2014; Luck & Hillyard, 1994; Hickey, McDonald, &
Theeuwes, 2006). New insights into the training-induced
integrative effect of covert attention and overt eye
movements could be gained given this combinatorial
approach.
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We conducted four behavioral experiments
(Experiments 1 to 4) and an EEG experiment
(Experiment 5). Eye movement data were recorded
in all experiments. Search arrays in the experiments
were composed of line segments with two defining
features (i.e., color and orientation, Figures 1A-C).
In Experiments 1 to 3, we trained participants
in a conjunction visual search task and tested their
performance before and after the training. Experiment |
was conducted to establish a standard paradigm for
evaluating the training effects. In this experiment,
we examined the transfer of the training effect to
stimuli that shared one of the two features with the
trained target. By changing the set size and stimulus
size in Experiments 2 and 3, we also investigated the
roles of stimulus parameters on the training effect.
Particularly, we examined the influence of crowding
when the set size was increased. In Experiment 4,
the training was replaced with a two-hour rest
period to establish a baseline performance without
training that would be attributed to the practice
effect of the training protocol. The results showed
the behavioral improvement was accompanied with
reduced fixation number and hence scanning time
(Experiments 1 to 3), as well as increased proportion
of zero-saccade correct trials and search initiation
time (Experiment 1). The practice effect was not
sufficient to generate the training-induced behavioral
improvement (Experiment 4). In Experiment 5, we
replicated these behavioral and eye movement findings
when EEG signals were also simultaneously recorded.
The results revealed enlarged spatial scope of attention
as indexed by the functional visual field and identified
stimulus-locked and saccade-locked N2pc components
as the neural signatures for the training-induced
enhancement in covert attention to the trained target.

We totally recruited 80 participants with 15
participants for Experiments 1 to 4 and 20 participants
for Experiment 5. We conducted a priori power
analyses with G*Power 3.0 (Faul, Erdfelder, Lang,

& Buchner, 2007). The analyses suggested that 15
participants are required for each experiment to detect
a behavioral training effect on visual search (F tests:
repeated-measures analysis of variance (ANOVA),
within factor, expected effect size n°, = 0.298, power
= 0.9). The expected effect size was chosen based on
previous studies that adopted similar conjunction
visual search training paradigm (Su et al., 2014,
Experiment 3a). We recruited 20 participants in
Experiment 5 to increase the power for detecting ERP
effects, because EEG signals have lower signal-to-noise
ratio and 15 participants were estimated based on
behavioral results. The experiments were approved by
the local ethics committee. The participants provided
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Figure 1. Stimuli and typical trials of the conjunction visual search task in (A) Experiment 1, (B) Experiments 2 and 4, and
(C) Experiment 3. (D) Procedure in Experiments 1, 2, and 3. (E) Procedure in Experiment 4.

written informed consent before the experiment in
accordance with the Declaration of Helsinki and were
paid for their participation.

In Experiment 1, we trained participants on a
conjunction visual search task. We examined the
training effects on the trained target and two stimuli
that either shared color or orientation feature with
the trained target when they served as target in the
pretest and posttest sessions. We also calculated transfer
indices to quantify the transfer of training effects to
the stimulus that shared color or orientation with the
trained target.

Method

Participants

Fifteen right-handed naive participants (eight
females, age range 18-27 years, mean age 22.5 years)
with normal or corrected-to-normal vision were
recruited for the experiment.

Apparatus

All stimuli were displayed on a 32-inch Display+-+
LED monitor (Cambridge Research Systems Ltd,
Rochester, Kent, UK) with a refresh rate of 120 Hz and
spatial resolution of 1920 x 1080 pixels. The stimuli

were presented using Psychtoolbox 3.0 (Brainard, 1997,
Pelli, 1997) in MATLAB programming environment
(MathWorks, Natick, MA, USA). The participants
were positioned 72 cm from the monitor in a dimly
lit room. We used a chin rest to fix the participants’
head position. Eye movements were recorded using
an EyeLink 1000 plus (SR Research, Kanata, ON,
Canada) eye tracker with a sampling rate of 1000
Hz. Gaze position was established using nine-point
calibration and validation procedure. Drift correction
was performed before each block.

Stimuli

Each search array (16.37° x 16.37°) consisted of a
central fixation cross and 36 items (1.37° x 0.55°) in a
6 x 6 array (Figure 1A). The items were line segments
on a gray background with distinctive colors (red or
green) and orientations (0°: horizontal, 90°: vertical,
45°: tilted right from vertical, or 135°: tilted left from
vertical). In half of the trials, there was a unique target
(i.e., red 90°, denoted as r_90) in the search array and
the rest of the items were distractors (randomly chosen
from g_0, g_90, r_45, and r_135). The location of the
target in each target-present trial was chosen randomly
within the search array. In the other half of the trials,
there was no target and all items in the search array
were distractors.

Procedure

The procedure of the experiment is shown
in Figure 1D. Participants completed a practice block
(100 trials) to familiarize with the task before the pretest
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session. In the practice block, search arrays consisted
of black and white line segments with a black 90° line
segment serving as target. In the pretest, participants
were tested for three different targets (r_90, r_0, and
g_90 with equal number of trials) separately in three
blocks with 100 trials in each block. After the pretest,
participants conducted eight training blocks with 400
trials in each block. The targets were always r_90 in
the training blocks and appeared in a half of the trials.
There was a three minutes break after every block and
a five minutes break after every two blocks. During
the practice and training, participants were offered an
optional break every 20 trials to reduce fatigue and
boredom. After training, participants completed a
posttest that was identical to the pretest. The orders
of the blocks in the pretest and posttest sessions were
randomized.

A typical trial of the conjunction visual search
task is shown in Figure 1A. Each trial began with the
presentation of a central fixation cross for 400 ms,
followed by a search array that appeared until the
key response or the elapse of 3000 ms since its onset.
Participants were instructed to fixate on the central
fixation before the presentation of the search array and
return to the fixation cross as soon as possible after
they found the target. They could make eye movements
during search period. Participants were required
to indicate the presence or absence of the target as
accurately and quickly as possible by pressing one of
two keys with one of two fingers of the right hand.

Data analysis

Behavior: Trials with incorrect responses (4.01%), RTs
that were faster than 200 ms (0.09%), and latency of
first saccade smaller than 80 ms (4.27%), were excluded
from analyses. The trials in which the participants failed
to respond within 3000 ms were considered as incorrect
trials. Both target-present and target-absent trials were
included in the analysis. In the calculation of d’, when
participants scored perfect performance (i.e., hit rate =
1 or false alarm rate = 0), hit rate was assigned a value
of 1 — 1/(2 x N) or false alarm rate was assigned a value
of 1/(2 x N) (N was the total number of target-present
or target-absent trials). For the presentation purpose,
we refer the trials with the target of r_90, r_0, and
g_90 as C+0+, C+0O—, and C—O+, respectively (C
for color feature, O for orientation feature, + and —
indicated that the feature was the same as and different
from the trained target, respectively).
Repeated-measures two-way ANOVAs with session
(pretest and posttest) and target type (C+O+, C+O—,
and C—O+) as factors were conducted with SPSS
(version 20, IBM), and if necessary, the measures were
corrected for violation of sphericity assumption by
using Greenhouse—Geisser correction. Corrections
made for multiple comparisons were also reported.
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We defined transfer index (T1) from C+O+ to either
C+0O— or C—O+ as the mean percent improvement
(MPI) of the untrained target (C+0O—, C—0+)
divided by the MPI of the trained target (C+O+).
Therefore transfer index of 1 would suggest a full
transfer of training effect from the trained target to
the untrained target. In contrary, transfer index of
0 would imply that there was no transfer of training
effect at all. The MPI of each participant and each
condition was calculated as (post-test — pretest)/
pretest.

Eye movement: We divided the correct trials into

three categories: zero-saccade trials (no saccade before
response), single on-target-saccade trials (only one
saccade before response and this saccade was on the
target), and other trials. For these other trials with overt
eye movement, we defined three epochs for each trial
(Malcolm & Henderson, 2009): search initiation time,
scanning time, and verification time. Search initiation
time was defined as the period from the onset of the
search display until the first saccade away from the
central fixation. We assumed that search initiation
time reflected the time needed to select the first item

in the search display for examination. Scanning time
was defined as the period from the first saccade until
the onset of the last fixation. This epoch reflected the
actual search process. We also calculated the number
of fixations and mean fixation duration during the
scanning period. Verification time was defined as the
duration of the last fixation until the participants’
response for those target-present trials in which the last
fixation was on the target. This epoch reflected the time
to determine whether the fixated item was the target.
Segmenting total trial duration into three epochs helped
us to elucidate the training effect on these specific search
processes.

Two issues need to be clarified for the definition of
eye movements. First, a fixation was defined as on target
or central cross if its distance from the center of the
target or central cross was shorter than 1.5°. Second,
we observed that the participants occasionally returned
their gaze back to the central fixation to prepare for
next trial but this was done before their response to
the current trial. Therefore, if there were more than
one fixation in a trial, and the last fixation was on the
central cross and its start time was within 300 ms from
the key response, we removed this last fixation from
the analysis and subtracted one from the number of
fixations.

Both target-present and target-absent trials were
included in the eye movement analysis, with the
exception for the proportions the single on-target-
saccade trials and the verification time of other trials
that were based on the target-present trials. The
statistical analyses (i.e., ANOVAs) for the measurements
of eye movement were conducted in the same way as
for the behavioral measurements.
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Figure 2. Results of Experiment 1. (A) Behavioral results for d’ and RTs. (B) Eye movement results for the proportion of zero-saccade
trials, proportion of single on-target-saccade trials, and other trials’ search initiation time, number of fixations, mean fixation
duration, and scanning time. Error bars represent standard errors of the mean across participants.

Results

The d' and RTs

As shown in Figure 2A, the behavioral results suggest
that training improved visual search performance as
indexed by the increased d’ and reduced RTs.

For d’ we observed significant effects on session (£(1,
14) = 28.54, p < 0.001, n°, = 0.67) and target type
(F(2,28) = 37.07, p < 0.001, °, = 0.73), but not on
their interaction (F(2, 28) = 1.70, p = 0.20, »°, = 0.11).
Bonferroni-corrected post hoc tests showed that there
were significant differences between C+0O+ and C+0—
conditions (p < 0.001) and between C+O+ and C—O+
conditions (p < 0.001). No significant difference was
observed between C+O— and C—O+ conditions (p =
0.06).

For RTs, we also observed significant effects on
session (F(1, 14) = 82.29, p < 0.001, »?, = 0.85) and
target type (F(2,28) = 4.15, p < 0.05, nzp = 0.23), but
not on their interaction (F(2, 28) = 2.77, p = 0.08, n°, =
0.16). Bonferroni-corrected post hoc tests showed that

there was significant difference between C+0O+ and
C—0+ condition (p < 0.05). No significant difference
was observed between C+0O+ and C+O— conditions
(p = 1.00) or between C+O— and C—O+ conditions
(»p =0.08).

To examine the transfer of learning effect to the
stimuli that differed from the trained target in one of
the two features, we calculated the transfer indices for
C+0- and C—0O+ conditions (Table 1). Paired #-tests
revealed no significant difference in transfer index
between C4+0O— and C—O+ conditions in d’ (#(14) =
1.81, p = 0.09, Cohen’s d = 0.47) and RTs (#(14) = 1.81,
p =0.09, Cohen’s d = 0.47).

Eye movement

The eye movement results are shown in Figure 2B.
The trials were grouped as zero-saccade trials, single
on-target-saccade trials, and other correctly responded
trials.

The proportion of the zero-saccade trials was
significantly increased after training (F(1, 14) = 5.42,
p < 0.05, »°, = 0.28). No significant effect on target
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C+0-— C-0O+
Experiment 1
d’ 091 £+ 1.34 0.02 + 1.88
RTs 0.95 + 0.39 0.74 £ 0.35
Search initiation time 2.90 + 6.86 1.06 &+ 2.10
Number of fixations 0.97 + 041 0.81 4+ 0.33
Scanning time 0.97 £+ 0.34 0.75 £ 0.31
Experiment 2
d’ 0.64 £ 0.72 0.32 £ 0.55
RTs 0.74 £+ 0.48 0.30 £+ 0.37
Search initiation time 2.29 + 3.67 —0.04 £+ 5.07
Number of fixations 0.82 £+ 0.47 0.39 + 0.57
Scanning time 0.73 £ 0.49 0.31 £+ 0.38
Experiment 3
d’ —0.01 &+ 1.54 —0.25 £ 1.77
RTs 0.86 & 0.80 0.77 £+ 0.33
Search initiation time 1.51 + 8.63 —0.65 &+ 4.23
Number of fixations —2.10 + 11.14 —0.39 4+ 4.47
Scanning time 0.05 £+ 2.84 0.35 £+ 1.46

Table 1. Transfer indexes (mean =+ SD) from Experiment 1 to
Experiment 3.

type (F(1.09, 15.20) = 3.11, p = 0.10, »°, = 0.18)
or their interaction (F(1.17, 16.32) = 3.46, p = 0.08,
n’, = 0.20) was observed.

The proportion the single on-target-saccade trials
was also significantly increased after training (F(1, 14)
=45.67, p < 0.001, °, = 0.77). No significant effect on
target type (F(2, 28) = 2.29, p = 0.12, »°, = 0.14) or
their interaction (F(2, 28) = 1.23, p = 0.31, n°, = 0.08)
was observed.

For other correctly responded trials, training
significantly increased the search initiation time and
reduced the number of fixations and scanning time. For
the search initiation time, there was a significant effect
on session (F(1, 14) = 5.74, p < 0.05, 772,, = 0.29). No
significant effect on target type (F(2, 28) = 1.81, p =
0.18, n°, = 0.11) or their interaction (F(2, 28) = 0.19,
p =0.83,7°, = 0.01) was observed. For the number of
fixations, there were significant effects on session (F(1,
14) = 106.63, p < 0.001, n°, = 0.88) and target type
(F(2,28) = 8.18, p < 0.01, »?, = 0.37). No significant
effect on their interaction was observed (F(2, 28) =
1.28, p = 0.29, »°, = 0.08). Bonferroni-corrected post
hoc tests showed that there were significant differences
between C+0+ and C—O+ conditions (p < 0.05) and
between C+O— and C—O+ conditions (p < 0.05). No
significant difference was observed between C+0O+ and
C+0O-— conditions (p = 0.93). For scanning time, there
were significant effects on session (F(1, 14) = 96.69, p
< 0.001, n°, = 0.87) and target type (F(2, 28) = 5.36,
p < 0.05, n°, = 0.28). No significant effect on their
interaction was observed (F(2, 28) = 2.20, p = 0.13,
n’, = 0.14). Bonferroni-corrected post hoc tests showed
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that there were significant differences between C+0O+
and C—O+ conditions (p < 0.05) and between C+O—
and C—O+ conditions (p < 0.05). No significant
difference was observed between C+O+ and C+O—
conditions (p = 1.00). The mean fixation duration and
verification time were not significantly modulated by
training (p > 0.10).

For the measurements of eye movement that were
significantly modulated by training, we calculated their
transfer indices (Table 1). Paired ¢-tests revealed no
significant difference in transfer index between C+0O—
and C-O+ conditions in the search initiation time
(¢(14) = 0.99, p = 0.34, Cohen’s d = 0.25), number of
fixations (#(14) = 1.29, p = 0.22, Cohen’s d = 0.33),
and scanning time (#(14) = 1.84, p = 0.09, Cohen’s d =
0.47) of the other correctly responded trials. For the
proportions of the zero-saccade trials and the single
on-target-saccade trials, the calculation of the transfer
index was not possible because of the existence of zero
values in the pretest sessions of individual participants.

Discussion

The behavioral results in Experiment 1 demonstrated
that training on the conjunction visual search task
significantly improved search performance of the
participants as they identified the target faster and more
accurate. The eye movement results revealed that one
of the sources for decreased RTs after training was the
reduction in the number of fixations (or saccades). In
contrary, mean fixation duration and verification time
remained unchanged after training, indicating that the
processing time for each fixated item was not affected
by training.

The behavioral results showed improved performance
after the training, but no significant difference
in the improvement was observed across target
types. We calculated the transfer indices for the two
untrained conditions. The statistics revealed only
trends of significance (p = 0.09, TIs were larger for
C+0-) between the two conditions for d’, RTs, and
scanning time, indicating a potential larger transfer
of training effect for the stimuli sharing the color
than those sharing the orientation with the trained
stimulus. However, given the lack of significant results,
we continued to examine this issue in the following
experiments and review the overall results in the General
Discussion.

There were two interesting findings in the eye
movement results. First, we found that the proportions
of the zero-saccade trials and the single on-target-
saccade trials significantly increased after training,
suggesting that the participants had a higher chance to
identify the target before making any saccade. Second,
we observed an increase in search initiation time after
training for other correctly responded trials. This
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increase might reflect a change in search strategy as it
could increase the probability of correct identification
of target with fewer saccades. The potential mechanism
that could account for these two findings was that
training improved the covert attention to the trained
stimulus. We will examine this interpretation in
Experiment 5 where EEG signals were recorded.

In Experiment 2, we used a search array with a larger
number of items (i.e., set size) that were smaller in size,
to examine whether the observed training effects from
Experiment 1 could be generalized to a different set
of stimulus parameters. The overall area of the search
array remained unchanged to keep the search window
comparable across experiments.

Method

Participants

Fifteen right-handed naive participants (12 females,
age range 19-28 years, mean age 23.7 years) with
normal or corrected-to-normal vision were recruited for
the experiment.

Apparatus

The apparatus in Experiment 2 was identical to
Experiment 1.

Stimuli

The stimuli in Experiment 2 were identical to
Experiment 1, except that each search array consisted
of 144 items (12 x 12) which were smaller in size (0.68°
x 0.27°) (Figure 1B).

Procedure

The general procedure in Experiment 2 was identical
to Experiment 1. As the task would become more
difficult with the increased set size and smaller search
items, participants completed two practice blocks with
100 trials in each block to familiarize with the task
before the pretest. In the pretest session, we tested
three targets (r_90, r_180, and g_90) with 160 trials per
target to get enough correct trials for the analysis. The
target was always r_90 in eight training blocks with 300
trials in each block, keeping similar training time with
Experiment 1.
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Data analysis

The data analysis was identical to Experiment 1.
Trials with incorrect responses (24.97%), RTs that
were faster than 200 ms (0.12%), and latency of first
saccade smaller than 80 ms (7.85%), were excluded from
analyses.

Results

The d' and RTs

The behavioral results of Experiment 2 are shown
in Figure 3A. Training improved performance as
indexed by the increased d’ and reduced RTs.

For d’, we observed significant effects on session
(F(1, 14) = 42.73, p < 0.001, n°, = 0.75), target type
(F(2,28) = 6.72, p < 0.01, °, = 0.32), and their
interaction (F(1.29, 18.12) = 9.40, p < 0.01, »°, = 0.40).
Simple-effects analysis (Bonferroni-corrected) revealed
significant effects of training in C4+O+ (#(14) = —5.91,
p < 0.001, Cohen’s d = 1.53), C+O— (#(14) = —4.18, p
< 0.001, Cohen’s d = 1.08), and C—O+ (#(14) = —3.66,
p < 0.01, Cohen’s d = 0.94) conditions.

For RTs, we also observed significant effects on
session (F(1, 14) = 50.42, p < 0.001, n°, = 0.78), target
type (F(1.21, 16.90) = 4.35, p < 0.05, n°, = 0.24), and
their interaction (F(1.24, 17.42) = 9.03, p < 0.01, »?,
= 0.39). Simple-effects analysis (Bonferroni-corrected)
revealed significant effects of training in C+0O+ (#(14)
=9.27, p < 0.001, Cohen’s d = 2.39), C+0O— (#(14) =
4.57, p < 0.001, Cohen’s d = 1.18), and C—O+ (#(14) =
3.52, p < 0.01, Cohen’s d = 0.91) conditions.

Paired t-tests on the transfer indices for C+O—
and C-O+ conditions (Table 1) revealed a significant
difference in RTs (#(14) = 2.55, p < 0.05, Cohen’s d =
0.66, TI was larger for C+O—) but not in d’ (#(14) =
1.66, p = 0.12, Cohen’s d = 0.43).

Eye movement

The eye movement results of Experiment 2 are shown
in Figure 3B.

In contrast to Experiment 1, training did not
significantly increase the proportion of the zero-saccade
trials in Experiment 2. We did not observe significant
effect on session (F(1, 14) = 0.85, p = 0.37, n°, = 0.06),
target type (F(1.27, 17.82) = 0.83, p = 0.40, n°, = 0.06),
or their interaction (F(1.36, 19.07) = 1.73, p = 0.21, 7%,
=0.11).

However, there was still a significant increase in
the proportion of the single on-target-saccade trials
in Experiment 2. We observed a significant effect on
session (F(1, 14) = 8.60, p < 0.05, n°, = 0.38). No
significant effect was observed on target type (F(2,
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Figure 3. Results of Experiment 2. (A) Behavioral results for d’ and RTs. (B) Eye movement results for the proportion of zero-saccade
trials, proportion of single on-target-saccade trials, and other trials’ search initiation time, number of fixations, mean fixation
duration, and scanning time. Error bars represent standard errors of the mean across participants.

28) = 1.82, p = 0.18, 1, = 0.12) or their interaction
(F(1.39,19.42) = 2.03, p = 0.17, »°, = 0.13).

For other correctly responded trials, training did
not significantly increase the search initiation time but
reduced the number of fixations and scanning time.
We did not observe significant effect on session (F{(1,
14) = 0.41, p = 0.53, °, = 0.03), target type (F(2,

28) = 1.35, p = 0.28, n°, = 0.09), or their interaction
(F(2,28) =0.09, p = 0.92, n°, = 0.01). Consistent with
Experiment 1, training significantly reduced the number
of fixations and scanning time and kept the mean
fixation duration and verification time unchanged. For
the number of fixations, there were significant effects
on session (F(1, 14) = 90.77, p < 0.001, »°, = 0.87),
target type (F(1.28, 17.92) = 6.89, p < 0.05, n°, = 0.33),
and their interaction (F(2, 28) = 7.32, p < 0.01, °, =
0.34). Simple-effects analyses (Bonferroni-corrected)
revealed significant effects of training in C+0O+ (#(14)
=10.45, p < 0.001, Cohen’s d = 2.70), C+O— (#(14) =
7.02, p < 0.001, Cohen’s d = 1.81), and C—O+ (#(14)
=4.06, p < 0.01, Cohen’s d = 1.05) conditions. For
scanning time, there were significant effects on session
(F(1, 14) = 53.31, p < 0.001, n°, = 0.79), target type

(F(1.21,16.97) = 5.49, p < 0.05, »°, = 0.28), and their
interaction (F(1.44, 20.12) = 10.44, p < 0.01, °, =
0.43). Simple-effects analyses (Bonferroni-corrected)
revealed significant effects of training in C+O+ (#(14)
= 9.10, p < 0.001, Cohen’s d = 2.35), C+0O— (#(14) =
5.09, p < 0.001, Cohen’s d = 1.31) and C—O+ (t(14)
= 3.19, p < 0.01, Cohen’s d = 0.82) conditions. The
mean fixation duration and verification time were not
significantly modulated by training (p > 0.12), except
that there was a significant interaction in the mean
fixation duration. However, simple-effects analysis
(Bonferroni-corrected) revealed no significant effect of
training in C+0O+ (#(14) = 1.48, p = 0.16, Cohen’s d =
0.38), C+0— (#(14) = —0.18, p = 0.86, Cohen’s d =
0.05), or C—O+ (t(14) = —1.61, p = 0.13, Cohen’s d =
0.42) condition.

Paired #-tests revealed no significant difference in
transfer index between C+O— and C-O+ conditions
in the number of fixations of the other correctly
responded trials (2(14) = 1.93, p = 0.07, Cohen’s d =
0.50). There was a significant difference in scanning
time between the two conditions (#(14) = 2.38, p < 0.05,
Cohen’s d = 0.61).



Journal of Vision (2022) 22(8):7, 1-23
Discussion

With the increased set size and reduced stimulus size,
we observed similar patterns of results in Experiment 2
as those in Experiment 1, except that no significant
training effects for the proportion of the zero-saccade
trials and the search initiation time of other correctly
responded trials were observed. Apparently, increasing
the set size in the search display and reducing the
stimulus size made it less likely that the participants
could locate the target when fixated at the center of the
display. It was possible that the smaller item-to-item
distance in Experiment 2 introduced crowding effect
(Levi, 2008; Whitney & Levi, 2011) that prevented
the participants properly perceived the items at
their periphery visual field. To address this issue, in
Experiment 3, w