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Abstract
Visual search is required in many professions where an undetected threat, such as a weapon, can put the well-being of others at
risk. Given the importance of detecting these threats, researchers have used various experimental techniques to improve perfor-
mance in visual search tasks, albeit with varying degrees of success. Here, we explore two promising techniques to improve
visual search using ecologically valid synthetic aperture radar stimuli: object recognition training and search strategy training.
Search strategy training is intended to make observers search more systematically through a display, whereas object recognition
training is intended to improve observers’ ability to recognize critical targets. Search strategy training was implemented by
instructing participants to scan through the display in a pre-specified pattern. Object recognition training was implemented by
having participants discriminate between targets and non-targets. We also manipulated whether observers received anodal or
sham transcranial direct current stimulation (tDCS) during training, which has been shown to improve visual search performance
and target learning. To measure the effectiveness of the training and stimulation conditions, we tested object recognition accuracy
and overall visual search performance before and after three sessions of increasingly difficult training. Results indicated that
object recognition training significantly improved object recognition accuracy relative to the search strategy group, whereas
search strategy training was effective in improving visual search accuracy in those who adhered to the training. However, tDCS
did not interact with training type, and although both training types yielded significant improvements, training-related improve-
ments were not significantly different between the different approaches. This evidence suggests that strategy-based training could
be as effective as the more prototypical object recognition training. Implications for future training protocols are discussed.

Keywords Visual search . Cognitive training . Transcranial direct current stimulation . Satellite image analysis

Visual search involves locating target items among distractors,
and this process represents a key cognitive ability in daily life.
Some professional activities likewise depend upon specialized

visual search training, including baggage screening (Biggs
and Mitroff 2014), radiology (Manning et al. 2006), and sat-
ellite imagery evaluations (Ehinger and Wolfe 2016). These
professional search scenarios require individuals to identify
and detect critical targets in order to prevent threats from
harming others. Given the potential consequences of poor
accuracy in these settings, researchers have made several at-
tempts to improve visual search by manipulating some aspect
of the task, such as the appearance of the display (Drew and
Williams 2017; Peltier and Becker 2017a), perception of tar-
get prevalence (Schwark et al. 2013; Wolfe et al. 2007), or
reward scheme based on accuracy (Navalpakkam et al. 2009;
Pedersini et al. 2008). However, most methods have been
ineffective, or increased hit rate at the cost of also increasing
false alarm rate (for a review see, Horowitz 2017). This inef-
ficiency has led other researchers to explore the utility of
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manipulating training protocols for the searchers. There are
three identified components to visual search that can be
trained: (1) specific use of technological aids through machin-
ery and user interface, sometimes called “knobology”; (2)
target and distractor identification (i.e., object recognition);
and (3) search strategy (Kramer et al. 2019). The current paper
will focus on the latter two components.

Object recognition training is intended to improve the
probability that an observer will accurately detect a target.
To improve object recognition, observers typically receive
perceptual training where they are tasked with repeatedly dis-
criminating between targets and non-targets (Yang et al.
2014). Object recognition training can decrease the probabil-
ity of a decision error (Koller et al. 2008), where an observer
directly fixates a target, but fails to recognize it (Hout et al.
2015; Peltier and Becker 2016). The goal of object recognition
training is enhanced visual search by ensuring the searcher can
more readily identify targets when they are encountered.
Radiologists are thus trained to identify tumors and fractures
in an X-ray, whereas airport baggage screeners are trained to
identify explosives and guns in an X-ray.

Alternatively, search strategy training, is intended to teach
the observer to systematically search through a display
(Auffermann et al. 2018; Auffermann et al. 2015). The goal
of search strategy training is to reduce the probability of a
search error, where the observer fails to fixate the target before
deciding the target is absent (Hout et al. 2015; Peltier and
Becker 2016). Any specific scanning pattern could vary with
the environment in which the observer is intended to operate
alongwith any known or predictable structural relationships in
the search environment. For example, in radiology, targets are
known to appear more often in some locations than others
(Toombs and Kalisher 1977; Wellings et al. 1975), and ob-
servers should be trained to bias attention to those areas. In
other searches, such as satellite imagery, targets are more like-
ly to be randomly located; thus, observers should be trained to
search through the whole display avoiding systematic biases
in attention, such as the neglect of peripheral locations
(Bindemann 2010; Ioannidou et al. 2016; Tatler 2007).
Unlike object recognition, which would involve inherently
different training for different search professions, strategy
training has the potential to be applied in a similar manner to
radiology, baggage screening, satellite imagery search, or oth-
er search scenarios. This approach could also leverage
existing experience as differences in gaze patterns between
novice and expert searchers might aid in designing strategy
search methods.

For example, research comparing expert and novice bag-
gage screeners using eye-tracking show that novices’ gaze
patterns are less consistent (vary more from trial to trial) and
less systematic (fail to search a greater proportion of the dis-
play) (Wetter 2013). Novices also commit a greater number of
identification errors and take longer to first fixate the target

(Liu et al. 2007). These metrics can be improved, however,
with effective training. Hale et al. (2012) showed that discrim-
ination training can significantly improve novice baggage
screeners’ accuracy and response time (RT). Critically, even
professional baggage screeners have shown accuracy and RT
improvements after training (Halbherr et al. 2013). Thus, im-
proving the consistency of search through strategy training
may manifest itself as improvements in search accuracy and/
or speed.

The evidence thus far suggests a high degree of potential
trainability for professional visual search, although there are
questions about the efficacy of object recognition training ver-
sus search strategy training if the two methods were to be
directly compared. Another question concerns the supplemen-
tary methods that could be used in conjunction with either
human performance training method as a means to expedite
the learning process and enhance the overall training potential.
One potential method to accelerate visual search training is the
use of non-invasive brain stimulation. Several previous stud-
ies have suggested that frontal eye fields (FEF) and posterior
parietal cortex (PPC), specifically the right PPC (rPPC), are
involved in visual search performance. For example, fMRI
studies have shown that right FEF (rFEF) and rPPC are co-
activated in conjunction visual search tasks (Corbetta et al.
1991; Corbetta and Shulman 1998; Donner et al. 2002).
Adding to these studies, others have used transcranial magnet-
ic stimulation (TMS) to show causal/necessary involvement
of FEF and rPPC in conjunction visual search (Ellison et al.
2003; Lane et al. 2011; Muggleton et al. 2003; O'Shea et al.
2006). These studies suggest that stimulation of PPC and/or
FEF may elicit visual search enhancement. Indeed, Nelson
et al. (2015) found that both anodal and cathodal transcranial
direct current stimulation (tDCS) to left FEF improved perfor-
mance on a basic visual search task, compared to sham stim-
ulation. Alternatively, another recent study found that cathodal
tDCS to left FEF disrupted search performance, but cathodal
tDCS to rFEF did not impair performance (Ball et al. 2013).

These previous studies illustrate an improvement in visual
search performance independent of the underlying learning
process. Across multiple cognitive domains, tDCS has been
shown to have particularly robust effects when paired with
learning/training paradigms (e.g., Bolognini et al. 2010;
Bolognini et al. 2009; Cappelletti et al. 2015; Jones et al.
2017; Richmond et al. 2014; Stephens and Berryhill 2016).
When examining visual threat detection in military contexts,
tDCS has been shown to provide a robust effect on accelerat-
ing learning (Clark et al. 2012; Coffman et al. 2012;McKinley
et al. 2013). All of these studies used the same electrode mon-
tage with the anode placed over the EEG 10–20 system loca-
tion F10, while the cathode was placed over the contralateral
bicep. McKinley et al. (2013) specifically examined the ef-
fects of tDCS on satellite image search performance using that
tDCSmontage. Participants were randomly assigned to one of
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three treatment conditions (sham tDCS in the first training
session followed by active tDCS in the second training ses-
sion, active tDCS followed by sham tDCS, or no tDCS).
Participants first performed a baseline test and then received
their tDCS treatment for the first 30 min of their ~ 1.5 h train-
ing session. Each training session was followed by a test to
assess their object recognition/visual search learning perfor-
mance. The results suggested that anodal tDCS stimulation
paired with satellite image search practice yielded a 25% in-
crease in search performance compared to sham or no stimu-
lation at all.

Taken together, there is evidence from laboratory-based
visual search tasks that different approaches to training can
improve performance. There is also evidence that brain stim-
ulation may provide a method for facilitating visual search
performance. However, previous work has not examined the
use of different training approaches in conjunction with brain
stimulation to improve visual search. Therefore, in the current
study, we compared an object recognition training approach
(i.e., learningwhat to search for) with a strategy-based training
approach (i.e., learning how to search). We additionally
assessed the effects of stimulation of rPPC via tDCS on these
two training approaches. To assess stimulus-specific differ-
ences versus generalized differences in visual search, we also
includedmultiple types of search during pre-training and post-
training assessments. Simple visual search assessments uti-
lized Ts and Ls, whereas the complex, training-related search
task utilized synthetic aperture radar (SAR) images. We antic-
ipated that both types of training would improve search per-
formance of the ecologically valid SAR images; critically, we
predicted that object recognition training would influence an
individual’s ability to accurately identify the target being
searched and that strategy training would influence the search
time via more consistent search patterns. Still, only strategy-
based training should enhance search performance with the Ts
and Ls if indeed strategy training produces better transfer ef-
fects because we would not expect object recognition training
to transfer to untrained stimuli (i.e., Ts and Ls). Finally, we
predicted that rPPC stimulation would differentially boost the
effects of strategy training over object recognition training
given previous work showing enhancement to conjunction
search (Lane et al. 2011) and visuospatial localization
(Wright and Krekelberg 2014).

Methods

Participants

A total of 74 neurologically healthy adults (age: M = 26.28,
SD = 5.38; 58 males) participated for monetary compensation.
All participants were recruited through flyers and online an-
nouncements. Recruitment materials stated “Volunteers will

be part of a research study examining the effects of non-
invasive brain stimulation on visual search performance”.
Participants were pre-screened for any previous experience
with analysis of SAR imagery. Participants who completed
the study received $160–$185. Participants who completed
the study in the specified timeframe (see below) received a
$25 completion bonus, which accounts for the difference in
payment (n = 67 received the bonus). All participants reported
normal or corrected-to-normal vision. Participants gave writ-
ten informed consent approved by the Institutional Review
Board of the Air Force Research Laboratory. Two participants
did not complete the study and are not included in any of the
following analyses.

The study included four groups based on training content
and type of tDCS stimulation: strategy training with anodal
stimulation (n = 18), strategy training with sham stimulation
(n = 19), object recognition training with anodal stimulation
(n = 18), and object recognition training with sham stimula-
tion (n = 17). Groups did not differ significantly from one
another with respect to age, education level, or days between
study sessions 1 and 5, all ps ≥ 0.06.

General Study Procedures

Upon enrollment in the study, participants were randomly
assigned to a training/stimulation group and then completed
a 90-min pre-training assessment session. This initial session
consisted of eligibility screening, informed consent, demo-
graphic questionnaire completion, and completion of four as-
sessment tasks. The second session followed the first within
5 days. Sessions 2–4 were stimulation paired with training
days and occurred on consecutive days. The final session,
which was a post-training assessment, occurred within 5 days
of the last stimulation session. Participants completed the five
sessions in an average of 5.38 days (SD = 2.72).

Stimuli

Experimental stimuli were controlled by MATLAB (The
MathWorks, Natick, MA) using Psychophysics Toolbox ex-
tensions (Brainard 1997; Pelli 1997), and displayed on a lap-
top computer. Participants were seated approximately 60 cm
from the laptop.

Synthetic Aperture Radar (SAR) Image Stimuli Image stimuli
for two of the assessment tasks, as well as both training tasks,
were derived from the same SAR image database. The origi-
nal images came from the publically available MSTAR SAR
database. The original images were 1200 × 1600 pixels. The
stimulus set used here consisted of 48 target absent images
and 96 target-present images (see Fig. 1 for examples). There
were a total of three different types of targets that could be
present in the images including a T-62 tank, an SA-6 surface-
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to-air missile launcher, and an SA-8 surface-to-air missile
launcher (Fig. 2). Figure 3 shows additional examples of the
target stimuli and their defining features, which are primarily
shaped based. A total of 32 target-present images for each

target type made up the total 96 images. Of the 96 target-
present images, 48 were used for the assessment tasks and
the other 48 were used for the training tasks. For the assess-
ment tasks, eight target-present and eight target-absent images

Fig. 1 Example SAR images used for assessment and training tasks

Fig. 2 Example cropped image
stimuli. Images also illustrate
examples of each target type,
distractor, and lure images, and an
image with 50% noise added used
for the object recognition training
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were used for practice trials, which included feedback, and
those same practice images were not used in the experimental
trials.

For the cropped image search assessment task, as well as
for the two training tasks, the original full images were
cropped out into smaller images. Three categories of stimuli
were cropped out of the original images into 115 × 115 pixel
sections: target images, lure images, and distractor images. A
total of 96 target images (32 of each type; half for training and
half for assessment), 89 lure images (i.e., image sections that
could easily be mistaken for targets), and 191 distractor im-
ages (i.e., homogenous background portions of the original
images). Figure 2 illustrates examples of the cropped stimuli.

Assessment Tasks

Change Detection

A standard, whole display change detection task was
used to assess visual short-term memory (VSTM) capac-
ity (Luck and Vogel 1997). After a 500-ms fixation
cross, each trial consisted of a memory array of six col-
ored squares (chosen randomly from black, red, cyan,
yellow, green, blue, orange, brown, and purple)
displayed for 100 ms. The memory array was followed
by a 900-ms blank delay and then a test array of six

colored squares for a maximum of 2000 ms or until a
response was entered. On half of the trials, the memory
and test arrays were identical. For the other half of trials,
the color of one of the squares was different between the
two arrays. Participants indicated whether there was a
change or not between the arrays via a keypress.
Participants completed a total of 64 trials. The dependent
measure used was Cowan’s K, as a measure of VSTM
capacity (Cowan 2001).

Ts Among Ls Visual Search

Participants searched among a display of 32 items for a pre-
specified target item and indicated whether the target was
present or absent. Target-absent trials consisted of all “L”-
shaped distractors, whereas target-present trials contained a
target “T” among the distractors. Each trial began with a fix-
ation cross for 250 ms, followed by a search array, which
appeared until a response or until the 30 s time limit was
reached. If no response was given within the time limit, the
trial was scored as incorrect. Participants indicated target-
present or target-absent via a keypress. Ten practice trials with
feedback were followed by 80 experimental trials without
feedback. Half of trials were target-present and half were tar-
get-absent.

Fig. 3 Additional examples of each target stimuli type and the feature that defines each target (i.e., shape). Targets are shown in different orientations and
from different angles to highlight the heterogeneity of images that participants encountered
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SAR Cropped Image Search

Each trial began with a 1000-ms fixation cross, followed by a
16 stimuli array of cropped images, arranged in a 4 × 4 grid.
Half of trials were target-present and half were target-absent.
Participants had a maximum RT of 15 s to respond. If no
response was given within the time limit, the trial was scored
as incorrect. Participants indicated target-present by clicking
the mouse on the stimulus that they believed contained a tar-
get. If a target was present and the participant clicked the
wrong image, the trial was scored as incorrect. Participants
indicated target-absent by clicking the mouse on a box labeled
“No Target” placed to the right of the 4 × 4 grid. Target-
present trials either contained a T-62, SA-6, or SA-8 target
(equal distribution of the target types across the task). Half
of trials (both target-absent/-present) contained a lure image.
All other stimuli presented in the array were distractor images.
The location of targets and lures were randomly selected
among the 16 possible locations for each trial. If a participant
correctly selected a target, they were then asked to categorize
what type of target it was (i.e., T-62, SA-6, or SA-8). Target-
present/-absent accuracy (i.e., target localization) and target
categorization accuracy were recorded separately (i.e., a par-
ticipant could correctly localize a target, but then inaccurately
classify the target type). Participants completed 16 practice
trials with feedback initially, which presented eight target im-
ages and eight lure images that were unique from those used in
the experimental trials. Participants then completed a total of
80 experimental trials, which did not include any feedback.

SAR Full Image Search

Stimuli for this search task were the full SAR images de-
scribed above. The full image search task was identical to
the cropped image search, except that full images were pre-
sented instead of cropped out sections. Half of trials were
target-present and half were target-absent. Target-present trials
either contained a T-62, SA-6, or SA-8 target (equal distribu-
tion of the target types across the task). Participants indicated a
target was present by clicking the mouse on the section of the
image containing the target. If a mouse click was within 50
pixels in any direction of the center of the target, it was scored
as correct. If a target was present and the participant clicked
the wrong area of the image, the trial was scored as incorrect.
Participants indicated target absent by clicking the mouse on a
box labeled “No Target” placed to the right of the image. If a
participant correctly selected a target, they were then asked to
categorize what type of target it was (i.e., T-62, SA-6, or SA-
8). Again, target-present/absent localization accuracy and tar-
get categorization accuracy were recorded separately.
Participants completed 16 practice trials with feedback initial-
ly. Participants then completed a total of 80 experimental tri-
als, which did not include any feedback.

Questionnaires

Participants completed a basic demographic questionnaire that
included gender, age, education level, visual acuity, and hand-
edness. In addition to the basic demographics, participants
also completed three additional questionnaires. Previous re-
search has shown that personality characteristics, such as in-
troversion, are predictive of visual search performance (Peltier
and Becker 2017b); therefore, we administered the mini
International Personality Item Pool (Donnellan et al. 2006),
which provides a quick measure of the big five personality
traits. We also administered the Need for Cognition scale
(Cacioppo and Petty 1982), which assesses how much partic-
ipants enjoy cognitively challenging tasks. Individuals who
report higher need for cognition according to this scale have
been found to be more likely to complete a cognitive training
study (Jaeggi et al. 2014). Finally, we administered the
Theories of Intelligence (Dweck 2013) questionnaire, which
assesses whether participants think of intelligence as mallea-
ble or fixed. At least one previous cognitive training study has
found that individuals that believe intelligence is more mal-
leable demonstrate greater improvement following training
compared to individuals who believe that intelligence is more
fixed (Jaeggi et al. 2014).

tDCS

Transcranial DC stimulation was delivered with a NeuroConn
DC stimulator (Eldith MagStim, GmbH, Ilmenau, Germany).
The anodal stimulation groups received 2 mA for 30 min,
whereas the sham stimulation group received 2 mA for 30 s.
In place of the standard wet sponge electrodes that are deliv-
ered with the unit, custom silver/silver chloride electroenceph-
alography (EEG) electrodes were utilized (Fig. 4). Both the
anode and cathode each consisted of five of these EEG

Fig. 4 TDCS electrode configuration. Photo courtesy of the Air Force
Research Laboratory
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electrodes arranged in a circular pattern, as designed by the
Mind Research Network and used by several previous studies
(e.g., McKinley et al. 2013; Nelson et al. 2015). The custom-
designed electrodes have been shown to produce greater sta-
bility over time, lower sensations over time, and display less
skin irritation when compared to wet sponge electrodes
(Petree et al. 2011). Each of the electrodes was 1.6 cm in
diameter and was spaced 0.75 cm from the center and
0.1 cm apart as measured from the outer edge of the electrode
to the outer edge of the neighboring electrodes to either side.
With the 2 mA current divided evenly among the five elec-
trodes, the estimated current density was 0.199 mA/cm2. The
anode was centered over P4 in the 10–20 EEG system (i.e.,
corresponding to rPPC), and the cathode was placed on the
contralateral bicep. Electrodes were secured using medical
bandages, and connectivity was ensured using highly conduc-
tive gel (SignaGel, Parker Laboratories, Fairfield, NJ).

Training Tasks

Each training group completed a total of three 30 min training
sessions in conjunction with 30 min of tDCS stimulation.
Each training session was divided into two 15 min parts with
a 1-min break in between the sections. Both training programs
increased in difficulty across the three sessions. The target and
distractor stimuli used in the training programs originated
from the same SAR image database described above, but the
exact images were distinct from those used in the assessments.
While the two training tasks did not contain equal number of
trials, the number of presentations for each target was kept as
similar as possible, as well as the total amount of time on task.

Object Recognition Training

The goal of object recognition training was to enhance the
ability to accurately identify the three types of targets (i.e.,
SA-6, SA-8, T-62). Each session increased in difficulty, by
making it more challenging to discriminate the targets.
Stimuli in all parts of the training were cropped SAR image
stimuli and each target type was equally presented throughout
each day of training.

Day 1 of training presented two images side-by-side, and
participants were asked to select which contained a target. Part
1 of day 1 training presented blocks by target type of 88 trials.
Part 2 of day 1 then involved 120 trials with target type
pseudorandomly selected. Day 2 of training presented a single
image and participants were asked to judge whether the image
contained a target or not. Part 1 of day 2 presented the image
for 2 s and part 2 of day 2 presented the image for 500 ms, thus
increasing the difficulty with shorter image presentation time.
Day 3 was identical to day 2 except the images used had noise
(uniform distribution of 50% noise) added to them to increase

the recognition difficulty. Participants had a maximum of 5 s
to respond in all presentation duration conditions.

Strategy Training

The goal of strategy training was to enhance search consisten-
cy with a specific search strategy. On all training days, partic-
ipants were instructed to search left to right, and top to bottom,
starting at the top left as though “reading from a book” (Biggs
et al. 2015). Each session increased in difficulty, by making it
more challenging to search consistently using the provided
strategy. For all training parts, half of trials were target-
present and half were target-absent and participants responded
by pressing the “z” or “m” key, respectively. At the end of
each part of training, participants received feedback in the
form of their accuracy percentage for that portion of training.
Stimuli in all parts of the training were cropped SAR image
stimuli and target-present trials were evenly divided by the
three target types (i.e., SA-6, SA-8, T-62).

Part 1 of day 1 training presented a single row of aligned
images. Each row consisted of six images. Participants had a
maximum of 10 s to respond. A total of 200 trials were pre-
sented. Part 2 of day 1 training presented a full array of 24
images aligned in a 6 × 4 grid. Participants had a maximum of
15 s to respond and were presented with 140 total trials. Part 1
of day 2 training was identical to part 2 of day 1 and presented
24 images in an aligned 6 × 4 grid. Part 2 of day 2 training
presented 24 images in a 6 × 4 grid but introduced some spa-
tial jitter to the image placement to create an unaligned grid.
Each image in the grid could be randomly moved in any
direction by 20 pixels. Participants had a maximum of 15 s
to respond and were presented with 140 total trials. Part 1 of
day 3 was identical to part 2 of day 2 except that participants
completed a total of 160 trials. Part 2 of day 3 displayed 16
images in 16 randomly chosen locations in the grid, of the 24
possible. The same amount of spatial jitter was used as in the
previous two parts. The sparse and jittered display provided
the most difficulty in adhering to the provided search strategy.
In this final part, participants had a maximum of 10 s to re-
spond and completed a total of 192 trials.

Results

Any participant whose search accuracy on a given assessment
task was more than 2SD from the group mean was considered
an outlier and their data were excluded from any subsequent
analyses. For the Ts among Ls task, three participants were
excluded. For the SAR image search tasks, two participants
were outliers on both the cropped and full image search and
were excluded. RT was assessed only for correct trials for all
search tasks.
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Effects of tDCS

To assess the effects of tDCS and its interaction with the two
training programs, 2 (time: pre- vs. post-training) × 2 (training
group: strategy vs. object recognition) × 2 (stimulation: anodal
vs. sham) repeated-measures ANOVAs were tested on search
accuracy and RT for the three search tasks used in the assess-
ment sessions. However, the data revealed no effect of anodal
vs. sham stimulation on any search task, as indicated by non-
significant time × stimulation and time × stimulation × train-
ing group interactions. Figure 5 illustrates these data, and we
report them here to be complete in our methods and reporting.
The subsequent analyses focused on differences between the
two types of training while collapsing across stimulation type.

Search Accuracy and RT

Ts Among Ls Search A 2 (time: pre- vs. post-training) × 2
(training group: strategy vs. object recognition) repeated-
measures ANOVA on search accuracy revealed a significant
main effect of time, F(1,67) = 18.24, p < 0.001, partial-η2 =
0.21, whereby accuracy improved after training compared to
before training. Neither the main effect of training group,
F(1,67) = 0.08, p = 0.78, nor the training group × time inter-
action, F(1,67) = 0.08, p = 0.78, reached significance.

Similarly, a 2 × 2 ANOVA on search RT, for correct trials
only, revealed a significant main effect of time, F(1,67) =
22.89, p < 0.001, partial-η2 = 0.26, whereby RT decreased

after training compared to before training. Neither the main
effect of training group, F(1,67) = 1.12, p = 0.29, nor the train-
ing group × time interaction, F(1,67) = 0.03, p = 0.86, reached
significance.

SAR Cropped Image SearchA 2 (time: pre- vs. post-training) ×
2 (training group: strategy vs. object recognition) repeated-
measures ANOVA on search localization accuracy revealed
a significant main effect of time, F(1,68) = 259.60, p < 0.001,
partial-η2 = 0.79, whereby localization accuracy improved af-
ter training compared to before training. Neither the main
effect of training group, F(1,68) = 0.29, p = 0.60, nor the train-
ing group × time interaction, F(1,68) = 0.30, p = 0.59, reached
significance.

Similarly, a 2 × 2 ANOVA on search RT, for correct trials
only, revealed a significant main effect of time, F(1,68) =
57.50, p < 0.001, partial-η2 = 0.46, whereby RT decreased af-
ter training compared to before training. Neither the main
effect of training group, F(1,68) = 0.19, p = 0.67, nor the train-
ing group x time interaction, F(1,68) = 2.39, p = 0.13, reached
significance.

SAR Full Image Search A 2 (time: pre- vs. post-training) × 2
(training group: strategy vs. object recognition) repeated-
measures ANOVA on search localization accuracy revealed
a significant main effect of time, F(1,68) = 262.59, p < 0.001,
partial-η2 = 0.79, whereby localization accuracy improved af-
ter training compared to before training. Neither the main

Fig. 5 Search localization accuracy (top row) and RT (bottom row) for each of the three search assessment tasks by training group and stimulation group.
Results illustrate no significant effect of anodal stimulation compared to sham stimulation. Error bars represent standard error of the mean
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effect of training group, F(1,68) = 0.46, p = 0.50, nor the train-
ing group × time interaction, F(1,68) = 0.18, p = 0.68, reached
significance.

Similarly, a 2 × 2 ANOVA on search RT, for correct
trials only, revealed a significant main effect of time,
F(1,68) = 34.95, p < 0.001, partial-η2 = 0.34, whereby
RT decreased after training compared to before training.
The main effect of group did not approach significance,
F(1,68) = 0.57, p = 0.45, but, critically, the group × time
interaction was significant, F(1,68) = 4.87, p = 0.03,
partial-η2 = 0.07. As seen in Fig. 6, the strategy group
showed a greater decrease in RT compared to the object
recognition group after training compared to before
training. Figure 6 shows a slight difference in pre-
training RT on this task, but a post hoc comparison
yielded no significant baseline difference in RT between
the two groups, t(70) = 1.41, p = 0.16.

Target Categorization Accuracy

In both the cropped and full SAR image search tasks,
participants were asked to categorize a target once it
was correctly localized in the array/image. A 2 (time:
pre- vs. post-training) × 2 (training group: strategy vs.
object recognition) repeated-measures ANOVA was test-
ed on this target categorization accuracy, averaged
across both the cropped and full-image search tasks.
We collapsed across tasks here because the categoriza-
tion task occurred after the search process had been
completed (i.e., the participant correctly localized a tar-
get) and was therefore identical for both search tasks. A
significant main effect of time emerged, F(1,68) =
120.43, p < 0.001, partial-η2 = 0.64, with categorization
accuracy improving after training compared to before
training. The main effect of group was not significant,
F(1,68) = 2.73, p = 0.10. However, the time × training
group interaction was significant, F(1,68) = 8.09, p =
0.006, partial-η2 = 0.11, whereby the object recognition
group improved to a greater degree with training com-
pared to the strategy group (Fig. 7).

Strategy Adherence and Training-Related
Improvement

While participants in the strategy training group were
instructed to use the prescribed strategy of searching the way
one reads a book, it is likely that participants adopted this
strategy and implemented it to varying degrees. If an individ-
ual used the prescribed strategy, then search RT should have
been faster for trials where targets appeared toward the top of
the array/image and slower for targets that appeared toward
the bottom. Thus, we used post-training RT for hits (i.e., a
target was present and correctly found) and divided those
RTs into four presentation “rows.” For the cropped image
search, this was based on the four rows of images presented
in an array and for the full image search, the image was evenly
divided into four rows. We then used these four RT values to
create a slope function for each participant for each task. A
steeper slope would be indicative of higher adherence to the
prescribed strategy. Next, we did a median split on these slope
values to yield a “low adherence” and “high adherence” group
within the strategy group.

A 2 (time: pre- vs. post-training) × 2 (group: low vs. high
strategy adherence) repeated-measures ANOVAwas tested on
search localization accuracy. For the cropped image search,
only the main effect of time reached significance, F(1,34) =
122.04, p < 0.001, partial-η2 = 0.78, with accuracy being
higher after training compared to before training. However,
for the full image search, the main effect of time, F(1,34) =
147.82, p < 0.001, partial-η2 = 0.81, and the critical time ×
group interaction, F(1,34) = 7.55, p = 0.01, partial-η2 = 0.18,
reached significance. As shown in Fig. 8, the high strategy
adherence group improved their accuracy more from pre- to
post-training than the low adherence group.

Discussion

In the current study, we examined the effects of two different
approaches to visual search training while supplemented with
non-invasive brain stimulation. Using ecologically valid SAR

Fig. 6 Search localization
accuracy (left) and RT (right) for
the assessment tasks shown for
the two training groups, collapsed
across tDCS stimulation type.
Error bars represent standard error
of the mean. *p < 0.05
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imagery, we assessed the effectiveness of an object recogni-
tion training approach and a search strategy training approach.
As predicted, we found a significant benefit to target catego-
rization accuracy for the object recognition compared to the
strategy training group. On the other hand, the strategy train-
ing group showed a significant reduction in RT on the full
image search task compared to the object recognition group.
Furthermore, we found that individuals whomore consistently
implemented the strategy training showed a significantly
greater improvement in search localization accuracy com-
pared to individuals in that training group who did not adhere
to the prescribed strategy. Finally, we found no significant
effects of anodal tDCS for either training group above and
beyond that of sham stimulation.

The current study compared two distinct approaches to
improving visual search performance through training. The
goal of object recognition training was to enhance an individ-
ual’s ability to detect a target object among possible
distracting non-target objects. Indeed, our results demonstrat-
ed that participants who received object recognition training
were more accurate at categorizing a target after it was suc-
cessfully located. Alternatively, the goal of search strategy

training was to improve the consistency with which an indi-
vidual searches by directing them to use the same approach
every time they search (i.e., top to bottom and left to right).
Strategy could be relatively more important as the image be-
comes more complex and therefore difficult to navigate,
which is further underscored in importance as the most diffi-
cult search here—the full image search—was also the most
realistic for military image analysts. In the current study, par-
ticipants were directed to use an “active” search strategy via
instructions to search in a specific scan pattern. However,
recent work has shown differences in search accuracy, RT,
and overall performance when an active strategy is employed
as compared to a “passive” strategy, i.e., letting targets “pop”
out (Madrid and Hout 2019). The active search strategy ap-
proach used here showed significant reduction in RT (on ac-
curate trials) compared to the other training group.
Participants in the strategy group used a systematic search,
which may have resulted in fewer re-fixations resulting in
faster target localization. Thus, strategy training reduced the
amount of time necessary to correctly localize a target in one
of those SAR images, which has great potential implications
for improving the efficiency of image analysts who are tasked

Fig. 8 Cropped and full image
search localization accuracy for
the strategy training group only.
Individuals who adhered to the
prescribed strategy showed a
significantly greater improvement
in full image search localization
accuracy compared to those who
did not adhere to the strategy

Fig. 7 Target categorization
accuracy for each training group
showing a significant
improvement for the object
recognition group compared to
the strategy group. Error bars
represent standard error of the
mean. *p < 0.05

J Cogn Enhanc

Author's personal copy



with scanning thousands of these images. Further, individuals
who prescribed to the strategy provided were also more accu-
rate at localizing targets in those full images compared to
individuals who used the strategy less. Indeed, this finding is
in line with previous work that has shown that individuals
who train better (i.e., higher performance on training) in a
cognitive training study yield more improvement on transfer
tasks (Jaeggi et al. 2014; Wiemers et al. 2018).

The improvements seen for each of our two groups may
seem highly specific and not as generalized as one might
expect. However, most cognitive training studies utilize a
training regimen of interest (e.g., working memory training)
and compare it to a control training that is unrelated to the
experimental training (e.g., task switching training). The over-
lap between the experimental and control groups is kept as
small as possible. Here, we compared two training approaches
that both were designed to improve visual search perfor-
mance, but through different mechanisms. Therefore, our re-
sults here represent the strictest possible comparison by using
a “control” group that also aimed to improve the same skill.
The two training programs were matched for exposure to the
satellite image stimuli, which any other type of control group,
such as a no-contact control, would not have been able to
match appropriately. The results demonstrate that both train-
ing groups showed large improvements in the transfer tasks;
thus, a practical application of this training would likely in-
volve a hybrid of the two approaches to improve target iden-
tification, as well as search speed and accuracy. An important
future direction for translating these findings into military ap-
plication would be to compare these two training approaches
to a “treatment as usual” group of professional image analysts.

For visual search theories, it is intriguing that object recog-
nition training and search strategy training could yield similar
overall improvements. The vast majority of visual attention
literature focuses on target identification abilities, and some
paradigms, such as perceptual load studies, ignore search
strategy altogether in favor of evaluating processing limita-
tions as the primary factor in RT and errors (Lavie 1995).
Still, there is a certain appeal to search strategy training over
object recognition training because the method applies more
generally to all visual search scenarios—that is, search strate-
gy training could benefit someone in either radiology or air-
port baggage screening, but radiological X-ray training to find
tumors and fractures will not likely help someone identify
explosives and guns in an X-ray. However, the literature on
search strategy training is rather sparse and limited more to
radiology studies where there is already an inherent structural
component to the search (Auffermann et al. 2018; Auffermann
et al. 2015). Searchers can anticipate what a chest cavity X-ray
is likely to include, whereas a baggage X-ray is much more
varied between bag shapes and especially regarding the inter-
nal contents. Recently, more work is beginning to investigate
different forms of search strategy on search performance, such

as active versus passive strategies (Madrid and Hout 2019).
Object recognition training thus represents a near-transfer of
the visual search skills compared to the far-transfer of visual
search skills that could be involved with search strategy train-
ing (Barnett and Ceci 2002).

The underlying concern then remains whether the two par-
adigms simply demonstrate a practice effect in the reported
results. Previous evidence has demonstrated a significant ben-
efit of consistency (search strategy) training relative to a con-
trol group that did not conduct visual search training (Biggs
and Mitroff 2019). This evidence does suggest that merely
conducting a search twice (e.g., a no-contact control group
which repeats the pre-test) is not as effective at improving
performance as search strategy training. If accepting the evi-
dence that strategy training is more effective than simple rep-
etition, then the next finding of interest is that the object rec-
ognition training and search strategy training yield similar
benefits. There is relatively little evidence in structural non-
specific searches that strategy training could be effective
let alone comparable to object recognition training. The im-
plication is that the most effective training regimen should
combine targeted elements of both types with professional
searchers conducting both object recognition training and re-
ceiving some directed training in search strategy.

The current results demonstrated no significant effect of
tDCS to PPC on these specific visual search training ap-
proaches. An emerging theory regarding transcranial stimula-
tion is that the current also flows transcutaneously through
peripheral nerves and causes brain activation changes
downstream. The changes to brain activity ultimately cause
behavioral changes. In fact, Asamoah et al. (2019) found that
the effects of transcranial alternating current (tACS) applied to
the motor cortex were caused by activation of peripheral
nerves rather than transcranial stimulation of the motor neu-
rons. While it remains unknown whether these peripheral
nerve effects will generalize to other electrode placements or
montages, it is possible that tDCS also exerts much of its
effects through peripheral nerves. Many of the previous stud-
ies examining tDCS effects on visual search and object recog-
nition learning utilized anodal tDCS over prefrontal cortex
regions. Interestingly enough, these electrode locations are
also over the ophthalmic branch (V1) of the trigeminal nerve.
The trigeminal nerve has projections to the locus coeruleus
(LC), which is the brain’s primary norepinephrine nucleus
(Cook et al. 2013). Prior studies examining the effects of
tDCS over prefrontal cortex have shown enhanced attention
(Nelson et al. 2014), enhanced learning (Clark et al. 2012),
improved wakefulness/reduced fatigue (McIntire et al. 2014),
and increased arousal (McIntire et al. 2017). Importantly, the
LC plays a central role in all of these behaviors. Hence, it is
possible that the current applied through the tDCS electrodes
innervates V1 causing alterations in LC activity and norepi-
nephrine release. These effects then cause increases in
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attention, arousal, and wakefulness, which ultimately influ-
ence information encoding and retrieval. Colloquially, the bet-
ter the student pays attention during training, the more infor-
mation will be encoded and retrieved later.

In our study, the anode was placed over parietal cortex
rather than the frontal locations of previous studies. If the
majority of the observed effects of tDCS are in fact caused
by excitation of the V1 branch of the trigeminal nerve, this
placement may have been too far away from the nerve to have
any effect. As a result, the lack of any findings of effects
caused by tDCS in this study may simply be due to the place-
ment of the electrodes. Even if the effects are caused by trans-
cranial stimulation of neurons, many previous studies investi-
gating tDCS’s impact on learning suggested that the effects
may be due to enhanced attention during training (e.g., Clark
et al. 2012; McKinley et al. 2013). Because of the central role
of the prefrontal cortex in attention, excitation of the parietal
cortex would not have a large effect on that aspect of cogni-
tion. The data from this experiment suggests that electrode
placement has a large role in cognitive/behavioral effects,
and the previous literature suggests these effects are present
only with prefrontal electrode locations.

The current study has some limitations that are worth not-
ing. The finding that search accuracy differed between indi-
viduals who had high strategy adherence compared to those
with low strategy adherence was an unplanned comparison,
but one that was motivated by the larger cognitive training
literature. Differences in motivation and baseline levels of
performance are known to affect training outcomes, which is
why wemade this critical comparison. These two groups were
artificially created using RT slope. One limitation to this ap-
proach is that these groups might reflect differences between
individuals (i.e., people who followed the instructions versus
those who did not) or the two groups may instead reflect
differences in scanning that is outside of the participant’s
awareness. Our approach here does not allow for these two
possibilities to be distinguished. A superior approach may be
to assess search consistency (i.e., strategy adherence) using
eye-tracking, which we did not utilize in the current study.
Indeed, future investigation of these two training approaches
would benefit from eye-tracking to examine whether or not
targets are fixated and identified or missed or never fixated.
Even the use of eye-tracking might require specific, incremen-
tal feedback to the participant in order to aid in meaningful
training gains. For example, previous research has shown that
feedback about fixated and non-fixated areas of a search array
using eye-tracking does not change search performance (Drew
and Williams 2017; Peltier and Becker 2017a). However, fu-
ture studies should investigate the role of eye movement feed-
back specifically geared toward improving strategy adherence
during search training on what outcome that has on post-
training search performance. A second limitation may be the
lack of a true control group. Comparing transfer effects of our

two training groups to a third no-contact control or some other
training control group may have aided in distinguishing be-
tween practice effects and the overlapping training effects of
the two groups.

To the best of our knowledge, this is the first study com-
paring two distinct approaches to visual search training: object
recognition and search strategy training. The use of ecologi-
cally valid SAR images provide a first step in understanding
the utility of these two training approaches for professional
searchers, in particular military image analysts. The two train-
ing approaches yielded specific improvements to search per-
formance that could be vital to individuals tasked with
searching satellite imagery, baggage, or radiological images.
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