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Introduction 

 Visual reaction time (RT) is an important expression 
of human cognitive functioning (Luce, 1991; Townsend 
& Ashby, 1983). As a correlate of cognitive functions 
such as awareness, spatial orientation as well as executive 
functions (Jones et al., 2016) 2016), it is commonly con-
sidered one of the most important measures of central 
nervous system (CNS) efficiency (Antonova et al., 2016).  

A number of factors, such as participant age, sex and 
dominant hand, can affect RT. Fatigue is known to slow 
down responses, while practice can reduce reaction time 
(Baayen & Milin, 2015). Furthermore, visual reaction 
times can also be affected by low-level stimulus proper-
ties, such as colour (Balakrishnan et al., 2014), visual 
complexity (Tuch, Bargas-Avila, Opwis, & Wilhelm, 
2009) and intensity, e.g. font size, brightness of a visual 
stimulus or sound loudness (Hsieh, Lin, & Chen, 2007; 
Tuch et al., 2009). Additionally, the experiment condi-
tions can also alter the participant’s performance, e.g. 
there are suggestions that presenting an additional audito-
ry stimulus together with the visual stimulus results in 
faster response times by statistical facilitation (Destre-
becqz et al., 2010; Land, 2016; Watanabe, Ishida, Tana-
be, & Nojima, 2016).  

Besides visual stimulus properties, reaction times are 
also affected by the task context. Three main types of RT 
tasks and associated reaction time measures have been 
proposed: simple, recognition and choice reaction times. 
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Simple reaction times refer to situations where the task is 
to simply respond as soon as a stimulus is detected. 
Recognition RTs are measured when the task is to re-
spond as soon as a particular stimulus is detected. Finally, 
choice reaction times are found when one stimuli is re-
sponded to in one way, while the other stimulus is re-
sponded to in another way. Typically, response times are 
lowest in the simple response time task, followed by the 
recognition and the choice reaction time tasks (Damos & 
Wickens, 1977; Kosinski & Cummings, 1999; Wifall, 
Hazeltine, & Mordkoff, 2015). 

Visual choice reaction time (CRT) task is usually con-
sidered as a complex task consisting of stages, e.g. 
Woodwart et al. (2014) mention three stages: perceptual 
analysis, response selection and response production, 
while Balakrishnan et al. (2014) distinguish four stages: 
the receipt of information, processing, decision making 
and motor reaction. The phase of motor reaction is also 
analysed by Salvia et al. (2016). Some researchers addi-
tionally mention a stimulus detection phase (Watanabe et 
al., 2016; Woods, Wyma, Yund, Herron, & Reed, 2015), 
for instance Woods et al. (2015) analysed the duration of 
this stage by subtracting movement initiation time from 
the simple reaction time. 

Research has also shown that reaction times can be 
shortened through practice (Dye, Green, & Bavelier, 
2009). Such training effects have been shown in the con-
text of meditation (Ching, Koo, Tsai, & Chen, 2015), 
physical exercise (Lieberman et al., 2014), and playing 
computer games (Ballesteros et al., 2014; Dye et al., 
2009). Given the importance of short reaction times for 
certain tasks, such as driving, it is therefore important to 
establish the most efficient training paradigms for reduc-
ing reaction times both for patients needing neuroreha-
bilitation (Kwon & Kwon, 2013) as well as healthy adults 
using cognitive training (Bergman, Johansson, Almkvist, 
& Lundberg, 2016). 

In many day-to-day situations consistently fast reac-
tion times are important, such as in driving a vehicle on a 
busy road. (Inami et al., 2016; Salvia et al., 2016, De-
sapriya et al., 2014; Sun, Xia, Falkmer, & Lee, 2016). 
Various professions place strong focus on fast response 
times, and therefore reaction time testing is a key compo-
nent in assessments for pilots (Truszczynski, Lewkowicz, 
Wojtkowiak, & Biernacki, 2014) and cosmonauts (Bock, 
Weigelt, & Bloomberg, 2010). 

RT can vary from trial-to-trial depending on different 
factors. A number of studies have been published on 
using RT variability as a potential predictor of psycho-
pathology, including mental disorders and illnesses, such 
as ADHD (Weigard, Huang-Pollock, & Brown, 2016), 
autism (Tye et al., 2016) and schizophrenia (Shiraishi, 
Suzuki, Harada, Suzuki, & Kimura, 2016; Woodward et 
al., 2014). Reaction time variability in choice reaction 
time (CRT) task has also been suggested as a marker for 
CNS damage or neurodegenerative disorders, such as 
dementia and Parkinson’s (Knopman, 1991; Murtha, 
Cismaru, Waechter, & Chertkow, 2002). 

Studies in different participant groups have shown a 
number of RT correlates in CRT task, but very few of 
them have addressed the effect of saccadic efficiency on 
the overall improvement in task performance (Bunce et 
al., 2016; Tye et al., 2016; Murtha et al., 2002). Town-
send and Ashby described a test procedure with an ac-
companying description of serial and parallel processing 
(Townsend & Ashby, 1983, p. 9) where they refer to eye 
movements as potentially interfering with the results of 
the procedure. They aimed at eliminating eye movement 
influence by shortening the time of stimuli exposition 
(Townsend & Ashby, 1983, p. 116). Our study focused 
on that influence to analyze oculomotor components.  

The above suggests that reduction of reaction times 
can be achieved through training. However, it is unclear 
what exactly leads to such shorter reaction times. Here 
we investigate the role of eye movements in localising the 
visual target in improvements of reaction times through 
training. To increase the likelihood of finding effects on 
eye movements, we used a task in which we presented 
visual targets randomly in one of the screen corners. 
Participants performed this task across different sessions, 
allowing for effect on reaction times and eye movements 
to be studied. We have been searching for eye tracking 
correlates of improvement in CRT task and indicators of 
fatigue influences in the process. 

Methods 

The aim of this study was to analyse the effect of eye 
movement efficiency of RT improvement achieved dur-
ing a one-day CRT task training. 

Participants. Eleven unpaid female volunteers con-
sented to participate in this experiment. The mean age of 
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the participants was 22.9 (SD=1.9) and they all met the 
predefined inclusion criteria, by being right-handed, hav-
ing right dominant eye, full uncorrected or best corrected 
visual acuity, no known psychological or mental disorder 
and by remaining drug and alcohol free at the moment of 
participation. They were all asked not to make any signif-
icant changes to their regular daily routines. 

Ethics statement. The experimental procedures were 
approved by the local Committee of Bioethics.  

Experimental design. The test procedure was based 
on a visual choice reaction time task, in which a set of 
letters were presented to participants as stimuli (see Fig-
ure 1). Participants were instructed to respond with a 
specific keyboard keystroke (left or right arrow key). 
Each participant performed 3 sessions during the day: in 
the morning between 8 – 9 a.m. (AM), in the afternoon 
between 3 – 4 p.m. (NOON), and in the evening between 
10 – 11 p.m. (PM). A single session consisted of 23 trials 
using Latin alphabet capital letters as stimuli presented on 
the screen. Each participant was instructed to look at the 
screen and press the right arrow key when a predefined 
letter (i.e. target stimulus) was displayed and the left 
arrow key for all other letters. Different sets of letters and 
different target letter stimuli were used for each of three 
sessions and presented to all participants. The target 
stimulus was displayed four times during each session. 

Stimuli. Because we were interested in finding the 
paradigm that led to the fastest possible reaction times 
learning process was facilitated by additional auditory 
stimulation (Davidson & Martin, 2013; Watanabe et al., 
2016). At the beginning of the test procedure three audio 
signals were played. There was also an auditory notifica-
tion after each key was pressed by the participant. Initial-
ly, a signal indicating the beginning of the session was 
used, consisting of notes C, C and G, played consecutive-
ly for one second, one second and two seconds, respec-
tively. The higher pitch at the end of auditory stimulus 
emphasized the participant’s need to focus as the session 
was about to begin. Another auditory signal was used 
after each trial (participant’s keystroke response), (G 
note, 0.2 s) regardless of response accuracy (see Figure 
2). The location of the stimuli on the screen differed; the 
consecutive single letters were presented randomly in one 
of the screen corners. Participants had no prior 
knowledge of the experiment and the possible letter loca-
tion on the screen.  

Apparatus. The stimuli were presented on a 15″ com-
puter screen with a resolution of 1920 x 1080 pixels at 60 
Hz. The participants were sat at the distance of 60 cm 
from the screen. The experimental procedure script writ-
ten in Python programming language was presented using 
the PsychoPy v1.83.01 software as a set of predefined 
stimuli, collecting participant keyboard responses at the 
same time (Peirce, 2009).  

 

Additionally, eye movements were recorded with the 
Jazz-novo, a head-mounted infrared oculography-based 

3 audio signals: two one-second C note 
sounds, and a two-second, G note one 
 

Procedure  
description 
 

R 

 B 

0.2 s C note sound after each arrow key 
pressed 

repeated 
23 times 
(23 trials) 

0.2 s C note sound after each arrow key 
pressed pressed. 

B 
B 

B 
X 

Figure 1. The sequence of a single session test 
procedure consisted of 23 trials using Latin alphabet 
capital letters as stimuli presented on the screen. The 
participant was looking at the screen and was 
instructed to press right arrow key when a preselected 
target letter was displayed and the left arrow key for 
all other letters. The target letter was shown four times 
within a single session. The same set of letters within 
each session were displayed to every participant. 
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eye-tracker (Ober et al., 2003). Participant head was 
stabilized on a chin rest. Before the session commenced 
for each participant, a standard horizontal and vertical 
calibration procedure was carried out by the JazzRecorder 
software (JazzRecorder, 2016). As a part of the calibra-
tion, a small cross sign (1° high and wide) was displayed 
in five predefined places on the screen: the first one in the 
center and four others towards the upper, lower, left and 
right edges of the screen. The eye tracker data was calcu-
lated and exported using the dedicated JazzManager 
proprietary software (JazzManager, 2016).  

Results 

Separate ANOVAs for repeated measurements were 
performed using the SPSS statistical package for session 
duration, participant’s average RT, performance quotient 
and a selection of oculomotor measures provided by the 
eye-tracking device: saccade count, standard deviation 
(SD) of saccade duration, maximum saccade duration, 
minimum saccade amplitude and the duration of fixation. 
Greenhouse-Geisser corrections were applied when the 
sphericity assumption was violated. Bonferroni corrected 
post-hoc tests were calculated and effect sizes were re-
ported as eta squared (η2) values (Cohen, 1988), effect 
sizes were computed with JASP software (JASP (2016)). 
In cases where the main effect was not statistically signif-
icant, contrast analysis was carried out (Rosnow & 
Rosenthal, 1989). 

The repeated measures ANOVA with a Greenhouse-
Geisser correction showed a significant effect of time of 
the day (AM, NOON, PM) on the mean participant RT 
measured in each session. The mean participant RT ex-
pressed in seconds differed significantly [F(1.217, 
12.165) = 15.846, p < .001, η2 = 0.613] between AM (M 
= 0.662, SD = 0.17), NOON (M = 0.534, SD = 0.067) and 
PM (M = 0.504, SD = 0.085) sessions. Eta-squared values 
measuring the effect size for the group mean differences 
were high (Cohen, 1988). Bonferroni-corrected post-hoc 
tests revealed statistically significant differences in the 
mean response time between AM – NOON (p < .012) and 
AM – PM (p < .004) sessions, whereas the NOON – PM 
response time difference was not significantly significant 
(p < .152) (Figure 3a).  

Session duration time (DT) was calculated as a sum of 
23 trial RTs within a single session. The mean session 
DTs expressed in seconds differed significantly [F(2, 20) 

= 6.149, p < .008, η2 = 0.381] between the AM (M = 
18.67, SD = 4.02), NOON (M = 17.25, SD = 4.24) and 
PM (M = 14.86, SD = 1.90) sessions and the effect size 
was considered high. The post hoc tests confirmed the 
statistical significance of the DT difference between the 
AM and PM sessions only (p < .005) (Figure 3b, Fig-
ure 5).  

 

 

Differences between the AM (M = 63.91, SD = 
39.38), NOON (M = 52.36, SD = 34.24) and PM (M = 
43.46, SD = 8.97) saccade counts were not statistically 
significant [F(2, 20) = 1.561, p < .234, η2 = 0.135] and 
the effect size can be considered as high. Although the 
main effect was not significant, the contrast analysis was 
carried out to examine the eye movement changes be-
tween sessions (Rosnow & Rosenthal, 1989).  

It revealed the large effect size for the NOON – AM 
(p < .304, η2 = 0.105) and PM – AM (p < .127, η2 = 
0.217) session differences, so we concluded that the trend 
was noticeable (Figure 3c). 

The differences in the SD of saccade duration be-
tween AM (M = 47.36, SD = 17.87), NOON (M = 42.27, 

Figure 2. An exemplary eye-movement recording of a 
test session with accompanying audio signals. Note that 
for each target the participant moved their eyes to the 
target and stayed there until the presentation of the 
next target. 
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SD = 15.07) and PM (M = 36.01, SD = 13.21) sessions 
were not statistically significant (F(2, 20) = 1.309, p < 
.292, η2 = 0.292) and the effect size was considered me-
dium. The contrast analysis indicated a meaningful trend 
in the NOON – AM (p < .508, η2 = 0.045) and PM – AM 
(p < .179, η2 = 0.173) session data (Figure 3d). 

The changes in maximum saccade duration between the 
three sessions were also analysed. The differences in 
maximum saccade duration between the AM (M = 

242.90, SD = 53.20), NOON (M = 218.64, SD = 55.76) 
and PM (M = 189.09, SD = 60.10) sessions were not 
statistically significant (F(2, 20) = 2.573, p < .101, η2 = 
0.205) and the effect size was considered large. The con-
trast analysis confirmed the large effect size for the dif-
ferences in maximum saccade duration between AM – 
PM (p < .082, η2 = 0.272) and NOON – PM (p < .087, η2 
= 0.265) sessions and as seen in the chart (Figure 3e) the 
decreasing trend was noticeable. 

Figure 3. Subplots (a-f) presenting estimated marginal means. Standard error bars are added as grey lines on each subplot. 
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The differences in minimum saccade amplitudes between 
the AM (M = 0.782, SD = 0.86), NOON (M = 2.4, SD = 
2.70) and PM (M = 1.68, SD = 1.04) sessions were not 
statistically significant (F(1.210, 12.095) = 2.323, p < 
.151, η2 = 0.189) and the effect size was considered large. 
The contrast analysis demonstrated a statistically signifi-
cant differences in minimum saccade amplitudes between 
the NOON – PM (p < .451, η2 = 0.058) and AM – PM (p 
< .026, η2 = 0.406) sessions (Figure 3f).  

The differences of participants fixation duration SD 
between the AM (M = 203.8, SD = 135.70), NOON (M = 
184.91, SD = 69.39) and PM (M = 161.18, SD = 66.25) 
sessions were not statistically significant (F(2, 20) = 
5020.394, p < .592, η2 = 0.051), which was further con-
firmed with contrast analysis. 

In order to assess performance efficiency of our par-
ticipants, we determined a performance quotient (PQ). 
Our experimental design provided for a response – cor-
rect or incorrect - to every stimulus, so it was possible to 
devise a simple metric based on the frequency of correct 
responses. Hence, the PQ was defined as the number of 
correct responses in the session duration time, calculated 
using the following formula 

ܲܳ =  
݊௖௢௥௥௘௖௧

ݐ
 

where ݊௖௢௥௥௘௖௧ was the number of correct responses dur-
ing a given session, ݊௖௢௥௥௘௖௧ ߳ 〈0,23〉, and t was the ses-
sion DT expressed in seconds. The mean participant PQ 
differed significantly between sessions [F(2, 20) = 
12.766, p < .001, η2 = 0.561]. The post hoc tests demon-
strated statistical significance (p < .05) of differences in 
PQ between all sessions except for the NOON – PM one 
(p < .124). Accordingly, we conclude that there was a 
statistically significant performance improvement be-
tween the sessions, except for the NOON-PM difference 
(Figure 4).  

To assess whether PQ changes can show how learning 
speed changed throughout the session, each session was 
divided into tertiles and the mean RTs for each tertile 
were calculated. The differences in delta between the 3rd 
and 1st tertile were statistically significant for all sessions 
[t-paired test, p < .002]. The PQ value was decreasing in 
the consecutive sessions. 

 

  

Figure 4. Estimated Marginal Means for the performance 
quotient 

We have also compared the mean response time for 
target and non-target stimuli. In each of the three ses-
sions, the RT to target stimuli was longer than for non-
target ones, however the differences were statistically 
significant only for the PM session [t-paired, t(10) = -
3.836 ; p < .003, d Cohen = -1.16]. 

 

Figure 5. Session duration time differences between sessions in 
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Discussion 

As expected the RTs in every participant varied from trial 
to trial (Ribeiro, Paiva, & Castelo-Branco, 2016), howev-
er the mean RT analysis showed that across all 11 partic-
ipants, there were significant improvements throughout 
the experimental procedure. We included the RT and 
accuracy in our analyses to determine the correlation 
between these two variables, which is a previously used 
approach (Davidson & Martin, 2013). Thus we used a 
simple, correct response frequency-based metric as a 
participant performance measure (performance quotient, 
PQ), (see Figure 6).  

 

Figure 6. Performance quotient differences between sessions in 
every participant. PQ was the highest during the PM session in 
all but one participant. 

Our task required quick visual search within a wide 
visual field. Therefore, the required eye movements were 
high amplitude saccades, which are uncommon in every-
day activities (Bahill, Clark, & Stark, 1975), yet typical 
in situations requiring quick response to a visual stimu-
lus, such as some sports (e.g. baseball) and emergency 
situations, e.g. in aviation, traffic or public safety (Inami 
et al., 2016; Truszczynski et al., 2014). Despite a relative-
ly short task duration, it required quite extensive effort of 
the oculomotor component of the visual system, hence 
the oculomotor learning process was utilized. We have 
anticipated to observe changes in indicators of participant 
visual activity with practice. We found the expected dif-

ferences in saccadic activity: the SD of saccade duration 
and saccade count (Figure 3c and 3d). The observed mod-
ification can be interpreted as indicators of improved 
saccades efficiency (Meermeier, Gremmler, & Lappe, 
2016).  

Participant’s fixation on a letter is a prerequisite to 
recognizing the stimulus and making the decision 
(Chung, 2002; Kuperman, Drieghe, Keuleers, & Brysba-
ert, 2013; Perea, Marcet, Uixera, & Vergara-Martínez, 
2016). Although, reading using peripheral vision is pos-
sible (Bernard, Aguilar, & Castet, 2016) it requires at 
least 6 – 10 hours of training (Liu & Kwon, 2016). There-
fore the recorded changes in eye movements can be inter-
preted as indicators of improved accuracy in target 
searching. The decreasing saccade amplitude is linked to 
increasing accuracy of saccadic eye movements and thus 
to the lower count of the corrective saccades (Federighi et 
al., 2011; Munuera, Morel, Duhamel, & Deneve, 2009), 
(compare Figure 2).  

Ribeiro, Paiva, and Castelo-Branco (2016) analysed 
the sensory processing stage stating that the variability of 
RT in each trial was linked to a visual sensory process. 
Having examined the association between the visual 
evoked potentials (VEP) in a single trial and inter-trial 
RT variability, they were able to draw conclusions about 
the cortical activity. Our analysis suggests that two 
sources of stimulus reaching phase can be distinguished 
at visual search stage: peripheral field detection, which 
can be explained with the “pop-out” effect (Duchowski, 
2007, p. 225) and saccadic movement to the target with 
potential corrective saccades if needed. With participant 
familiarization with the procedure, a visual strategy start-
ed emerging: they learned that letters could appear only at 
a particular positions on the screen, so they minimized 
saccadic movement error with practice. Similar conclu-
sions were presented by Meermeier et al. (2016).  

Furthermore, the eye movement analysis demonstrat-
ed indicators of changes in fixation time. Although these 
changes were not statistically significant there was a 
noticeable trend. Fixation time can be discussed in terms 
of its links to attention and information processing (Deu-
bel, 2008; Parkhurst, Law, & Niebur, 2002). Therefore 
reduced fixation time as the participant gets familiarized 
with the procedure can be interpreted as consistent with 
research showing the significance of processing phase in 
RT decrease (Salvia et al., 2016; Watanabe et al., 2016). 
Despite the generally better performance in the CRT task 
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and more efficient execution of it within a particular 
session, the learning effect was decreasing after each 
session due to the effect of fatigue, which was analysed 
from differences between session tertiles (Figure 7).  

 

Figure 7. Differences in session duration tertiles (3rd vs 1st) in 
each session of every participant. 

We have observed the phenomenon previously report-
ed by Yabe and Goodale (2015) that the mean RT to 
target stimuli tended to be longer than to the non-target 
stimuli, however in our study the differences were statis-
tically significant only for the evening session (PM). 
According to Yabe and Goodale (2015), the difference is 
attributable to programming rather than execution of the 
action. Our analysis also supports that conclusion indicat-
ing the disturbance of the process involving the inhibition 
of the frequently repeated, non-target reaction and the 
switch to a different, less automated, target one. 

Conclusions 

The performance of our participants during the visual 
CRT task done in a relatively short time of a single day 
has improved while the principles of learning such as 
repetition and auditory stimulation of RT during consecu-
tive sessions were maintained. 

Performance improvement in the task requiring an in-
tensive scan of the visual field, perceptiveness and proper 

reaction to a stimulus is partially attributable to learning 
the exact location of the anticipated stimulus (Hoffman & 
Subramaniam, 1995). Our findings suggest that the eye 
movement aspect should also be taken into account when 
examining changes in RT to a visual stimulus in CRT 
task. 
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