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Samenvatting

De TloadDback task is een cognitieve vermoeidheidstaak die gebruikt kan worden
om proceduraal leren te verbeteren in volwassenen, zoals bij het leren van
bewegingssequenties en taal (Borragan et al., 2016; Smalle et al., 2021, 2022). Doordat
cognitieve vermoeidheid (CV) relatief gemakkelijk toe te brengen is, opent dit de deur voor
toepassingen op grotere schaal. Echter, de huidige TloadDback taak heeft een aantal
limitaties wat betreft tijdsefficiéntie, compatibiliteit met andere code, en aantrekkelijkheid. Het
doel van deze studie was dan ook om een kortere versie van de TloadDback te maken,
gecodeerd in Javascript, die beter geschikt is voor online toepassingen op grote schaal.
Data werd verzameld van 96 participanten tijdens twee opeenvolgende dagen, in ofwel een
hoge cognitieve lading (HCL) of een lage cognitieve lading (LCL) conditie. We vonden geen
effect op oplettendheid, waarschijnlijk doordat dat deze versie kort en innemend is. We
vonden geen consistente effecten van de taak op prestatie (gewogen accuraatheid), maar
wel een verhoging in subjectieve CV. Veranderingen in subjectieve CV en prestatie waren
niet geassocieerd, wat er op duidt dat prestatie mogelijks geen valide meting was van
objectieve CV in deze studie. Subjectieve CV was minder groot op de tweede dag, wat
aantoont dat deze taak mogelijks niet geschikt is voor herhaaldelijk gebruik. Er is nog meer
onderzoek nodig om de effecten van stimulus tijdsduur en tijd-op-de-taak te onderscheiden
in hun effect op de inductie van CV in de TloadDback taak. Ondanks in staat te zijn in het
opwekken van subjectieve CV, is er dus nog ruimte voor verbetering in het huidige

paradigma.

Trefwoorden: TloadDback, cognitieve vermoeidheid, oplettendheid, online, stimulus

tijdsduur



Abstract

The TloadDback task has been shown to increase measures of cognitive fatigue
(CF), with CF being an effective way to improve procedural learning in adults, including
motor sequences and language learning (Borragan et al., 2016; Smalle et al., 2021, 2022).
Since CF is relatively easy to administer, this opens the door for large-scale applications.
However, the current TloadDback task has some limitations in terms of time efficiency,
compatibility with other codes, and attractiveness. The goal of this study was to make a
shorter version of the TloadDback task, coded in JavaScript, that is more suitable for large-
scale online applications. Data was collected from 96 participants over two consecutive
days, in either a high cognitive load or low cognitive load condition. We found no effect on
vigilance, likely due to this version being shorter and more engaging. The task had
unconsistent effects on performance (weighted accuracy in the TloadDback task itself) but
was effective at inducing subjective CF. Changes in subjective CF and performance were
not related, indicating that performance might not have been a valid measure of objective CF
in this study. Subjective CF induction was weaker on the second day, which suggests that
this task might not be suited for repeated uses. More research is needed to disentangle the
effects of stimulus time duration and time-on-task in its effects on the induction of CF in the
TloadDback task. While effective at inducing subjective CF, there is still room to improve the

current paradigm.

Key Words: TloadDback, cognitive fatigue, vigilance, online, stimulus time duration
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Introduction

The TloadDback task has been proven to be effective at inducing cognitive fatigue,
which can be used to unlock procedural learning in adults (Borragan et al., 2017; Borragan
et al., 2016; Smalle et al., 2022). Below we will explain the mechanisms behind the induction
of cognitive fatigue in the TloadDback task, the mechanisms behind and relevancy of the
unlocking of procedural learning through CF, the potential and limits of the current
TloadDback task, and the goals and predictions of this study.

Cognitive Fatigue

When engaging with a cognitively challenging task for a long enough time, one will
inevitably get mentally exhausted. This feeling of exhaustion, called Cognitive Fatigue (CF)
can be understood as an executive failure to maintain and optimize performance,
independently of sleepiness (Holtzer et al., 2010). CF depletes frontoparietal resources,
impairing cognitive control, high-level information processing, and the use of controlled top-
down memory systems (Davranche et al., 2018; Ishii et al., 2014, Lorist et al., 2005; Tanaka
et al., 2012). The result is that performance declines and becomes more variable (Trejo et
al., 2005). Besides individual factors such as a person’s interests, motivation and personal
cost-reward predictions (Ackerman & Kanfer, 2009; Boksem et al., 2005; Boksem & Tops,
2008), two important factors in inducing CF are 1) sustained effort over time and 2) cognitive
load, with higher cognitive loads inducing CF faster (Borragan et al., 2017; Ishii et al., 2013;
Tanaka et al., 2012). Cognitive load can be influenced by task complexity, such as the
number of elements in an N-back paradigm (where participants need to remember if an item
is the same as an n-back item in a series), forcing the working memory to keep more
elements online (Kirchner, 1958). However, according to the Time Based Resource Sharing
model (TBRS), the most important factor in cognitive load is the available time to process
(Barrouillet et al., 2007).

Time Load Dual Back task

To test this assumption, Borragan et al. (2017) used the Time load Dual-back
(TloadDback) task, a working memory task that allows tailoring cognitive load levels to an
individual’s optimal performance capacity. It features two tasks with different cognitive loads:
a classical dual-back working-memory updating task, which requires the working memory to
keep elements online, and an odd/even task, which does not. On the screen, one of 8 types
of letters or 8 types of digits is presented, with the letters for the dual-back task and the
numbers for the forced-choice odd/even task. Participants have to press the space bar every
time the letter is the same as the letter they saw just before or indicate whether the digit is
odd or even by pressing ‘1’ or ‘2’, see Figure 1. To test the effect of time restraints on the

induction of CF Borragan et al. (2016) created a High Cognitive Load (HCL) and a Low



Cognitive Load (LCL) condition. During a pre-task session, the maximal Stimulus Time
Duration (STD) was calculated for each participant that keeps performance above 85%, with
performance being a weighted formula (with the dual-back task representing 65% and the
odd/even task representing 35% of the score). The presentation rate of stimuli in the LCL
was then a third slower than the HCL rate: STD(LCL) = STD(HCL) + 1/3 STD(HCL).

Figure 1

TloadDback paradigm

When letter is same as penultimate
letter: press "SPACE"
When number is odd, press "1"
When number is even, press "2"

presentation rate
LCL= 1/3 HCL

Time pressure and under-load.

To test the effect of the cognitive load conditions on cognitive fatigue, they measured
objective CF by looking at the evolution of performance (weighted accuracy) throughout the
TloadDback task, and subjective CF with the Visual Analogue Scale for fatigue (VAS-f; Lee
et al., 1991) before and after the TloadDback task. When time pressure was kept the same
(no difference between the HCL and LCL in STD), with only task complexity differing,
measures of sleepiness (as measured by the VAS-s; Ishii et al., 2014) would behave
similarly to subjective CF and performance. However, when shortening the available time to
process while keeping the level of complexity the same, subjective and objective CF got
higher while sleepiness was not influenced. This shows a dissociation between sleepiness
with subjective CF and objective CF or performance, with higher levels of CF being
associated with lower levels of sleepiness dependent on the time available to process. One
way to explain this dissociation is that higher cognitive demands (less time to process
stimuli) trigger a higher state of arousal because more cognitive resources need to be

activated. Low cognitive load might also cause sleepiness, boredom, or decreases in



vigilance due to an ‘under-load’, where a low-demanding task causes cognitive resources to
shut down because they are not needed (Shigihara et al., 2013). Indeed, past research has
shown that under-load can lead to increased sleepiness and boredom, and decreased
vigilance (Koérber et al., 2015; Pattyn et al., 2008b; Richter et al., 2005), with boredom being
strongly connected to vigilance (Sawin & Scerbo, 1995). Borragén et al. (2017) did not
investigate post-TloadDback measures of vigilance, but did find that there were no baseline
differences between days and cognitive load conditions in terms of vigilance. Vigilance in
this case was measured by the Psychomotor Vigilance Task (PVT; Dinges & Powell, 1985),
which is a sensitive measure of sustained attention (Sinclair et al., 2013). One important
element causing under-arousal and the withdrawal of the supervisory attentional system
seems to be time-on-task (the total task being longer) (Pattyn et al., 2008a) and physical
fatigue (Angius et al., 2022; Lee et al., 2010). In conclusion, Borragan et al. (2017)
demonstrated that the TloadDback task was effective at inducing subjective CF and
objective CF (decreases in performance), with time available to process being a crucial
element influencing CF, but not sleepiness, which seemed more influenced by time-on-task.
Measuring post-task vigilance levels might be interesting to dissociate CF from time-on-task

effects of physical fatigue and boredom.
Declarative/procedural learning

The relevancy of inducing CF with the TloadDback task comes from the framework of
the declarative/procedural model (Ulman, 2015). According to this dual process theory, there
are two types of learning. The first, declarative learning, is a form of explicit or rule-based
learning, that requires conscious effort, and is based on prefrontal and medial temporal lobe
structures (Smalle et al., 2017; Ullman, 2004). The second, procedural learning, is a form of
implicit or statistical learning, is automatic and effortless, and is based on cerebellar and
neocortical structures, along with the basal ganglia. (Batterink et al., 2015; Batterink & Paller,
2017; Toro et al., 2005). The declarative/procedural model can help us understand why it is
that children, despite adults being stronger in most other cognitive skills, outperform adults
when it comes to learning a new language (Finn, 2010, p. 20; Lenneberg, 1967; Newport,
1990). More specifically, children tend to be better at learning aspects of a language that
depend on extracting patterns and regularities, such as grammar, syntax, morphology, and
phonology (Gomez & Gerken, 1999; Newport et al., 2001; Saffran et al., 1996). They can
learn these complex patterns without needing to be explicitly aware of them (Batterink &
Paller, 2017; Smalle et al., 2018; Ulman, 2015), effortlessly (Finn et al., 2014), and without
the need for consolidation and sleep (Smalle et al., 2017). This ability to extract patterns
through mere passive exposure helps children with learning their mother tongue, but it also

helps them in learning a second language at a young age (Johnson & Newport, 1989;
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Patkowski, 1980). Considering the procedural/declarative framework, it seems like infants
rely on statistical information (information about the probability of something to occur),
whereas older teenagers and adults have a shift in strategy and use already learned
information and rules for word segmentation (Thiessen et al., 2016). This effect can also be
found in other areas of procedural learning, such as motor sequences (Adi-Japha et al.,
2010; Ashtamker & Karni, 2013; Borragén et al., 2016; Janacsek et al., 2012; Wilhelm et al.,
2012). We can understand this talent of children at procedural learning as follows: as
children and teenagers grow up, their logic and abstract thinking develop through the
maturing of frontal/medial-temporal circuits used for explicit attention (Dumontheil, 2014;
Finn, 2010). This declarative system then starts to compete with the implicit learning system
for cognitive resources and thus types of procedural learning such as implicit language

learning become less evident (Finn et al., 2014; Smalle et al., 2017; Ulman, 2015).

Unlocking procedural learning in adults.

If this is true, this might mean that suppressing the declarative, prefrontal memory
system could enhance implicit learning of a new language in adults. Past research has
demonstrated that this is indeed possible, through hypnosis (Nemeth et al., 2013), TMS
(Galea et al., 2010; Smalle et al., 2014, 2020, 2021, 2022), alcohol consumption (Virag,
2015), benzodiazepines (Frank et al., 2006), distractions (Foerde et al., 2006), and the
induction of cognitive fatigue (Borragan et al., 2016; Delpouve et al., 2014; Smalle et al.,
2021, 2022). The fact that CF can be used as a way to diminish cognitive control and
enhance procedural sequence learning makes it very interesting for use in larger-scale and
online studies, as well as for a potential application in language learning programs, since CF
is temporary, non-invasive, and relatively easy to elicit. The TloadDback task specifically has
been shown to improve procedural motor sequence learning in a serial reaction time task
(Borragan et al., 2016), as well as stronger and faster learning of novel phoneme
combination constraints (Smalle et al., 2021), and with above-chance distinguishing of word
forms learned from a continuous speech stream (a passive listening task) with no acoustic

cues for word boundaries (Smalle et al., 2022).

Limitations of the TloadDback task

The TloadDback task has thus proven to be an effective way of suppressing the
declarative system to unlock infant-like procedural learning in adults. Compared to methods
such as TMS, it seems the most promising method for practical applications to improve
procedural learning, such as in a mobile app. However, the TloadDback task as it currently
exists has some pitfalls that make it unsuitable for large-scale, online implementations such
as in a language learning app. First of all, the original code (Borragan et al., 2017) is

programmed in Matlab, a “high-performance language for technical computing, hosted on a
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programming platform designed for engineers and scientists” (MATLAB, 2022). Due to its
annual license subscription fee, it is not an accessible programming language, and it tends
to be cumbersome to integrate into online applications as it cannot interact with some
hardware, browsers, and graphical interfaces (MATLAB Online, 2022). It is also around 20
minutes long with the STD calculation included, which is likely more than what most people
are willing to spend time on before starting with learning, considering the short attention
span of people online (Geri et al., 2017; Lagerstrom et al., 2015). Lastly, visual
attractiveness is a key component in whether or not people take an app into use (Chang et
al., 2012), and the use of black and white digits and numbers might not be the most

attractive.

Creating an online-implementable TloadDback task.

The goal then of this study was then to make and validate a version of the
TloadDback task that is suitable for online implementation and large-scale audiences. We
thus created a version that is only 5 minutes long. Instead of odd/even digits, pictures of
small or big objects are used, and instead of dual-back letters, dual-back colored balls were
used. The pre-test condition during which the stimulus time duration was calculated per
participant was removed. Instead, two different levels of cognitive load were created, each
having a different pre-determined performance percentage. If participants performed better
than this percentage, their trials gott 50ms faster. If they performed worse, their trials got
50ms slower, so they would stay around this pre-determined performance percentage. This
version of the TloadDback task is thus adaptable to each participant: while the total runtime
of the task is always 5 minutes, the speed differs depending on one’s performance between
the two cognitive load conditions. This new version was coded in Javascript with JsPsych,
which, unlike Matlab, is an open-source library that can be expanded on by the research
community itself (de Leeuw, 2015). The fact that this study could be conducted entirely
online not only makes it more scalable, but was also the safest option, considering that this

study was conducted during the height of the COVID-19 pandemic.

Validating the induction of cognitive fatigue

To test the effectiveness of this new version, the first step was to determine whether
or not it was effective at inducing CF. The TloadDback was administered twice, on two
consecutive days, to be ablel to look at convergent and discriminant validity. Participants had
to conduct the experiment twice and were grouped into either an HCL or LCL condition,
making cognitive load a between-subjects factor instead of a within-subjects factor such as
was done by Borragén et al. (2017). Because it is important to exclude learning effects or
loss of efficiency over time when looking at practical applications, cognitive load was made a

between-subjects factor instead of a within-subjects factor, as Borragan et al. (2017) had
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done, and because we wanted to make sure that the manipulation of the STD is a crucial
factor to elicit CF in this shorter version. This is also why we chose to use a continuously
adapting STD, which arguably would be less prone to learning effects compared to a stable
STD.

First of all, we wanted to assure baseline vigilance was not a confounding factor.
Similar to Borragan et al. (2017), we took pre- TloadDback task vigilance measures with the
Psychomotor Vigilance Task (PVT; Basner et al., 2011), with the prediction that we would
not find differences in pre-task vigilance between the two days and two conditions. We also
took post-task measures to differentiate time-on-task and boredom effects with CF effects.
Because this version of the TloadDback task has a short time-on-task of just 5 minutes and
is designed to be more engaging and attractive, we predicted to find no effects of the
TloadDback task on vigilance. Not finding differences in vigilance is a sign that sustained
attention is not affected by the TLoadDback task. Secondly, subjective (self-rated) CF was
measured with the Visual Analogue Scale for fatigue (VAS-f; Lee et al., 1991) before and
after the TloadDback task, with the prediction that we would find a main effect of cognitive
load, a main effect of session (pre- and post-task), no effect of experimental day, and that
subjective CF would be higher in the HCL condition. To look at test-retest reliability, we
correlated overall subjective CF scores between the two experimental days as well as delta
or difference scores (post- minus pre- TloadDback task) between the two experimental days.
We predicted to find positive correlations in at least the HCL condition. Thirdly, performance,
which can be seen as a measure of objective CF, was measured with a weighted accuracy
score (with the dual-back task representing 65%). Our prediction here was that there would
be a main effect of cognitive load, with a higher performance at the beginning of the task
compared to the end, and no effect of the experimental day. Similarly to subjective CF,
correlations were calculated between overall performance as well as delta or difference
scores of performance. We predicted to find positive correlations in at least the HCL
condition. To validate the calculation of performance with a weighted accuracy score, which
assumes the dual-back task has a higher cognitive load, unweighted accuracy scores were
calculated. We predicted that Components (colored dual-back balls or big/small pictures)
would affect this unweighted accuracy score, with performance being lower by the end of the
task, and with the colored balls having a lower mean accuracy. Lastly, to look at convergent
validity, delta performance was correlated with delta subjective CF in each condition and on
each day. We expected to find negative correlations here (because a positive difference
score indicates subjective CF and a negative difference score indicates a drop in

performance or objective CF).
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Methods
Participants

A total of 96 participants were recruited for this experiment, 48 in the HCL condition
(M Age = 19.8, SD = 4.8), and 48 in the LCL condition (M Age = 19.1, SD = 3.5). All
participants spoke Dutch fluently, and were informed that the study was about language
improvement, but did not know what condition they were in. Informed consent was obtained
at the start, and a debriefing was given after the completion of the experiment. All
participants were first-year Psychology students at the University of Ghent, who obtained a
credit for their participation in this experiment and were recruited via Sona (FPPW Research

Participation System).

Procedure

The experiment took place over two days and was conducted online on people’s
computers at home, between the 7" and 19" of March 2022, in the midst of the COVID-19
pandemic. Participants would receive a link to the second experimental session via email, 23
hours after completing the first session. The experiment itself was hosted by Gorilla (Anwyl-
Irvine et al., 2020), in JsPsych code (de Leeuw, 2015), and all instructions and tasks were in
Dutch. The order of tasks was as follows: a PVT task, a VAS-f questionnaire, two practice
rounds for Colors and Pictures respectively, the shortened TloadDback task itself, and a
second PVT task and VAS-f questionnaire, making for a total of around 20 minutes. Each of

the two days, the order of the tasks was the same.

Measures
Vigilance.

First, each participant got to complete the psychomotor vigilance task (PVT; Dinges
& Powell, 1985). Reciprocal reaction times (1/RT; Basner et al., 2011) were recorded to
measure vigilance. The PVT has a high internal consistency with a good internal consistency
(Cronbach’s alpha =.98), and has been shown to have high reliability and validity in
assessing sleep loss-induced impairments in cognitive performance (Benderoth et al., 2021).
In the PVT task, participants need to press the spacebar as soon as the numbers on the
screen start counting up. The start of this counting differs between trials with intervals
between 1-10 seconds in a random order, each interval happening five times. If participants
press the error bar too early, they get a warning. After the TloadDback task, a second,
identical PVT task was administered. The Gorilla-compatible code of the PVT task which

was used in this study is made available on Github (Raeymakers, 2022a).
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Subjective Cognitive Fatigue.

After the PVT, the Visual Analogic Scale of Fatigue (VAS-f; Lee et al., 1991) was
used to measure subjective CF pre- and post-TloadDback on both consecutive days. In this
scale, participants need to indicate on a 0-10 scale (not at all — extremely) whether they feel,
for example, ‘tired’. It has a good internal consistency (Cronbach’s alpha =.91 - .96) for
healthy participants (Lee et al., 1991), and tends to perform as well or better than other
similar and longer scales with respect to sensitivity to change, and correlates well with
clinical variables (Wolfe, 2004). After the second PVT task, the second VAS-f questionnaire

would follow.

Performance.

Objective CF was computed as the evolution of Performance throughout the
TloadDback task. This was done by taking the weighted accuracy, which was computed
continuously throughout the task to adjust the level of difficulty (speed) to each participant’s
performance. In their task, Borragan et al. (2017) divided the data into four successive time
periods each including 20% of the total trials, with 20% in between. Because our experiment
was much shorter, we used only two time periods, each representing the first and last 40%
of the task.

Stimulus Time Duration.

Because Borragan et al. (2017) argued that STD was crucial in creating a higher
cognitive load, we needed to assure that our two cognitive load conditions were indeed
different in terms of STD, with STD being lower in the HCL condition. We did not look at
reaction times, because participants had to react within the STD to not get an error

message.

Shortened TloadDback task

The dual-back task itself, consisting of 8 letters in the original TloadDtask by
Borragan et al. (2017), was replaced by 8 different colored balls (blue, red, yellow, green,
pink, purple, black ,and white), while the odd/even numbers task was replaced by a task with
pictures of ‘big’ and ‘small’ objects (elephant, house, truck, plane, comb, glass, pear and
key), see Figure 2. During the Colour trials, participants had to press the spacebar if the 1-
back ball had the same color, and do nothing otherwise. During the Picture trials,
participants had to press ‘J’ if the picture was of something big, and ‘F’ if the picture was of
something small, see Figure 3. Participants would first get some instructions encouraging
them to react as fast and accurately as possible. Participants then got two short (12
seconds) practice rounds for the Colors and Pictures components respectively. After the

practice rounds, the trial duration would start at 1500ms. In the HCL, the pre-determined
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performance percentage would be set to 55%, and in the LCL to 100%. If participants
reached a weighted accuracy (with Colors making up 65 % and Pictures 35%) that was
higher than this pre-determined performance percentage, the next trial duration would get
50ms faster. If they went below the accuracy goal, the next trial duration would get 50ms
slower. If trial duration dropped below 500ms, 50ms would be added to prevent the trials
from getting too fast. If participants made a mistake, they would get an error message
(‘Wrong?’). These error messages were included because this version of the TloadDback
task is one-fourth of the original length and we wanted to make sure participants would be
maximally engaged during this shorter time frame. The task ended after 5 minutes in both
cognitive load conditions. An applicable Javascript code is made available on Github
(Raeymakers, 2022a). Since the experiment was hosted via Gorilla, another Gorilla-
compatible code was made as well, which can be found in the same repository, along with

the Color and Picture training sessions.

Figure 2

Depiction of a typical order of trials

tO@°O

F J ] ‘SPACE’
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Figure 3
Instructions for the Short TloadDback task

Whenever you see an icon of something SMALL, such as: Whenever you see an icon of something BIG, such as:

@ T L Al G m

; . . You press ‘F’ with the index finger of your left hand:
You press ‘)’ with the index finger of your right hand:

Whenever you see a ball that has the same colour as the ball before it, you press ‘SPACE’ with your thumb.
If the ball has a different colour, you do nothing:

Data Analyses

BEE=S -

‘SPACE’

Do nothing

The data in this experiment were pre-processed and analyzed using R4.2.1 (R Core
Team, 2021). The pre-processing code, functions, analysis, and R markdown HTML file
(Allaire et al., 2020) are all made available on Github (Raeymakers, 2022b). all ANOVA tests
were conducted with linear models using the Im() function from the ‘stats’ package (R Core
Team, 2021). To test for homogeneity of variances, Levene’s test for equality of variances
were conducted with the ‘car’ package (Fox & Weisberg, 2019). All conditions in this study
had only two levels, making a violation of sphericity impossible. Alpha was set at 5%. Given
our sample of 96 participants, a two-tailed t-test with 3 predictors could detect an effect size
of .15 with 96% power (calculated with G*Power; Faul et al., 2007). If main effects were
detected, follow-up pairwise comparisons were made between the estimated marginal
means, using the ‘emmeans’ package (Lenth et al., 2021) with a false discovery rate to

correct for multiple comparisons.
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First, Vigilance was measured as the reciprocal reaction times (mean 1/RT) on the
PVT task. A three-way repeated-measures ANOVA was conducted with Cognitive Load
(HCL/LCL) as a between-subjects factor, and two within-subject factors, namely Session (1
and 2; pre- and post- TloadDback task), and Day (1 and 2), with Vigilance as the dependent
variable. We expected to find no main effects.

We then looked at Components, meaning the stimuli in this task: Pictures (8 different
pictures of small and big objects and animals) and Colors (8 different dual-back coloured
balls). A two-way repeated-measures ANOVA was conducted with Time (1 and 2; the first
and last 40% of the trials) and Components (Colors and Pictures) as the two within-subject
factors, and Performance (the unweighted accuracy scores in the TloadDback task) as the
dependent variable. We expected to find an effect of Colors and Time, with performance

being lower in the Color trials.

To see if there were differences in Stimulus Time Duration (STD) between cognitive
load conditions and Components, a repeated-measures ANOVA was conducted with
Cognitive Load (HCL/LCL) as the between-subjects factor and STD as the dependent
variable. We expected to find a main effect of Cognitive Load and that the STD would be
higher in the HCL condition.

Subjective CF was measured as the mean scores on the VAS-f questionnaire. A
three-way repeated-measures ANOVA was conducted, with Cognitive Load (HCL/LCL) as a
between-subjects, and Day (1 and 2) and Session (1 and 2; pre- and post- TloadDback task)
as the within-subjects factors, and Subjective CF as the dependent variable. We expected to
find a main effect of Session and Cognitive Load with an interaction effect between Session
and Cognitive Load, and no effect of Day, as well as significant differences in Subjective CF
between the two cognitive load conditions, with higher subjective CF in post-task subjective
CF. To look at test-retest reliability, Pearson correlation coefficients were calculated between
Subjective CF scores on the two experimental days in both cognitive load conditions, and
between delta or difference scores (Session 2 minus Session 1) between the two
experimental days in both cognitive load conditions. We expected to find positive

correlations.

To measure objective CF, Performance was calculated as the mean weighted
accuracy scores 5with Colors representing 65% of the score and Pictures 35%). A three-way
repeated-measures ANOVA was conducted with Cognitive Load (HCL/LCL) as a between-
subjects factor, and Day (1 and 2) and Time (1 and 2; the first and last 40% of the trials) as
within-subjects factors. We expected to find a main effect of Cognitive Load and Time and

no effect of Day, as well as an interaction effect of Day with Time, as well as lower
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Performance scores in Time 2 in the HCL condition on both days. To look at test-retest
reliability, Pearson correlation coefficients were calculated between Performance scores on
the two experimental days in both cognitive load conditions, and between delta or difference
scores (Time 2 minus Time 1) between the two experimental days in both cognitive load

conditions. We expected to find positive correlations.

Lastly, to look at convergent validity, delta Performance was correlated with Delta
Subjective CF in the two experimental days and cognitive load conditions. We expected to
find negative correlations (because performance being lower is an indication for objective
CF, whereas the VAS-f scores being higher is an indication for subjective CF).
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Results
Vigilance

A three-way repeated-measures ANOVA (formula: Mean Vigilance ~ Session *
Cognitive Load * Day) showed no statistically significant main effect for Session (F(1, 376) =
1.7, p=.193, 95% CI [0.00, 1.00]), no significant main effect of Cognitive Load (F(1, 376)
=.03, p =.873, 95% CI [0.00, 1.00]), and no significant main effect of Day (F(1, 376) = 1.02,
p =.873, 95% CI [0.00, 1.00]). There were no significant interaction effects between Session
and Cognitive load (F(1, 376) = 1.74, p = .188, 95% CI [0.00, 1.00]); between Session and
Day (F(1, 376) = .13, p = .723, 95% CI [0.00, 1.00]); between Session and Day (F(1, 376) =
1.08, p =.298, 95% CI [0.00, 1.00]), or between Cognitive Load, Time and Day (F(1, 376)
=.03, p =.874, 95% CI [0.00, 1.00]). See Figure 4 for a visualisation of the results.

Figure 4

Vigilance between the two conditions on the two experimental days
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Note. Descriptive data in the form of distribution plots and boxplots of Vigilance (Mean 1/RT
on the PVT task) is visualised for Day 1 and 2 in the HCL (High Cognitive Load) and LCL
(Low Cognitive Load) condition, in Session 1 (pre TloadDback task) and Session 2 (post
TloadDback task). The black error bars are based on the standard deviations, and the black
dots represent the estimated marginal means based on the linear model.
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Components

A two-way repeated- measures ANOVA (formula: Performance ~ Time *
Components) showed no significant main effect of Time (F(1, 772) = 1.98, p = .159, 95% CI
[0.00, 1.00]), and a significant main effect of Components (F(1, 772) = 4.48, p = .035, 95%
Cl [2.17e-04, 1.00]). There was no significant interaction between Time and Components
(F(1, 772) = .09, p = 0.764, 95% CI [0.00, 1.00]) , see Figure 5 for a visualisation.

Follow-up comparisons between the estimated marginal means showed a higher
mean Performance on Color trials (M = .84, SD = .13) compared to Picture trials (M = .82,
SD =.21): t(772) = 3.07, p = .002.

Figure 5
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Note. Descriptive data in the form of distribution plots and boxplots of Performance (mean
unweighted accuracy scores) are visualised in the Color (Colour) and Pic (Picture)
Condition, at Time 1 (first 40% of the trials) and Time 2 (last 40% of the trials). The black
error bars are based on the standard deviations, and the black dots represent the estimated

marginal means based on the linear model.
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Stimulus Time Duration

A repeated-measures ANOVA (formula: STD ~ Cognitive Load) was performed,
showing a statistically significant main effect of Cognitive Load (F(1, 190) = 1161.32, p
<.001, 95% CI [0.87, 1.00]).

Follow-up pairwise comparisons of the estimated mean STD showed that STD was
significantly lower in the HCL condition (M = 1007.14, SD = 511) compared to the LCL
condition (M = 2955, SD = 241) : t(192) = -34.12, p < .0001.

Subjective Cognitive Fatigue

A three-way repeated-measures ANOVA test (formula: Mean VAS-f ~ Session *
Cognitive Load * Day) showed a significant main effect of Session (F(1, 380) =4.91, p =
0.027, 95% CI [7.50e-04, 1.00]) , a significant main effect of Day (F(1, 380) = 9.26, p =
0.003, 95% CI [5.02e-03, 1.00]), and no significant main effect of Cognitive Load (F(1, 380)
=3.31, p = 0.070, 95% CI [0.00, 1.00]). There were no significant interactions between
Session and Cognitive Load (F(1, 380) = 0.01, p = 0.913, 95% CI [0.00, 1.00]), between
Session and Day (F(1, 380) = 0.01, p = 0.918, 95% CI [0.00, 1.00]), between Cognitive Load
and Day (F(1, 380) =0.18, p =0.676, 95% CI [0.00, 1.00]), or between Cognitive Load,
Session, and Day (F(1, 380) = 8.36e-03, p = 0.927, 95% CI [0.00, 1.00]). See Figure 6 for

visualisations.

Because Day and Session showed significant main effects without interactions,
follow-up comparisons were made between the estimated marginal means of Day and
Session. Session 2 (M =5.33, SD = 1.84) scored significantly higher on mean Subjective CF
compared to Session 1 (M = 4.96, SD = 1.55), t(380) = -5.88, p <.0001. Day 1 (M = 5.4, SD
= 1.56) scored significantly higher on mean Subjective CF than Day 2 (M = 4.89, SD = 1.82),
t(380) = 4.32, p < .0001.
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Figure 6

Subjective CF between the two conditions on the two experimental days
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Note. Descriptive data in the form of distribution plots and boxplots of Subjective CF (mean
VAS-f scores) are visualised for Day 1 and 2 in the HCL (High Cognitive Load) and LCL
(Low Cognitive Load) condition, in Session 1 (pre TloadDback task) and Session 2 (post
TloadDback task). The black error bars are based on the standard deviations, and the black

dots represent the estimated marginal means based on the linear model.

Test-retest reliability.

There was a significant and positive correlation of Subjective CF between Day 1 and
Day 2 in both the HCL condition (r(46) = .46, p <.001) and the LCL condition (r(46) = .64, p
<.001), see Figure 7, A and B. There was a significant negative correlation of delta
subjective CF between Day 1 and Day 2 in the HCL condition (r(46) = -.28, p = .006) and a
significant positive correlation of delta Subjective CF between Day 1 and Day 2 condition
(r(46) = .33, p =.022), see Figure 7, C and D.
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Figure 7

Subjective CF and delta Subjective CF correlations
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A repeated-measures ANOVA (formula: Performance ~ Time * Cognitive Load * Day)
showed a statistically significant main effect of Time (F(1, 376) = 13.38, p <.001, 95% CI
[0.01, 1.00]), a significant main effect of Cognitive Load (F(1, 376) = 434.16, p < .001, 95%
Cl1[0.48, 1.00]) and a significant main effect of Day (F(1, 376) = 23.65, p <.001, 95% CI
[0.03, 1.00]). There was a significant interaction between Time and Cognitive Load (F(1,
376) = 4.85, p = 0.028, 95% CI [7.08e-04, 1.00]), no significant interaction between Time
and Day (F(1, 376) = 3.58, p = 0.059, 95% CI [0.00, 1.00]) no significant interaction between
Cognitive Load and Day (F(1, 376) = 2.80, p = 0.095, 95% CI [0.00, 1.00]) and a significant
interaction between Time, Cognitive Load and Day (F(1, 376) = 31.43, p <.001, 95% CI
[0.04, 1.00]), see Figure 8 for a visualisation.

Because Time, Cognitive Load and Day all showed significant main effects and
because there was a significant interaction between Time and Cognitive Load and between
Time, Cognitive Load, and Day, follow-up comparisons were conducted between the
estimated marginal means of Performance between Time 1 and Time 2 in both Cognitive
Load conditions and on both Days. There was a significant decrease in Performance
between Time 1 (M = .65, SD = .10) and Time 2 (M = .56, SD = .05) in the HCL condition on
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Day 1: t(376) = 3.8, p < .001, a significant increase in Performance between Time 1 (M

= .58, SD =.07) and Time 2 (M = .69, SD =.09) in the HCL condition on Day 2: t(376) = -
4.4, p <.0001, a significant increase in Performance between Time 1 (M =.75, SD = .17)
and Time 2 (M = .89, SD = .17) in the LCL condition on Day 1: t(376) = -5.56, p <.001, and
no significant difference between Time 1 (M = .89, SD = .12) and Time 2 (M = .92, SD = .1)
in the LCL condition on Day 2: t(376) = -1.4, p = .178.

Figure 8

Objective CF between the two conditions on the two experimental days
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Note. Descriptive data in the form of distribution plots and boxplots of Objective CF,
measured as Performance (weighted accuracy scores on the TloadDback task) are
visualised for Day 1 and 2 in the HCL (High Cognitive Load) and LCL (Low Cognitive Load)
condition, and at T1 (first 40% of the trials) and T2 (last 40% of the trials). The black error
bars are based on the standard deviations, and the black dots represent the estimated

marginal means based on the linear model.
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Test-retest reliability.

There was no correlation of Performance between Day 1 and Day 2 in the HCL
condition (r(46) = .12, p =.26), and a significant positive correlation of Performance
between Day 1 and Day 2 in the HCL condition (r(46) = .46, p < .001), see Figure 9, A and
B. There was a significant negative correlation of delta Performance between Day 1 and Day
2 in the HCL condition (r(46) = -.51, p < .001), and no correlation of delta Performance

between Day 1 and Day 2 in the LCL condition (r(46) = .27, p = .062), see Figure 9, C and D.
Figure 9

Performance and delta Performance correlations
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Convergent validity

Correlations were calculated between delta Subjective and delta Performance. There
was no significant correlation of delta Performance with delta Subjective CF on Day 1 in the
HCL condition (r(46) = .05, p =.75), no significant correlation of delta Performance with
delta Subjective CF on Day 2 in the HCL condition (r(46) = .2, p = .18), no significant
correlation of delta Performance with delta Subjective CF on Day 1 in the LCL condition
(r(46) = -.02, p = .9), and no significant correlation of delta Performance with delta Subjective
CF on Day 2 in the LCL condition (r(46) = -.02, p = .91), see Figure 10.
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Figure 10

Delta Performance and delta Subjective CF correlations
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Discussion

By inducing cognitive fatigue with the TloadDback task, procedural learning can be
unlocked in adults to facilitate infant-like, implicit learning of certain aspects of language,
such as word segmentation (Borragan et al., 2016; Smalle et al., 2021, 2022). Because the
TloadDback task is relatively easy to administer, this opens the door for practical
applications to help with language learning, such as mobile apps. However, the TloadDback
task as it is currently designed takes more than 20 minutes to complete, and uses black and
white letters and digits as stimuli. It is thus not attractive to use for a wide audience in terms
of practicality, time efficiency and visuals. In this study, a new version of the TloadDback
task was created that takes only 5 minutes to complete, and uses more attractive stimuli. In
the original version (Borragan et al., 2017), the available time to process stimuli was
considered a crucial element in eliciting CF. For this reason, Stimilus Time Duration (STD)
was calculated before the administering of the TloadDback task as the time an individual
participant needed to get at least 85% of trials right. In the shorter TloadDback task used in
this study, STD was continuously adjusted according to whether or not the performance on
the TloadDback task reached a certain pre-determined percentage. This way, two conditions
were created: a High Cognitive Load (HCL) condition during which the task would get faster
if participants weighted accuracy got above 55%, and slower if they under 55%, and a Low
Cogntive Load (LCL) condition during which this percentage was set at 100%. These
conditions were created to find out if differences in STD were really crucial to elicit CF in this
shorter version. To make the task more appealing to a wider audience, the dual-back letters
from the original version were replaced by dual-back coloured balls, and the odd/even digits
forced-choice task was replaced by a big/small object picture task. Error messages were
added to keep participants maximally engaged with the task. The shorter TloadDback was
then completed twice by 96 participants, all first-year students studying Psychology at the
University of Ghent, during two consecutive days in March, 2021. Pre- and Post- measures
were taken of subjective CF and vigilance. The code was written with JavaScript, which
made it possible to conduct the whole experiment online, which was safer in the midst of the
COVID-19 pandemic.

Discussion of the findings
Vigilance.

Vigilance was measured as the reaction times on the Psychomotor Vigilance Task
task (Dinges & Powell, 1985). The PVT task can be used to measure sleep deprivation
(Basner et al., 2011; Benderoth et al., 2021) as well as boredom (Alikonis et al., 2002;
Kdrber et al., 2015; Pattyn et al., 2008b). To look at baseline differences in vigilance

between the two experimental days and cognitive load conditions before the completion of
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the TloadDback task, was well as effects of the TloadDback task on vigilance itself, we
tested for effects of cognitive load, day and session (pre- and post-task). We found, in
accordance with our prediction and similar to results found by Borragan et al. (2017), no
effects of cognitive load condition or experimental day. This excludes differences in vigilance
as a confounding factor between the HCL and LCL conditions on other measures such as
performance. We also found no effects of session. Because Borragan et al. (2017) did not
take post-task measures of vigilance, we cannot conclude that our version was more
engaging than theirs, but these results do indicate that participants were still just as attentive
and engaged by the end of the TloadDback task as they were before (Pattyn et al., 2008a).

Stimulus Time Duration.

Because STD has been argued by Borragan et al. (2017) to be a crucial factor in
eliciting CF, we wanted to make sure our task was succesfully manipulating STD between
conditions. Borragan et al. (2017) found that the mean STD (calculated in a pre-test session)
in their original TloadDback task was + 965ms. They used this STD for the HCL condition,
whereas the mean STD in the LCL condition was a third slower (£ 1190ms). In our
experiment, the mean STD in the HCL condition was = 890ms, and significantly lower
compared to the LCL condition, which was + 2300ms. This makes the difference in STD
between our two conditions greater than the difference in the original TloadDback task,
whereas our HCL STD is similar to that in the HCL condition of the experiment by Borragan
et al. (2017).

Components.

To see if the dual-back task really was more difficult, which is the reason behind the
calculation of the weighted accuracy used in the original TloadDback task (Borragan et al.,
2017), we also looked at the effect of Components (dual-back Colour trials versus forced-
choice Picture trials) in interaction with Time (first versus last 40% of the trials) on
unweighted accuracy. We expected to find an effect on Components, with Colors having a
lower average performance, and with performance getting lower during the last 40% of the
trials. Components showed a significant main effect, with no interaction effect with Time, and
no main effect of Time, indicating that unweighted accuracy was relatively stable across the
duration of the TloadDback task. Unexpectedly, Colors showed a higher mean unweighted
accuracy than Picture trials. This went against our prediction that the dual-back Color trials
would be more difficult and thus have a lower unweighted accuracy, and is also in contrast
with the findings of Borragan et al. (2017), who found a main effect of both Time and
Components and an interaction effect between Time and Components, with lower
performance scores for the dual-back digits task compared to the odd/even letters task,

indicating a higher demand on the working memory.
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Subjective Cognitive Fatigue.

Measures of Subjective CF were taken before and after each of the two TloadDback
tasks with the Visual Analogue Scale fore for fatigue (VAS-f; Lee et al., 1991). Our
hypothesis was that the short TloadDback task would influence subjective CF, and that this
effect would be higher in the HCL condition, with no significant difference between the two
experimental days. We found a main effect of experimental on subjective CF, no main effect
of cognitive load, and no interactions. This contrasted our hypothesis as well as the findings
by Borragan et al. (2017), since we expected an effect of cognitive load and no effect of day.
Itis in line with findings by Smalle et al. (2022) though, who also found no difference
between the HCL and LCL in subjective CF. Moreover, participants scored significantly lower
on subjective CF on the second day. This indicates that the task gets less efficient at
inducing subjective CF upon repetition, which is problematic when wanting to create a CF
manipulation that can be used in practical applications for learning. Overall, the TloadDback
is able to induce subjective CF, with no differences between the cognitive load conditions,
but this effect gets lower on the second day.

Positive correlations were found in subjective CF between both days in both cognitive
load conditions. This means that if subjective CF was high overall (over the two sessions) on
one day, it was more likely to also be high on the other day, and vice versa, indicating that
subjective CF was rather stable throughout the experiment. However, delta or difference
scores of subjective CF (post- minus pre-test) correlated negatively between the two days in
the HCL condition, and positively in the LCL condition. In other words, an increase in (post-
task) CF on the first day was more likely to followed by an increase in (post-task) CF on the
second day in the LCL condition, and more likely to be followed by a decrease in the HCL
condition, and vice versa. It thus seems that, while the overall subjective CF scores correlate
positively between days over the two conditions, the increase in subjective CF over the two

days is more consistent in the LCL condition.

Performance.

Performance was measured as the weighted accuracy of participants on the
TloadDback task, with the dual-back task representing 65% of the score and the forced-
choice task 35% in order to look at objective CF. The hypothesis was that mean
performance would be higher for the last 40% of the trials compared to the first 40%, and
that this difference would be more pronounced in the HCL condition, with no differences
between the experimental days. We found a main effect of Time (first versus last 40% of the
trials), Cognitive Load and Day, with interactions between Time and Cognitive Load and
between Time, Cognitive Load an Day. The main effects of Time and Cognitive Load were

expected, as well as their interaction, but the main effect of and interaction with Day was not.
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Besides that, some unexpected directions of differences were found between the means:
performance increased between the first and last 40% of the trials in the LCL condition
during the first day, but showed no difference during the second day. In the HCL condition,
performance decreased during the first day and increased during the second day. This
makes it seem like there is only an effect of objective CF in the HCL condition during the first
day, and a seemingly learning effect or improvement in performance in the LCL condition on
the first day and in the HCL condition on the second day.

Performance did not correlate between the two experimental days in the HCL
condition, and had a positive correlation in the LCL condition. This means that if
performance was high over the whole TloadDback session on the first day, it would also be
high on the second day and vice versa in the LCL condition. Delta or change (mean
performance in the last 40% of the trials minus the first 40%) correlated negatively between
the two experimental days in the HCL condition while having a positive correlation in the LCL
condition. This can be explained by the effect discussed above, which is that the
performance difference is opposite between the first and the second day in the HCL

condition.

Convergent validity.

Because participants might not always be (subjectively) aware of their CF, Borragan
et al. (2017) compared post-task differences or delta scores of subjective CF with the within-
task evolution or delta scores of performance. They found correlations indicating that higher
subjective CF post-task was related with higher performance differences between the HCL
and LCL conditions, but only in the last 40% of the TloadDback experiment. Because, unlike
Borragan et al. (2017), cognitive load was a between-subjects factor and not a within-
subjects factor in this experiment, we conducted slightly different correlations, since we
cannot match participants in both the HCL with the LCL condition. We found no significant
correlations between delta subjective CF and delta performance in either of the cognitive
load conditions or days. This indicates that subjective CF and performance increases or

decreases are not related in this experiment.
Effectiveness of the TloadDback task

The shorter version of the TloadDback task tested in this experiment was effective at
inducing subjective CF, but showed no difference between the HCL and LCL condition.
Subjective CF was lower on the second day, indicating that the CF effect gets lower with
repetition. Performance only showed a decrease in the HCL condition on the first day.
Overall, the LCL condition, surprisingly, seemed to induce CF more reliably than the HCL
condition, and we found no differences in unweighted performance between Colour and

Picture trials. Changes in subjective CF were not associated with performance, which might
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mean they are measuring something different in this experiment. Some prior studies have
also found an absence of correlations between subjective CF and objective behavioural
measures, showing that fatigue can influence performance without affecting subjective CF
and vice versa (Ackerman & Kanfer, 2009; Bailey et al., 2007; Bryant et al., 2004; Krupp &
Elkins, 2000; Lim et al., 2010; Schwid et al., 2003). This is possible if participants are not
aware of their performance impairment, or when they feel tired in ways that don’t affect their
performance. However, the nature of this adjusted TloadDback task might also be an
explanation. More specifically, performance might not have been a valid measure of
objective CF. Below we discuss some limitations of this study and their relation to our
findings.

Limitations of this study.

First of all, and probably most importantly, the duration of our task (5 minutes) was
much shorter than the original task (20 minutes with STD calculation included). By design,
our task might not be long enough to induce objective CF in the form of a lower performance
(Gui et al., 2015; Lim et al., 2010). It could be argued that a shorter version could be made
more exhausting by speeding up the task even further. In this study, there was a minimum
STD of 500ms to avoid the task speeding up so much that participants wouldn’t be able to
follow. In the original version (Borragan et al., 2017), the STD ranged from 600 to 1400ms.
When making the STD shorter however, there should be thought well about how much time
will be allowed for participants to react. Some other studies do not include the timeframe
during which participants are allowed to react in the STD (Gajewski et al., 2018). Making the
STD might make the task too fast which might bring some new problems, such as

participants giving up.

Our sample of first year students studying psychology, which are predominantly
female and young (Schelfhout et al., 2021), could be argued to be biased and thus
influencing our findings. However, it cannot explain the differences between our findings and
those of Borragan et al. (2017), since they sampled from a similar population of psychology

students.

This experiment was conducted online, which adds ssome variability to the
environments in which participants conduct the experiment. On the other hand, it also makes
the experiment more ecologically valid, which is important when looking testing its
effectiveness in the context of practical applications.

Another limitation might be the inclusion of error messages, which were added to

keep this shorter version maximally engaging. These might have worked against the

cognitive load effect that was intended to be induced. Because the HCL is faster and
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participants will make more mistakes by design (which, as shown by the overall lower mean
performance, was an effective manipulation), the HCL also includes more error messages.
These error messages take away from total the amount of trials, and they might also lower
time pressure, as they add a little pause after every mistake. This might partially explain why
we didn’t find an effect of cognitive load on subjective fatigue, and why the HCL condition

overall had unreliable results over the two days.

We also found that there were no differences in terms of unweighted performance
between the small/big forced-choice Picture trials and the dual-back Color trials. It is
possible that in our version, Pictures were more difficult because they consist of different
categories (objects, buildings, animals) compared to the odd/even letters. Perhaps the fact
that participants had to press ‘F’ if the picture was of something big and ‘J’ if it was of
something small might also have been counter-intuitive due to people having the tendency to
place size on an imaginary left-to-right horizontal line in left-to-right reading cultures (Afsari
et al., 2016; Hesse & Bremmer, 2017). Alternatively, the colored balls might be easier to
remember than the black and white dual-back letters, because colors can enhance memory
(Dzulkifli & Mustafar, 2013). Either way, it seems like performance does not need to be
calculated by weighted accuracy where the dual-back task gets a bigger weight, since there
is no evidence in this experiment that the dual-back task has a higher cognitive load in this
version of the TloadDback task. Our replacement of the original dual-back letters and
odd/even numbers by dual-back colored balls and big/small pictures might deviate too much
from the original task. Because this shorter version TloadDback task has more attractive
stimuli (coloured balls and pictures), it might be more motivating. According to the
motivational control theory (Hockey, 2011), cognitive fatigue is a problem of management
rather than of energy. It is possible that the lack of consistent performance differences in this
experiment is due to the task being too engaging, as indicated by the lack of effects found on
vigilance. The lack of effects on vigilance might also be explained as a result of a too short
total duration of the TloadDback task, since task duration tends to influence vigilance as
measured by the PVT task in similar ways to sleep deprivation. However, even with longer
task durations, motivation is still an important factor influencing the amount of decrease in

vigilance (Mdckel et al., 2015).

Lastly, he calculation of the STD was done before the actual TloadDback task in the
version by Borragan et al. (2017), and kept constant throughout the task itself. In our
experiment, STD was continuously adjusted to the performance of participants, meaning that
the timing would sometimes get faster, sometimes slower. This might then not only add more
variability in terms of STD, but also keeps the performance relatively stable by design. We

still see significant differences between the first 40% and last 40% of the trials, but these
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differences might be less meaningful due to the setup of this experiment. This could also
explain the unexpected findings in terms of increases/decreases of performance between
the different conditions and experimental days. Because STD differences were even bigger
in this version of the TloadDback task compared to the original version, average STD
differences seem unlikely to be the reason for differences in findings. In conclusion, it is
possible that performance might not have been a valid measure of objective CF for this
shorter version of the TloadDback task.

Recommendations for future research

The problem of how to apply research findings that procedural learning can be
unlocked in adults to help them learn certain aspects of language in infant-like ways into
large-scale applications, has yet to be resolved. This study demonstrates the difficulty of
creating ways to implement fundamental research to designs and paradigms that can be
used in a real-life context, because doing so often adds extra variables. Our results suggest
that not just time pressure, but also the length of the task is important in inducing CF in the
TloadDback task, which has been shown in the past to be able to unlock implicit learning in
adults (Borragan et al., 2016; Smalle et al., 2022). Future research in this direction should
also try and determine in more detail which elements of the TloadDback are crucial to induce
which types of CF, as well as the minimum task duration necessary to induce changes in
performance. We did not find reliable evidence for differences in performance induced by
this shorter version of the TloadDback task, and no differences in subjective CF between
different cognitive load conditions. We did however find an effect of the TloadDback task on
subjective CF, although the HCL condition gave less reliable results. As discussed above,
the lack of consistent findings for performance might be explained due to some limitations in
the setup of this shorter version, specifically, the continuous adjustment of STD to
performance, making performance a less valid measure of objective CF here, whereas the
inclusion of error messages might explain the less reliable results in the HCL condition by
effectively evening out the time pressure between the two cognitive load condition by adding
small pauses after every mistake. In this light, it might be interesting to look into using the
original calculation of a STD per participant beforehand and to keep STD constant
throughout the task in order to be able to use performance as an indication of objective CF
more reliably. This might make the task less suitable for repeated uses however, which is
why it is probably wiser to use other measures of objective CF. The error messages might
need to be removed, or the cognitive load conditions should be evened out by having every
correct trial be followed by a ‘Correct!’ message. Future research should also look into
whether or not the induction of subjective CF alone is enough to unlock implicit learning, or

whether changes in performance or other objective measures of CF are necessary as well,
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and more closely disentangle effects on vigilance with effects on performance and subjective
CF. Specifically, it should be studied whether or not making the dual-back and forced-choice
tasks more engaging influences the induction of CF or not, since motivation could be a factor
in the induction of CF. We should also consider the possibility that perhaps the TloadDback
task and the induction of CF are not the most convenient ways to put the unlocking of
procedural learning into practice after all. Other options that might be appropriate to
investigate for uses in large-scale practical applications such as mobile apps to unlock
procedural learning should be considered, such as distractions (Foerde et al., 2006; Lavie,
2010), and hypnosis (Daltrozzo & Valdez, 2018; Nemeth et al., 2013).

Conclusion

In this study, a shorter version of the TloadDback was designed with the goal of
making a more attractive, engaging, and time-efficient paradigm to induce CF, suitable
for large-scale online applications. We found that vigilance was not influenced by
cognitive load, day or the TloadDback task itself. This could be because the current
TloadDback task is shorter and more engaging, and vigilance is tied to time-on-task and
boredom. The TloadDback task increased subjective CF but this effect got less on the
second day, and there were no differences in subjective CF between the HCL condition
and LCL condition. Correlations between changes in subjective CF were only positive
between the two days in the LCL condition. The performance got lower on the first day in
the HCL condition but increased or stayed the same in the LCL condition and/or on the
second day. Changes in subjective CF were not correlated to changes in performance.
The lack of consistent findings of the TloadDback task on performance might be due to
the change from the original TloadDback paradigm to this shorter version, which uses a
continuous adjustment of the stimulus time duration to performance, making
performance a less valid measure of objective CF in this study. The lack of reliable
results in the HCL condition might be explained by the inclusion of error messages in this
version of the TloadDback task, which might even out the time pressure between the two
cognitive load conditions by adding small pauses after every mistake. Overall, this
version of the TloadDback task was effective at inducing subjective CF, with no
consistent effects on performance, and with the effect on subjective CF getting less on
the second day, which could be problematic for repeated uses of this shorter
TloadDback task. More research is needed on whether subjective CF is enough to
unlock procedural learning, and on different paradigm variations for a shorter
TloadDback task.
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