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Examining the viability of the Continuous
Matching Task in mobile assessment com-
pared to laboratory testing
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Abstract:

Two measures of attention, the Continuous Matching Task (CMT, measuring alertness), and
the Stroop task (measuring selective attention) were applied under two conditions: In the
laboratory using a standardized apparatus and in mobile measurements using participant’s smart
devices. Both are cognitive performance tasks reliant on processing speed. In past research,
implementing this type of measurement on mobile devices was called into question and the
psychometric quality was assumed to be low. The present study aims to evaluate if the CMT
can yield equivalent results from guided laboratory testing and self-administered mobile
measurements. The Stroop task results are evaluated in the same way and results of the two
tasks are compared. They were implemented identically in both conditions, with only slight
modifications to the methods of input. Comparing and analyzing the results revealed that the
CMT is not consistent across conditions and prone to age effects on mobile devices.
Consequently, it is largely not suited for mobile assessment. The Stroop task showed more
consistent measurements, although characteristic shortcomings were also observed. Generally,
mobile assessment using response-time-based measurements appear to be problematic when
tasks are more technically demanding.
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The CMT was developed as a computerized measure of sustained alertness. It employs
a unique mode of measurement in which the presentation of stimuli and the recording
of responses are continuous — as opposed to presentation at discrete intervals. A target
indicator is in continuous linear motion between two points. The motion of this indi-
cator cannot be predicted and must be matched by the participant by moving an ana-
logue slider. As a result, a pronounced level of mental workload is induced while the
requirement for higher cognitive processing is low. The task requires alertness and
quick responses with little to no cognitive processing. The mental workload can be
increased by employing a dual-task paradigm in which two independent instances of
the task must be performed at the same time, one with each hand. This effectively
constitutes a dual-task paradigm. Another characteristic of the task is that it allows for
the real-time adjustment of difficulty. The more the participant succeeds in matching
the movement of the indicator, the more difficulty increases and changes in direction
occur more frequently; this reduces the predictability and continuity of the motion. In
an initial examination, the task was observed to be reliant on reaction speed and thus
sustained alertness (Miinscher et al. 2023). Furthermore, the adaptive mode of testing
in the dual-task paradigm resulted in reliable and conceptually consistent measure-
ments.

During the planning stage of this initial validation, the Covid pandemic emerged and
the laboratory design could not be executed as planned. The sample size had to be
reduced and a version of the task that could be executed on mobile devices was im-
plemented. Fortunately, the study still commenced with laboratory testing and fea-
tured mobile testing. Besides serving as a fallback option in case of lockdowns the
inclusion of mobile assessment provided interesting research perspectives: Current
smart devices like smartphones can deliver computing power that was limited to desk-
top and laptop machines only a few years ago. Consequently, they offer an attractive
proposition for psychological assessment: Instead of requiring expensive dedicated
equipment, researchers and practitioners could make use of their client’s and partici-
pant’s devices to perform measurements. In such applications, the smart device is a
platform for self-administered testing. Given this scenario and the advantages of test-
ing in this manner, the question arose, whether the mobile implementation of the CMT
could provide sensible results when compared to those gathered in the laboratory.

While mobile devices are now regularly used to administer questionnaires, their use
in complex designs, such as those involving measurements of response-times is less
common. This, among further reasons discussed below, is largely based on the lack
of control over the measurement conditions and apparatus in this setting as well as
participant behavior. From a methodological standpoint, the self-administered testing
using an unknown device in an unstandardized situation constitutes the worst-case
scenario as opposed to standardized and controlled laboratory testing. However, there
are conflicting accounts on the viability of mobile measurements of cognitive perfor-
mance and response time.

As Holmlund et al. (2019) pointed out, moving the assessment out of the laboratory
and into the hands of individuals comes with specific challenges but also offers
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worthwhile opportunities. In their application of the Stroop task (Stroop, 1935), they
found smartphone-based assessment to be a promising avenue to extend traditional
techniques. Illingworth et al. (2015) pointed out that mobile devices put unique and
increased demands on the user. They supposed that personality assessments — using
questionnaires and other methods that do not rely on response time — are unaffected
by the mode of measuring but cognitive assessments are likely influenced negatively.

Regarding the aspects relevant to the smart-phone-based application of the CMT,
namely, the measurements of attention with a response-time based performance test
that incorporates adaptive testing, a set of promising results were reported in the liter-
ature: Koch et al. (2021) showed that measuring sustained attention using the Atten-
tion Swiping Task (AST) on mobile devices produced viable results. Similarly, Song
et al. (2020) found their smartphone-app-based assessment of cognitive control and
executive functioning to be suitable for assessment. Research on the application of
adaptive testing in mobile assessment is relatively scarce but an early application of
adaptive testing in mobile assessment by Triantafillou et al. (2008) showed promising
results.

In many cases, mobile-device-based testing also means uncontrolled testing, which
leads to unknown and potentially detrimental conditions under which tests are per-
formed. While laboratory testing is rightfully regarded as superior in this regard,
Timmers et al. (2014) observed no differences in task performance between controlled
and uncontrolled environments when performing a memory task on the smartphone.
Traylor et al. (2020) found no significant influence of the testing environment in a
study that included smartphone and laboratory-based assessments of selective atten-
tion. Steger et al. (2019) analyzed mobile assessment of intelligence using knowledge
tasks, and pointed out that these tasks carry the risk of the participant cheating; a risk
they assumed to be much lower in time-dependent tasks. However, with such tasks,
the increased demand that is put on the user by interacting with the device may influ-
ence the measurement (Illingworth et al., 2015). King et al. (2015) found such influ-
ences and observed significant performance differences depending on how cognitive
tests were administered. Furthermore, the characteristics of the device, such as its’
accuracy in timekeeping can cause distortions. Consequently, the disadvantages of
response time tasks on mobile devices are pronounced and Byun et al. (2018) cau-
tioned against such applications. They also reported age effects when performing mo-
bile assessments of reaction times which were also observed by Traylor et al. (2020).
However, in a comparison of various tests in mobile and laboratory settings, including
cognitive ability tests Martin et al. (2020) found no significant differences in perfor-
mance. Overall, measurements that rely on response times are likely problematic
when they are administered on mobile devices. Should such applications, thus, be
avoided outright? Previous finding also indicate that mobile assessment of cognitive
performance can be viable and result in useful measurements.

The present study aims to explore and investigate if mobile measurements using the
CMT can yield viable results despite the known shortcomings of such measurements.
To compare the measurements from the laboratory setting and mobile testing, two
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tasks were employed: First, the Continuous Matching Task (CMT) (Miinscher et al.
2023), a measure of sustained alertness that has not been evaluated in this context.
Second, the Stroop task (Stroop, 1935) was applied under both conditions as a meas-
ure of selective attention. It showed promising results in previous work by Holmlund
et al. (2019) and served as a comparison. The two tasks measure conceptually similar
— but not identical — cognitive performances with different methodological ap-
proaches. In a computerized implementation, the Stroop tasks can be evaluated using
stimulus response-times (RT) while for the CMT the performance over the testing
period is evaluated. Details on the tasks and their scoring are elaborated on below.
The analyses in the present study were partly based on data collected for the initial
validation of the CMT (Miinscher et al. 2023). The data on mobile assessments were
not included or evaluated in the previous work and are original to this study.

When investigating performance assessments using mobile devices the special cir-
cumstances of this mode of testing must be recognized. Specifically, the individual
interactions with smart-devices and the associated proficiency in interacting with
them. van Deursen et al. (2015) distinguished three types of smartphone use: habitual,
process oriented, and social. These types are associated with characteristic patterns of
interactions which may influence performance in mobile measurements as the degree
to which individuals use these devices varies (Hintze et al., 2017). Furthermore, hard-
ware characteristics are a relevant aspect: Participant’s personal devices can vary, par-
ticularly in screen size and resolution. When investigating the effects of screen size
on performance and workload, Hancock et al. (2015) observed differences only for
very small screen sizes and resolutions (320x280 pixels). Smartphone screens are usu-
ally larger than this and no substantial effects were expected. Nevertheless, screen
dimensions were recognized as a potential confounding variable in the present anal-
yses.

Research Questions and Hypotheses

The primary research question is: Does mobile administration of the CMT, yield re-
sults comparable to those gathered in laboratory testing. This inquiry also extends to
the Stroop task. It measures a conceptually similar construct (selective attention) and
was reported to be promising in mobile applications in the past. Under the optimistic
assumption that the two tasks function equally in the testing conditions, the results
should be equal. Furthermore, substantial correlations between the laboratory and mo-
bile measurements were expected. As this configuration effectively constitutes a re-
test, prior results on the test-retest reliability of Stroop tasks were used as guidelines
for the expected correlation. Strauss et al. (2005) reported test-retest reliabilities of
Stroop color word test RT (n = 28); 7, = .71 for congruent stimuli, 7, = .79 for incon-
gruent stimuli. For interference scores they observed a relationship of 7 = .46. Based
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on prior reports of age effects for mobile assessment (Byun et al., 2018; Traylor et al.,
2020) the same was expected in this study.

For hypothesis I no significant differences between the measurement modes were ex-
pected for CMT dual adaptive performance, Stroop RT for congruent and incongruent
stimuli, as well as the interference score.

Consequently, iypothesis 2 was that there is a meaningful correlation in the relevant
performance metrics (CMT dual adaptive performance and Stroop RT for congruent
and incongruent stimuli, as well as the interference score) between mobile and labor-
atory scores.

Hypothesis 3 expected a moderation effect of age when predicting laboratory results
(CMT dual adaptive performance and Stroop interference score) from mobile testing.
Furthermore, no such moderation effects were expected for screen size and types of
smartphone use.

Methods

The sample for the present study consisted of n = 125 (59 female (47%), 1 diverse)
German participants. Age ranged between 19 and 64 years (M = 28, Mdn = 24, SD
= 9.67) and most participants (n = 99) were social science students who received
course credit for their participation. Additionally, social media postings were used to
recruit 26 individuals who were compensated for their participation with a small gift
bag containing a USB-drive and university merchandise (pen, textile bag, and a key-
chain) totaling approximately 5€ in value. Prior to participation, all individuals were
informed of the study’s intent and gave written informed consent. Participants were
instructed to download a specially developed app that included the Stroop and CMT
tasks from the distribution platforms Google Play® and Apple® app store. They were
then asked to perform the mobile testing either before or after the laboratory session
with at least one week of separation. No further instructions were given to the partic-
ipants in order to allow for in-vivo mobile testing. On average, mobile testing was
performed 7.5 days before laboratory assessment (SD = 31.3). As the time between
testing sessions and the order in which measurements were taken could influence per-
formance, the number of days between sessions was entered as a covariate in the anal-
yses. Participants’ mobile devices averaged a screen diagonal of 5.5 inches (SD = 0.8).
Laboratory testing was performed in the scope of a larger research project and detailed
results are published separately (Miinscher et al. 2023). All datasets, scripts, and sup-
plementary materials relevant to the following analysis are available in the accompa-
nying OSF repository: https://osf.io/mxkvz/.
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Continuous Matching Task (CMT)

The CMT is a continuous performance task that measures sustained alertness (Miin-
scher et al. 2023). The task is fully computerized and makes use of real-time stimuli
that are algorithmically generated at the time of testing. A target indicator is continu-
ally moving vertically on-screen within a visual boundary. The motion is generated in
real-time by a pseudo random number generator that adjusts the target position either
up or down at a frequency of 30hz thus generating a continuous motion. Participants
control a second (input) indicator within the same boundary by moving an analogue
slider. In the laboratory measurements two analogue sliders were present in the the
response-box that was used to record responses. The slider must be adjusted to mini-
mize the distance between the target and response indicators; the movement of the
target indicator must be matched continuously. See Figure 2 for example stimuli.

Figure 1 CMT stimulus and the laboratory testing apparatus.

Note. Left: An example for CMT stimulus. The target indicator moves within the white boundary and the
input indicator must be matched to its’ movement. Right: The laboratory apparatus. The response box pro-
vides five brightly lit and colored buttons for Stroop testing. The analogue sliders on the left and right sides
are used in CMT measurements. The central touchscreen and rotary knobs were not used in this study. The
responses were relayed to the testing computer via a low-latency USB connection.

The task can be performed with one hand (main hand or offhand), or with both hands
at the same time. In addition to fixed difficulty testing, the CMT offers the option of
adaptive testing. In this way of testing, following the target indicator becomes increas-
ingly difficult the better the individual performs. Task difficulty is governed by a dif-
ficulty parameter b. It determines both the speed with which the target indicator moves
and the frequency of direction changes within the motion. If the indicator reaches
either end of the boundary a direction change is forced, in all other instances the
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direction is changed pseudo-randomly with difficulty b controlling the probability.
The difficulty parameter b ranges between 0 and 1 and the task was tuned such that a
value of b = 0.5 results in approximately medium difficulty. The performance is eval-
uated in real-time based on how well the distance between the target and input indi-
cators is minimized. The scoring makes use of a sliding average to compensate for
unintentional movements or instances in which the target and response indicators
cross each other. Thus, changes in performance need to be relatively persistent to be
recognized in the scoring; short-term changes are filtered out.

In the present study the CMT was administered in four configurations: using only the
main hand (Single Main hand), using only the ofthand (Single Offhand), using both
hands with fixed difficulty (b = 0.5, Dual Fixed), and using both hands with adaptive
difficulty (Dual Adaptive). All four modes of testing were administered for two
minutes each. Depending on the mode of testing different performance indicators
must be used. In trials with fixed difficulty, the sliding average distances between
target and response are estimators of performance as described above. In adaptive
trials, this measure is not informative as the adaption algorithm adjusts the difficulty
towards an equilibrium. Instead the adapted difficulty of the task becomes an indicator
of participant performance. Both modes of measurement allow for detailed analyses
of the development of performance over the time of testing. However, for the present
study performance was summarized for each of the two-minute trials. For fixed diffi-
culty testing the average performance across the testing period was calculated. For
adaptive testing the integral of the difficulty across the trial was used. Further details
on the rationale behind the scoring are elaborated in (Miinscher et al. 2023). Further-
more, in trials that employ both hands simultaneously, two independent instances of
the CMT are used: one for each hand. To determine the overall performance during
these trials, the parallel sum of both hands’ performance scores was calculated. Past
results indicated that this mode, utilizing both hands with adaptive difficulty, provided
the most reliable and valid measurements of sustained alertness (Miinscher et al.
2023). Consequently, the analyses that are presented in this study are focused on these
measurements; while other performance metrics are reported, the performance indi-
cator from the dual adaptive trial is the main metric of interest.

Stroop Task

The Stroop task is a classic task for measuring selective attention. Participants must
read a color word (red, green, blue, yellow) that is displayed on screen, or react to the
color in which the word is displayed. Please see Stroop (1935) and specifically Din
and Tat Meng (2019) for an overview of this task and computerized implementations.

In the present study, two Stroop trials (color naming, and word reading), were admin-
istered with 120 randomized stimuli each. They comprised 48 congruent, 48 incon-
gruent, and 24 neutral stimuli. The stimuli were presented on a screen and responses
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were recorded using the five brightly lit and colored buttons (red, green, blue yellow,
and white for neutral stimuli) featured on the response box.

The Stroop effect describes the interference generated by incongruent stimuli, partic-
ularly in the color naming condition. The word is involuntarily read and the content
thus interferes with correctly responding to the displayed color. This results in longer
response times compared to congruent stimuli. With regards to age effects, Wright
(2017) concluded that interference does not vary depending on age, although further
research is required. To assess Stroop performance, the response-times (RT; in milli-
seconds) can be analyzed for all, congruent, incongruent, and for neutral stimuli. This
is usually done by averaging the response times to stimuli within a category. Addi-
tionally, Golden (1978) recommended a combined score I that expresses the individ-
uals’ overall ability to suppress interference in all trials. Hit rates and response times
were recorded and used to calculate the interference score Ig; higher values indicate a
greater ability to process information despite interference.

Laboratory Study and Mobile App implementation

The laboratory measurements were conducted at the Helmut-Schmidt-University /
University of the Federal Armed Forces Hamburg over the course of 12 months start-
ing in December 2020. Within the testing session, Stroop and CMT trials were used
to gather data for the present analysis. Additionally, the testing session comprised a
range of measures that, in the interest of brevity, are not elaborated here. In the labor-
atory study responses were given using a response box (See Figure 1). For more de-
tails on data collection and deployed measures see Miinscher et al. (2023).

The two performance tasks, CMT and Stroop, were implemented on mobile devices
using the Unity™ game engine. Although it is designed for creating games, it also
allows for the implementation of experiments and has been used as platform for ex-
periments in academic research (Brookes et al., 2020; Watson et al., 2018). It showed
utility for the present study as it offers a flexible and cost-effective environment for
constructing and distributing mobile applications for a range of operating systems. In
addition to the individual performance data, the app was also programmed to record
the date and the screen dimensions (resolution and pixel density). Further details such
as device type, other installed apps, or location were not collected to preserve partic-
ipant’s privacy. Upon completing the testing session, the app transmitted the results
of the measurements to an online server; the transmission was encrypted and pseu-
donymous and contained a unique code identifier that was used to match the labora-
tory measurements to the mobile ones.

In the current implementation, responses in the app were recorded at a rate of 30hz.
For laboratory research, this temporal resolution would be insufficient and dedicated
experimental software offers sub-millisecond accuracy. The mobile application does
not provide this level of accuracy. However, at the time of writing, no feasible alter-
native for implementing both stimulus-reaction tasks (Stroop), as well as real-time
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stimuli (CMT) on both Android™ and IOS™ was available. the Unity™ engine offers
a set of technological upsides that cannot be discussed in detail here. In short, its’ ease
of use, low cost (free), programming language, and intuitive infrastructure to roll out
the app to the distribution platforms, makes it an attractive platform for which no
comparable alternatives exist. Whilst the Unity™ engine is not the optimal solution
for the present study, it was the most promising and pragmatic choice.

The Stroop and CMT tasks were directly adopted to the mobile application, resulting
in identical behavior in both scenarios; Stroop stimuli were presented in a different
order to avoid repetition. Only the mode of responding was changed to utilize the
touchscreens of mobile devices instead of the response-box. Participants were in-
structed to hold their device horizontally (landscape mode) and the stimulus material
was presented in this orientation. When solving the Stroop task, four colored touch
fields were displayed under the stimulus material. For the CMT two sliders which
participants were instructed to move with their left and right thumb were displayed.
The Unity™ engine dynamically scales the onscreen elements based on screen aspect
ratio and elements are presented at a consistent relative scale; the scale of the elements
thus varies depending on the device. For this implementation of the tasks, the visual
elements were arranged so that they would be clearly visible and legible on a variety
of common screen sizes with resolutions from 800x480 pixels up to 2960x1404 pixels.
See Figure 2 for examples of this implementation in the app.

Figure 2 Screenshots from the implementation of CMT and Stroop tasks in the
mobile application.

Note. Participants were instructed to hold their device horizontally and use their thumbs to respond to the
tasks. Left: the CMT in the dual-task configuration. The sliders on the left and right sides (green and red)
control the corresponding response indicators. The orange bars (target indicators) move up and down and
their motion must be matched. Right: The implementation of the Stroop task in the word reading condition.
Currently, an incongruent stimulus (the word “yellow” in red letters) is displayed and the yellow button
must be pressed.
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Smartphone Usage

As the level of proficiency in handling smart devices, particularly phones, could affect
test performance, a measure for assessing the use of smartphones was administered.
van Deursen et al. (2015) differentiated three types of smartphone use: habitual, pro-
cess, and social use. They also developed three short scales (5-point ratings) that result
in a score for each of the usage types. Habitual use describes an interaction style with
the device that is mostly automatic without a specific goal while process use is asso-
ciated with goal-driven behavior (e.g., problem solving, work, looking something up).
Social use refers to interactions with the device that aim to facilitate social interac-
tions, such as viewing social media posts or messaging.

Statistical Analyses

The measurements in CMT dual adaptive performance, Stroop mean RT for congruent
and incongruent stimuli, as well as the interference score were compared using paired-
sample t-tests corrected for inequality of variances (Welch-test); the p values were
holm corrected (Holm, 1979). To test the assumption that scores within each test cor-
relate between modes of testing, the performance metrics of each task were correlated
between the measurements (Spearman correlation coefficients with Holm-corrected
p)- The resulting values thus indicate how well the scores from mobile testing corre-
spond to those from laboratory testing. This was performed for both tasks separately,
and Fischer-Z tests were performed to test if the absolute observed correlations were
significantly smaller than the associations reported by Strauss et al. (2005) (r = .46 for
Stroop interference scores, » = .71 for congruent RT, and » = .79 for incongruent RT;
n = 28). Given these assumed effect sizes, an a-priori power analysis indicated that
for ¢ = .05 and f = .8 the required sample size was n > 50.

Assessing the moderation effect of age on these correlations was performed by mul-
tiple linear regression that included age as a moderator. In addition, the analyses in-
cluded screen size, the number of days between the testing sessions, and the
smartphone use scores as moderators. The moderators were included as interaction
terms with the mobile performance measurements as predictors and the laboratory
measurements as criteria. Again, these analyses were performed for both tasks sepa-
rately. To control for collinearity the values were mean-centered before regression. In
the works of Traylor et al. (2020), and Byun et al. (2018), corrections for age were
performed, but no empirical results indicating the strength of the effect were pub-
lished. Therefore, a small to medium effect of 2 = .1 was assumed and an a-priori
power analysis indicated that for a = .05 and £ = .8, the required sample size was n >
81. Calculations were performed in R version 4.3.2 (R Core Team, 2023) using pack-
ages “Psych” (Revelle, 2024) and “Interactions” (Long, 2019).
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Results

All CMT and Stroop performance metrics showed significant differences between the
two testing modes (see Table 1). Performance in the CMT was significantly higher in
laboratory testing, as was the Stroop interference score. Furthermore, the responses in
Stroop color naming and word reading were significantly quicker in the laboratory
setting.

The n = 125 Participants reported habitual smartphone use as the most prevalent (M
=4.13; SD =0.8) followed by social (M =3.97; SD = 0.76) and process use (M =3.18;
SD = 0.78). Further descriptive statistics for all performance indicators can be found
in the supplementary material.

Table 1 Means and standard deviations of CMT and Stroop performance metrics in
laboratory and mobile testing.

Laboratory Mobile
M SD M SD t df p
CMTDA 92161 981 854 121.53 8.29 124 <.01
3
Stroop lg 0.4 0.22 0.24 0.14 9.6 123 <.01
Stroop color naming  662.5 100. 860.8 78.9 20.49 124 <.01
RT 1
Stroop word reading  663.8 83.2 794.8 95.4 33.3 124 <.01

RT

Note. Mean comparisons were corrected for inequality of variances (Welch), p values were Holm corrected.

Abbreviations: (DA) CMT performance with both hands in adaptive difficulty, (I5) Golden Interference
Score (Golden, 1978), (RT) Mean response times in milliseconds

Regarding hypothesis 1, the assumed parity between the measuring modes was not
confirmed. Evidently, laboratory testing yielded higher performance and quicker re-
sponses compared to mobile application.

Correlation results

Smartphone use did not exhibit noteworthy associations with both Stroop and CMT
performance metrics from mobile measurement. The screen size and the number of
days between the testing sessions also did not correlate significantly with the CMT or
Stroop metrics. Absolute correlations of CMT scores between laboratory and mobile
implementations ranged from |#| = .006 to |r| = .56. The performances in the dual
adaptive trial were significantly correlated with » = .53 and this association did not
significantly fall behind the expected value of » =.71 (z =-1.36, p = .08); see Table 2
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for all correlations. Overall, out of the mobile CMT trials only trials with adaptive
difficulty provided sufficiently similar results between the two modes of testing. The
absolute correlations of mobile CMT performance indicators with the covariates
ranged from || = .004 to || = .19, none of which were significant.

Table 2 CMT score correlations between app and laboratory measurement and
covariates.

Laboratory Scores Covariates
Mobile s s, DF DA In Ad  Hab  Pr So
Scores

S -.02 .01 .03 -.04 -.04 -17 -16 -17 -.04
° -.26; .22 -19;.21 -22;.27 -29;.22 -28;.22  -43;.11  -42; 12 -43; .11 -28;.22

S -.03 -1 -.06 -.01 .04 0 -.07 -.04 .04
m -.28;.22 -36;.18 -32;.21 -22;.21 -22;.29 -17;.18 -.33; .2 -29; .22 -22;.29

DF .01 12 .06 -.07 -.05 -.09 -19 -.09 -.05
-21;.23 -16;.38 -21;.32 -33;.2 -31;.21  -35;.19 -45;.09 -36;.18 -.31;.21

DA -.39* -.38* -.56* .53* -.02 .01 .05 -.08 -.02
-61;-13 -59;-11 -73;-33 .29;.7 -25;.22 -22;24 -21;31 -34;2 -25/.22

Note. Spearman correlation coefficients and holm corrected CI below. * p <.05. (Holm-corrected)

Abbreviations: (S,) performance of the ofthand, (S,,) performance of the main hand, (DF) performance with
both hands in fixed difficulty, (DA) performance with both hands in adaptive difficulty, (In) screen diagonal
in inches, (Ad) days between testing sessions, (Hab) habitual smartphone use, (Pr) process use, (So) social
use. The correlation between DA performances (bold) is relevant to hypothesis 1, it was not significantly
weaker than the expected r=.71; p > .05 (Strauss et al., 2005).

The absolute correlations of Stroop metrics between the measurement modes — mean
RT for the stimulus categories and the overall interference score IG — ranged between
[r| = .34 and |r| = .69, and were all significant. With regards to hypothesis 2, the corre-
lations of congruent RT in the word reading and color naming conditions did not sig-
nificantly fall behind the assumed association of r = .71 (word reading: r = .58, z= -
1.05, p =.15; color naming: r = .68, z = -0.23, p = .41). The correlations between RT
for incongruent stimuli did not match the assumption of r = .79 neither in the word
reading condition (r = .54, z = -2.13, p = .002) nor in the color naming condition (r =
.58, z=-1.37, p = .08). The correlation between interference scores r = .57 matched
its” expected value of r = .46 (z=-0.7, p = .76); see Table 3 for details.
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Analyzing the correlations of CMT metrics between laboratory and mobile testing
indicates that the adaptive CMT is consistent between the measurements compared to
the other trials. This is in line with the findings in its’ initial validation (Miinscher et
al. 2023) in which the dual adaptive configuration yielded the best results. The Stroop
indicators showed stronger correlations overall, which were significant throughout.
Regarding hypothesis 2, the CMT dual adaptive performance showed the expected
consistency across the measurements, but only in this performance metric, the remain-
der of trials did not yield consistent results. Consistency was only partially observed
for the Stroop performance. Response times for congruent stimuli correlated signifi-
cantly and the association reached the expected magnitude whereas the correlations
between response times for incongruent stimuli, while also significant, did not. The
interference scores Ig were significantly associated in the expected magnitude.

Overall hypothesis 2 can only be partially confirmed for both tasks as their relevant
performance indicators showed significant associations between the testing modes.
However, the analyses also revealed instances in which inconsistencies were ob-
served. For the CMT only the dual adaptive trial produced consistent results and in
the Stroop task the measurements did not reach the expected degree of consistency in
all instances.

Moderation analysis

For CMT and Stroop tasks, multiple linear regression analyses predicting laboratory
performance from mobile performance were executed. In both, moderations of age,
screen size, the number of days between measurements (Ad), and the smartphone use
were modeled as interaction terms. The analysis of dual adaptive CMT performance
scores resulted in an overall significant model (R = .46, F(13, 103) = 6.76, p <.001).
A significant main effect was observed for mobile performance (f = .52, p <.001),
but not for age (f = 0.07, p = .465), Ad (8 = 0.01, p = .88), screen size (f = 0.1, p =
.162), or the types of smartphone use (§ =[-.07, .04], p =[.506, .797]). The interaction
between mobile dual adaptive performance and age was significant with ( = .31, p =
.011), while no interactions were found with Ad (8 = -.01, p = -.905), screen size (S
=-.03, p = .629), or the types of smartphone use (§ = [-.22, .31], p =[.126, .488)]).

Slightly different results were observed for Stroop performance. Predicting I in the
laboratory measurement from mobile measurement with the same moderators resulted
in a significant model (R = .37, F(13, 103) = 4.65, p <.001). Mobile performance (f
=.56, p <.001) exhibited a significant main effect. Age (f=-.09, p =.442), Ad (f =
.06, p = .62), and screen size (f = -0.15, p = .064) did not. Similarly, the types of
smartphone use showed no effects (§ = [-.04, .01], p =[.698, .895]). The interactions
of performance with age (f =-.02, p = .84), Ad (f = .001, p =.99), screen size (f =
.08, p = .321), and smartphone use (f = [-.06, .07], p = [.559, .862]) were also not
significant. Detailed results for both analyses can be found in the supplementary
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material. Figure 3 illustrates the moderation of age in both tasks with three age bins
(m, +1sd, -1sd).

Figure 3 Plots for CMT and Stroop scores in laboratory and mobile measurement,
moderated by age.

Note. Scores are mean-centered. Abbreviations: (CMT.lI) CMT laboratory score in the dual adaptive trial,
(CMT.m) CMT mobile score in the dual adaptive trial, (Stroop.l) Stroop laboratory interference score Ig,
(Stroop.m) Stroop mobile interference score Ig). For both tasks, an association between laboratory and
mobile measurements was observed. Age moderated the association of CMT performance between mobile
and laboratory testing.

Regarding hypothesis 3, significant age affects were only observed for the CMT while
the Stroop interference was not moderated by age. For both tasks, no moderating ef-
fects by screen size, the number of days between measurements, and the smartphone
use were observed.

Discussion

The present study aimed to investigate how the CMT and the Stroop task perform in
laboratory application compared to the administration on mobile devices. Compari-
sons of the results indicate at least two things. First: The two tasks do not seem to
produce results that are independent of the mode of measurement. Second: Both tasks
present characteristic drawbacks when employed in mobile assessment.
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Comparing the levels of performance between the measurement modes revealed that
laboratory testing yielded consistently better performance. While reports by Timmers
et al. (2014), Traylor et al. (2020), and Martin et al. (2020) indicated that no substan-
tial differences between the measurement modes were observed, these findings were
not replicated in the present study. Responses were given significantly quicker in the
Stroop task and the interference score was higher, as was the CMT performance in the
dual adaptive trial. These results mirror the findings by King et al. (2015) who also
observed significantly better performance in laboratory testing. The exact source of
these discrepancies cannot be determined within the scope of this study with resect to
the research question it has become clear that neither task delivers equal results in the
two measurement modes. Likely, the increased demand that is put in the participant
when using mobile devices contributed to the reduced performance (Illingworth et
al.,2015). As neither correlations nor moderation effects of screen size and
smartphone use types were observed, the performance decrease is likely caused by the
input method and the uncontrolled testing environment. Beyond the levels of perfor-
mance, the consistency of measurements between the measurement modes was of in-
terest in hypothesis 2. Stroop performance was overall strongly linked between labor-
atory and mobile devices. Using test-retest correlations for Stroop tasks (Strauss et al.,
2005) as guidelines, the mobile application of the Stroop task fared well in this study.
This is in line with findings by Holmlund et al. (2019) who found the Stroop task to
yield usable results in mobile measurements. Some performance indicators exhibited
associations that mirrored their previous findings. Namely those of the color naming
condition, in which Stroop interference occurs most prominently. Furthermore, the
findings by Wright (2017), that interference is independent of age, were replicated
here. For the combined interference score Ig a link matching the assumed magnitude
was also observed without being moderated by age. While mobile device implemen-
tations of tests of attention and cognitive control were reported to be viable (Koch et
al., 2021, Song et al., 2020), the same cannot be said for the CMT. The primary CMT
score did not exhibit associations as strong as those observed in the Stroop task. Nev-
ertheless, the results were significantly correlated matching the expected magnitude.
While the dual adaptive trial yielded sufficiently consistent results, the performance
metrics from the remaining trials did not. On the one hand this is in line with previous
results in which the dual adaptive trial resulted in the most reliable and valid meas-
urements. On the other hand, this indicates that CMT measurements are largely not
consistent between measurement modes, except for the dual adaptive trial. If the CMT
is to be deployed on mobile devices, the dual adaptive trials are the only option to
yield relatively consistent results but the reduced performance and age effects must
be considered.

Concerning the effects of age, the present analysis revealed that CMT performance
between mobile and laboratory testing was moderated by age. However, age did not
influence the association between laboratory and mobile performance in Stroop trials.
This age effect mirrors the findings by Byun et al. (2018) and Traylor et al. (2020)
and indicates that applying the CMT in mobile assessment is problematic. Older par-
ticipants in the lower range of laboratory performance performed worse in mobile
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testing compared to younger individuals who showed similar performance in labora-
tory testing. The older participants likely struggled with the mobile implementation
and its’ use of the touchscreen. Substituting laboratory CMT testing with mobile as-
sessment is therefore not recommended, especially when older participants are re-
cruited. In both tasks, no significant moderation effects of smartphone use, screen
size, or the number of days between testing were observed when predicting laboratory
from mobile measurements. The independence of screen size supports the conclusion
by Hancock et al. (2015) who found only very small screens to be problematic. Types
of smartphone use showed no moderating effects and no significant associations with
mobile task performance in Stroop or CMT. These findings align with those by Koch
et al. (2021), who observed that participants attitude towards technology did not in-
fluence measurements.

In summary, these findings indicate that the Stroop task is overall better suited for an
application in mobile assessment. However, both tasks have exhibited characteristic
shortcomings. These must be considered when deploying mobile assessments.

Contribution

The present study highlights the psychometric qualities of two time-dependent tasks
in laboratory and mobile applications. Results align with the conclusion by Byun et
al. (2018) and indicate that such assessments using mobile devices can be problematic.
Furthermore, the age effects brought up by Byun et al.; Traylor et al. (2018; 2020)
were observed in the CMT but not the Stroop task. For technically complex tasks like
the CMT mobile assessment cannot be used to substitute laboratory testing without
thorough testing and consideration of the target demographic. Therefore, laboratory
studies are required for tasks that are technically more advanced than simple stimulus-
reaction tasks.

Limitations and Outlook

The primary shortcoming of the present study is its” sample size. A more substantial
sample would have allowed for a detailed analysis of method effects using structural
equation modeling and assessments of measurement invariance. The current sample
of n =125 was too small to adequately perform such analyses. However, the findings
are sufficiently robust to identify the problems that arise in such transfers. Future in-
quiries should make use of a larger sample size. Furthermore, the trial sessions were
only two minutes long. The CMT is a task of sustained alertness, which may return
different results for a longer time-on-task. Also, only CMT and Stroop tasks were
performed and analyzed. Including other tasks, such as other continuous performance
tasks could have enabled more detailed analyses of the origins of the inaccuracies that
are introduced by mobile administration. Furthermore, additional retests of mobile
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measurements could have helped to further highlight the differences between meas-
urement modes. As it stands, this study does not feature a true test-retest. In addition,
the present analysis does not include any external or additional criteria to compare
against. Here, administering other measures in both laboratory and mobile settings
could enable a multi-trait multi- method approach to highlight the effects of measure-
ment mode more precisely.

Conclusion

The present study highlights that the promise of self-administered assessment using
reaction-time-based tasks can only be realized with certain tasks. Based on the present
findings and prior research (Byun et al., 2018; Illingworth et al., 2015), response-time-
based tasks are not universally applicable to mobile testing. Stroop tasks show prom-
ise in this regard, while a continuous and more complex measure like the CMT was
shown to be limited in this application. An exception may be an application specifi-
cally geared towards young participants. The age effects may be less pronounced in
these populations so that it or similar tasks could be informative. Although the CMT
can generally not be recommended for use in mobile testing, the reliability gained
from adaptive testing also became evident. Therefore, adaptive testing could be lev-
eraged to counter similar shortcomings of other tasks. In general, mobile assessment
based on time-dependent tasks should, thus, be applied cautiously and with rigorous
testing of the tasks and implementations. Measurement equivalence between labora-
tory and mobile measurements cannot be assumed just because the tasks function
technically identically in both scenarios.
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