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Abstract: With the ongoing digitalization of home automation and appliances, users often face situations in which they lack the information
required to reach an intended goal when using an unfamiliar device. To solve such technical problems, users need to acquire and apply
operational knowledge in a self-regulated way. Our study assesses skills in technical problem solving (TPS) and provides the first empirical
validation of a score interpretation of a developed TPS test. The examined hypotheses concern the internal structure of the TPS test and the
association of the item solution rate with device characteristics (complexity and intransparency) and person-by-device characteristics (the
extent of system exploration, use of operating manuals, and device-specific prior knowledge). An ad hoc adult sample (n = 213) processed nine
computer-simulated TPS units, each including a knowledge acquisition and knowledge application phase per device. As expected, the internal
structure of the TPS test was one-dimensional. Intransparency, but not complexity, affected the item solution rate. Completeness of system
exploration, use of operating manuals, and device-specific prior knowledge independently showed positive effects on item solution rates.
Along with an evaluation of the developed TPS test, we discuss the role of the salience of device features for knowledge acquisition.
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Home automation and appliances, such as heating ther-
mostats, washingmachines, or telephones, are part of every-
day life. With ongoing digitalization, those devices are
evolving from analog towards digital interfaces, often
requiring new or updated knowledge about how users can
interact with provided structures to achieve a particular
result (operational knowledge; Wirth, 2004). Simple or intu-
itive operating routines, such as the turning of an analog
heating thermostat dial, are replaced by interactions that
take place at a digitized user interface. Such changes in
the device design are often accompanied by expanding their
range of functions (e.g., setting up a precise desired temper-
ature). Although users are expected to operate everyday
technologies competently and independently (Lindqvist
et al., 2018), they are rarely instructed or trained (see Tamas
et al., 2021) and usually need to gather new or additional
knowledge and establish operating routines on their own.

Situations in which a person operates a device but
lacks the information required to reach an intended goal
can be considered a technical problem (see Dörner, 1976).

Technical Problem Solving (TPS) refers to skills of actively
acquiring or activating operational knowledge and using it
purposefully to solve such technical problems. Despite its
relevance for everyday life, there is a lack of instruments
assessing TPS. To this end, we developed such a test
and examined the validity of its intended test score inter-
pretation. We analyzed the test’s psychometric properties
and associations with device and person-by-device
characteristics.

Problem Solving When Using Home
Automation and Appliances

TPS describes individual skills of purposefully operating an
unfamiliar device with the goal of transforming it from an
initial state into a desired target state (Stemmann, 2016).
To overcome barriers within this transformation process, a
person needs to acquire and apply operational knowledge
about the system. For example, a user might want to change
the system time of a newly bought device, transferring its
system from a default state into a state with the desired
settings. Challenges might include the yet unfamiliar struc-
ture of the device menu, requiring the user to gain knowl-
edge on how to navigate and operate the menu to adjust
specific settings. Such interactions take place in a problem
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space that contains the current state of a problem situation
and all possible states into which the current situation can be
transformed, with one ormore states representing the target
state (Wirth, 2004).

The degree to which a problem requires interaction is a
distinguishing characteristic between static problem solv-
ing, in which all information is immediately available, and
dynamic problem solving, in which information needs to
be generated (Greiff et al., 2012). These interactions also
differentiate problems from tasks (Dörner, 1976), referring
to the role of non-routine and routine operations. When
solving problems, individuals cannot rely solely on routine
operations, as they initially lack the means to overcome
the barriers to reach an intended goal, for example, due
to an unfamiliar menu structure.

Technical problems can vary in their complexity and
intransparency (see Funke, 2001). Regarding technical
systems, Stemmann (2016) refers to complexity as a
system’s number of states, variables, and control elements
describing the system. A device with a low number of menu
items and manipulatable variables is less complex than a
device with an extensive menu structure and many modi-
fiers. While other definitions of complexity also include
the relationship between variables (Stadler et al., 2019),
Stemmann attributes those to the distinct feature of inter-
connectedness. Intransparency is the extent of system
states, system variables, and their interconnections being
temporally or permanently unknown (Stemmann, 2016).
For example, a device with numerically labeled menu items
is more intransparent than a device with semantically
labeled menu items.

Acquiring and Applying Operational
Knowledge in TPS

Before solving a technical problem, individuals need to
acquire knowledge about the problem space. According to
Wirth (2004), knowledge acquisition (exploring the problem
space) and knowledge application (finding a solution) are
two process components with different goals that are inter-
twined during the problem solving process. For complex
problem solving (CPS), for example, Lotz, Scherer, Greiff
and Sparfeldt (2017) point out that both process components
occur intermittently during problem solving in natural
settings, but are separated for assessment purposes. Accord-
ingly, findings on the empirical distinctness of both process
components are not always clear (e.g., Kretzschmar et al.,
2017, find evidence for a one-factor structure for complex
problem solving; Wüstenberg et al., 2012, find evidence
for two empirically distinct but correlated dimensions). For
TPS, empirical evidence supports the differentiation of both
process components, as the performance in knowledge
application phases correlated positively but moderately with

indicators of individuals’ knowledge acquisition (Stemmann,
2016).

There are different ways of acquiring knowledge about
technical problems. Individuals may systematically explore
a device to generate information about its states and vari-
ables (Stemmann, 2016) or read instructions from operating
manuals, which introduces aspects of information problem-
solving (Brand-Gruwel et al., 2009) into TPS (e.g., the need
to identify appropriate terms to search for specific informa-
tion). Generating specific operational knowledge will be
guided by prior knowledge about devices and general
device structures acquired in everyday life (see Klahr &
Dunbar, 1988). The role of prior knowledge distinguishes
TPS from other problem solving constructs, such as CPS,
where domain-specific prior knowledge is considered an
undesired influence (Wüstenberg et al., 2012) or even
irrelevant (Süß & Kretzschmar, 2018), and advanced
domain-specific problem solving, which requires profes-
sional training (e.g., Abele et al., 2012, studied problem
solving of professional mechatronics and electronics techni-
cians). Therefore, technical problems are located “in the
middle” on a continuum between problems that can be
solved independently of prior knowledge and highly
domain-specific problems.

TPS is also closely related to other cognitive constructs.
For example, although it can be assumed to be related to
intelligence, TPS cannot be clearly attributed to a specific
intelligence factor, such as fluid reasoning (the use of
mental operations to solve novel problems) or comprehen-
sion knowledge (declarative and procedural knowledge;
McGrew, 2009). TPS also covers aspects of information
and communication technology (ICT) skills, particularly
with regard to the operation of devices with digital inter-
faces (e.g., see Binkley et al., 2012). However, TPS has a
broader focus on technical problems related to everyday
technologies, including home automation and appliances.

Independent from knowledge acquisition, accuracy in the
assessment of one’s own problem solving skills may impact
TPS performance. Accurate prospective metacognitive
judgments (see Mihalca & Mengelkamp, 2020) can
contribute to resource allocation when solving a problem
(Dentakos et al., 2019). For example, an overconfident user
might allocate fewer cognitive resources than required and
fail to acquire the necessary operational knowledge to solve
a technical problem due to poor exploration and manual
use. In turn, underconfidence can result in resources being
used for too long and to an excessive extent (Dentakos
et al., 2019).

Current Study

When everyday devices present unfamiliar barriers due
to technological innovation, users cannot rely on their
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previous operating routines and need to activate skills in
dealing with technical problems (TPS). We developed a test
to quantify and research TPS skills and behaviors in an
adult population. Our primary goal was to focus on
knowledge application in TPS and derive a test score that
reflects the extent of a person’s skill to purposefully apply
operational knowledge when solving a technical problem.

A TPS test should provide testees with non-routine tasks,
in which they can demonstrate their TPS skills by interact-
ing with everyday devices. To this end, we adapted and
refined device simulations by Stemmann (2016). Her test
consisted of 15 computer-simulated everyday devices,
covering five device types that share similarities in appear-
ance, system behavior, and purpose (i.e., household appli-
ances, home automation, multimedia devices, self-service
machines, information and communication technology).
System configurations (i.e., the extent of the device charac-
teristics complexity, intransparency, dynamics, and connec-
tivity) differed across devices but were not varied
systematically. Each device provided testees with a
knowledge acquisition phase, in which they could explore
the device for 10 minutes, and a subsequent one-item
knowledge application phase, in which they had to reach
a particular goal state of the system within 5 minutes
(ω = .71). However, Stemmann’s test did not provide any
operating manuals typical for everyday knowledge acquisi-
tion and the characteristics of the items and devices were
confounded, as only one item is presented per device.
Our adaption addressed these limitations.

Following the Standards for Educational and Psychologi-
cal Testing (AERA, APA, & NCME, 2014), the present study
is a first attempt to validate the construct interpretation of
the score from the adapted TPS test that represents knowl-
edge application as an individual TPS skill. For this purpose,
we investigated (1) the psychometric properties of the
adapted TPS test as well as (2) the effects of device charac-
teristics and (3) person-by-device characteristics on item
success. First, we psychometrically examined if all items
require the same skill. As the TPS items should capture
individuals’ skills to apply operational knowledge to solve
technical problems, we expected the internal structure of
the TPS test to be one-dimensional (hypothesis H1).
Second, we expected the device characteristics complexity
(H2a) and intransparency (H2b) to be negatively associated
with item success. To clearly attribute possible effects to
device characteristics, we additionally controlled for the
item characteristic of the number of actions required to
solve an item correctly. This way, we ensure, for example,
that a possible effect of complexity does not arise from
many actions being required to solve an item correctly.
Third, we expected the completeness of exploration (H3a)
and manual use (H3b) as indicators of knowledge acquisi-
tion to be positively associated with item success. As prior

knowledge potentially supports exploring the problem
space (Klahr & Dunbar, 1988), we also expected it to
positively impact TPS item success (H3c). Finally, as the
degree of the prospective metacognitive judgment of one’s
problem solving skill may determine the allocation of cog-
nitive resources (see Dentakos et al., 2019), we expected
accurate judgments to positively impact TPS item success
too (H3d). Additionally, explorative analyses concerned
the effect of psychological immersion (i.e., the experience
of being involved, absorbed, engaged, or engrossed;
Lombard et al., 2009) as a control variable, associations
between device characteristics and knowledge acquisition
(post hoc), a possible interaction effect of exploration and
manual use and participants’ regular behavior in TPS.
While examining H1 provides validity evidence concerning
the internal test structure, examining the other hypotheses
provides validity evidence based on response processes
(H2a-b, H3a-b) and concerning relations to other variables
(H3c-d) (see AERA, APA, & NCME, 2014).

Materials and Methods

We report how we determined our sample size, all data
exclusions (if any), all data inclusion/exclusion criteria,
whether inclusion/exclusion criteria were established prior
to data analysis, all measures in the study, and all analyses
including all tested models.

If we use inferential tests, we report exact p values, effect
sizes, and 95 % confidence or credible intervals.

Sample

We planned for a sample size of 250 participants to esti-
mate robust item parameters (RMSE < .20; Svetina et al.,
2013), with an additional 30 cases to deal with dropouts
and technical issues. However, due to recruitment
problems, we adjusted this goal during the data collection
period to meet at least an RMSE < .25, resulting in a
targeted sample size of 200 adults. A sample of n = 213
individuals (59 % female) was realized. Participants were
16 to 80 years old (Mage = 31.06, SDage = 14.89) with the
median at the age of 25, indicating a right-skewed distribu-
tion. Most participants reported higher education entrance
qualification (47 %) or a university degree (37 %) as the
highest educational achievement. Participants were
required to be able to read and understand German-
language texts and were recruited through flyers and
postings on social networks, online advertisements, local
newspaper ads, and public marketplaces. Participation
was compensated with 30 € and a further 5 € for bringing
along other participants.
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TPS Test

The developed TPS test is based on Stemmann’s (2016)
simulations of home automation and appliances. To include
at least two devices per type, we focused on adapting
devices from three of the original five device types (house-
hold appliances, home automation, information and
communication technology). To further enhance partici-
pants’ immersive experience (see Lombard et al., 2009),
we added sound effects to the simulations (e.g., mechanical
button clicks, and starting noises). To quantify complexity
and intransparency, we determined factor scores for both
device characteristics from Principal Component Analysis
(PCA) based on multiple complexity and intransparency
indicators. For example, the complexity indicators included
the number of control elements and menu items to reflect
the physical properties of the devices (Beckmann & Goode,
2017); the intransparency indicator included variables that
represented the labeling of control elements or the number
of control elements with multiple uses. The complexity
scores from PCA ranged between �1.09 and 2.15; intrans-
parency scores were between �0.67 and 2.03. Further
details are described in the Electronic Supplemental
Material (ESM; section PCA).

The adapted test includes nine TPS units, each contain-
ing a device with four items (one item from the original test
and three newly developed items). In line with our defini-
tion of TPS, participants had to interact with a device to
solve a provided technical problem that required operations
beyond routine interactions. When developing new items,
particular attention was paid to designing them using differ-
ent solution principles to allow the items to be locally inde-
pendent. In the TPS unit “heating control”, for example,
setting the time and date required a different menu access
and use than switching between automatic and manual
mode. The items differed according to the number of
actions required to solve them.

Working on a TPS unit followed a fixed procedure (ESM;
section TPS screenshot). Each unit started by presenting
participants with a picture of a device (e.g., digital heating
thermostat) and asked about their prior knowledge.
Afterwards, participants were instructed to familiarize
themselves with the device as much as possible (knowledge
acquisition phase, max. 10 minutes). They could indepen-
dently explore the device and look up functions and
features in a manual. The manuals were created based on
German norms (DIN EN 82079-1:2021-09; IEC/IEEE,
2021) and included information about device operation,
safety issues, and disposal. After the knowledge acquisition
phase (i.e., after participants had the opportunity to famil-
iarize themselves with a device but before they completed
the test items), participants were informed that they would
be given four items and asked to estimate how many items

they would solve correctly. This was part of assessing
participants’ prospective metacognitive judgment (see
Dentakos et al., 2019). Finally, participants were presented
with the four items requesting them to put the device in a
specific target state (knowledge application phase, max.
5 minutes per item, e.g., “Switch to manual mode and set
the heating to 18�C.”).

Measures

The following section describes the measures used in this
study (details in Table ESM 4).

Knowledge Acquisition Completeness
We determined completeness scores for exploration and
manual use. Both scores reflect how extensively partici-
pants made use of the knowledge acquisition phase and
can range between 0 and 1. Exploration completeness
was the share of visited device states (e.g., “set day temper-
ature” or “set weekday” for TPS unit “heating control”) to
the total number of states per TPS unit. Manual use com-
pleteness was the share of visited manual pages to the total
number of manual pages per TPS unit.

Knowledge Application
The dichotomous item scores of the 36 TPS items were
used as the dependent variable. Only if participants fulfilled
all steps required to solve a provided technical problem, the
item was scored as solved correctly.

Prior Knowledge
Device-specific prior knowledge was assessed via self-
reports on one 4-point and two 5-point Likert scales. The
items referred to the possession of, knowledge about, and
familiarity with the respective device. Higher scores indi-
cated more device-specific prior knowledge. Sum scores
were computed across the three items per TPS unit. They
showed reliability scores between ω = .67–.81.

Prospective Metacognitive Judgment
We defined three categories based on calibration scores
(Silaj et al., 2021) representing high accuracy (reference
category), underconfidence, and overconfidence.

Other Measures
Sociodemographic data included gender (male, female,
diverse), age, native language (German or other), and edu-
cational level (categories from no graduation to academic
degree). The experience of immersion was assessed using
three 5-point Likert items (from 1 = I totally disagree to
5 = I totally agree) with a reliability score of ω = .55. We also
asked the participants how they usually familiarize them-
selves with devices of home automation and appliances.
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Design

The participants worked on all TPS units that were applied
in a minimally balanced repeated treatment design (Frey
et al., 2009). Sociodemographic data was assessed prior
to the TPS test, and the experience of immersion after
the TPS test. To reduce missing data, each item had to
be answered before continuing with the next part.

Analyses

To evaluate the psychometric properties of the TPS test, we
conducted analyses based on Item Response Theory (IRT).
The one-dimensionality of TPS test items was evaluated
using a modified parallel analysis (Drasgow & Lissak,
1983)—a parallel analysis based on the tetrachoric correla-
tions between the dichotomous item scores. To examine
local independence for the TPS test items, we examined
whether the residual correlations between item pairs
exceeded a cutoff value of r = |0.2| (Q3 statistics; Chen &
Thissen, 1997). Item infit was considered acceptable within
the range of 0.7–1.3 (Wright & Linacre, 1994). To evaluate
the impact of device and person-by-device characteristics,
we tested generalized linear mixed models (GLMMs). For
those, we specified random intercepts for persons, items,
and devices. In contrast to the preregistration, we did not
include immersion as a control variable in the GLMMs
due to the scale’s low reliability. An overview of all analyses
can be found in Table ESM 5.

Results

Psychometric Properties

The probability of successfully solving the TPS test items
ranged from 9.39% to 95.28%. Grouped by device type,
Figure 1A shows the item difficulties from a Rasch model.
The majority of items were of medium or low difficulty,
ranging between �3.86 and 2.87 (Mdn = �0.85). The
point-biserial correlations of the item scores with the total
sum score range between .24 and .56 (Mdn = .43). Infit ran-
ged from 0.83 to 1.24, except for item 23 (unit “car infotain-
ment system”) which showed an infit of 0.69 and was
therefore unsuited for further use. Item difficulty did not
seem to systematically differ between device types. Further
details are presented in Table ESM.6.

Supporting the assumption of local independence, Q3
item pair statistics showed values above the cutoff in
1.64% of the cases, with the highest residual correlation
between items 5 and 7 from the unit “dishwasher (r =
.64).” A modified parallel analysis showed a non-significant

result (2nd eigenvalue observed = 2.49, 2nd eigenvalues
averaged across 100 Monte Carlo samples = 2.64,
p = .644), supporting the expected one-dimensionality (hy-
pothesis H1). Weighted likelihood estimates (WLE) of
participants’ TPS skills showed a high reliability of .89
(SDWLE = 1.51, Min = �6.11, Max = 3.50). In addition to
the TPS skill distribution as a histogram in Figure 1B and
the test information function in Figure 1C, we report the
conditional reliabilities in Figure 1D which range from 0
to 1 and were derived from the information function (Nice-
wander, 2018).

We exploratively compared the results from the Rasch
model with a 2PL model and a testlet model that considers
the unit structure (Table ESM.7). AIC and likelihood ratio
test supported the 2PL model, BIC the Rasch model.

Device Characteristics and Person-by-
Device Characteristics

Table 1 summarizes the results from the GLMMs. The
baseline model indicated that the probability for an average
person to correctly solve an average TPS item was 68.6 %.
The predictor model included the device and person-by-
device characteristics as predictors to determine their
effects. Concerning device characteristics, only the degree
of intransparency showed the expected negative effect on
item solution rates (B = �0.90; H2b) while controlling for
the minimal number of actions necessary to correctly solve
an item (B = �0.01). The effect of complexity was not
significant (B = �0.04; H2a).

Concerning person-by-device characteristics, both
completeness of exploration (B = 0.49) and manual use
(B = 0.22) showed the expected positive effects on item
solution rates, supporting H3a and H3b. Additionally, and
in line with our expectations, device-specific prior knowl-
edge was also positively associated with item solution rates
(B = 0.28; H3c). Our hypotheses on prospective metacogni-
tive judgment were only partly supported by the GLMM
results. While overestimation showed the expected nega-
tive association with item solution rates, supporting H3d
(B = �2.15), underestimation showed an unexpected signif-
icant positive effect on item solution rates (B = 2.13).

Descriptive results for the variable immersion suggested
that the participants’ test-taking efforts corresponded with
their real-world experiences (M = 3.59, SD = 0.89) and
behavior (M = 3.63, SD = 0.98; Table ESM.4). The average
immersion correlated positively with TPS skill (r = .21,
p = .003). Results of further exploratory analyses regarding
the measures of knowledge acquisition and alternative
GLMMs can be found in the ESM (section Exploratory
analyses).
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Discussion

Solving technical problems is a relevant skill in everyday
life. In order to investigate TPS skills and behaviors in-
depth, we developed an assessment of TPS by reengineer-
ing and improving an existing instrument (Stemmann,
2016) in multiple ways. Particular attention was paid to
incorporating new items, operating manuals, and measures
of device-specific prior knowledge. We analyzed the test’s
internal structure and effects of device and person-by-
device characteristics on item success to validate the inter-
pretation of the resulting TPS score as adults’ skill in apply-
ing knowledge to solve technical problems.

In line with our expectations, the data showed evidence
for the assumed one-dimensional internal structure while
providing a highly reliable estimation of individual TPS

skills. These results indicate that the TPS items refer to
the same skill of solving technical problems. We could also
extend previous findings regarding the positive relationship
between the completeness of systematic exploration and
successful knowledge application (Stemmann, 2016) by
demonstrating independent positive effects of manual use
and prior knowledge on item success while controlling for
immersion experience.

However, our expectations were only partially met
regarding the complexity and intransparency characteristics
(see Funke, 2001). While a higher degree of intransparency
was associated with a lower probability of successful knowl-
edge application, complexity was not. However, the missing
effect might be an artifact of our definition of complexity.
Following Stemmann (2016), we focused on a device’s
quantitative extent and used count indicators, such as the

Figure 1. Wright map (A) of the distribution of adults’ TPS skill (top of A) mapped on the same scale as the difficulties of the TPS items (bottom of
A), distribution of adults’ TPS skill (B), Test Information Function (C) and conditional reliabilities (D). Item difficulties in A are clustered according to
their device type (y-axis). ICT = information and communication technology. rxx(θ) = conditional reliabilities.
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number of control elements or states to create complexity
scores (Table ESM.2). Other approaches also consider situ-
ational characteristics such as instructions to evaluate a
task’s complexity (Beckmann & Goode, 2017). Another
explanation relates to the level of the salience of complexity
and intransparency for participants. Adults can quickly esti-
mate a device’s complexity when facing a simulation, for
example, by exploring the functions and menus, reading
or skimming the manual, or simply inferring complexity
from the number of control elements. Consequently, they
might adapt their effort. Due to their nature, and contrary
to complexity, intransparent aspects are challenging to be
perceived. Accordingly, participants might have to be ini-
tially aware that functions and menu items exist that are
not obvious to detect. If they do not encounter intranspar-
ent aspects of a device, participants might have carried this
lack of operational knowledge over to the knowledge appli-
cation phase, which would not be the case for complexity.

Post-hoc analyses (Table ESM.8-9) further revealed that
participants spent more time in the knowledge acquisition
phase in more complex devices. This effect is even stronger
for intransparency. Additionally, complexity was highly neg-
atively correlated with the completeness of exploration but
positively with manual use, despite not having shown an
effect on item success in the GLMM analysis. Intrans-
parency did not affect the completeness of exploration or
manual use. Although these results require further investiga-
tion, they at least suggest that the successful application of
operational knowledge in TPS is due to the active acquisition

of operational knowledge (e.g., see Greiff et al., 2012) and
the activation of prior knowledge (see Klahr & Dunbar,
1988).

Regarding adults’ prospective metacognitive judgments
as the last person-by-device characteristic regarded in this
study, expectations were partially met. Dentakos et al.
(2019) suggested that prospective metacognitive judgments
can affect how cognitive resources are allocated and that
both overestimation and underestimation should have
negative consequences for problem solving. However, our
results demonstrate only the negative effect of metacogni-
tive overestimation. Metacognitive underestimation, on
the other hand, was associated with more successful knowl-
edge application. This might be an instance of the Dunning-
Kruger effect, meaning that people with low abilities tend to
overestimate their abilities, and people with high abilities
tend to underestimate them (e.g., Magnus & Peresetsky,
2022). Another explanation would be that metacognitive
underestimation may lead to more effort in problem solving
thus improving test performance.

Limitations

First, computer simulations of home automation and
appliances are not likely to provide adults with the same
experiences as real devices (e.g., haptic sensations, and
device feedback). However, despite low reliability, partici-
pants reported rather high immersion. Second, the TPS

Table 1. Results of the GLMM for effects of device and person-by-device characteristics on item solution probability.

Baseline model Predictor model

Fixed Effects B (SE) p 95% CI B (SE) p 95% CI

Intercept 0.86 (0.39) .026* [0.10, 1.61] 0.89 (0.31) .004** [0.29, 1.49]

Device characteristics

Complexity – 0.05 (0.24) .841 [�0.42, 0.52]

Intransparency – �0.75 (0.24) .002** [�1.23, �0.28]

Person-by-device characteristics

Completeness exploration – 0.49 (0.05) <.001*** [0.40, 0.59]

Completeness manual use – 0.25 (0.05) <.001*** [0.15, 0.34]

Prior knowledge – 0.28 (0.04) <.001*** [0.21, 0.36]

Metacognitive underestimation – 2.12 (0.12) <.001*** [1.88, 2.37]

Metacognitive overestimation – �2.13 (0.15) <.001*** [�2.41, �1.84]

Control variables

Minimal number of actions – �0.01 (0.01) .453 [�0.03, 0.01]

Random Intercepts

SD random device intercepts 0.94 –
1

SD random item intercepts 1.20 1.26

SD random person intercepts 1.37 0.95

Note. n = 213 for the Baseline model. n = 210 for the Predictor model. The reference category of the categorial variable is “accurate metacognitive
estimation”. 1 A model including random intercepts for devices revealed a singular fit. Accordingly, the specified random effect structure is overly complex.
There is no systematic effect coming from the device, indicating that the model’s predictors explained the variance of device level completely. Thus, we
removed the random intercept for the device. Results did not differ between models including vs. not including random intercepts for devices. *p < .05; **p <
.01; ***p < .001.
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environments might have affected the way adults would
typically use operating manuals as it was not possible to
read manuals simultaneously with operating a device.
Instead, the manual needed to be closed to interact with
the simulation. Third, there is a potential overlap of com-
plexity (device characteristic) and the number of actions
required to solve an item (item characteristic) that cannot
be ruled out completely. However, the correlation of the
item characteristic with a disaggregated complexity score
speaks at least against a dependency between both vari-
ables (r = .09). Fourth, regarding the PCA for intrans-
parency scores, the scree plot was ambiguous. We still
decided to integrate all indicators into a single factor score
for a better representation of intransparency. Fifth, regard-
ing metacognitive accuracy, we only assessed prospective
but not retrospective confidence judgments. Additionally,
we categorized the determined calibration score (see Silaj
et al., 2021) to be able to interpret the results from the con-
ducted GLMMs. However, this treatment might have
resulted in information loss. Sixth, we elaborated on the
relationship of TPS with other cognitive constructs, such
as intelligence, CPS, and ICT skills, but did not investigate
these variables. Future research will need to provide valid
evidence about the assumed nomological net. Finally, the
composition of our ad-hoc sample provides limitations, as
the age distribution was right-skewed and most participants
reported a high level of education. Accordingly, our results
may not be generalized to older adults and adults with
lower levels of education.

Conclusion

Overall, our results indicate a successful test development
in multiple ways. First, the TPS scale was one-dimensional
across nine TPS units and a total of 36 items. As item dif-
ficulties did not seem to differ between device types sys-
tematically, economic test application is possible (i.e.,
reducing the test time by using fewer units). Second, we
extended previous findings on the relationship between
knowledge acquisition and knowledge application (Stem-
mann, 2016) by considering the effects of manual use
and prior knowledge as predictors. Third, we found unique
positive effects for completeness of manual use and device-
specific prior knowledge while considering variations on
person, device, and item level. Despite some unexpected
findings (e.g., the missing effect of complexity) and multiple
limitations, there is valid evidence concerning the internal
test structure, response processes, and relations to other
variables (see AERA, APA, & NCME, 2014) that speak in
favor of interpreting the TPS test scores as adults’ skill to
purposefully apply operational knowledge when solving a
technical problem.
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