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Abstract

Problem-solving is part of many activities in every-day life and of educational tasks.
Problem-solving abilities have been shown to benefit personal and professional success and,
thus, are considered an essential learning outcome in early and middle childhood, particularly
in the science domain. Previous research has indicated that problem-solving is based on a
complex interplay of domain-specific knowledge, such as science concept knowledge, and
domain-general cognitive abilities, such as reasoning. However, there is disagreement on
whether domain-specific knowledge or domain-general cognitive abilities are the dominant
predictor of children’s problem-solving performance. Furthermore, evidence on the impact of
executive functions on children’s problem-solving performance is rare and inconclusive,
which may be attributed to an insufficient number of appropriate assessment instruments.
Therefore, the two major goals of the present dissertation were (1) to develop and validate new
digital problem-solving tasks for children and (2) to investigate the cognitive correlates of
science problem-solving in elementary school children. In Study 1, science problem-solving
tasks with gears and building blocks were developed for tablet-based application and validated
by demonstrating measurement invariance and convergent validity in a sample of 215 six- to
eight-year-old children. Based on the same sample, Study 2 showed that domain-specific
knowledge was significantly less predictive for science problem-solving performance than the
domain-general cognitive abilities language and reasoning. Based on another sample of 476
six- to eight-year-olds, Study 3 demonstrated that the core executive functions working
memory and cognitive flexibility were positively related to science problem-solving
performance, but inhibition was not. These findings provide important new insights into the
cognitive correlates of children’s problem-solving that are discussed with regard to problem

structures, cognitive mechanisms, and future research perspectives.



German Summary (Zusammenfassung)

Problemldsen ist Teil vieler Alltagsaktivitidten und schulischer Aufgaben. Es hat sich
gezeigt, dass Problemlosungsfahigkeiten zu personlichem und beruflichem Erfolg beitragen
und daher, gerade im Bereich der Naturwissenschaften, als wesentliches Lernziel in der friihen
und mittleren Kindheit angesehen werden. Bisherige Forschung hat gezeigt, dass das
Problemldsen auf einem komplexen Zusammenspiel von bereichsspezifischem Wissen, wie
dem Wissen liber naturwissenschaftliche Konzepte, und bereichsiibergreifenden kognitiven
Féhigkeiten, wie dem logischen Denken, beruht. Es besteht jedoch Uneinigkeit dariiber, ob
bereichsspezifisches Wissen oder bereichsiibergreifende kognitive Fahigkeiten der wichtigere
Préadiktor fiir die Problemlosungsleistung von Kindern ist. Dariiber hinaus gibt es nur wenig
und widerspriichliche Evidenz fiir den Einfluss exekutiver Funktionen auf die
Problemlosungsleistung von Kindern, was auf eine unzureichende Anzahl geeigneter
Erhebungsinstrumente zuriickzufiihren sein kénnte. Daher waren die beiden Hauptziele der
vorliegenden Dissertation (1) die Entwicklung und Validierung neuer digitaler
Problemldsungsaufgaben fiir Kinder und (2) die Untersuchung der kognitiven Korrelate des
naturwissenschaftlichen Problemlosens bei Grundschulkindern. In Studie 1 wurden
naturwissenschaftliche Problemldsungsaufgaben mit Zahnrddern und Bausteinen fiir eine
tabletbasierte Anwendung entwickelt und durch den Nachweis von Messinvarianz und
konvergenter Validitét in einer Stichprobe von 215 sechs- bis achtjdahrigen Kindern validiert.
Auf Grundlage derselben Stichprobe zeigte Studie 2, dass bereichsspezifisches Wissen einen
signifikant geringeren Einfluss auf die Leistung im naturwissenschaftlichen Problemlosen
hatte als die bereichsilibergreifenden kognitiven Fahigkeiten Sprache und logisches Denken.
Auf Grundlage einer weiteren Stichprobe von 476 Sechs- bis Achtjdhrigen zeigte Studie 3,
dass die exekutiven Kernfunktionen Arbeitsgeddchtnis und kognitive Flexibilitdt positiv mit

der Leistung im naturwissenschaftlichen Problemlosen zusammenhingen, die Inhibition



hingegen nicht. Diese Ergebnisse liefern wichtige neue Erkenntnisse iiber kognitive
Féahigkeiten, die kindlichem Problemlésen zugrunde liegen, welche im Hinblick auf
Problemstrukturen, kognitive Mechanismen und zukiinftige Forschungsperspektiven

diskutiert werden.



1 Theoretical and Methodological Background

The cognitive correlates of children’s problem-solving are subject of research in
educational and developmental psychology (Keen, 2011; Mayer & Wittrock, 2006). Problem-
solving abilities represent the skill-set involved in performing challenging tasks by
overcoming obstacles (Duncker, 1945). In childhood, problem-solving abilities are associated
with success in various areas of life, on a social and academic level (Lile Diamond, 2018).
Moreover, problem-solving abilities are an essential educational outcome that is closely
related to students’ science, technology, engineering, and mathematics (STEM) learning

(OECD, 2014).

Previous research suggests that a broad range of cognitive abilities is involved in problem-
solving (Bartley et al., 2018; Funke et al., 2018; Wang & Chiew, 2010). However, to date,
only a limited number of quantitative studies on the cognitive underpinnings of children’s
problem-solving abilities in the science domain (i.e., science problem-solving) has been
conducted. In particular, the relationships between children’s science problem-solving
performance and their domain-specific knowledge, executive functions, and intelligence have
not exhaustively been investigated. Moreover, the methodology in problem-solving research
is partly inconsistent between studies (cf. Grubbs et al., 2018; Jonassen, 2013). This may be
the consequence of a lack of instruments for the assessment of problem-solving abilities with

an educational and theoretical foundation (Greiff & Fischer, 2013).

1.1 Problem-Solving
The term problem-solving describes the process of changing an initial state to a goal state
when no obvious way to achieving the goal is known to the problem solver (Duncker, 1945;

Mayer, 1992). Since there are inconsistent definitions of problem-solving (cf. Schoenfeld,



2016), it is not entirely clear when a task can be considered a problem and which behavioral
and cognitive processes are considered problem-solving (Doérner & Funke, 2017; Schmidt,
2011). A widely used criterion to define a problem is the absence of a routine behavior that
can be employed to achieve the goal state (Funke et al., 2018). However, given that problem-
solving may necessitate the implementation of automated procedures, particularly when
executing strategies, it is questionable whether routines can be excluded as components of
problem-solving (Mayer, 1998). For example, if a problem requires to solve a memory game,
the problem solver will perform motor actions to reveal cards, which are highly automated and
routine. Consequently, a lack of routine knowledge is not a sufficient criterion for a task to be
considered a problem. A problem rather is a task where the desired goal state cannot be
attained exclusively by the use of routines (Schoenfeld, 2016). According to Funke (2003), the
gap between the initial state and the goal state, which cannot be closed through routine
behavior, marks the space in which problem-solving cognition is involved. Thus, a task may
not be classified as a problem solely on the basis of external factors, but it also depends on
intrapersonal factors, such as the problem solver’s prior knowledge and cognitive abilities

(Hambrick et al., 2020; Mehadi Rahman, 2019; Wu & Molnar, 2022).

Problem-solving is considered a process that includes a number of phases (Funke, 2012;
Mayer, 1992; Pélya, 1957). Previous studies have provided a range of disparate descriptions
and numbers of problem-solving phases (cf. Priemer et al., 2019), which may be subsumed
under the following four main phases (oriented to OECD, 2013; Pdélya, 1957; Zelazo et al.,
1997): a) Understanding and representing the problem, b) planning and developing strategies,
¢) executing strategies, and d) evaluating and monitoring. Phases a) and b) require mental
processes and the exploration of the problem space (Eichmann et al., 2019; Rowe et al., 2001).
Phases c) and d) involve actively dealing with the problem, e.g., by observing, testing, and

optimizing intermediate solutions (Gold et al., 2021). The problem-solving phases are
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regarded as distinct but interdependent, whereby progress achieved in one specific phase may
benefit progress in another phase (Eichmann et al., 2019). The problem-solving process may
be iterative, i.e., the phases may be repeated several times (Hollenstein et al., 2022). Switching
between phases (i.e., transitioning) can be cognitively demanding but may have a positive

effect on problem-solving performance (Molnar & Greiff, 2023).

1.1.1 The structure of a problem

Well- and ill-defined problems. An essential feature of problem structures is the
clarity and transparency of their goal states, which can be classified as either well-defined or
ill-defined (synonymously called well- or ill-structured; Allaire & Marsiske, 2002). A well-
defined problem provides a unique goal state and, in consequence, an unambiguously correct
solution that can be achieved by a limited number of solution pathways (Schraw et al., 1995).
A well-defined problem may, for example, require the construction of a box with a hole,
through which bees may enter but frogs may not (cf. Strimel et al., 2018). An ill-defined
problem may provide different conflicting goal states that may initially be non-transparent to
the problem solver, but have to be discovered (Funke, 2003). The number of possible solutions
in ill-defined problems may be large or even unlimited and there might be no way of solving
it optimally (Schraw et al., 1995). Instead, an optimal solution of an ill-defined problem might
be ambiguous and depend on the problem solver’s perspective (Lynch et al., 2009; Sarathy,
2018). An ill-defined problem might, for instance, require to solve societal or political issues

(Jonassen, 1997).

The criteria that a problem needs to meet to be classified as well- or ill-defined are
controversial and the degree to which problems can be ill-defined is potentially unlimited
(Lynch et al., 2009). Therefore, the differentiation between well- and ill-defined problems

should not be seen as a dichotomous categorization, but as a continuum (Jonassen, 2013).
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Nevertheless, the clarity and transparency of a problem goal state has important implications

for assessment methods of problem-solving that will be discussed in section 1.1.3.

Complex problems. A complex problem describes a task with a high degree of
interdependencies between task parameters or task states, i.e., initial state, current state, and
goal state (Dorner & Funke, 2017; Frensch & Funke, 1995). For example, interdependencies
may relate to properties of task-relevant objects (e.g., an object only moves when it is pushed
by another object) or rule-based principles (e.g., changing the state of one parameter also
affects the states of other parameters; Greiff et al., 2016). Greiff et al. (2016) assumed that
complex problems include two dimensions: Rule knowledge, which refers to the acquisition
of knowledge about the interdependencies underlying a problem, and rule application, which
refers to the application of this knowledge to achieve solutions. According to Funke (2010),
the amount of higher-order cognition that is required to solve a problem raises as a function
of the problem complexity. This is consistent with the findings that reasoning contributes to
the ability to cognitively segment complex problems into component parts in elementary
school children (O’Brien et al., 2023) and adults (Duncan et al., 2017). Consequently, complex
problems have a theoretical overlap with ill-defined problems, because they both require to
gather new information to solve them. However, an important difference is that ill-defined
problems entail uncertainties and a high non-transparency, while complex problems may

provide a clear goal state, but incorporate complicated interdependencies (Jonassen, 2013).

Problem paradigms. A meta-analysis of problem-solving experiments identified
three problem-solving paradigms, namely the mathematical, verbal, and visuospatial
paradigms (Bartley et al., 2018). These paradigms encompassed a number of distinct task
types, including insight problem tasks, deductive, inductive, and visuospatial relational
reasoning tasks (Bartley et al., 2018). An insight problem describes a problem in which the

recognition of a mechanism, principle, or rule during the problem-solving process can
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facilitate immediate progress (Gaschler, 2020). This insight prompts a shift of the problem
solver's attentional focus to aspects of the problem that are relevant for developing an effective
strategy (Korovkin et al., 2018). According to Bartley et al. (2018), reasoning tasks are defined
as follows: Deductive reasoning tasks involve drawing specific conclusions from general
rules, inductive reasoning tasks involve inferring general rules from specific instances and
experiences, and visuospatial relational reasoning tasks involve understanding spatial patterns

and interdependencies by identifying or verifying rules.

1.1.2 Children’s problem-solving in the STEM domains

Problem-solving abilities develop during early and middle childhood because of
improvements in planning (Injoque-Ricle et al., 2014) and in the goal-directed use of task-
relevant objects (Keen, 2011). However, when planning skills are not yet fully developed,
children may use trial-and-error strategies that may still lead to satisfactory solutions
(Tonnsen, 2021). Educational research has identified problem-solving abilities as an essential
component in STEM learning (Astuti et al., 2021; English, 2023). In the context of STEM
learning, problem-solving abilities are considered as a competency that goes beyond factual
knowledge (Greiff & Fischer, 2013) and can be assessed using task-relevant objects that
motivate children to engage with, e.g., building blocks (Weber & Leuchter, 2020). Identifying
the processes underlying problem-solving abilities in children in the STEM domains requires

considering the acquisition of relevant science concepts.

The acquisition of science concepts during childhood. Science concept knowledge is
acquired as a result of experiences that children make in their natural environment
(Fragkiadaki et al., 2023). Although young children’s initial science concepts are mostly
inaccurate, they still attempt to find regularities in science phenomena they perceive
(Wilkening & Cacchione, 2014). Consequently, young children mentally represent naive pre-

concepts that might be based on phenomenological primitives (i.e., small pieces of experience-
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based knowledge that are not yet coherently linked; diSessa, 1988). According to Leuchter
and Hardy (2021), the acquisition of accurate science concept knowledge (i.e., a conceptual
change) is based on children’s scientific thinking and the iterative comparison of theory and
evidence. Since science concepts are typically based on rule-based structures (e.g., when the
center-of-mass of an object is supported it is stable and vice versa; Weber & Leuchter, 2020),
deductive, inductive, and abductive reasoning are essential for children to acquire science
concept knowledge (Leuchter & Hardy, 2021). Children’s reasoning is also a cognitive
prerequisite for other important science skills, such as scientific argumentation and designing

unconfounded experiments (Leuchter & Hardy, 2021).

In the realm of problem-solving in the STEM domains, science concept knowledge has
been operationalized as domain-specific knowledge that might affect children’s problem-
solving performance and process (Reuter & Leuchter, 2021; Strimel et al., 2018). Important
concepts that children typically acquire during pre- and elementary school age relate to the
turning dynamics of gears (Lehrer & Schauble, 1998; Reuter & Leuchter, 2021) and the
stability of asymmetric building block constructions (Krist, 2010; Weber & Leuchter, 2020;
Weber et al., 2020). The turning dynamics of gears (i.e., turning direction and turning speed)
represent rule-based aspects of the transmission of motion (Lehrer & Schauble, 1998). The
turning direction of adjacently interconnected gears is opposite, which implies that two gears
turn in the same direction when they are connected by an odd number of intermediate gears
(Reuter & Leuchter, 2021). The turning speed of gears depends on their size, such that larger
gears turn slower around their axis than smaller gears (Reuter & Leuchter, 2021). Lehrer and
Schauble (1998) found that approximately 70 % of second-graders and approximately 90% of
fifth-graders made accurate judgements regarding the turning direction of interconnected
gears. The percentage of accurate judgements regarding gear turning speed was approximately

50% in both second- and fifth-graders (Lehrer & Schauble, 1998). Reuter and Leuchter (2021)
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found similar percentages of accurate judgements that increased as a function of age, from
five-year-olds (turning direction: 39%; turning speed: 33%) to ten-year-olds (turning
direction: 80%; turning speed: 43%). The most prevalent naive pre-concepts were that
interconnected gears always turn in the same direction and that larger gears turn faster (Reuter
& Leuchter, 2021). The stability of asymmetric constructions represents a rule-based aspect
of statics principles (Krist, 2010). Precisely, the stability of asymmetric building block
constructions depends on whether the center-of-mass of the building blocks is supported
(Weber & Leuchter, 2020). Krist (2010) found that three- to six-year-olds’ judgements
regarding the stability of building block constructions were significantly more accurate when
the constructions were symmetrical than when they were asymmetrical. Weber and Leuchter
(2020) found that less than 50% of five- and six-year-old children accurately judged the
stability of asymmetrical building block constructions in both stable and instable items. These
results suggest that most preschool children hold the naive pre-concept that stability depends

on the geometrical center (Weber & Leuchter, 2020).

The relationship of science concept knowledge and problem-solving is bidirectional
because problem-solving may provide insights to the problem solver that his or her prior
knowledge does not match what is being experienced (i.e., cognitive conflict) and needs to be
assimilated (Yeo & Tan, 2014). Consequently, cognitive conflicts, which are caused by a
problematic task a child faces, may initiate a shift from naive pre-concepts to more elaborate
post-concepts (i.e., conceptual change; Demetriou et al., 2011; Piaget, 1977). The research
paradigm investigating problem-solving as a learning vehicle is called problem-based learning

or challenge-based learning (Yeo & Tan, 2014).

1.1.3 Assessment methods
A variety of tasks has been employed for the assessment of different aspects of problem-

solving abilities (e.g., Greiff et al., 2015a; Wicaksono & Korom, 2022), with a key distinction
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between measures of problem-solving performance and measures of the problem-solving

process (Jonassen, 2013).

Types of measures. Problem-solving performance is typically assessed in terms of the
solution quality, which refers to how accurate a solution meets given goal criteria (Jonassen,
2013). Thus, the solution state generated by a problem solver (i.e., a participant) in a problem-
solving task is compared with an optimal solution (i.e., a reference solution) according to the
relevant goal criteria (Allaire & Marsiske, 2002). For example, it would be evaluated whether
a hole in a box was constructed sufficiently large to let bees enter but small enough to exclude

frogs (Strimel et al., 2018).

Process measures, on the other hand, have mainly been implemented by using video-based
observations and protocols of the participant’s behavior throughout the problem-solving
process (e.g., Ramey & Uttal, 2017; Strimel et al., 2018). For instance, Strimel et al. (2018)
collected concurrent think-aloud protocols of preschoolers and fourth-graders who solved
engineering design problems and were asked to simultaneously verbalize their thoughts. The
authors evaluated these protocols according to a coding scheme consisting of 17 mental
processes for technological problem-solving (Halfin, 1973; Strimel et al., 2018; Wicklein &
Rojewski, 1999). Although think-aloud protocols suggest an immediate path to the
identification of mental processes, the validity of such self-reports of young children has been
doubted (Conijn et al., 2020). Moreover, concurrent think-aloud protocoling has been shown
to diminish students’ performance in problem detection tasks (Van den Haak et al., 2003).
Another method to analyze the problem-solving process is observation protocoling, where the
participant’s behavior is documented video-based or by an independent observer (Hidayati &
Wagiran, 2020). Observation protocols reflect self-determined behavior of the participant,
without eliciting verbal behavior, as in think-aloud settings (Smith et al., 2013; Van den Haak

et al., 2003). Observation protocols can yield quantitative data, such as number, timing, and
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type of the participant’s actions (e.g., manipulating task-relevant objects), that are an effective
indicator of the problem-solving process (Molnar & Greiff, 2023). However, they can also be
used to categorize and interpret behavior qualitatively, e.g., by coding the intentions,
strategies, or motivation of the participant (Grubbs et al., 2018). Qualitative analyses of the
problem-solving process have been criticized for being hardly comparable across studies
because many different kinds of coding schemes have been applied across studies (Grubbs et

al., 2018).

Investigations of well-defined problem-solving provide the advantage that solution quality
can objectively indicate task performance (Allaire & Marsiske, 2002). Therefore, the term
problem-solving performance is used to refer to solution quality in the following chapters.
Investigations of ill-defined problem-solving typically focus on the problem-solving process,
since ill-defined problems do not provide objectively correct reference solutions (e.g., Schunn

et al., 2005).

Task modalities. Traditionally, problem-solving has usually been assessed in analog
settings (e.g., Chan, 1989; Shallice, 1982). For instance, a classical well-defined problem-
solving task, the Tower of London, was conducted using three wooden or plastic balls that
needed to be arranged on a board with three pegs (Shallice, 1982). The goal of the Tower of
London task is to match the pattern of the balls to a pictured arrangement, where no more than
two balls may be placed on the middle peg, and no more than one ball may be placed on the
smallest peg (Keith Berg & Byrd, 2002). Analog problem-solving assessments provide the
advantage that participants may be tested in a natural environment (Shechter et al., 2021).
Nowadays, the majority of problem-solving studies uses digital assessment instruments (e.g.,
Gao et al., 2022; Wu & Molnar, 2022). A prominent paradigm assessing problem-solving
abilities digitally are Microworlds, such as the MicroDYN, that simulate real-world problems

(Biihner et al., 2008; Greiff et al., 2016; Molnar & Csap6, 2018). In the MicroDYN approach,
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participants are presented with fictive scenarios on a computer screen that, for example,
require them to solve ill-defined problems, such as helping a cat to recover from sickness (Wu
& Molnar, 2022). Digital assessment instruments provide several advantages over analog
instruments by facilitating standardized experimentation and enabling more accurate,

efficient, and reliable data coding (Germine et al., 2019; Greiff et al., 2015b).

Tracking data. A central benefit of digital assessment is the output of tracking data, which
yields an efficient method for analyzing problem-solving abilities (Csap6 et al., 2012; Greiff
et al., 2015b; Molnar & Csapo, 2018; Wu & Molnar, 2022). Tracking data generated during
problem-solving on digital devices provides rich opportunities to study both the problem-
solving performance, by automated solution matching (e.g., Molnar & Csapo6, 2018), and the
problem-solving process, e.g., by analyzing the frequency and rhythm of executed actions
(e.g., Wu & Molnar, 2022). A popular large-scale sample of problem-solving tracking data
was collected within the Programme for International Student Assessment (PISA) of the
Organisation for Economic Co-operation and Development (OECD; OECD, 2014). Several
researchers analyzed the PISA tracking data to identify behavioral patterns in complex
problem-solving of 15-year-old students (e.g., Eichmann et al., 2019; Greiff et al., 2015b).
Since tracking data, such as log-files, are protocols of actions executed in a computer program,
they are typically output in computer code format that may be difficult to interpret (Csap6 et
al., 2012). Making tracking data analyzable for research purposes may require pre-processing
by complex algorithms, particularly when pre-processing steps are not carried out
automatically by the test software (Greiff et al., 2015b). Furthermore, data interpretation may
be challenging because many actions cannot be attributed unambiguously to the intention of a
participant (Whitelock-Wainwright et al., 2020). Nevertheless, tracking data provides a
measure that surpasses human coding in terms of accuracy, objectivity, and efficiency (Csapo

etal., 2012).
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Despite the substantial advantages of digital assessment, it is an ongoing debate whether
the modality (analog or digital) has an impact on the cognitive demands a task poses (Bignardi
et al., 2021; Germine et al., 2019; Guilbert et al., 2019; Mayer, 2005). Therefore, newly
developed digital assessment instruments require to be validated against their analog
counterpart in a sample of the target group (Bjorngrim et al., 2019; Johann & Karbach, 2018;

Vermeent et al., 2022).

1.2 Higher-Order Cognition

1.2.1 Intelligence

Intelligence is considered as the mental ability of humans to adapt to their environment
and to learn from experience (Sternberg, 2012). Psychological research has identified a
number of theoretical intelligence models (Frischkorn et al., 2022), of which the model
developed by Cattell (1943) is widely established. This model includes two complementary
components of general intelligence: Fluid intelligence, which describes higher-order cognitive
functions for information processing, and crystallized intelligence, which describes cognitive
resources that result from learning and experience (Brown, 2016; Cattell, 1943). Fluid
intelligence enables humans to process new information and to handle novel situations in a
goal-directed manner (Heaton et al., 2014). Crystallized intelligence represents acquired
knowledge and trained skills (Harada et al., 2013). Thus, fluid intelligence is a cognitive
prerequisite for learning, whereas crystallized intelligence is a product of learning (Dixon et
al., 2013). However, both components of intelligence may interact in learning processes
(Buades-Sitjar et al., 2022; Weber et al., 2020), for example when new information is
integrated into existing knowledge structures. Fluid intelligence is considered an inherited trait
that develops from birth to early adulthood and begins to decline at approximately 30 years of

age, while crystallized intelligence may improve throughout the lifespan and remain stable in
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old age (Salthouse, 2012). Essential indicators of fluid intelligence are reasoning as well as
abstract and logical thinking (Chen et al., 2019; Liu et al., 2024). Essential indicators of
crystallized intelligence are acquired knowledge, facts, and certain language aspects, such as
vocabulary (Buades-Sitjar & Dufiabeitia, 2022). A number of well-established test batteries is
available to assess intelligence (Tager-Flusberg & Plesa-Skwerer, 2009), which typically
include subscales for the measurement of reasoning and language (e.g., the Wechsler

Preschool and Primary Scale of Intelligence; Wechsler, 2012).

1.2.2 Executive functions

Executive functions are a set of cognitive control functions that enable goal-directed
action and self-regulated behavior (Nigg, 2017). Therefore, they are essential for children’s
cognitive and social development (Diamond, 2013). Executive functions essentially improve
during early childhood but keep developing into adolescence (Wiebe & Karbach, 2017).
Previous studies identified interventions, such as cognitive trainings, that might improve some
aspects of executive functions (Diamond & Lee, 2011; Titz & Karbach, 2014). The core
executive functions are inhibition, working memory, and cognitive flexibility (Diamond,

2013; Miyake et al., 2000).

Inhibition. Inhibition refers to the cognitive mechanisms of action control that
suppress undesired stimulus responses (Johnstone et al., 2007). Thus, inhibition serves to
maintain limited cognitive resources (Bari & Robbins, 2013). Psychological research has
distinguished two main kinds of inhibition, namely resistance to distractor interference and
inhibition of prepotent responses (Rey-Mermet et al., 2018). Resistance to distractor
interference describes the suppression of perceived information from a useless stimulus, while
inhibition of prepotent responses describes the suppression of a motor response that is
dominantly triggered by a stimulus (Rey-Mermet et al., 2018). Inhibition improves essentially

during the preschool years and changes only marginally during late childhood and adolescence
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(Best & Miller, 2010). Inhibition may have a positive effect on academic success because it
allows children to suppress stimuli that are disruptive for learning (Zamora et al., 2020).
Moreover, inhibition has been shown to contribute to self-regulation, decision-making, and
creativity in children (Cassotti et al., 2016; Hofmann et al., 2012; Nigg, 2017). In tasks
involving few or no task-irrelevant stimuli, inhibition of prepotent responses is a more reliable
correlate than resistance to distractor interference (Lee et al., 2009). A widely established task
measuring inhibition of prepotent responses in children is the Go/No-go task, in which
participants are continuously presented with stimuli signaling whether they should rapidly
respond or not (Johnstone et al., 2007). The Go/No-go-ratio lays around 3:1 in order to
establish the Go-response as prepotent and evoke inhibition in No-go-trials (St. John et al.,
2019). This task type offers the opportunity of a child-friendly presentation, e.g., with

fairytale-like stimuli and cover stories (Johann & Karbach, 2018; St. John et al., 2019).

Working memory. Working memory describes a set of cognitive mechanisms that
enables the maintenance and manipulation of perceived information within the scope of
seconds to a few minutes after stimulus presentation (D’Esposito, 2008). Thus, working
memory is involved in most mentally demanding tasks (Ellis et al., 2020). Among a large
number of theoretical models of working memory (Adams et al., 2018), the three-component
model of Baddeley and Hitch (1994) is widely accepted. It is considered to comprise the two
storage systems, visuospatial sketchpad and phonological loop, as well as the central executive
that manages the information transfer between modalities and the attentional control
(Baddeley & Hitch, 1994). Working memory capacity is typically indicated by the working
memory span, defined as the number of information units that a person is capable to maintain
simultaneously (Cowan, 2010). The working memory span increases throughout childhood
from approximately two units in four-year-olds to approximately four to five units in 14-year-

olds and adults (Cowan, 2010; Gathercole et al., 2004). However, these spans may vary
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according to individual cognitive abilities and stimulus type (verbal, visual, auditory), and can
be extended by chunking and rehearsal processes (Hurlstone et al., 2014; Thalmann et al.,
2019). Working memory is involved in the formation of long-term memories (Cowan, 2014)
and is, thus, closely associated with learning progress and academic achievement in childhood
(Forsberg et al., 2021; Holmes & Adams, 2006; Johann & Karbach, 2020). In tasks requiring
the consideration of spatial interdependencies, visuospatial working memory is a more reliable
correlate than verbal working memory (Hodgkiss et al., 2018). One well-established task to
assess the visuospatial working memory span is the Corsi Blocks task (Corsi, 1972; Gathercole
et al., 2004). In this task, participants see a number of blocks, of which an increasing number
is sequentially highlighted. After presentation, participants should recall the highlighted
blocks in the order they were highlighted (Hurlstone & Hitch, 2018). To enhance working
memory demands, studies have employed backward task versions that require to recall the
blocks in reverse order of presentation (e.g., Alloway et al., 2006). This task type has been
established in clinical and research settings (Farrell Pagulayan et al., 2006; Stoffers et al.,

2003) and provides the opportunity of a child-friendly presentation (Johann & Karbach, 2018).

Cognitive flexibility. Cognitive flexibility (synonymously called flexibility, shifting,
or task switching) refers to the ability to switch attention between different perspectives and
task demands (Miyake et al., 2000; Titz & Karbach, 2014). Furthermore, cognitive flexibility
enables to switch between mental concepts, such as strategies or rules, throughout a task
(Diamond, 2013). Cognitive flexibility develops during early childhood (Deadk & Wiseheart,
2015) but continues to improve during late childhood and adolescence (Buttelmann &
Karbach, 2017). In children, cognitive flexibility is positively associated with math abilities
(Yeniad et al., 2013), reading comprehension (Johann et al., 2020), and academic achievement
(Titz & Karbach, 2014, for a review). One well-established way to measure cognitive

flexibility in children are Card Sorting tasks, in which participants match visual features of
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presented cards according to repeatedly changing categories (Jacques & Zelazo, 2001;
Ozonoff et al., 2005; Somsen, 2007; Zelazo, 2006). This task type also provides opportunities
to present it in a child-friendly format by the use of appropriate card symbols (Marcus et al.,

2020).

1.3  Associations of Problem-Solving and Other Cognitive Abilities

Previous research has identified associations of problem-solving abilities and higher-order
cognitive abilities, such as language (e.g., Baldo et al., 2005; Gunzenhauser et al., 2019),
reasoning (e.g., Greiff et al., 2016; Leighton & Sternberg, 2003), and executive functions (e.g.,

Viterbori et al., 2017; Zook et al., 2004).

Some aspects of language, as indicators of crystallized intelligence, have been shown to
be involved in problem-solving (e.g., Chan & Kwan, 2021). In particular, self-directed speech
had positive effects on performance on the Tower of London task (Gunzenhauser et al., 2019)
and on planning performance (Enke et al., 2022) in elementary school children. Inner speech
(i.e., the subjective experience of language without overt articulation; Alderson-Day &
Fernyhough, 2015) is an instance of self-directed speech that can reduce cognitive load during
problem-solving (Kompa & Mueller, 2022). In a study of Rohrkemper (1986), elementary
school children reported that they used inner speech as a strategy in problem-solving tasks.
Furthermore, problem-solving performance in adults declined when their inner speech was
disrupted, providing further evidence for the benefits of language-based strategies (Baldo et
al., 2005; Wallace et al., 2017). Previous studies have also demonstrated that the domain-
specific vocabulary (e.g., mathematical terminology in mathematical word problem-solving)
improves problem-solving performance in third-graders (Chan & Kwan, 2021) and older

adults (Chen et al., 2017).
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Reasoning, as an indicator of fluid intelligence, enables logical, scientific, and evidence-
based thinking processes that may have a positive impact on problem-solving in childhood
and adolescence (Kim & Pegg, 2019; Leuchter & Hardy, 2021; Mehadi Rahman, 2019; Tan
et al., 2023). Especially for complex problems, reasoning has been shown to be a strong
predictor of problem-solving performance (e.g., Greiff et al., 2016; Wiistenberg et al., 2012),
although there is some counterevidence (Kretzschmar & Nebe, 2021). Mayer et al. (2014)
have demonstrated an association of reasoning and problem-solving in elementary school
children, in the way that problem-solving abilities predicted individual differences in scientific
reasoning. Leighton and Sternberg (2003) concluded that reasoning and problem-solving

provide many commonalities but are separable.

Some researchers have argued that intelligence and problem-solving are identical
constructs (e.g., Hambrick et al., 2020), while others considered them as entirely separate (e.g.,
Rigas & Brehmer, 1999; see Stadler et al., 2015, for a review). There is a notable distinction
between intelligence, which is a purely theoretical construct, and problem-solving, which is a
behavior that might be observable (De Boeck et al., 2023; Smith et al., 2013). Nevertheless,
when considering problem-solving abilities in a theoretical context, there is a broad consensus
that they are closely associated with intelligence (Kretzschmar et al., 2016; Kroner et al., 2005;
Stadler et al., 2015; Wiistenberg et al., 2012). This is underlined by medium to high
correlations between both constructs, that have, however, been interpreted differently:
Kretzschmar et al. (2016) suggested that intelligence does not explain the full variance in
problem-solving abilities, demonstrating discriminant validity of problem-solving abilities.
Other researchers, who found particularly strong correlations between measures of
intelligence and problem-solving abilities, concluded that problem-solving abilities are an

indicator of intelligence (Krdner et al., 2005; Wiistenberg et al., 2012).
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The relationship between intelligence and problem-solving abilities is a topic that is
closely related to the debate on the nature of domain-general problem-solving abilities
(Kretzschmar & Nebe, 2021; Tricot & Sweller, 2014). Cognitive psychology has distinguished
between domain-specific and domain-general cognitive resources, assuming that some
cognitive resources are shared between different demands and content domains, while others
are dedicated to specific demands and content domains (Demetriou et al., 2011). For instance,
in studies on elementary school children’s mathematical performance, working memory has
been regarded as a domain-general resource that is involved in solving problems with
heightened complexity (Avcil & Artemenko, 2023; Soltanlou et al., 2017). In contrast,
domain-specific resources, such as counting knowledge (Triff et al., 2023), were more
strongly involved in less complex problems, such as one-digit multiplication (Soltanlou et al.,
2017). This distinction was evidenced by higher activation in prefrontal and lower activation
in parietal brain regions during tasks that mainly required domain-general resources compared

to tasks that mainly required domain-specific resources (Soltanlou et al., 2017).

Consequently, domain-specific knowledge refers to knowledge of particular aspects of
the problem’s content domain, such as science concepts, while higher-order cognitive abilities,
such as intelligence and executive functions, are considered as domain-general (Miyake &
Friedman, 2012). Some previous studies have assumed that domain-specific knowledge, also
referred to as expert knowledge (expert-novice paradigm), s the key factor in problem-solving
performance, particularly when dealing with well-defined problems (Chi et al., 1981; Perkins
& Salomon, 1989). Tricot and Sweller (2014) even argued that almost any problem can be
solved based on domain-specific knowledge, while domain-general abilities are rarely
involved in problem-solving. However, several studies have demonstrated that domain-
general abilities, particularly reasoning and working memory, were closely associated with

students’ problem-solving performance (Greiff et al., 2016; O’Brien et al., 2023; Swanson &
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Beebe-Frankenberger, 2004). Domain-specific knowledge and domain-general abilities may
interact, e.g., such that domain-general abilities enable the application of domain-specific
knowledge (Perkins & Salomon, 1989; Roberts, 2007). To date, there is a lack of studies
comparing the impact of domain-specific knowledge and domain-general abilities on

children’s problem-solving performance.

Executive functions have been shown to increase students’ performance in mathematical
word problem-solving (Swanson & Beebe-Frankenberger, 2004) and on the Tower of London
task (Zook et al., 2004). Particularly working memory was identified as a main source of
variance in students’ complex (Biihner et al., 2008; Kretzschmar & Nebe, 2021) and
mathematical (Viterbori et al., 2017) problem-solving performance. Inhibition and cognitive
flexibility have rarely been investigated in association with problem-solving, but they did not
contribute to mathematical problem-solving performance in the study of Viterbori et al.
(2017). Findings of the contribution of executive functions on problem-solving performance

in the science domain are sparse.

1.4 Development of the Tasks

Within the framework of this dissertation, a number of tasks assessing science problem-
solving abilities, domain-specific knowledge, and executive functions were developed for
tablet-based use and subsequently employed in the dissertation studies (see Table 1). The
target age group for these tasks were pre- and elementary school children. In previous studies,
the tasks assessing science problem-solving abilities have been employed in analog modality
with plastic gear materials and wooden building blocks to test four- to seven-year-olds (Reuter
& Leuchter, 2019, 2022; Weber et al., 2020). Likewise, the tasks assessing domain-specific

knowledge have previously been employed using paper-and-pencil in the same age group
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(Reuter & Leuchter, 2021; Weber & Leuchter, 2020). Since these analog tasks led to a great
deal of effort and a high susceptibility to errors during implementation and video coding, one
central aim of this dissertation was to adapt these tasks for tablet-based use. The tasks
assessing the core executive functions (inhibition: Go/No-go task; working memory: Corsi
blocks backward task; cognitive flexibility: Flexible Item Selection task) were developed
based on previous studies using these tasks in the target age group (Gathercole et al., 2004;
Jacques & Zelazo, 2001; Johann et al., 2020; St. John et al., 2019). All three executive function
tasks were implemented with child-friendly stimuli and embedded in a fairytale-like cover

story (cf. Johann & Karbach, 2018).

Table 1:

Tasks that were newly developed in the digital modality and employed in the dissertation

studies
Task Construct Employed in Studies
Carousel Science problem-solving 1-3
Propeller Science problem-solving 1-3
Stabilization Science problem-solving 1-3
Turning direction Domain-specific knowledge 2
Turning speed Domain-specific knowledge 2
Center-of-mass Domain-specific knowledge 2
Go/No-go Inhibition 3
Corsi blocks backward Working memory 3
Flexible item selection Cognitive flexibility 3

Note: All tasks were employed on tablets.
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1.4.1 Requirements and structures of the science problem-solving tasks

Since this dissertation particularly emphasizes science problem-solving, the Carousel,
Propeller, and Stabilization task structures will be described in more detail. Descriptions of
the other tasks can be found in the methods sections of the original manuscripts of Study 2

(domain-specific knowledge) and Study 3 (executive functions).

Carousel task. The task goal is to connect two fixed gears on a gear-board using other
movable gears so that both fixed gears turn in the same direction when one of them is turned.
Participants have three minutes to complete the task and 14 movable gears of four different
sizes are available. The domain-specific knowledge underlying this task is that adjacently

connected gears turn in opposite directions.

Propeller task. The task goal is to attach two propellers to movable gears so that one of
them turns as fast as possible and the other one as slow as possible. Both propellers need to be
driven by a fixed gear on a gear-board and should not touch each other while turning.
Participants have three minutes to complete the task and 14 movable gears of four different
sizes, as well as two propellers are available. The domain-specific knowledge underlying this

task is that a larger gear turns slower than a smaller gear.

Stabilization task. The task goal is to stabilize eight instable building block constructions
by adding one additional building block. Up to three attempts can be used per block
construction. The domain-specific knowledge underlying this task is that a building block

construction is stable when the center-of-mass is supported.

Problem structures. Since all three science problem-solving tasks provide clearly defined
goal states and pathways that guarantee to achieve those, they can be considered as well-
defined. Consequently, the tasks provide objective ways to assess problem-solving

performance (scoring systems are described in the original manuscript of Study 1). Moreover,
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the gear problem-solving tasks (i.e., Carousel and Propeller) offer opportunities to investigate
the problem-solving process, by analyzing the way participants interact with the gears and

propellers (see section 1.4.2).

The Carousel task can be considered to assess complex problem-solving because the
spatial and functional properties of the task-relevant objects are interdependent (i.e., a gear
turns left when an adjacently located gear turns right). The problem complexity in the Propeller
and the Stabilization tasks is moderate because the spatial object properties are interdependent
(e.g., a building block might have a particular orientation because it is stacked on another
building block) but the functional object properties are independent (e.g., a gear’s turning
speed depends on its size and on the extrinsic movement impulse, but not on properties of

adjacent gears).

All three tasks might further represent insight problems because testing intermediate
solutions might provide participants with insights about the underlying domain-specific
knowledge (e.g., turning adjacent gears and recognizing that they turn in opposite directions).
However, insights are not essential for a good task performance because the participant might
possess the domain-specific knowledge prior to task processing or successfully solve the tasks

without this knowledge.

Moreover, there are causal associations between the task-relevant objects (e.g., an
indirectly driven gear turns in a particular direction because its adjacent gear is turned in the
opposite direction). Consequently, all three science problem-solving tasks may be considered
as different kinds of reasoning tasks depending on the participant’s prior domain-specific
knowledge (cf. Bartley et al., 2018; Leuchter & Hardy, 2021): A participant who does not
possess the domain-specific knowledge might acquire this knowledge inductively by testing

intermediate solutions (e.g., by turning connected gear chains in the Carousel task and observe
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that adjacent gears turn in opposite directions) and, subsequently, apply it to solve the
problems. A participant who possesses the domain-specific knowledge might deductively
apply this knowledge to solve the problems (e.g., use the rule knowledge that adjacent gears
turn in opposite directions to infer that two gears turn in the same direction when an odd
number of other gears connects them). Irrespective of prior domain-specific knowledge,
visuospatial relational reasoning might be required because spatial interdependencies between

gears, propellers, and building blocks play a crucial role in each of the three tasks.

1.4.2 Implementation and data tracking

All tasks were programmed in the Unity engine (version 2020.3.17fl) using C#
programming language and deployed in an integrative test software including auditive task
instructions. The digital science problem-solving tasks exactly mimicked setup and
functionalities of the analog materials true-to-scale, including size, color, shape, and distances

of gears, propellers, building blocks, and the gear-board.

The tracking data that the test software automatically pre-processes, codes and stores,
includes the solution quality as well as all actions a participant conducts in the science
problem-solving tasks. Each data entity comprises the following information: The type and
size of the manipulated object (i.e., gear, propeller, or building block), the type of action (i.e.,
a turning or a displacement), the time that the action was carried out, and the direction in which
the object was moved (i.e., an object is moved onto/off the gear-board or block construction).
Furthermore, for each task run, the total processing time and the total number of turnings and
displacements are available in the data. The tracking data in the domain-specific knowledge
and executive function tasks include response accuracy, reaction time, number of response

selection switches, and type of error for each item.
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2 Summary of Research Goals

The major objectives of this dissertation were to validate newly developed digital
instruments assessing children’s problem-solving abilities (Study 1) and to investigate to
which extent domain-specific knowledge and the domain-general abilities intelligence and
executive functions determine science problem-solving performance in elementary school

children (Studies 2 and 3). Consequently, the aims were:

- Study 1: Testing the validity of new digital problem-solving tasks with gear constructions

as compared to their traditional analog counterparts;

- Study 2: Assessing whether science problem-solving performance is more strongly
affected by domain-specific knowledge of associated science concepts or by domain-

general cognitive abilities;

- Study 3: Investigating whether the core executive functions inhibition, working memory,

and cognitive flexibility individually contribute to science problem-solving performance.
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3 Summary of the Empirical Studies

The following section provides short structured summaries of the three studies conducted
within the framework of the present dissertation. Please see chapter 7 for the published

versions of the full-length manuscripts.

3.1 Summary of Study 1
Schifer, J., Reuter, T., Leuchter, M., & Karbach, J. (2024). Validation of new tablet-based
problem-solving tasks in primary school students. PLoS ONE, 19(8), ¢0309718.

https://doi.org/10.1371/journal.pone.0309718

Background: Problem-solving abilities are strongly associated with positive
educational outcomes and other cognitive abilities, such as language and reasoning.
Nevertheless, empirical evidence on cognitive correlates of problem-solving performance in
childhood is limited, in part because of a lack of valid and age-appropriate instruments
assessing problem-solving performance. Most of such assessment instruments are based on
analog tasks with play materials. However, given that analog tasks do not enable automated
data tracking, evaluating performance scores requires time-consuming and error-prone coding.
Thus, we developed and validated new tablet-based versions of existing analog tasks assessing

problem-solving performance with gear construction tasks.

Methods: 215 children (six to eight years of age) performed the problem-solving tasks
in both modalities (analog and digital). Additionally, participants performed three tasks
assessing language, reasoning, and problem-solving with another content (stabilization) to
assess related cognitive abilities (validation measures). Validity was assessed on different

levels, namely by computing correlations between task modalities, testing for scalar
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measurement invariance across modalities, assessing the predictive values of the validation

measures, and comparing the size of these predictive values.

Results: Performances on both task modalities were intercorrelated and also correlated
with the validation measures, showing convergent validity. Structural equation modelling
showed scalar measurement invariance across task modalities (represented as two distinct
latent factors), supporting the validity of the digital tasks. Moreover, all validation measures
had a significant predictive value for the performance on both modalities, except that
reasoning did not significantly predict analog task performance. Constraining path coefficients
showed that the size of these predictive values did not differ between modalities for language

and problem-solving performance, but for reasoning.

Discussion: Overall, the analyses clearly confirm the validity of the new digital tasks.
Thus, we conclude that the analog and the digital tasks draw on similar cognitive abilities and
may be used interchangeably. The traditional analog tasks are successfully developed and
validated for digital application, which is an important contribution to problem-solving
research in childhood. The new digital tasks will provide substantial advantages for future
studies, such as a standardized and reliable procedure, as well as efficient implementation and
data evaluation. Moreover, the tablet-based instruments simplify the application in the field,

e.g., in kindergartens or schools.

3.2 Summary of Study 2
Schifer, J., Reuter, T., Karbach, J., & Leuchter, M. (2024). Domain-specific knowledge and
domain-general abilities in children’s science problem-solving. British Journal of Educational

Psychology, 94(2), 346-366. https://doi.org/10.1111/bjep.12649
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Background: Given the major importance of problem-solving abilities for subsequent
achievement, it is of high interest for developmental psychologists to identify its cognitive
correlates in early and middle childhood. Children’s problem-solving performance in the
realm of STEM, e.g., in science problem-solving, can be an essential indicator for pursuing
technical professional careers. Previous research on problem-solving in childhood has rather
focused on the problem-solving process (e.g., investigating strategies and problem-solving
phases) than on the underlying cognitive processes and correlates of problem-solving
performance. In particular, it was rarely investigated whether problem-solving performance
rather relies on rule knowledge, that is specific to the problem content (domain-specific
knowledge) or on cognitive abilities that may be applied across different problem domains
(domain-general abilities). Consequently, the aim of Study 2 was to figure out whether science
problem-solving performance primarily relies on domain-specific knowledge, on domain-

general abilities, or on both.

Methods: 215 six- to eight-year-old children participated in this study. They
completed three tasks measuring domain-specific knowledge on building block statics and
gear turning mechanisms (e.g., “In which direction will this gear turn?”) and three
corresponding science problem-solving tasks (e.g., “Make these gears turn in the same
direction”). Moreover, the children performed a language and a reasoning task as domain-
general measures and proxies for intelligence. The analyses were based on the same sample

as in Study 1.

Results: Correlational analyses, regression analyses, and structural equation modelling
exhibited that, while the associations between science problem-solving performance across
different domains were considerable, there were only small or no effects of domain-specific
knowledge on science problem-solving performance. In contrast, the contribution of domain-

general abilities (language and reasoning) to science problem-solving performance was
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significant and much stronger than the contribution of domain-specific knowledge. Moreover,

age had a positive effect on science problem-solving performance.

Discussion: The findings of this study suggest that science problem-solving
performance in six- to eight-year-old children strongly relies on domain-general abilities. This
is inconsistent with previous studies arguing that children’s problem-solving mainly relies on
domain-specific knowledge but supports the assumption that there are cognitive resources
being shared across problem domains. The positive age effects suggest that science problem-
solving abilities improve during childhood. Future studies should consider a broader set of

domain-general abilities, e.g., by including executive functions.

33 Summary of Study 3

Schifer, J., Reuter, T., Leuchter, M., & Karbach,J. (2024). Executive functions and
problem-solving — the contribution of inhibition, working memory, and cognitive flexibility
to science problem-solving performance in elementary school students. Journal of

Experimental Child Psychology, 244, 105962. https://doi.org/10.1016/j.jecp.2024.105962

Background: In light of the findings in Study 2, indicating that domain-general
abilities are essential for children’s science problem-solving, we conducted Study 3 focusing
on executive functions as domain-general abilities. Previous research has shown that working
memory, as one of three core executive functions, can contribute to successful problem-
solving in pre- and elementary school children. However, since most studies did not
simultaneously assess different aspects of executive functions, the role of both other core
functions (inhibition and cognitive flexibility) is rather unclear. Consequently, Study 3 aimed
to investigate the individual contribution of inhibition, working memory, and cognitive

flexibility to science problem-solving performance in elementary school children.
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Methods: 476 children from first and second grades (Mag.=7.44 years) participated in
Study 3. In the first experimental session, they performed a Go/No-go task (inhibition), a Corsi
blocks backward task (working memory), and a flexible item selection task (cognitive
flexibility) to assess the core executive functions. In the second session, they completed three
science problem-solving tasks, including two gear turning tasks and one stabilization task. All
tasks were completed tablet-based with the test software developed in the framework of Study

1.

Results: Structural equation modeling, including one latent factor for science problem-
solving and one latent factor for each core executive function, yielded an excellent model fit.
Regression paths from the executive function factors to the science problem-solving factor
showed that working memory and cognitive flexibility contributed to science problem-solving
performance, while inhibition did not. Equality constraining of regression paths revealed that
the contribution of cognitive flexibility was significantly stronger than the contribution of

working memory.

Discussion: The results suggest that executive functions play a significant role for
science problem-solving in childhood. We conclude that working memory enables children to
maintain task requirements and dynamic relations between task-relevant objects (i.e., gears,
building blocks, and propellers), and cognitive flexibility supports the ability to switch
between different problem-solving phases and dynamically changing problem states.
Inhibitory processes may have a greater impact in tasks involving a higher degree of
interference and in clinical populations exhibiting attentional deficits. Since working memory
and cognitive flexibility have been shown to be essential components of successful science
problem-solving in elementary school children, they should be considered in future research

on science education.
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4 General Discussion

The major aims of this dissertation were to develop test instruments for assessing
problem-solving abilities and executive functions, and to identify the cognitive processes

underlying science problem-solving in elementary school children.

The first major aim was accomplished through the development and validation of new
tablet-based problem-solving and executive function tasks for pre- and elementary school
children. The new problem-solving tasks were validated in Study 1 by demonstrating
measurement invariance and convergent validity between analog and digital task modalities
in six- to eight-year-old children. The executive function tasks were applied in Study 3 and
their full validation in pre- and elementary school children will be the subject of a forthcoming
study. Both task batteries will be made available to interested researchers, enabling a
standardized format for diagnostics and intervention studies investigating cognitive abilities

in childhood.

With regard to the cognitive processes underlying science problem-solving in
childhood, the findings of Studies 2 and 3 of this dissertation provided new insights into a
complex but rarely investigated research field. The results of Study 2 demonstrated that
science problem-solving performance was more closely associated with domain-general
abilities, as proxies for intelligence, than with domain-specific knowledge. The effects of
language suggest that participants might have used language-based strategies, such as self-
directed speech (Gunzenhauser et al., 2019). The effects of reasoning suggest that participants
might have used elaborate mental strategies, such as scientific and evidence-based thinking
(cf. Leuchter & Hardy, 2021; Tan et al., 2023). Nevertheless, the statistical associations
between domain-general abilities and science problem-solving performance were not strong

enough to conclude that intelligence and problem-solving abilities represent identical
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constructs (Hambrick et al., 2020). It is evident that further measures of intelligence would
need to be considered to verify this conclusion. Moreover, the influence of domain-general
abilities on problem-solving performance varied between science problem-solving tasks,
which might be caused by different problem structures. Precisely, the Carousel task was
considered more complex than the Propeller and Stabilization tasks (see section 1.4.1).
Previous studies suggesting that the influence of higher-order cognition increases as a function
of problem complexity (cf. Funke, 2010; Greiff et al., 2016) may explain why reasoning was
a considerably strong predictor in the Carousel task (f = .66**). Study 2 also revealed positive
age effects on science problem-solving performance, which confirmed previous research
suggesting that problem-solving becomes more planful and goal-directed during childhood

(Injoque-Ricle et al., 2014; Keen, 2011).

Study 3 indicated that some of the core executive functions contribute to science
problem-solving performance. Importantly, the individual contribution of executive functions
to science problem-solving performance varied from no significance (inhibition: f = .06) to
considerable effect sizes (cognitive flexibility: f = .51**). The lack of an association with
inhibition can be explained by the absence of task-irrelevant distractor objects in the science
problem-solving tasks (cf. Lee et al., 2009). The significant effects of working memory (f =
.23%) are in line with previous research (Greiff et al., 2016) and suggest a high relevance of
remembering previously employed strategies and functional object interdependencies
(regarding turning dynamics and stability). The strong effects of cognitive flexibility suggest
a major importance of the ability to effectively switch between dynamically changing task

demands and between different problem-solving phases (cf. Molnar & Greiff, 2023).

Taken together, Studies 2 and 3 showed that domain-general abilities had an impact
on elementary school children’s science problem-solving performance that went beyond the

impact of domain-specific knowledge. This pattern of results might be unexpected in the light
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of previous research asserting that solving well-defined problems predominantly depends on
domain-specific knowledge and involves only a limited degree of higher-order cognition
(Schraw et al., 1995; Tricot & Sweller, 2014). However, the findings are in line with previous
research suggesting a strong association between higher-order cognition and complex
problem-solving (Greiff et al., 2016; Wu & Molnar, 2022; Wiistenberg et al., 2012) and,
thereby, provide evidence for the assumption that the new problem-solving tasks entail a

considerable complexity (see section 1.4.1; Funke, 2010).

4.1  Connections Between the Studies

In Study 1, new tablet-based science problem-solving tasks were developed and
subsequently validated. These new digital tasks also served to assess science problem-solving
performance in Studies 2 and 3. Consequently, Study 1 provided a basis for the subsequent
studies to build on. Nevertheless, the findings from Study 1 extended beyond the validation of
the new tasks to insights regarding the cognitive correlates of science problem-solving in
childhood. More precisely, the confirmatory factor analyses revealed that language, reasoning,
and stabilization problem-solving performance each explained variance in performance on the
new digital tasks. This finding was investigated more closely in Study 2 by comparing the
influence of domain-general abilities (i.e., language and reasoning) to the influence of domain-
specific knowledge (i.e., rule knowledge of science concepts). Comparative hierarchical
regression and confirmatory factor analyses revealed that the impact of intelligence on science
problem-solving performance was stronger than the impact of domain-specific knowledge.
Thus, the finding that domain-general abilities were more relevant for science problem-solving
motivated Study 3 to investigate which other domain-general abilities play a role for children’s
science problem-solving. Consequently, Study 3 assessed the individual contribution of

executive functions to science problem-solving performance.
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Apart from the traditional analog problem-solving tasks in Study 1, all empirical tasks
in the three studies were conducted digitally. Moreover, the new digital science problem-
solving tasks were included in all three studies. This approach offers two key benefits: Firstly,
it ensures methodological consistency across all three studies, and secondly, it allows for a
direct comparison of their findings. Additionally, the inclusion criterion for participants to be

aged between six and eight years was consistently maintained to keep the results comparable.

4.2 Limitations

It can be argued that the science problem-solving tasks conducted in the three
dissertation studies represent very specific aspects of problem-solving and that results may not
be representative beyond the science domain. The phenomena that informed the research
approaches (i.e., turning dynamics and statics) are pertinent within the science context but may
not be transferable to other content domains. Therefore, it should be considered that the
cognitive underpinnings of problem-solving identified in this dissertation require further

studies to be confirmed for other content domains.

The gear problem-solving tasks are limited in terms of increasing their task complexity
(e.g., by removing available gears or increasing the distance between fixed gears). Moreover,
it is quite possible to create satisfactory solutions by pure guessing, especially in the Carousel
task. Given that the average solution quality in the Carousel task performance of six- to eight-
year-old participants was 3.06 out of 4.00 points (data of Study 1), ceiling effects can be
expected in adolescents and adults performing this task. Since a problem by definition involves
the absence of an obvious solution (Duncker, 1945), ceiling effects would render a problem-
solving measure invalid. Consequently, the tasks are unlikely to detect problem-solving

abilities and their development beyond late childhood.
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All validation measures used in Study 1 assessed cognitive abilities (language,
reasoning, and stabilization problem-solving), while no validation measure assessed motor
abilities. This implies that the convergent validity between the analog and the digital task
modality was not controlled on the level of motor coordination (Pfister et al., 2014). However,
it is plausible that gripping and pinning a plastic gear requires other motor skills than sliding
a finger on a tablet (cf. Guilbert et al., 2019). Since this dissertation focused on the cognitive
aspects of problem-solving, this circumstance does not impair the findings, but future studies

that aim to consider motor skills should take this into account.

Interpretations of the dissertation findings need to consider that the investigated
cognitive abilities provide a large theoretical overlap (Diamond, 2013). It has, for instance,
been debated whether executive functions are equivalent with intelligence (cf. Friedman et al.,
2006) and whether problem-solving is a higher-order executive function (Diamond, 2013;
Zelazo et al., 1997). Furthermore, the psychological tradition of postulating cognitive abilities
as clearly distinguishable constructs is increasingly being questioned due to the recognition of
complex interdependencies between constructs and task-specific biases (De Boeck et al.,
2023). This should not impede the development of differentiated study designs, but should

motivate researchers to employ consistent terminology and avoid overgeneralization.

The analyses in the three studies focused on problem-solving performance but did not
include measures on the problem-solving process, that may provide information about the
strategies employed and the problem-solving phases. Thus, the three studies made significant
contributions to our understanding of how well children with specific cognitive abilities solved
science problems. However, identifying the way they solved these problems requires
somewhat subjective interpretations, which introduces some uncertainty. Fortunately, the test
software tracked abundant process data that enable future studies to additionally address

strategies and problem-solving phases, as will be described in the following section.
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4.3 Perspectives for Future Research

Since the studies of this dissertation focused on problem-solving performance only,
future studies should closer address the problem-solving process. The large amount of tracking
data (see section 1.4.2) that was generated in the scope of this dissertation by totally 691
participants offers potentials for this purpose. Precisely, the tracking data provide
opportunities to investigate the following four research suggestions in pre- and elementary

school children:

1) The association between science problem-solving performance and the number of
gear turnings and displacements should be analyzed. A positive association between these
variables would indicate that a trial-and-error strategy is more conducive to achieving a good
solution, while a negative association would suggest that a more planful mental strategy,
involving only goal-directed actions, is more likely to result in a good solution (cf. Injoque-

Ricle, 2014; Molnar & Greiff, 2023).

2) The rate of gear turnings and displacements may indicate the specific problem-
solving phase a participant is engaged in at a given point during task processing. Previous
studies have designed assignments of the participant’s actions and his or her progress in a
problem-solving task (e.g., Wu & Molnér, 2022). Table 2 provides an assignment between the
participant’s behavior, indicated by the number of displacements and turnings, and the current
problem-solving phase. This assignment can be applied to the time-coded tracking data of the
participant’s behavior in the gear problem-solving tasks and is reasoned as follows: In phase
a), the number of turnings is small because there is not yet an available construction to be
tested, but since understanding the problem requires exploration (Eichmann et al., 2019), the
number of displacements is moderate. In phase b), the number of turnings and displacements
is small because planning activates mental processes that precede motor actions (Rowe et al.,

2001). In phase c), the number of displacements is large in order to build the gear construction
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in the previously planned way (strategy execution), while a moderate number of turnings could
be used to gather domain-specific knowledge as part of the strategy (Greiff et al., 2016). In
phase d), a large number of turnings is required to test how the gears turn (Kendall, 2015),
while displacements are avoided because the solution should not be changed at this stage.
Notably, Table 2 describes a heuristic suggestion that requires validation, for example through

human counter-coding.

Table 2:

Assignment of behaviour and the current problem-solving phase in the gear problem-solving

tasks (i.e., Carousel and Propeller)

Problem-solving phase Number of turnings  Number of displacements

a) Understanding and

Small Moderate
representing the problem
b) Planning/Developing a
Small Small
Strategy
c) Executing a strategy Moderate Large
d) Evaluating and monitoring
Large Small

solutions

Note: The numbers of turnings and displacements of gears within a specified time interval
indicate the problem-solving phase that the participant is undergoing during that time

interval.

3) Applying the assignment of Table 2 to the collected data would identify how many
switches between problem-solving phases (i.e., transitions) a participant executed throughout
a task. Based on these data, it could be investigated whether the number of transitions has an
impact on science problem-solving performance. Previous studies suggest that iterative

redesigning constructions improves children’s engineering problem-solving performance
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(e.g., Lucas et al., 2014). This may indicate that a greater number of transitions is beneficial

for science problem-solving performance.

4) The relationship between cognitive flexibility and the number of executed
transitions warrants further investigation. Previous research suggests that the proficiency in
transitioning is positively related to problem-solving performance (Molnar & Greiff, 2023).
Along this line, it can be investigated whether there are interaction effects of cognitive
flexibility and the number of transitions on science problem-solving performance. To
illustrate, it is reasonable that participants with a high cognitive flexibility commit more
transitions, which improves their performance, since they iteratively refine their solutions
(Lucas et al., 2014). This research suggestion is particularly pertinent to closer specify the role
of cognitive flexibility in children’s science problem-solving, that has been shown to be

essential in Study 3 of this dissertation.

Research suggestions 1) and 2) might provide first insights to identifying the strategies
that participants employed in the gear problem-solving tasks. More elaborate strategy analyses
could extend to children’s proactive and reactive cognitive control by using neuroimaging
methods (Braver, 2012; Czernochowski, 2015). Neurobehavioral response patterns may
indicate whether children anticipate the effects of their own actions (e.g., turning a gear and
anticipate that an adjacent gear will turn in the opposite direction; proactive control) or not
(e.g., turning a gear without particular expectations; reactive control). This again may suggest

whether children follow a predetermined plan or rather use a trial-and-error approach.

In addition to the tracking data, human raters created video-based observational coding
of the participants’ behavior in both the analog and digital gear problem-solving tasks
conducted in Study 1. The rater-coded data include the same variables as the tracking data, as

well as variables estimating participants’ handling proficiency, strategies, and quality of
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intermediate solutions. These data allow to add a view on potential differences in the problem-
solving process between analog and digital task modality. Even though Study 1 showed
convergent validity between task modalities on the performance level, it is still possible that
some measures on the process level differ. For instance, participants might conduct more
actions in the digital tasks due to a motorically simpler handling (i.e., swiping) compared to

the analog tasks (i.e., pull out a gear and insert it into the board).

It has shown that the problem-solving process may differ between individual (as
investigated in this dissertation) and collaborative problem-solving (i.e., solving a problem
with several persons by sharing knowledge and skills; OECD, 2013). In collaborative
problem-solving, the synergies of multiple perspectives might enhance problem-solving
performance and might even foster learning gains on the individual level (Gauvain, 2018).
Moreover, the interplay of problem-solving abilities and social skills makes collaborative
problem-solving research particularly relevant for elementary school education (Hesse et al.,
2015). The gear problem-solving tasks are well-suited to assess collaborative problem-solving
because they integrate distinct aspects of domain-specific knowledge (i.e., turning direction

and turning speed) that could be shared between participants.

Future research should consider a broader set of problem-solving tasks than those
employed in this dissertation, including engineering design problems (Strimel et al., 2018),
computational thinking (Montuori et al., 2024), and mathematical word problems (Swanson
& Beebe-Frankenberger, 2004). Such an integrated STEM study design (Roberts et al., 2022)
might verify whether the findings of this dissertation can be extended to other STEM domains.
Along that study design, it would be beneficial to include more ill-defined problems, e.g., in a
Microworld paradigm (Greiff et al., 2016), that still allow to comparably analyze the impact
of cognitive abilities on problem-solving performance. Furthermore, assessing different

aspects of reasoning (i.e., inductive, deductive, abductive, and visuospatial relational
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reasoning) and self-directed speech individually could closer verify the suggested structures
of the investigated problems (see section 1.4.1; Bartley et al., 2018; Gunzenhauser et al., 2019;

Leuchter & Hardy, 2021).

It has been suggested that the exploration of the problem space is an essential
component of children’s problem-solving, which provides a foundation for planning and
strategy development (Appleton, 1995; Eichmann et al., 2019). Since STEM tasks typically
require mentally representing task-relevant objects (Mohring et al., 2021; Ramey & Uttal,
2017), it is promising to conduct eye-tracking studies to investigate children’s exploration of
functional (e.g., turning dynamics) and spatial (e.g., size) object properties. Furthermore, eye-
tracking data might verify whether the employed science problem-solving tasks are insight
problems (see section 1.1.1; Gaschler et al., 2020) by identifying whether a child changes his

or her strategy after observing particular events.

Given that this dissertation has found an important role of domain-general abilities for
science problem-solving, it is promising to conduct cognitive training interventions (Karbach
& Kray, 2009) to identify potential transfer effects to science problem-solving. There is
evidence that cognitive trainings, focusing executive functions, may transfer to reading
abilities in elementary school children (Johann & Karbach, 2020). Moreover, previous
research showed transfer effects of executive function training to computational thinking in
first-graders (Arfé et al., 2020). However, a study of Fyfe and Borriello (2024) failed to find
transfer effects of domain-general abilities training on mathematics knowledge. Respective

findings in the science domain are sparse.
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5 Conclusion

In the framework of this dissertation, a number of new digital tasks for the empirical
assessment of problem-solving abilities and executive functions in pre- and elementary school
children were developed. In addition to this, two empirical studies were conducted with six-
to eight-year-old children to investigate the impact of domain-specific knowledge, language,
reasoning, inhibition, working memory, and cognitive flexibility on their science problem-
solving performance. The results indicated that higher-order cognitive abilities, particularly
language, reasoning, working memory, and cognitive flexibility had an essential impact on
science problem-solving performance that was considerably larger than the impact of domain-
specific knowledge. The findings are contrary to studies suggesting that (particularly well-
defined) problem-solving relies on domain-specific knowledge and processes (Chi et al., 1981;
Schraw et al., 1995) but provide evidence for problem-solving as a complex construct
composed of higher-order cognitive abilities (Wang & Chiew, 2010). The effect sizes varied
significantly across cognitive abilities and science problem-solving tasks, which might
motivate future studies. Additionally, the substantial amount of generated but unused tracking

data merits further investigation of the problem-solving process.

Traditional educational approaches have emphasized the acquisition of domain-
specific content knowledge in a subject area as a key to learning progress (Block & Anderson,
1975; McKeachie, 1999). However, this dissertation suggests that higher-order cognitive
abilities play a more essential role for how children solve science problems. This insight
suggests that fostering these cognitive abilities may be more beneficial than merely focusing
on teaching content knowledge. By prioritizing the development of language, reasoning and
executive functions, educators could improve children's overall problem-solving abilities,

potentially enhancing learning outcomes in science and other subjects.
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Abstract

Problem-solving is an important skill that is associated with reasoning abilities, action control
and academic success. Nevertheless, empirical evidence on cognitive correlates of prob-
lem-solving performance in childhood is limited. Appropriate assessment tools are scarce
and existing analog tasks require extensive coding. Thus, we developed and validated new
tablet-based versions of existing analog tasks assessing technical problem-solving with
gear construction tasks. To validate these tasks, 215 children (6-8 years) performed the
problem-solving tasks in both modalities (analog, digital). To investigate whether perfor-
mances in both modalities were correlated with other cognitive abilities, participants per-
formed three additional tasks assessing language, reasoning and problem-solving.
Structural equation modelling showed that performance was substantially correlated across
modalities and also correlated with language, reasoning and another problem-solving task,
showing the convergent validity of the digital tasks. We also found scalar measurement
invariance across task modalities indicating that both task versions can be used inter-
changeably. We conclude that both versions (analog and digital) draw on similar cognitive
resources and abilities. The analog tasks were thus successfully transferred to a digital plat-
form. The new tasks offer the immense benefits of digital data collection, provide a valid
measuring tool advancing problem-solving research in childhood and facilitate the applica-
tion in the field, e.g., in the classroom.

Introduction

Problem-solving refers to the process of achieving a goal state that is different from an initial
state by performing a series of cognitive or motor actions [1]. This process is typically charac-
terized by the following interdependent phases: (a) understanding and mentally representing
the problem, (b) developing plans and strategies to solve it, (¢) practically implementing the
plans and (d) evaluating (intermediate) outcomes [2]. Aside from minor variations, there is
much agreement on these four phases of problem-solving across different domains [3-5].
Problem-solving skills develop significantly during the pre- and primary school years and ben-
efit many important life outcomes, e.g., academic success and social skills [6]. Understanding,
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structuring and intentionally solving a problem requires perceptual, motor and creative
resources [7]. Exposure to problem-solving challenges promotes reasoning and learning pro-
cesses in children [8] and is associated with systematic and critical thinking [9]. Therefore,
problem-solving abilities are considered major educational learning outcomes [4]. Further-
more, problem-solving is closely related to higher-order cognitive functions, such as fluid
intelligence [10] and executive functions [11].

Technical problem-solving is considered a prototypical subtype of general problem-solving
[4], since it implements the four phases of problem-solving by performing manual actions
(phase c) with observable effects (phase d) that are clearly different from the cognitively-based
planning (phases a and b) [2, 12]. Therefore, technical problems have often been applied in
recent empirical research on problem-solving in pre- and primary school children [13-15].

Since problem-solving relies on various higher-order cognitive processes [7, 16], the
requirements for age-appropriate measures assessing problem-solving skills and strategies in
children are high [17]. The design cognition framework focusses on the cognitive processes
involved in technical designing and problem-solving and is commonly applied in pre- and pri-
mary school research [15]. Design cognition research identifies the problem-solving phases
based on participants’ think-aloud utterances during design task performance (e.g., “Design
and build a bug box that does not allow frogs in but allows bugs in/out” [15]). Thus, conclu-
sions on cognitive processes during technical problem-solving are commonly drawn from pro-
tocol-coding of children’s actions and their own verbal reasoning on them [15].

To examine technical problem-solving skills in preschool children, previous studies applied
gear turning tasks (GTT) with toy-like gears, propellers and a plastic pegboard [18]. In these
tasks, children were to assemble gears and propellers according to specific instructions in
terms of their turning direction and turning speed (e.g., assembling gears so that they would
turn in the same direction). In contrast to protocol-based evaluation methods, this study
design provided the advantage that correct target states were clearly defined and the phases of
problem-solving could be observed by analyzing the way participants organized, moved, inter-
connected and turned the gears and propellers [18]. Moreover, it integrated relevant scientific
knowledge with logical understanding and goal-directed behavior. However, the analog imple-
mentation of the GTTs required considerable time in terms of set-up, coding and data
processing.

Compared to analog testing, digital assessment methods offer numerous advantages [19].
Performance data, such as reaction times, can be saved more precisely and reliably. Moreover,
coding algorithms can process data efficiently, rendering the need for the very time-consum-
ing analog coding obsolete. Only a terminal device is needed to perform the experiment,
instead of large quantities of analog materials. Instructions can be presented more standard-
ized and their timing is more comparable across subjects, while the tasks can be designed in a
child-friendly way [20]. In current research, digital measurement is increasingly preferred
over analog measurement. For instance, formerly paper-based tests are successively digitized
in neuropsychological contexts to enable more efficient diagnostic assessments [21]. Similarly,
problem-solving skills in adolescents are assessed by means of digital paradigms, such as
microworlds, simulating real-life problem situations [22, 23], and classic cognitive tests such as
the Corsi Block-Tapping task, the Stroop task and the Trail-Making test are routinely adminis-
tered digitally across a wide range of ages [24].

However, newly digitized test instruments require thorough validation [24], which is usu-
ally achieved by demonstrating convergent validity of the digital test against the analog coun-
terpart [25]. Convergent validity of digital multiple-choice tests is usually shown by significant
medium-sized correlations with the paper-and-pencil version [26]. When measuring more
complex digitized tests assessing higher-order cognitive skills, like the Trail-Making test [27],
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evidence for convergent validity is additionally provided by testing the strength of associations
between related cognitive measures and both the digital and the analog versions of the test
[28]. Moreover, the convergent validity is demonstrated via structural equation modelling
assessing measurement invariance across latent factors of the analog and digital tests [29].

In this study, we developed digital, tablet-based versions of technical problem-solving tasks
for children. We chose the GTT's that were applied in previous studies using analog test mate-
rials because they are appropriate for assessing five- to eight-year-old children’s technical
problem-solving [18]. Our aim was to validate the newly developed digital GTTs in six- to
eight-year-old children. We therefore tested (1) whether performances on both modalities
(analog and digital) were correlated with each other and with related measures (a language
task, a reasoning task and another problem-solving task), (2) whether performance was mea-
surement invariant across modalities, (3) whether performances on both modalities were pre-
dicted by related measures and (4) whether these predictive values differed between
modalities. We expected substantial correlations between modalities, significant predictive val-
ues of related measures, that did not differ between modalities and that performances on both
modalities (i.e., both task versions) were measurement invariant at the scalar level.

Materials and methods
Participants

A power-analysis (parameters: r = .25, o. = .05, 1-8 = .90) for correlational analyses resulted in
arequired sample size of n = 164. Power-analyses (parameters: r = .25, o = .05, 1- = .90) for
structural equation modeling analyses resulted in a required sample size of n = 43 for the high-
est degrees of freedom (df = 7) and n = 54 for the lowest degrees of freedom (df = 5). In sum,
215 children between six and eight years of age (M = 7.18 years, SD = 0.78; 89 female) partici-
pated in the study voluntarily and with written informed consent of their parents or caregivers.
The recruitment period started on October 11, 2021 and ended on January 20, 2022. The study
was approved by the local ethics committee (application #361). Participants were recruited in a
town in southwestern Germany with a heterogeneous and diverse population [30]. The inclu-
sion criterion was age (6-8 years; established prior to data analysis). We established no further
exclusion criteria in order to minimize any selectivity of the sample.

Procedure

Participants completed ten tasks across two 30-minute sessions with a 60-minute break. Dur-
ing both sessions, the child worked individually with a trained experimenter at the lab. In ses-
sion one, children completed a language task, a reasoning task and a problem-solving task
(stabilization task) to assess the convergent validity of the newly developed digital problem-
solving tasks. Children also completed three conceptual knowledge tasks that are not relevant
for the present analyses. Session two served to validate the new digital version of the problem-
solving gear turning tasks (GTTs) against the analog version. It therefore included both GTTs
(carousel and propeller) in both modalities (analog, digital). Task modality (analog, digital) and
task type (carousel, propeller) were counterbalanced across participants. Sessions were video
recorded and tasks were instructed in German language.

Materials

All digital tasks were administered on a 10.1-inch sized tablet (Samsung Galaxy Note 10.1,
Android version 5.1.1). The tablet program was developed in Unity (2020.3.17f1) and built via
Android SDK (compression method LZ4). The digital GTTs were processed by single-point
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H

Fig 1. Experimental set-up of the GTTs. (A) Experimental set-up of the digital carousel task, (B) experimental set-up
of the analog carousel task, (C) experimental phase 1 of the carousel task, (D) experimental phase 2 of the carousel task,
(E) experimental phase 3 of the carousel task, (F) experimental phase 1 of the propeller task, (G) experimental phase 2
of the propeller task, (H) experimental phase 3 of the propeller task. GTT = Gear turning task.

https://doi.org/10.1371/journal.pone.0309718.g001

swipe control in a two-dimensional response space (Fig 1A). Each gear had an inner and an
outer radius. The inner radius was defined as the distance between a gear’s center and the clos-
est point of the notches between two gear teeth. The outer radius extended to the outer end of
the gear teeth. The gears and propellers were moved via drag-and-drop with the currently
selected object slightly protruding in perspective. When a gear was dropped onto the board, its
new position was aligned with a grid that exactly mimicked the analog pegboard (20x14 plug-
in options). Since the inner radii of two gears on the board could not overlap, gears released at
an invalid position snapped in at the position with the smallest possible distance to the release
position that was not less than the sum of the two overlapping inner gear radii. Gears located
on the board could be turned by circularly swiping in the area between the inner and the outer
radius. Whenever the distance between two gears was less than the sum of their outer radii and
greater than the sum of their inner radii, they were considered to be connected and, thus,
drove each other when turning. Propellers were dragged to the center of a gear to attach them
to it and consequently moved and turned uniformly with this gear. Children had sufficient
time to familiarize with the tablet handling. The analog version of the GTTs, carousel and pro-
peller, was administered with a pegboard and plastic gears (Fig 1B).

Tasks

Language: Receptive vocabulary (Wechsler Preschool and Primary Scale of Intelligence
(WPPSI-1V)) [31]. Participants saw consecutive displays with four pictures on a tablet screen
and had to point to the picture named by the experimenter. The task included two practice tri-
als and up to 35 test trials. It was aborted after three consecutive errors. The dependent variable
was the number of correctly solved items.

Reasoning: Matrix reasoning (WPPSI-IV [31]). Participants saw a 2x2 matrix on a tablet
screen containing three pictures and one question mark. They were instructed to pick one out
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of four or five figurative response options to complete the matrix pattern. The task included
three practice trials and up to 26 test trials. It was aborted after three consecutive errors. The
dependent variable was the number of correctly solved items.

Problem-solving: Stabilization task (cf. [32]). Participants saw instable constructions of
rectangular and triangular wooden blocks. Participants had up to three attempts to place
another color-coded block stabilizing the construction. The task included one practice trial
and eight test trials. The dependent variable was scored according to the number of required
stabilizing attempts (items successfully solved at the first attempt: three points; one point less
for each failed attempt; scoring range: 0-24).

Problem-solving: Carousel task [18]. Participants saw a rectangular board with a driving
gear and a target gear (introduced as a carousel) on it (Fig 1C). Both were marked by a circular
arrow indicating a clockwise turning direction. Participants had to make the target gear turn
clockwise when turning the driving gear clockwise by using other gears of four different sizes
to connect driving and target gear. After three minutes or when participants indicated that
they had finished constructing, the first experimental phase was over. In the second experi-
mental phase, the experimenter removed the pegboard (analog modality) or the tablet (digital
modality) temporarily and showed a printed picture of the initial state of the board to the par-
ticipants (i.e., the state shown in Fig 1C). Subsequently, participants were asked to repeat the
task requirements. If they were not able to repeat them correctly, the experimenter repeated
them. The accuracy of the participants’ responses was coded video-based, but not analyzed in
this study. Afterwards, participants saw their construction and decided whether they wanted
to make further changes to it or to end the task if they felt that it was completed. If they contin-
ued, they had up to two minutes to finish the construction (third experimental phase; Fig 1E).
The dependent variable was the solution quality of the final construction state (scoring system:
no gear was connected to either of the fixed gears (driving and target gear): 0 points; one of the
fixed gears was connected to at least one other gear: 1 point; both fixed gears were connected
to at least one other gear: 2 points; the two fixed gears were connected, but did not turn in the
same direction: 3 points; they turned in the same direction: 4 points).

Problem-solving: Propeller task [16]. Participants saw a rectangular board with an
unmarked driving gear on it. In addition to different-sized gears, two propellers were provided
(Fig 1F). Children had to attach them to gears in a way that one propeller would turn as fast as
possible and the other one as slow as possible without touching each other when the driving
gear was turned. Subsequently, the second and third experimental phase (shown in Fig 1G and
1H) proceeded in the same way as in the carousel task. The dependent variable was the solu-
tion quality of the final construction state. It was defined as the sum of two variables: turning
speed (scoring system: at least one propeller was not attached to any gear: 0 points; both pro-
pellers were attached to the same gear type (i.e., gears of the same size): 1 point; both propellers
were attached to different gear types, but not largest and smallest: 2 points; propellers were
attached to the largest and smallest gear type: 3 points) and contact (scoring system: at least
one propeller was not driven by the driving gear: 0 points; propellers touched when turning
the driving gear: 1 point; they did not touch: 2 points).

Analyses

Performance on the GTTs was evaluated by two trained raters coding the solution quality by
rating the same dependent measures that were collected and calculated by the tablet program
in the digital version. The mean inter-rater reliability between the raters for data of 20 ran-
domly selected participants was very good for each dependent variable (Cohen’s Kappa = .82-
.97). Given that the correlation between the manually coded data of the digital GTTs and the
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data measured by the tablet app was very substantial (carousel: r = .87, p = .00; propeller: r =
.94, p = .00), we calculated the analyses based on the data measured by the tablet app.

Data of the analog GTTs of twelve participants was missing due to missing video record-
ings. Data of the analog propeller task of 21 participants was excluded because at least one pro-
peller was not attached to the center but to the edge of a gear rendering the coding of turning
speed impossible.

Statistical analyses were performed using R version 4.3.0 [33]. To analyze the manifest asso-
ciation between performances on both GTT modalities and other tasks, we used Spearman
rank correlation analyses. As the main analysis, we estimated a model comprising two latent
modality factors (analog and digital), each represented by performances on both GTTs (carou-
sel and propeller task) of the respective modality. We fitted the covariance-based structural
equation model with the R package lavaan [34] using only complete data sets. We evaluated
goodness of fit based on the comparative fit index (CFI) [35] and the root mean square error
of approximation (RMSEA) [36]. According to Hu and Bentler (1999), we considered CFI val-
ues >0.95 and RMSEA values <0.06 to indicate good model fit [37]. Additionally, we evalu-
ated the standardized root mean square residual (SRMR) and the Tucker-Lewis index (TLI).
According to Vermeent et al. (2022), we assessed longitudinal measurement invariance to con-
trol for configural (equal factor structure), metric (equal factor loadings) and scalar (equal
intercepts) invariance across modalities using the likelihood ratio test [29]. Additionally, we
included regression paths from the manifest indicators of language ability, reasoning ability
and stabilization task performance to both modality factors in order to test their predictive
value for GTT performance (convergent validity). We then imposed equality constraints on
the regression paths in order to check for differences in this predictive value between
modalities.

Results

Descriptives and correlation coefficients for the dependent variables are presented in Table 1.

Correlations between GTT modalities and other tasks

On the manifest level, we found significant associations between modalities in both tasks (car-
ousel: r = .33, p = .00; propeller: r = .50, p = .00). Performance across all four GTTs correlated
significantly with performance on the language task (carousel analog: r = .31; carousel digital: r

Table 1. Means and standard deviations of the GTTs (carousel, propeller) and the validation tasks (reasoning, language and problem-solving) and correlations
between these measures.

Variable M SD 1 2 3 4 5 6
1. Language task 27.02 4.44

2. Reasoning task 16.20 4.47 A1

3. Problem-solving task 12.22 3.20 37 36

4. GTT: Carousel analog 3.35 1.05 31 31 .32%*

5. GTT: Carousel digital 3.06 1.18 34%* A43** 28%* .33%*

6. GTT: Propeller analog 3.15 1.57 207 24 A42%* 357 28**

7. GTT: Propeller digital 2.43 1.66 38%* 34%* 36%* 24%* 46™* .50**

Note: GTT = Gear turning task;
*p < .05,
**p < .01.

https://doi.org/10.1371/journal.pone.0309718.t001
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Fig 2. Model describing the relationships of analog and digital GTT performances and related measures (language, reasoning and
stabilization problem-solving). The squares represent manifest variables and the circles represent latent variables. Single-headed arrows from
manifest variables to latent variables indicate regression paths, single-headed arrows from latent variables to manifest variables indicate factor

loadings, double-headed arrows indicate correlations. The model was estimated with weighted least square mean and variance adjusted
(WLSMV) for ordinal data. GTT = Gear turning task; *p < .05, **p < .01.

https://doi.org/10.1371/journal.pone.0309718.g002

= .34; propeller analog: r = .20; propeller digital: » = .38; all p < .01). Performance on all GTTs
was also significantly correlated with performance on the reasoning task (carousel analog: r =
.31; carousel digital: r = .43; propeller analog: r = .24; propeller digital: » = .34; all p < .01).
Moreover, performance on the GTTs was significantly correlated with performance on the sta-
bilization task (carousel analog: r = .32; carousel digital: r = .28; propeller analog: r = .42; pro-
peller digital: » = .36; all p < .01).

Measurement invariance across GTT modalities

The latent factor model provided an excellent fit to the data (see Fig 2). Likelihood ratio tests
revealed configural, metric and scalar measurement invariance across the modality factors
(analog and digital; see Table 2).

Predictive value of performance on related tasks for GTT performance
(convergent validity)

Regression paths in the model (see Fig 2) were significant for language and stabilization per-
formance across modalities. Reasoning was a significant predictor of digital GTT performance,

Table 2. Model parameters of measurement invariance tests.

Level 22(df) P Robust CFI Robust TLI Robust RMSEA [90% CI] SRMR Ax2 p(Ax2)
Configural 2.839 (5) .000 1.000 1.027 .038 [.000-.082] .027

Metric 3.449 (6) .000 1.000 1.027 .034 [.000-.080] .032 0.610 .326
Scalar 3.890 (7) .000 1.000 1.028 .033 [.000-.075] .032 0.441 284

Note: Models were estimated with weighted least square mean and variance adjusted (WLSMV) for ordinal data. CFI = Comparative Fit Index; TLI = Tucker-Lewis
Index; RMSEA = Root Mean Square Error of Approximation; CI = Confidence interval; SRMR = Standardized Root Mean Square Residual.

https://doi.org/10.1371/journal.pone.0309718.t1002
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Table 3. Comparison of regression paths between task modalities (analog, digital).

Model 22(df) p Robust CFI Robust TLI Robust RMSEA [90% CI] SRMR Ax2 p(Ax2)
Unconstrained 2.839 (5) .000 1.000 1.027 .038 [.000-.082] .027

Language 2.972 (6) .000 1.000 1.032 .033 [.000-.074] .028 0.133 480
Reasoning 5.365 (6) .000 1.000 1.007 .055 [.012-.096] .039 2.526 .047*
Stabilization task 3.990 (6) .000 1.000 1.021 .041 [.000-.085] .032 1.151 .190

Note: All three regression paths were constrained separately to be equal across task modalities. Models were estimated with weighted least square mean and variance
adjusted (WLSMV) for ordinal data. CFI = Comparative Fit Index; TLI = Tucker-Lewis Index; RMSEA = Root Mean Square Error of Approximation; CI = Confidence
interval; SRMR = Standardized Root Mean Square Residual.

*p <.05,

*p < .01

https://doi.org/10.1371/journal.pone.0309718.t003

but not of analog GTT performance. Imposing equality constraints on the regression paths

between modalities did not significantly change the model fit for language and stabilization
performance, but for reasoning (see Table 3). Thus, language and stabilization performance
contributed equally strong to GTT performances across modalities, whereas reasoning con-
tributed more strongly to digital than to analog GTT performance.

Discussion

Our aim was to validate new, digital versions of gear-based problem-solving tasks against the
traditional analog tasks. Six- to eight-year-old children performed both the analog and the dig-
ital version of two GTTs as well as a number of related validation measures. First, we compared
performance between both modalities (digital, analog). As expected, we found significant cor-
relations between task performances across modalities. These results are consistent with find-
ings from earlier studies [e.g., 24, 27, 38] that showed medium-sized correlations between
digitized and analog versions of cognitive tests, indicating that both versions are comparable.
Second, we found measurement invariance across the digital and the analog GTT versions on
the configural, metric and scalar level. This indicates that both task versions had an equal fac-
tor structure, equal factor loadings and an equal scale level (i.e., equal intercepts), which also
provides evidence for convergent validity. Third, we found the expected predictive value of
language, reasoning and a problem-solving task performance for GT'T performances on both
modalities, providing further evidence for convergent validity of the tasks. Fourth, this predic-
tive value was comparable across task modalities for language and stabilization performance,
but larger in the digital modality for reasoning. The association between GTT performance
and language ability indicates that children substantially relied on verbal processes to solve the
GTT problems. In fact, this is in line with the assumption that children use subvocal verbal
self-instruction to solve complex tasks [39-42]. The substantial association between GTT per-
formance and stabilization task performance indicates that the new tasks are construct valid
and might be representative for multiple problem-solving domains [43]. However, reasoning
contributed more strongly to the digital than to the analog GTT performance. Since previous
studies have shown that reasoning is an essential component of problem-solving [22, 44], this
positive association confirmed the construct validity of the new digital measurement. The fact
that reasoning was not predictive for the analog GTT performance might have been caused by
a modality effect, since the reasoning test was also assessed digitally on a tablet.

The many advantages of digital testing [45] include that it can provide more accurate and
detailed data and record multiple measurements without the need for trained personnel to
perform video-based data coding (also eliminating the need to film hours of testing and get
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parental consent for video recordings, increasing the efficiency of testing). The reliability of
the digital data processing is clearly documented by very high correlations between human-
coded data and data measured by the app. Furthermore, digital assessment methods are much
easier to implement outside of the lab (e.g., in schools or daycare centers) and reduce test
administrator influence on the assessment results [46]. Although the benefits of digital prob-
lem-solving assessment have been known for a long time [19], so far only very few digital
assessment tools for children are available.

Regarding the framework of problem-solving, our study focused on solution quality rather
than on the individual problem-solving phases [2]. Many previous studies lacked valid quanti-
tative measures of solution quality, which may be of particular importance for the design of
intervention studies and educational support programs. The digital GTTs automatically track
both the solution quality as well as data providing information on the process of problem-solv-
ing, including the number and timing of gear turnings, gear displacements and processing
time. This process data provides opportunities to closer investigate the cognitive processes
(e.g., reasoning processes) involved in the different problem-solving phases. Therefore, the
new tasks provide a significant improvement in the measurement of technical problem-solving
strategies beyond qualitative approaches [15, 18] and extend current quantitative accuracy-
based research on children’s problem-solving [22, 23]. The digital GTTs could furthermore be
adapted for the assessment of older children and adolescents by adjusting the difficulty level of
the tasks, for example, by increasing distances between fixed gears or reducing the number of
available gears. A limitation of our study is the lack of more specific information about the
sample, such as the socio-economic status of the participants’ caregivers.

Conclusion

We conclude that the new digital GT'T's are a valid adaptation of the traditional analog tasks
for assessing problem-solving in six- to eight-year-old children. Given the substantial advan-
tages of digital assessment instruments, the development of this tablet app contributes to
research on cognitive development in problem-solving skills and strategies in early and middle
childhood. The new tablet-based tasks also provide opportunities to investigate the contribu-
tion of higher-order cognitive abilities, such as executive functions, to problem-solving abili-
ties in childhood [47]. Further studies are needed to collect representative normative data for
the digital GTTs considering, for example, the effects of age, grade and gender.
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Abstract

Background: Problem-solving in early and middle child-
hood is of high relevance for cognitive developmental
research and educational support. Previous research on
science problem-solving has focussed on the process and
strategies of children handling challenging tasks, but less on
providing insights into the cognitive network that enables
science problem-solving,.

Aims: In this study, we aimed to investigate whether per-
formance in science problem-solving is mainly determined
by domain-specific rule knowledge, by domain-general cog-
nitive abilities or both.

Methods: In our study, 215 6- to 8-year-old children com-
pleted a set of three domain-specific rule knowledge tasks and
three corresponding problem-solving tasks that were content-
coherent, as well as a vocabulary task, and a reasoning task.
Results: Correlational and regtression analyses revealed
a negligible impact of domain-specific rule knowledge on
corresponding problem-solving tasks. In contrast, the as-
sociations between problem-solving performance in differ-
ent domains and the associations between problem-solving
performance and domain-general abilities (vocabulary and
reasoning) were comparably strong,.

Conclusions: The findings suggest that science problem-
solving in primary school children primarily relies on
domain-general cognitive abilities. Implications of these
findings are discussed with regard to cognitive theories and
early science education.
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INTRODUCTION

Problem-solving abilities in children are assumed to foster subsequent personal and professional success
(Diamond, 2018). Thus, problem-solving is a relevant research topic regarding childhood development
and educational support (Keen, 2011). Problem-solving describes the process of reaching a desired state
(i.e., a goal) that is different from an initial state (Funke et al., 2018). This process requires cognitive
effort on the part of the problem solver because the gap between the initial state and the desired state
arises from a lack of ability or routine knowledge (Funke et al., 2018; Mehadi Rahman, 2019). The
problem-solving process includes interdependent steps, such as understanding the problem, testing par-
tial solutions and continuously matching the current state with the goal state (Adams & Atman, 1999;
Funke et al., 2018; Lee & Johnson-Laird, 2013; Strimel et al., 2018).

A core aspect of problem-solving is rule knowledge that highlights logical problem aspects (Luo
& Niki, 2003), which can be related to domain-specific content. Some researchers consider domain-
specific content knowledge as the main factor contributing to successful problem-solving (cf. the sem-
inal work by Chi et al., 1982; Perkins & Salomon, 1989), while others consider domain-general aspects,
such as fluid and crystallized intelligence, crucial for problem-solving (Greiff et al., 2014; Mehadi
Rahman, 2019).

Our study aims to analyse the role of domain-specific rule knowledge and the role of domain-general
cognitive abilities in 6- to 8-year-old children's problem-solving. For this purpose, we tested domain-
specific rule knowledge in two content domains: gear-turning mechanisms and stability of building
block constructions. In addition, we measured vocabulary and reasoning as indicators of intelligence
and investigated the effects of age and gender on problem-solving performance.

The role of rule knowledge in problem-solving

Rule knowledge represents the understanding of relationships underlying logical problems, whereas
rule application represents the use of this knowledge to solve a problem (Buhner et al., 2008; Fischer
et al,, 2011; Greiff et al., 2015; Jonassen, 2000; Mustakim et al., 2020; Simmons, 1992). Rule knowledge
can be considered as domain-independent (Greiff et al., 2015) and mentally represented as a logical
if-then-proposition (Arl6-Costa & Levi, 1996). However, domain-specific rule knowledge can primar-
ily be applied to a problem in this specific domain, for example in the gear domain. For instance, the
domain-specific rule knowledge of turning direction can be applied to make gears turn in particular
directions. Effectively applied domain-specific rule knowledge can be an integral part of successful
problem-solving (Charlesworth & Leali, 2012; Milbourne & Wiebe, 2018).

Domain-specific rule knowledge can be stored in memory explicitly or implicitly (Reber &
Kotovsky, 1997). A problem solver with explicit domain-specific rule knowledge can explain the rules,
for example the turning direction of interconnected gears. A problem solver with implicit domain-
specific rule knowledge knows about the turning direction of gears but is not able to explain it. Both
explicit and implicit rule knowledge may be applied in problem-solving (Hamilton et al., 2007).
Problem-solving without explicit knowledge is possible when using trial-and-error as a heuristic (Funke
et al., 2018). Trial-and-error can be considered the lowest level of prior planning (Stern & Hertel, 2022),
but can result in successful problem-solving by chance, lead to strategy formation, and generate implicit
knowledge (Reber & Kotovsky, 1997; Ténnsen, 2021).

Domain-specific knowledge and domain-general cognitive abilities in
problem-solving

Domain-specific knowledge and domain-general cognitive abilities in academic performance, includ-
ing problem-solving, have been a much-investigated field for decades (Greene et al., 2018). However,
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findings on the interaction of domain-specific knowledge and domain-general cognitive abilities in
problem-solving are inconsistent (Chi et al., 1981; Chiappe & MacDonald, 2005; Greiff et al., 2014).

Domain-specific content knowledge in problem-solving

Studies using the expert-novice paradigm indicated that more domain-specific content knowledge (ex-
pertise) correlates with enhanced problem-solving abilities in the respective domain (e.g., Chi et al., 1981;
Perkins & Salomon, 1989). Consequently, students' context familiarity of a problem may improve their
problem-solving (Bibi et al., 2018). Content knowledge allows experts to pay attention to the deep structure
of a problem, whereas novices are typically oriented towards surface features (Chi, 2006; Mayer, 1997).
Moreover, a certain amount of domain-specific content knowledge may be necessary for an effective ap-
plication of domain-general problem-solving strategies (Alexander & Judy, 1988), such as problem decom-
position and solution search (Reif & Heller, 1982). A recent study with physics students indicated that
problem-solving performance increased as a function of domain-specific content knowledge (Milbourne &
Wiebe, 2018). Yet, findings from Sabella and Redish (2007) suggested that performance in problem-solving
not only depends on the availability of domain-specific content knowledge but more on how and when it is
activated. Thus, domain-specific content knowledge does not completely explain problem-solving perfor-
mance (e.g., Schoenfeld, 1987), suggesting that other cognitive processes are involved.

Domain-general cognitive abilities in problem-solving

A number of previous studies indicated that higher-order cognition, such as fluid and crystallized
intelligence, contributes to problem-solving performance (Funke, 2014; Greiff et al., 2014; Mehadi
Rahman, 2019; Zook et al., 2004). Fluid intelligence might, for instance, support problem-solving per-
formance when complex problems have to be segmented or inductive or deductive reasoning is required
(Chiappe & MacDonald, 2005; O'Brien et al., 2023). Crystallized intelligence is considered an important
factor in children's problem-solving, as it allows the retrieval of previously acquired information and
experiences, but also as a prerequisite for the understanding of verbal problem statements (Stephan
et al., 2022). Specifically, verbal abilities support action planning, which is a central part of problem-
solving (Gunzenhauser et al., 2019).

The interrelation of domain-specific content knowledge and domain-general cognitive
abilities in children

There are only a few studies focusing on the relationship between domain-specific content knowledge
and domain-general cognitive abilities in children's problem-solving. Findings from English (1992) in-
dicated that the amount of domain-specific content knowledge plays a crucial role in 4- to 9-year-olds
for the application of meaningful solution strategies to combinatorial problems. Gilmore et al. (2018)
suggested that domain-specific content knowledge regarding the structure of the number system best
predicted arithmetic problem-solving, whereas domain-general cognitive abilities were weaker predic-
tors in 8- to 10-year-old children. In contrast, Geary et al. (2017) found in a longitudinal study from
grade one to grade eight that domain-general cognitive abilities were more important than domain-
specific content knowledge for mathematics problem-solving in eatly grades, but domain-general abili-
ties and domain-specific content knowledge were equally important in later grades.

Besides the mathematics domain, children's problem-solving has been studied in an early engineer-
ing framework (for an overview, Gold & Elicker, 2020; Lucas & Hanson, 2016; Strimel et al., 2018). A
study by Spektor-Levy and Shechter (2022) has shown that engineering practices and problem-solving
performance of 5- and 6-year-old preschoolers improved by simply providing them with construction

d ‘2 'v202 '6.287v0C

wouy

NIPUOD PUE SWB 1 841 395 *[720270/E2] U0 ARIGIT BUIIUO ABIIN TEPLET-UBIEE S IBYSBAIIN SUISIILDR | SUOSIZ RId-PUEIUBUY Ad 6792T BIG/TTTT OT/I0pAUCY Ao |IM:

foymA

11pUOD-PL

5UB01 SUOLLILIOD A0 31e01 dde a1 AQ PoUBACE 8.8 SIPILE WO 95N J0'S3IN 10} AICIT3UIUO ABIIA U



DOMAIN-GENERAL PROBLEM-SOLVING COGNITION | 349

materials for free play at their daycare centre. However, few studies on children's engineering examined
the role of domain-specific content knowledge for problem-solving. Reuter and Leuchter (2022a) in-
vestigated problem-solving with 4- to 7-year-olds in the domain of gears. The task involved connecting
two gears fixed on a board so that they turn in the same direction. Based on the rule that adjacent gears
turn in opposite directions, the children had to use an odd number of additional gears to successfully
solve the problem (Reuter & Leuchter, 2022a). The results revealed no significant correlations between
domain-specific rule knowledge (i.e., turning direction of adjacent gears) and quality of the problem
solution (Reuter & Leuchter, 2022a).

Young children are likely to lack comprehensive content knowledge in various domains. However,
they may have phenomenological primitives (diSessa, 1988) which they may have gained during playful
experience (Weisberg et al., 2013). For example, the phenomenon of gears' turning direction and turn-
ing speed may have been achieved while playing with gears and the phenomenon of stability through
block play. This experience may result in rule knowledge.

Children's domain-specific rule knowledge of gears' turning direction and
turning speed

In the domain of gear-turning mechanisms, children may develop rule knowledge through playful
experiences. The turning direction of adjacent connected gears is opposite. Thus, a target gear turns in
the same direction as a driving gear when connected by an odd number of intermediate gears (Lehrer &
Schauble, 1998). The turning speed of a gear around its own axis is size-dependent. Smaller gears turn
faster around their own axis compared to larger gears (Reuter & Leuchter, 2021). Several studies have
shown that children's domain-specific rule knowledge regarding gears' turning direction and turning
speed develops during early school years and can be fostered through playful interventions (Lehrer
& Schauble, 1998; Reuter & Leuchter, 2021, 2022a). In the study by Reuter and Leuchter (2021), most
7- and 8-year-olds had the correct domain-specific rule knowledge, whereas the majority of 5- and
6-year-olds did not. With respect to gears' turning speed, most children between 5 and 10years of age
had insufficient domain-specific rule knowledge (Reuter & Leuchter, 2021). However, studies by Reuter
and Leuchter (2021, 2022b) indicated that 5- and 6-year-olds might acquire appropriate domain-specific
rule knowledge about gears' turning direction and speed in short play-based interventions.

Children's domain-specific rule knowledge of building block constructions' stability

The stability of building blocks depends on the centre-of-mass principle, stating that a resting object
is unstable when it is not supported (Weber & Leuchter, 2020). The geometric centre aligns with the
centre-of-mass in symmetrical but not in asymmetrical constructions. Research indicated that asymmet-
rical building block constructions are more difficult to rate correctly than symmetrical building block
constructions for 3- to 6-year-old children (Krist, 2010), indicating a lack of explicit stability knowledge.
Additionally, Krist et al. (2005) found that 4- and 5-year-olds struggle to actively balance symmetrical
building blocks on a beam scale, suggesting a lack of appropriate implicit knowledge. However, the
development of stability knowledge between 4 and 8years (Krist et al., 2005) can be fostered through
interventions that address children's strategies to stabilize building blocks and their reasoning about it
(Weber et al., 2020). These studies indicated that domain-specific rule knowledge can be learned implic-
itly and is accessible implicitly and explicitly.

Taken together, both the turning direction and speed of gears and the stability of building block
constructions seem to be appropriate content domains to investigate the relationship between domain-
specific rule knowledge and domain-general abilities for 6-to-8-yeatr-olds' problem-solving. Thus, in the
present study, we assessed problem-solving with tasks focusing on gears' turning direction and turning
speed and building block constructions' stability.
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The role of age and gender in problem-solving abilities

Problem-solving abilities significantly improve across childhood (Keen, 2011). Thornton (2009) at-
tributed this learning development to children's active engagement with problem situations. Research
suggested that problem-solving in children develops from trial-and-error procedures towards a more
strategic and planful process with increasing age (Injoque-Ricle et al., 2014). However, age-related
changes in problem-solving do not develop automatically but are driven by children's experiences in
tool use, object manipulation and understanding of causal relations (Keen, 2011). Regarding general
science understanding, a developmental boost occurs during early primary school age (Fitzgerald &
Smith, 2016). Moreover, a previous study has shown that a developmental shift in the conceptual un-
derstanding of gears might occur between the ages of 6 and 7years (Reuter & Leuchter, 2021). This
was indicated by the fact that 7-year-olds were more likely than 6-year-olds to understand the content
underlying gear problems (Reuter & Leuchter, 2021). While problem-solving strategies rely strongly on
crystallized intelligence in older adults and on fluid intelligence in younger adults (Chen et al., 2017),
less is known about eatly childhood.

Evidence for gender effects in problem-solving is heterogeneous, although there is some evi-
dence that problem-solving performance varies between genders according to the problem domain
(Walker et al., 2002; Zhu, 2007). Research suggested that female preschoolers are more competent
in applying social problem-solving strategies than males (Walker et al., 2002). In contrast, male sixth
graders were more strategic and successful in mathematical problem-solving (Zhu, 2007), although
it was argued that gender differences in mathematical problem-solving resulted from stereotype
threats depressing women's performance (Quinn & Spencer, 2001). In a science problem-solving
study, male students were more successful because of their solution-seeking behaviour (Harskamp
et al., 2008).

The present research

Our aim was to systematically investigate domain-specific rule knowledge and domain-general abilities
in 6- to 8-year-old children's problem-solving. Therefore, we used three tablet-based problem-solving tasks
in which participants had to solve construction problems with gears and building blocks according to
well-defined goal requirements: (a) carousel task, (b) propeller task and (c) stabilization task. Additionally,
three rule knowledge fasks assessed the domain-specific rule knowledge underlying the problen-solving tasks:
(a) the turning direction of gears (rule: if adjacent connected gears turn, then their turning direction is op-
posite), (b) the zurning speed of gears (rule: if a gear is larger than another gear, then it will turn comparably
slower around its own axis) and (c) the stability of asymmetric building block constructions (rule: if the
centre-of-mass of a building block construction is supported, it will remain stable). Furthermore, we meas-
ured two domain-general cognitive abilities: vocabulary as proxy for crystallized intelligence and rea-
soning as proxy for fluid intelligence. Our research questions were to test (1) whether problem-solving
performance is more strongly related to (a) domain-specific rule knowledge or to (b) domain-general
cognitive abilities (represented by crystallized and fluid intelligence and problem-solving in other do-
mains; see Figure 2) and (2) whether age and gender have an impact on problem-solving performance.

METHODS
Participants
A power-analysis (parameters: 7=.25, a=.05, 1-#=.90) resulted in a required sample size of #=164. The

sample consisted of 215 children (age: 6—8years, M="7.18, SD =0.78; 89 female) from public schools. Data
collection took place at a workshop during a school holiday at the university. They participated voluntarily
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and with written informed consent of their parents. The study was approved by the local ethics committee
at the department of psychology (application #361). Ethnic background of participants was not recorded.

Design

We conducted a within-subject design, in which participants completed two sessions of approximately
30min each with a 60-min break in between. Participants performed rule knowledge, vocabulary and
reasoning tasks in the first session and problem-solving tasks (carousel, propeller and stabilization task) in
the second session. In addition, children performed two tasks using analogue gear materials (cf. Schifer
et al., 2023a) in the second session, which are not subject of this study. Task order of the turning direction
problem-solving task (carousel) and the turning speed problem-solving task (propeller) was counterbal-
anced, because they both belong to the gear domain. In relation to Bibi and Ahmad (2022), we presented
non-routine problems since gears and building blocks are typically not used in goal-oriented problem-
solving tasks, but as play materials. Trained experimenters explained and conducted the tasks in one-to-one
settings with standardized procedures without providing feedback on response accuracy. All tasks were
performed on a tablet application (cf. Schifer et al., 2023a). Participants had sufficient time and instruction
to get familiar with the task-specific tablet handling prior to each task. The procedure was video recorded.

Tests

The study comprised three rule knowledge tasks and three corresponding problem-solving tasks. All
tasks started with one practice trial followed by the test trials (Figure 1).

Turning direction tasks

The turning direction knowledge task (Reuter & Leuchter, 2022b) contained six items with two to four connected
gears of the same size. A driving gear was marked with a circular arrow indicating its turning direction.
Participants were instructed to infer the turning direction(s) of the other connected gear(s) when the driving
gear would turn in the direction specified by the arrow. Gears could neither be removed nor turned. Gears
whose turning direction was estimated correctly were scored as one point each (0—13 points).

The turning direction problem-solving task (carousel task; Reuter & Leuchter, 2022b) contained a construc-
tion board with 20 X 14 plug-in options, and 14 gears of 4 different sizes arranged outside the board. The
left lower corner of the board showed a fixed turnable driving gear and the upper right corner showed
a fixed turnable target gear (i.e., a carousel). Participants were asked to build a connection between
driving and target gear so that they turned in the same direction (goal state). Gears were moved via
drag-and-drop and turned by circular swiping. Participants had up to 5 min to solve the task. Solution
quality was ordinally scaled (0—4 points; see Table 1).

Turning speed tasks

The furning speed knowledge task (Reuter & Leuchter, 2022a) contained nine items with one to three con-
nected gears of the same size in the upper half of the screen. In the lower half of the screen, three grey
gears of different sizes were displayed. Participants had to pick the grey gear that would turn faster,
slower or equally fast as the one(s) in the upper display. Gears could neither be removed nor turned.
Gears whose turning speed was estimated correctly were scored as one point (0-9 points).

The turning speed problem-solving task (Propeller task; Reuter & Leuchter, 2019) contained a con-
struction board with 20 X 14 plug-in options and 14 gears of 4 different sizes and 2 propellers
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Tablet screenshots of the rule knowledge tasks and the problem-solving tasks

Rule knowledge tasks Problem-solving tasks
) Turning
Turning o
direction
direction .
problem-solving
knowledge
(carousel task)
Turning Turning speed
speed problem-solving
knowledge (propeller task)
Centre-of-mass
Centre-of-
problem-solving
mass
(stabilization
knowledge
task)

FIGURE 1 Tablet screenshots of the rule knowledge tasks and the problem-solving tasks.

TABLE 1 Grading system for the solution quality in the turning direction problem-solving task (carousel task).

Coded score Final state on the gear board

0 Neither the driving gear nor the target gear had another gear attached to it

1 Either the driving gear or the target gear had at least one other gear attached to it

2 At least one gear was attached to both the driving and target gear

3 Driving gear and target gear were connected, but the target gear was either turning in the wrong

direction or it was blocked

4 Driving gear and target gear were connected and the target gear turned in the specified direction
when the driving gear turned in the specified direction

arranged outside the board. The lower part of the board showed a fixed turnable driving gear. The
propellers could be attached to all gears except of the driving gear. Participants were asked to make
one propeller turn as fast as possible and another propeller turn as slow as possible when turning the
driving gear, without both propellers touching each other (goal state). Gears were moved via drag-
and-drop and turned by circular swiping. Participants had up to 5min to solve the task. Solution
quality was ordinally scaled as two variables that were added to a sum score (turning speed 0-3
points plus contact 0—2 points; see Table 2).

Centre-of-mass tasks

The centre-of-mass knowledge task (Weber & Leuchter, 2020) contained 16 items of asymmetrical
building block constructions. Participants rated whether a construction would hold or collapse
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TABLE 2 Grading system for the solution quality in the turning speed problem-solving task (propeller task).

Coded score Coding variable Final state on the gear board

0 Turning speed At least one propeller was not attached on any gear

1 Turning speed Both propellers were attached on gears of the same size

2 Turning speed Both propellers were attached on different-sized gears, but not

largest and smallest

3 Turning speed One propeller was attached on the smallest gear and the other
propeller was attached on the largest gear

0 Contact Not both propellers were driven by the driving gear or not both
propellers were attached to the centre of a gear wheel

1 Contact The two propellers touched each other when turning the driving gear

2 Contact The two propellers did not touch each other when turning the

driving gear

Note: The sum of the values in turning speed and in contact represent the total score.

after removing one specific colour-coded building block. Correctly solved items were scored as
one point (0—16 points).

The stabilization problem-solving task (based on Weber et al., 2020) contained eight items of an in-
stable asymmetrical building block construction, which could be stabilized (goal state) by placing
an additional building block via drag-and-drop. Once the participants added the building block
correctly or after three attempts, they were presented the next item. Each participant had a start
budget of 32 points. For each item that was not successfully solved after three attempts and for each
32—n

used attempt, one point was subtracted (Score .. . =32 — attempts 7 resolvedlrems)> TESUItING 1N

0—24 points.

Domain-general measures

We assessed vocabulary and reasoning as domain-general indicators for intelligence that are known to
contribute to problem-solving performance.

Vocabulary: We used the passive vocabulary task (WPPSI-IV, Petermann & Daseking, 2018) as an
indicator of crystallized intelligence since vocabulary enables the problem solver to verbally under-
stand problem requirements and is closely related to acquired general mental abilities (Jensen, 2001).
Participants saw four images on the display and were asked to point to the image named by the exper-
imenter. The task consisted of up to 35 items. After three consecutive failures, the task was aborted.
Correctly solved items were scored as one point (0—35 points).

Reasoning: We used the figural reasoning task (WPPSI-IV, Petermann & Daseking, 2018) as an indi-
cator of fluid intelligence (Beauducel et al., 2001). It included 26 items with a 2 X2 matrix containing
three images and one question mark. Participants selected one of four to five figurative response op-
tions to replace the question mark in a logically consistent manner. After three consecutive failures, the
task was aborted. Correctly solved items were scored as one point (0—26 points).

Statistical analyses

Descriptives and correlations (Spearman's Rho) were calculated for performance in all tasks. Correlations
between corresponding rule knowledge and problem-solving tasks indicate domain-specific asso-
ciations. Correlations between different problem-solving tasks indicate domain-general associations
since they represent higher-level domain-general problem-solving abilities (see Figure 2). Correlations
of problem-solving tasks with vocabulary and reasoning also indicate domain-general associations,
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Model of research questions

Turning direction Turning direction

knowledge problem-solving
Vocabulary

Domain-specific Turning speed Turning speed Domain-general
associations knowledge problem-solving associations

Reasoning

Centre-of-mass Centre-of-mass

knowledge problem-solving

FIGURE 2 Model of research questions. Associations between tasks connected by a green arrow are domain-general.
Associations of tasks in the same blue box are domain-specific.

because they may contribute to problem-solving across domains. Domain-specific and domain-general
correlation strengths were compared according to Silver et al.'s (2004) method for correlations of inde-
pendent groups.

The differential effects of domain-specific rule knowledge and domain-general abilities on problem-
solving performance were analysed by a hierarchical ordinal logistic regression (proportional odds) for
each problem-solving task as dependent variable (see Table 3). First, the domain-specific rule knowledge
was the only included independent variable. Second, performances in other problem-solving tasks were
added as independent variables. Third, vocabulary and reasoning were added as independent variables.
Likelihood-ratio tasks were conducted to control whether the added variables increased the variance
explained by the model. We excluded all participants with at least one missing task (#=12). Additionally,
we calculated confirmatory factor analyses based on structural equation models (see Appendix B
(Figures A1-A3, Table A4)).

Age and gender effects on problem-solving performance were analysed through ordinal logistic re-
gressions. To keep regression coefficients comparable, we z-standardized all independent factors, except
of gender which was dichotomously dummy-coded. All analyses were performed using R statistics soft-
ware (version 4.3.0; R Core Team, 2023).

RESULTS

Unifactorial ordinal regressions exhibited that task order neither had significant effects on turning

direction problem-solving (carousel task: =
(propeller task: f,_=0.01, p=.93).

—0.09, p=.47) nor on turning speed problem-solving

Correlations and their comparisons

Correlations between both turning direction tasks and both turning speed tasks were significant
and not significant between both centre-of-mass tasks. All correlations between different problem-
solving tasks and all correlations of domain-general measures and problem-solving tasks were sig-
nificant (Table 4).

The comparison of correlations showed that the association between corresponding domain-
specific knowledge and problem-solving tasks (turning direction, turning speed, centre-of-mass) were
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TABLE 3 Dependent and independent variables of regression models.

Turning Turning Centre-
Turning Turning Centre- direction speed of-mass
direction speed of-mass problem- problem-  problem-
Model knowledge  knowledge knowledge Reasoning Vocabulary solving solving solving
Turning Direction v v v DV v v
Turning Speed v v v v DV v
Centre-of-mass v v v v v DV

Abbreviations: DV, dependent variable; empty = not integrated in the model; IV, independent variable.

descriptively smaller than the correlations between the problem-solving tasks and other measures (i.c.,
other problem-solving tasks, vocabulary and reasoning). In 8 out of 12 possible combinations, this dif-
ference was significant (see Table 5).

Regression analyses

For all three problem-solving tasks (see Tables 6—8), second-step regression models accounted for addi-
tional variance in the respective problem-solving performance compared to first-step models. Regarding
performance on the turning direction and turning speed problem-solving tasks, domain-specific rule
knowledge was no longer a significant predictor once performance on the other problem-solving tasks was
included as predictors. For centre-of-mass problem-solving, domain-specific rule knowledge was not a sig-
nificant predictor. The third step models, adding vocabulary and reasoning, again accounted for additional
variance. Reasoning was a significant predictor of the turning direction of problem-solving performance.
Vocabulary was a significant predictor of the turning speed problem-solving performance and the centre-
of-mass problem-solving performance (see also regression analyses with an intelligence composite score
(Appendix A (Tables A1-A3)) and confirmatory factor analyses (Appendix B)).

Age and gender effects

Ordinal regressions showed that both age and gender were significant predictors of problem-solving
performance across all tasks (see Table 9). The impact of age and gender was similarly strong (age: Va
(2)=3.74—6.07; gender: X (2)=2.50—4.05) and in favour of older and male participants.

DISCUSSION

The aim of this study was to test whether children's problem-solving performance was more strongly
related to their domain-specific rule knowledge or to domain-general cognitive abilities. We also inves-
tigated the effects of age and gender on problem-solving performance.

Problem-solving performance was correlated with both domain-specific rule knowledge and
domain-general cognitive abilities. Children's domain-specific rule knowledge about gear-turning
mechanisms was correlated with performance in the corresponding problem-solving tasks, while rule
knowledge about stability was not. These findings are partially in line with the expert-novice para-
digm, that emphasizes the importance of content knowledge for problem-solving (e.g., Chi et al., 1981;
Perkins & Salomon, 1989). Regarding domain-general cognitive abilities, vocabulary and reasoning
as indicators of intelligence were correlated with all problem-solving tasks and explained variance
in problem-solving performance beyond domain-specific knowledge. This is consistent with stud-
ies by Greiff et al. (2015) and Stephan et al. (2022) demonstrating substantial effects of intelligence
on problem-solving. Correlational and regression analyses revealed comparably stronger associations
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TABLE 5 Comparison of domain-specific and domain-general problem-solving correlation strengths.

Turning speed Centre-of-mass

Turning problem- problem-
direction solving solving
problem-solving  (propeller (stabilization
(carousel task) task) task) Reasoning Vocabulary
Correlated variable z(p) z(p) z(p) z(p) z(p) Reference
Turning direction problem- - 3.47 (.00) 1.03 (.30) 3.24 (.00) 1.86 (.06) Turning
solving (carousel task) direction
Turning speed problem-solving  3.15 (.00) - 1.76 (.08) 1.48 (.14) 2.00 (.04 Turning
(propeller task) speed
Centre-of-mass problem-solving  2.92 (.00) 3.72 (.00) - 3.85 (.00) 3.89 (.00) Centre-of-
(stabilization task) mass

Note: Domain-specific correlations are compared with domain-general correlations. Positive z-values represent the domain-specific correlation
to be weaker. p-Values indicate whether this difference is statistically significant.

TABLE 6 Ordinal logistic regression predicting performance on the turning direction problem-solving task (carousel
task).

DV: Turning direction problem-solving performance (carousel task)

Step 1 Step 2 Step 3
Factor Coef (SE) Coef (SE) Coef (SE)
Turning direction knowledge 367 (14) .06 (.15) =11 (16)
Turning speed problem-solving (propeller task) .86** (.16) 3% (17)
Centre-of-mass problem-solving (stabilization task) .21 (15) .09 (.16)
Vocabulary 17 (16)
Reasoning .66%* (.16)

Model parameters
Log-likelihood —247.54 (df=5) —227.25 (df=7) —217.19 (df=9)
R® .04 23 31
Obsetvations 203 203 203

#5<.05. *5p< 01,

TABLE 7 Ordinal logistic regression predicting performance on the turning speed problem-solving task (propeller task).

DV: Turning speed problem-solving performance (propeller task)
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Factor

Turning speed knowledge

Turning direction problem-solving (carousel task)

Centre-of-mass problem-solving (stabilization task)

Vocabulary
Reasoning

Model parameters

Log-Likelihood

2
R
Observations

#5<.05. %5p< 01,

Step 1 Step 2 Step 3
Coef (SE) Coef (SE) Coef (SE)
365 (13) 15 (13) 12(13)
L69%* (14) 58%% (15)
A8 (13) 365 (14)
38k (14)
19 (15)

—348.64 (df=6)
04
203

~325.51 (df=8)
24
203

~319.91 (df=10)
29
203
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TABLE 8 Ordinal logistic regression predicting performance on the centre-of-mass problem-solving task (stabilization
task).

DV: Centre-of-mass problem-solving (stabilization task)

Step 1 Step 2 Step 3

Factor Coef (SE) Coef (SE) Coef (SE)
Centre-of-mass knowledge .03 (12) .09 (.12) 10 (13)
Turning direction problem-solving (carousel task) 31% (14) 19 (14)
Turning speed problem-solving (propeller task) 526 (14) 37 (14)
Vocabulary .36* (.14)
Reasoning .28 (14)
Model parameters

Log-likelihood —510.11 (df=106) —494.48 (df=18) —487.63 (df=20)

R .00 14 20

Observations 203 203 203

*p<.05. p<.01.

TABLE 9 Ordinal logistic regression predicting performance on problem-solving tasks by age and gender.

Turning direction problem- Turning speed problem- Centre-of-mass problem-
solving (carousel task) solving (propeller task) solving (stabilization task)
Factor Coef (SE) Coef (SE) Coef (SE)
Age 53 (14) 81 (14) 84% (14)
Gender .69% (.28) 1.08%* (.27) JT8%* (.25)
Model parameters
Log-likelihood —239.96 (df=0) —324.69 (df=7) —484.95 (df=17)
R? 11 25 22
Observations 203 203 203

#p<.05. %p<.01.

between performance in different problem-solving tasks than between domain-specific knowledge and
corresponding problem-solving performance. Moreover, comparisons of correlation strengths showed
that performance in one specific problem-solving task was more strongly related to the performance
in the other problem-solving tasks and to domain-general cognitive abilities than to the corresponding
domain-specific rule knowledge. Additionally, for all problem-solving tasks (carousel, propeller, stabili-
zation), effects of rule knowledge on performance became non-significant when including the other two
problem-solving measures as independent variables in the regression analyses.

Taken together, our findings indicate that domain-specific rule knowledge played a minor role for
6- to 8-year-olds' science problem-solving performance, at least compared to domain-general abili-
ties, such as intelligence and general problem-solving abilities. This finding is supported by the results
of Geary et al. (2017), who found that domain-general cognitive abilities were more important than
domain-specific knowledge for mathematics problem-solving in children. In contrast to our findings,
English (1992) and Gilmore et al. (2018) found that content knowledge played a major role in combi-
natorial and arithmetic problem-solving. However, the relevance of domain-specific knowledge might
increase as a function of age (cf. Geary et al., 2017).

We also found that age was a significant predictor of performance on all problem-solving tasks.
Older children outperformed younger children, which is in line with previous research (Keen, 2011;
Reuter & Leuchter, 2021; Thornton, 2009). Moreover, male children outperformed female ones on the
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problem-solving tasks. This finding adds to previous research that pointed to gender differences in sci-
ence problem-solving performance (e.g., Harskamp et al., 2008) and may be of importance for the devel-
opment of STEM curricula that should provide equal learning opportunities for all children (Shechter
etal., 2021). Further studies will be necessary to clarify the role of context factors, such as play materials
available for girls and boys, and of task modality, such as spatial compared to verbal or figural tasks.

Taken together, the findings suggest that domain-specific rule knowledge plays a minor role for
problem-solving performance in 6- to 8-year-old children, compared to domain-general abilities, such
as vocabulary, reasoning and general problem-solving abilities. Two assumptions might explain these
results.

First, children might have solved the problems through trial-and-error irrespective of whether they
had rule knowledge or not, so that rule knowledge would have been irrelevant (Funke et al., 2018;
Toénnsen, 2021). Trial-and-error might be helpful for children without domain-specific rule knowledge
and for children who are incapable to retrieve it (Sabella & Redish, 2007; Tuminaro & Redish, 2007).
Furthermore, the environment of our problem-solving tasks was playful and might thus have led chil-
dren to try different solution pathways by trial-and-error, because they assumed that their performance
on the tasks was not relevant. However, participants who did not have solid domain-specific rule knowl-
edge prior to problem-solving might have acquired this knowledge during the problem-solving pro-
cess (Tonnsen, 2021). In particular, trial-and-error might integrate implicit rule knowledge which is,
however, hardly assessable (Funke et al., 2018). To gain more insights into whether rule knowledge
is acquired during trial-and-error, microgenetic studies (cf. Siegler, 2007) are a promising approach.
Moreover, the relevance of domain-specific knowledge may depend on individual problem-solving
strategies. Thus, applied strategies should be analysed in future studies, for example based on number
and timing of gear and block manipulations.

Second, children who have domain-specific rule knowledge might fail to apply it. This failure might
depend on more general cognitive skills, for example executive functioning (Dixon & Johnson, 2012;
Schiifer et al., 2023b), which continuously develop till late adolescence (Wiebe & Karbach, 2017).
Children's limited working memory capacity might affect their problem-solving performance, because
the problems required the maintenance of the objects' continuously changing constellations, such as the
interrelations of the gears or of the building blocks. Deficits in executive functioning might also affect
the capability to remember previous errors systematically, leading children to commit the same errors
repeatedly, thus hindering learning from errors. This explanation is in line with the finding that work-
ing memory capacity mediates implicit learning in problem-solving (Reber & Kotovsky, 1997).

Limitations and future research

Although we gained new insights into children's problem-solving, the rule knowledge tasks applied
may not fully capture all necessary aspects of the respective domain-specific knowledge. We tested
domain-specific rule knowledge and corresponding problem-solving in only two domains (gears and
building blocks), revealing a minor role of domain-specific rule knowledge. However, the prominent
role of domain-specific knowledge in problem-solving, observed in expert-novice studies (Perkins &
Salomon, 1989), might be latently inherent at age 6—8 years.

To study the development of relations between domain-specific rule knowledge, domain-general
cognitive abilities and problem-solving, a longitudinal design is promising. Generalizing our findings
requires similar research in other domains. Assessing rule knowledge before and after problem-solving
could illuminate the acquisition of rule knowledge during problem-solving.

Our results highlight vocabulary and reasoning as central domain-general aspects of problem-
solving (cf. Greiff et al., 2015). However, given that Bithner et al. (2008) found effects of working
memory on problem-solving abilities, the assessment of a broader set of cognitive abilities would
allow more specific conclusions. Verbal presentation of our problem-solving tasks, requiring children
to maintain instructions for several minutes, may be affected by intelligence and working memory.
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Additionally, given the spatial representation and goal-oriented nature of our tasks, spatial abilities and
inhibition are worth further investigation (Dixon & Johnson, 2012; Oostermeijer et al., 2014).

CONCLUSION

Our study indicates a major role of domain-general cognitive abilities in 6- to 8-year-old children's
science problem-solving. We found that domain-general cognitive abilities had a stronger association
with problem-solving abilities in three different problems than domain-specific rule knowledge. This
suggests the importance of studying problem-solving even in participants lacking substantial domain-
specific rule knowledge, thus extending beyond the expert-novice paradigm. Regarding educational
settings, assessing problem-solving in the classroom can be valuable, especially when problem-solving
is part of the curriculum.
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APPENDIX A

REGRESSION ANALYSES WITH A COMPOSITE FACTOR OF INTELLIGENCE

TABLE A1 Ordinal logistic regression predicting performance on the turning direction problem-solving task (carousel
task).

DV: Turning direction problem-solving performance (carousel task)

Step 1 Step 2 Step 3
Factor Coef (SE) Coef (SE) Coef (SE)
Turning direction knowledge 36+ (14) 06 (.15) —08 (16)
Turning speed problem-solving (propeller task) .86** (.16) 1R (16)
Centre-of-mass problem-solving (stabilization task) .21 (15) .08 (.16)
Intelligence A0%* (10)

Model parameters
Log-likelihood
R2

Observations

—247.54 (df=5)
04
203

~227.25 (df=7)
23
203

~219.28 (df=8)
29
203

Note: The factor Intelligence represents the sum of the standardized scores of vocabulary and reasoning.

#5<.05. %5p< 01,

TABLE A2 Otdinallogistic regression predicting performance on the turning speed problem-solving task (propeller
task).

DV: Turning speed problem-solving performance (propeller task)

Step 1 Step 2 Step 3
Factor Coef (SE) Coef (SE) Coef (SE)
Turning speed knowledge 36%F (13) 15 (13) 12 (13)
Turning direction problem-solving (carousel task) .09F* (14) 564 (14)
Centre-of-mass problem-solving (stabilization task) A48%F (113) 30%* (14)
Intelligence .29%% (.09)

Model parameters
Log-likelihood
R2

Observations

—348.64 (df=6)
04
203

~325.51 (df=8)
24
203

~320.25 (df=9)
29
203

Note: The factor Intelligence represents the sum of the standardized scores of vocabulary and reasoning.

*p<.05. p<.01.
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TABLE A3 Ordinallogistic regression predicting performance on the centre-of-mass problem-solving task (stabilization

task).

DV: Centre-of-mass problem-solving (stabilization task)

Factor

Centre-of-mass knowledge
Turning direction problem-solving (carousel task)

Turning speed problem-solving (propeller task)

Intelligence

Model parameters

Log-likelihood
RZ

Observations

Step 1 Step 2 Step 3
Coef (SE) Coef (SE) Coef (SE)
.03 (12) .09 (12) .09 (13)
31% (14) 19 (14)
.52%% (14) 38k (14)
.32%% (.09)

~510.11 (df=16)
.00
203

~494.48 (df=18)
14
203

Note: The factor Intelligence represents the sum of the standardized scores of vocabulary and reasoning.

£5<.05. #5p< 01,

APPENDIX B

~487.69 (df=19)
20
203

CONFIRMATORY FACTOR ANALYSES

Confirmatory factor analysis for the performance in turning direction problem-solving

(carousel task)

Turning direction
knowledge

Turning
direction
problem-solving

Vocabulary

63%*

Intelligence

Reasoning

FIGURE A1l

Confirmatory factor analysis for the performance in turning direction problem-solving (carousel

task). *p<.05; **p <.01; Unidirectional arrows between latent factors represent regressions, bidirectional arrows represent

correlations. Path values represent the standardized estimates. Domain-specific knowledge and problem-solving are defined
as single-indicator latent factors (Hayduk & Littvay, 2012).
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Confirmatory factor analysis for the performance in turning speed problem-solving

(propeller task)
Turning speed
knowledge
Turning speed
problem-solving
Vocabulary
. S5%*

Intelligence

Reasoning

FIGURE A2 Confirmatory factor analysis for the performance in turning speed problem-solving (propeller task). *p < .05;
*#p<.01; Unidirectional arrows between latent factors represent regressions, bidirectional arrows represent correlations. Path
values represent the standardized estimates. Domain-specific knowledge and problem-solving are defined as single-indicator
latent factors (Hayduk & Littvay, 2012).

Confirmatory factor analysis for the performance in turning direction problem-solving

(stabilization task)

Centre-of-mass
knowledge

Centre-of-mass
problem-solving

Vocabulary
63%*

Intelligence

Reasoning

FIGURE A3 Confirmatory factor analysis for the performance in turning direction problem-solving (stabilization
task). *p<.05; **p <.01; Unidirectional arrows between latent factors represent regressions, bidirectional arrows represent
correlations. Path values represent the standardized estimates. Domain-specific knowledge and problem-solving are defined
as single-indicator latent factors (Hayduk & Littvay, 2012).

TABLE A4 Model fit indices of the confirmatory factor analyses.

RMSEA
Model 2@ p CFI TLI (90% CI) SRMR
Turning direction problem-solving (carousel task) .26 (1) .61 1.00 1.04 .00 (00-.15) .01
Turning speed problem-solving (propeller task) .01 (1) .94 1.00 1.08 .00 (00-.05) .00
Centre-of-mass problem-solving (stabilization task) A8 (1) 18 99 92 .06 (00-.21) .02

Note: Model fit indices are evaluated according to Beauducel and Wittmann (2005).
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7.3 Study 3: Executive functions and problem-solving — the contribution of
inhibition, working memory, and cognitive flexibility to science problem-solving

performance in elementary school students

Schifer, J., Reuter, T., Leuchter, M., & Karbach, J. (2024). Executive functions and
problem-solving — the contribution of inhibition, working memory, and cognitive flexibility
to science problem-solving performance in elementary school students. Journal of

Experimental Child Psychology, 244, 105962. https://doi.org/10.1016/j.jecp.2024.105962


https://doi.org/10.1016/j.jecp.2024.105962

Journal of Experimental Child Psychology 244 (2024) 105962

Contents lists available at ScienceDirect

Journal of Experimental Child
Psychology

journal homepage: www.elsevier.com/locate/jecp

Executive functions and problem-solving—The R

Check for

contribution of inhibition, working memory, and | %
cognitive flexibility to science problem-solving
performance in elementary school students

Jonas Schifer ***, Timo Reuter ”, Miriam Leuchter ", Julia Karbach *¢

2 Department of Psychology, University of Kaiserslautern-Landau, 76829 Landau, Germany
b Institute for Child and Youth Education, University of Kaiserslautern-Landau, 76829 Landau, Germany
¢ Center for Research on Individual Development and Adaptive Education of Children at Risk (IDeA), 60323 Frankfurt am

Main, Germany

ARTICLE INFO

ABSTRACT

Article history:

Received 7 October 2023
Revised 16 April 2024
Accepted 17 April 2024

Keywords:

Executive functions
Problem-solving
Inhibition

Working memory
Cognitive flexibility
Elementary school age

* Corresponding author.

Previous research has shown that executive functions can con-
tribute to successful problem-solving in preschool and elementary
school children. However, most studies did not simultaneously
assess the role of different specific aspects of executive functions.
Therefore, the aim of our study was to investigate the individual
contribution of inhibition, working memory, and cognitive flexibil-
ity to science problem-solving performance in elementary school
children. A total of 478 children from first and second grades
(Mage = 7.44 years) participated in our study. They performed a
Go/No-go task (inhibition), a Corsi blocks backward task (working
memory), a flexible item selection task (cognitive flexibility), and
three science problem-solving tasks, including two gear turning
tasks and one stabilization task. Structural equation modeling
showed that working memory and cognitive flexibility individually
contributed to problem-solving performance, whereas inhibition
did not. We conclude that maintaining task requirements and
dynamic object relations (working memory) and switching
between different problem-solving phases (cognitive flexibility)
are essential components of successful science problem-solving

E-mail address: jonas.schaefer@rptu.de (J. Schéfer).

https://doi.org/10.1016/j.jecp.2024.105962

0022-0965/© 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jecp.2024.105962&domain=pdf
https://doi.org/10.1016/j.jecp.2024.105962
http://creativecommons.org/licenses/by/4.0/
mailto:jonas.schaefer@rptu.de
https://doi.org/10.1016/j.jecp.2024.105962
http://www.sciencedirect.com/science/journal/00220965
http://www.elsevier.com/locate/jecp

J. Schdfer, T. Reuter, M. Leuchter et al. Journal of Experimental Child Psychology 244 (2024) 105962

in elementary school children. Inhibitory processes may be more
relevant in tasks involving a higher degree of interference at the

task or response level.
© 2024 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/
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Introduction

Executive functions are a set of higher-order control functions, including the three core functions
inhibition, working memory, and cognitive flexibility (Diamond & Lee, 2011; Miyake et al., 2000).
Their development is of major importance for cognitive and social development (Brocki & Bohlin,
2004; Moriguchi, 2014; Wiebe & Karbach, 2017), and previous research has highlighted their contri-
bution to different facets of self-regulated and goal-oriented behavior (Diamond, 2013). Moreover,
executive functions enable children to successfully use learning opportunities, as evidenced by the
findings that executive functions predict reading and math abilities (Diamond, 2013; Gathercole,
Pickering, Knight, & Stegmann, 2004b; Titz & Karbach, 2014; Johann, Kénen, & Karbach, 2020). Previ-
ous research suggests that specific aspects of executive functions predict science achievement as well,
although there is less evidence for the role of executive functions with respect to children’s scientific
literacy (Anthony & Ogg, 2019; Bauer & Booth, 2019).

Problem-solving is considered another higher-order cognitive skill that contributes to academic
performance (Funke et al., 2018; Greiff et al., 2014). It refers to the cognitive processes involved in
reaching a desired state that differs from a given state (Funke et al., 2018; Wang & Chiew, 2010).
The problem-solving process is considered as a number of subsequent cognitive operations, including
problem representation, planning (strategy formation), plan execution (strategy application), and out-
come evaluation (Polya, 1957; Zelazo et al., 1997). These phases may be interdependent and recursive,
for instance, because evaluating an outcome might bring insights that lead to a new problem repre-
sentation and strategy formation (Dixon & Boncoddo, 2009).

Previous studies indicate that some aspects of executive functions are positively associated with
problem-solving in early and middle childhood (Lee et al., 2009; Marulis & Nelson, 2021;
McClelland & Cameron, 2019; Swanson & Beebe-Frankenberger, 2004; Viterbori et al., 2017). In par-
ticular, working memory was shown to be associated with problem-solving accuracy and the learning
of problem-solving principles in preschool and elementary school children (Ropovik, 2014; Swanson &
Beebe-Frankenberger, 2004; Swanson & Fung, 2016). Findings on the role of inhibition and cognitive
flexibility in children’s problem-solving are heterogeneous (Cafias et al., 2003; Robinson & Dubé,
2013; Viterbori et al., 2017). Nevertheless, problem-solving requires inhibition of task-irrelevant
information and keeping track of problem representations, strategies, and outcomes, and it involves
flexible attention shifts according to dynamically changing problem states (Zelazo et al., 1997). Given
that these cognitive abilities are core aspects of executive functions, we hypothesize that executive
functions are associated with problem-solving in children.

One domain of problem-solving that has received particular attention is science problem-solving
(Taconis et al., 2001), which is closely related to science, technology, engineering, and mathematics
(STEM) learning (Astuti et al., 2021). Children’s problem-solving in STEM can entail manipulating or
constructing object configurations (e.g., including gears and building blocks) that children are intrin-
sically motivated to engage with (Reuter & Leuchter, 2022; Weber & Leuchter, 2020). Therefore,
science problem-solving tasks are frequently used in experimental studies with younger age groups
such as preschoolers and children in the first grades of elementary school (Reuter & Leuchter, 2022;
Schéfer et al., 2024a). However, there still is little evidence on the cognitive correlates of these science
problem-solving tasks in elementary school children.
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Executive functions

The three core executive functions (inhibition, working memory, and cognitive flexibility) develop
significantly across childhood and well into adolescence (Wiebe & Karbach, 2017). They are excellent
predictors for learning outcomes and academic performance (e.g., Johann & Karbach, 2021), and in
turn they are impaired in many developmental and learning disorders (e.g., Barkley, 1997;
Brandenburg et al., 2015).

Inhibition refers to the ability to suppress prepotent action tendencies and to control interference
(Johnstone et al., 2007). It can support learning processes by allowing children to control interference
from task-irrelevant stimuli or by helping them to take turns in the classroom. Working memory refers
to the ability to maintain and manipulate information within the scope of seconds to a few minutes
after stimulus presentation (Gathercole et al., 2004a). Therefore, it is involved in most mentally
demanding situations (Ellis et al., 2020), for instance, during mental calculation involving large num-
bers and while following complex instructions. Cognitive flexibility refers to the ability to flexibly
switch the attention between different task demands or activities (Titz & Karbach, 2014), for instance,
when verbal and visual information is presented at the same time.

Executive functions in problem-solving

Problem-solving is considered an ability that is based on task-specific knowledge as well as
domain-general cognitive abilities (Schafer et al., 2024a; Funke et al., 2018). Many problems can be
solved by retrieving task-specific knowledge and dealing with the situation routinely (Rahman,
2019). However, if task-specific knowledge is limited or missing, the problem-solving process may
be less routine and more adaptive (Funke et al., 2018). Consequently, individuals lacking task-
specific knowledge may increasingly rely on domain-general abilities such as reasoning and executive
functions (Biihner et al., 2008; Greiff et al., 2016). Moreover, domain-general abilities enable the appli-
cation of task-specific knowledge in sixth graders’ problem-solving (Greiff et al., 2016).

Yet, evidence for the contribution of different aspects of executive control functions to elementary
school children’s problem-solving performance is scarce. Greiff et al. (2016) found that working mem-
ory had a lower impact on knowledge application than fluid reasoning in sixth-grade students, but the
study did not assess other aspects of executive control such as inhibition and cognitive flexibility. Still,
previous evidence suggests that executive functions may be of major importance for problem-solving
in childhood because they are essential for inhibiting non-goal-directed behavior, maintaining and
processing relevant information (Zelazo et al., 1997), and changing perspectives and strategies
(Jonassen, 2000). Previous research has explored the differential contribution of executive functions
to problem-solving to some extent but mainly in the mathematical problem domain. For instance,
Viterbori et al. (2017) found that mathematical word problem-solving accuracy in 8-year-olds was
predicted by working memory but not by inhibition and cognitive flexibility. Regarding the
problem-solving phases, they found that inhibition and cognitive flexibility exclusively contributed
to the planning phase and that working memory exclusively contributed to the execution phase.
The phases of problem representation and outcome evaluation were not predicted by any executive
function. Swanson and Beebe-Frankenberger (2004) found that working memory was the strongest
predictor of word problem-solving performance in first to third graders. In their study, working mem-
ory explained unique variance in problem-solving performance beyond measures of inhibition, verbal,
and calculation abilities. Inhibition did not positively contribute to problem-solving performance, and
cognitive flexibility was not assessed (Swanson & Beebe-Frankenberger, 2004).

Exploring the relationship among problem-solving, computational thinking (CT), and executive
functions provides additional information on the role of executive functions. Computational thinking
refers to the specific cognitive skill set involved in processing complex problems algorithmically
(Roman-Gonzalez et al., 2017; Yadav et al., 2017). Research suggests that CT and problem-solving abil-
ities are closely related given that both involve complex reasoning, decomposition, and evaluation
processes (Arfé et al., 2020). Current research has provided evidence that CT interventions (i.e.,
child-appropriate coding activities) may positively affect inhibition and working memory in children
aged 4 to 16 years (Montuori et al., 2024). In particular, integrating coding activities in STEM lessons
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has shown to foster executive functions in first graders (Arfé et al., 2020). These findings may reflect
that executive functions enable children to cognitively regulate the way they process problems, which
leads to a more algorithmic procedure (Robertson et al., 2020). However, CT typically refers to the pro-
cessing of problems in the technology context, whereas problem-solving is considered a more general
term representing a broader cognitive framework (Greiff et al., 2014). Although CT abilities might be
applied to real-world problems (Rabiee & Tjoa, 2017), problem-solving does not necessarily rely on
algorithmic processes but may, for example, include the use of heuristics and a lack of routine knowl-
edge in the problem-solver (Funke, 2012; Ténnsen, 2021).

Previous research has shown that executive functions are positively associated with children’s
science achievement both cross-sectionally (Bauer & Booth, 2019) and longitudinally (Anthony &
Ogg, 2019). Moreover, executive functions may enable essential problem-solving processes, such as
evaluating evidence by testing hypotheses and matching own predictions with actual outcomes, in
preschoolers (Gropen et al.,, 2011). However, these studies assessed science achievement via
question-based tasks but not via action-based construction tasks. Moreover, they either focused on
preschoolers only (Bauer & Booth, 2019; Gropen et al., 2011) or did not assess inhibition (Anthony
& Ogg, 2019). Even though problem-solving abilities are considered an essential science achievement
(Greiff et al., 2014), and executive functions and problem-solving abilities develop across childhood
(Brocki & Bohlin, 2004; Injoque-Ricle et al., 2014), there is still very little evidence on the association
of executive functions and science problem-solving in elementary school age.

Aims and predictions

Consequently, the aims of our study were to investigate the contribution of inhibition, working
memory, and cognitive flexibility to problem-solving performance in the science domain at early ele-
mentary school age. We drew the following predictions:

1. Inhibition may have an impact on problem-solving performance because it might support the sup-
pression of task-irrelevant information or inappropriate rules or strategies.

2. Working memory may support problem-solving by facilitating to keep track of task requirements
and to remember previously applied strategies and their outcomes as well as to recognize the logic
of dynamic interdependencies between task-relevant objects.

3. Cognitive flexibility may contribute to problem-solving by supporting attentional switches
between different rules and strategies as well as between different phases of the problem-
solving process (i.e., problem representation, planning, execution, and evaluation). For instance,
cognitive flexibility could enable the consideration of alternative problem-solving strategies if pre-
vious strategies were unsuccessful. Thus, we expected that all the core executive functions would
explain unique variance in science problem-solving performance.

Method
Participants

A total of 478 first and second graders aged 6 to 8 years (M = 7.44 years, SD = 0.66; 228 female)
participated in the study voluntarily and with written informed consent of their caregivers. The study
was approved by the local ethics committee in the Department of Psychology at the University of Kais-
erslautern-Landau. Data of 2 participants were excluded because they aborted participation prema-
turely because they did not feel well. Some children (3,97%) took extremely long to complete tasks
and therefore were not able to finish the sessions in time (1 participant did not complete the Go/
No-go task, 8 participants did not complete the Corsi blocks backward task, 3 participants did not
complete the flexible item selection task (FIST), 8 participants did not complete the carousel task,
and 1 participant did not complete the propeller task). This resulted in 459 complete data sets.
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Procedure

The experiments were carried out in quiet rooms of the elementary schools in groups of 10 to 22
participants. All participants had a tablet on the table in front of them and worked individually on the
tasks. Four to six trained experimenters and a teacher were present throughout the study. Task
instructions were provided over headphones through app-integrated, professionally recorded audio
tracks. At the beginning of the first session, the experimenters welcomed the participants and
explained to them that they should address the experimenters or their teacher if they had difficulties
with the tasks or wanted to stop participating. Each child was then assigned to an experimenter, who
was available to answer the child’s questions but did not give any hints beyond the task instructions
provided in the audio tracks. Moreover, the experimenters explained to the participants that the study
included solving games and puzzles on the tablet that involved gears, building blocks, and fairy tale
characters. Subsequently, participants performed 13 tasks in two sessions (40 min each) separated
by a 15-min break. The executive function tasks Go/No-go task (inhibition), Corsi blocks backward
task (working memory), and FIST (cognitive flexibility) were performed in the first session. These tasks
have been successfully applied in elementary school children in previous studies and were age appro-
priate in terms of difficulty, length, and complexity (Gathercole, Pickering, Ambridge, & Wearing,
2004a; Jacques & Zelazo, 2001; Johann & Karbach, 2018; St. John, Finch, & Tarullo, 2019). Given that
our problem-solving tasks were action-based and did not tap the ability to resist to distractor inter-
ference, we chose a task assessing prepotent response inhibition (Go/No-go task) over a task measur-
ing interference control (e.g., Eriksen flanker task; Eriksen & Eriksen, 1974). Because a child-friendly
task presentation has been shown to foster children’s performance in executive function tasks
(Johann & Karbach, 2018), the executive function tasks were embedded in a cover story with fairy-
tale-like characters. The three problem-solving tasks carousel, propeller, and stabilization were
performed consecutively in the second session. In addition, tasks measuring mental rotation, fluid rea-
soning, and short-term memory (in the first session) as well as scientific concept understanding,
vocabulary, and problem-solving transfer (in the second session) were administered, but they were
not part of this study.

Materials

All tasks were administered digitally on a 10.1-inch-sized tablet with a 2560 x 1600-pixel resolu-
tion (Samsung Galaxy Note 10.1, Android Version 5.1.1). Audio tracks were implemented in the pro-
gram to provide task instructions and explain the cover story to the participants. The tasks started
after the instructions had been presented completely. The program was developed in Unity (Version
2020.3.17f1) and built via Android SDK (compression method LZ4). The problem-solving tasks were
processed by single-point swipe control in a two-dimensional response space (see Schafer et al.,
2024b, for a more detailed specification), and the executive function tasks were processed by tapping
selected responses.

Tasks

Inhibition: Go/No-go task (St. John et al., 2019)

Images of four different animals (cow, chicken, donkey, and pig) were presented one after the other
for 500 ms each (see Fig. 1). Participants pressed a blue button below the animal when a chicken, don-
key, or pig was presented (Go trials). However, if a cow was shown, they should withhold from press-
ing the button (No-go trials). In total, 60 Go trials and 20 No-go trials were presented in randomized
order. After stimulus onset, participants had a time interval of 1000 ms to provide a response. After
this response interval or after pressing the button (whichever came first), there was an interstimulus
interval of 1000 ms followed by the presentation of the subsequent stimulus. Dependent variables
were the normalized accuracy rate across Go and No-go trials and the inhibition score (equally
weighted sum of the normalized hit rate and the normalized correct rejection rate).
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Working memory: Corsi Flexibility: Flexible item
blocks backward task selection task (FIST)

Science problem-solving: Science problem-solving: Science problem-solving:
Carousel task Propeller task Stabilization task

Fig. 1. Screenshots of the tasks measuring executive functions (upper panel) and science problem-solving (lower panel).

Working memory: Corsi blocks backward task (Gathercole et al., 2004a)

A matrix of 3 x 3 squares was presented to the participants. In each trial, a fairy appeared on some
of the squares subsequently (see Fig. 1). This sequence needed to be recalled by the participants in
reverse order. A sequence consisted of one marked square at the beginning of the task and could suc-
cessively extend up to eight squares. Each square was presented at most once per sequence. For each
sequence length, six sequences (i.e., trials) were presented. When fewer than four of six trials of one
sequence length were recalled correctly, the task was aborted. Dependent variables were the product
score (sequence length x number of correctly recalled trials) and the accuracy rate (correctly recalled
squares in relation to all presented squares).

Cognitive flexibility: Flexible item selection task (Jacques & Zelazo, 2001)

The FIST consisted of a one-commonality phase (18 trials) and a consequent two-commonalities
phase (9 trials). In the one-commonality phase, two pictures were presented that had in common a
visual property in one of the three categories color (blue, red, yellow), number (one, two, three), or
shape (hat, flower, fairy) (see Fig. 1). This common property was communicated to the participant
(e.g., “These pictures are both blue”). Subsequently, a third picture was presented. Participants needed
to pick the one of both initially presented pictures that shared a new common property with the third
picture. In the two-commonalities phase, three pictures were presented simultaneously. Participants
needed to choose the picture that shared one categorical property with each of the other two pictures.
In both phases, each of the categories served equally often as the target category. Dependent variables
were the rates of correct responses per task phase, that is, one-commonality accuracy rate and two-
commonalities accuracy rate.

Problem-solving: Carousel task (Reuter & Leuchter, 2022)

In the carousel task, participants were to connect two gears that were fixed on a board by means of
adding new gears in order to make both fixed gears turn in the same direction (see Fig. 1). To do this,
the participants were provided with a sufficient number of movable gears of different sizes and up to 3
min of processing time. The dependent variable was computed based on the following scoring system
(4 points: the fixed gears turned in the same direction; 3 points: the fixed gears were connected but
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did not turn in the same direction; 2 points: both fixed gears were connected to at least one other gear,
but they were not connected to each other; 1 point: one fixed gear was connected to at least one gear,
but the other was not; O points: neither fixed gear was connected to any gear).

Problem-solving: Propeller task (Schifer et al., 2024a)

The propeller task consisted of fixing two propellers on movable gears so that one propeller turned
as fast as possible and the other propeller turned as slowly as possible (see Fig. 1). Both propellers
should be driven by a fixed starting gear without touching each other while turning. To do this, par-
ticipants were provided with a sufficient number of movable gears of different sizes, two propellers of
the same size, and up to 3 min of processing time. The dependent variable was defined as the sum of a
turning speed score (3 points: one propeller was mounted on a largest sized gear and one propeller
was mounted on a smallest sized gear; 2 points: propellers were mounted on different sized gears
but not on largest and smallest; 1 point: both propellers were mounted on same sized gears; 0 points:
one or both propellers were not attached to gears) and a contact score (2 points: propellers did not
touch each other; 1 point: propellers touched each other; 0 points: starting gear did not drive both
propellers).

Problem-solving: Stabilization task (Weber et al., 2020)

The stabilization task consisted of stabilizing unstable block constructions by adding another block
(see Fig. 1). Participants had up to 3 attempts per item. The dependent variable was calculated as a
budget of 24 points, from which 1 point per unsuccessful attempt was subtracted.

Statistical analyses

We first computed correlations (Spearman’s rho) to test the association between all measures of
executive functions and science problem-solving. The main analysis was based on a structural equa-
tion model with maximum likelihood estimation. We conducted a confirmatory factor analysis with
the latent factors inhibition, working memory, cognitive flexibility, and science problem-solving.
Accuracy rate and inhibition score served as indicators for the factor inhibition, accuracy rate and pro-
duct score served as indicators for the factor working memory, and one-commonality accuracy rate
and two-commonalities accuracy rate served as indicators for the factor cognitive flexibility. The fac-
tor science problem-solving was represented by the performance scores on the carousel, propeller,
and stabilization tasks. To investigate the association of executive functions with science problem-
solving abilities, we included a regression path from each executive function factor to the science
problem-solving factor. According to Beauducel and Wittmann (2005), model fit was assessed by
the 2 test, the comparative fit index (CFI), the Tucker-Lewis index (TLI), the root mean square error
of approximation (RMSEA), and the standardized root mean square residual (SRMR). The initial load-
ing of a latent factor was fixed to 1. All analyses were performed in R Version 4.3.0 (R Core Team,
2023).

Results

Descriptives and correlations of all dependent measures are shown in Table 1. Most measures sig-
nificantly correlated. The measures selected to represent a common latent factor showed the expected
substantial associations.

We then fitted a confirmatory factor model with one latent factor for each executive function and
one latent factor for science problem-solving. The fit of the model to the observed data was excellent
(see Fig. 2). Given that there is also evidence for a unitary structure of executive functions in middle
childhood (Laureys et al., 2022), we also fitted a confirmatory factor model with a single latent factor
representing all three executive functions. However, this model exhibited a poor model fit,
%%(26) = 480.51, p = .000, CFI = .64, TLI = .51, RMSEA = .19 (90% confidence interval [CI] = .18-.21),
SRMR = .15. A likelihood ratio test showed that the fit of this single-factor model was significantly
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Table 1
Descriptives and correlations between the executive functions and problem-solving variables

Journal of Experimental Child Psychology 244 (2024) 105962

Variable M SD Min Max 1 2 3 4 5 6 7 8
1. Inhibition: Accuracy rate 0.79 0.13 0 1

2. Inhibition: Inhibition score 1.50 0.22 0 2 89"

3. Working memory: Product 4478 3751 0 216 327 257

score

4. Working memory: Accuracy 065 0.16 0 1 31 257 82"

rate

5. Cognitive flexibility: One- 079 020 0 1 300 27 41 36

commonality accuracy rate

6. Cognitive flexibility: Two- 051 022 0 1 09 .08 20 21 427

commonalities accuracy rate

7. Science problem-solving: 285 108 0 4 127 10 200 177 18" .07

Carousel task performance

score

8. Science problem-solving: 223 154 0 5 187 147 297 257 337 157 26"
Propeller task performance

score

9. Science problem-solving: 11.16 330 0 24 227 77 297 247 300 20 23 25

Stabilization task
performance score

Note. N = 476.
" p<.05.
" p<.01.

Go/No-go task: 99
Accuracy rate

Go/No-go task:
Inhibition score

Carousel task
performance score

Corsi blocks backward
task: Accuracy rate

Working
memory

Science
problem-solving

Propeller task
performance score

Corsi blocks backward
task: Product score

Stabilization task
performance score

FIST: One-commonality
aceuracy rate

Cognitive
flexibility

FIST: Two-commonalities
accuracy rate

%2(21)=21.31, p = .000; CFI = 1.00; TLI = 1.00;
RMSEA = .01 (90% CI = .00—.04); SRMR = .02

Fig. 2. Multiple regression model of executive functions and science problem-solving. The rectangles represent manifest
variables, and the ovals represent latent variables. Single-headed arrows from latent variables to latent variables indicate
regressions, and single-headed arrows from latent variables to manifest variables indicate factor loadings. CFl, comparative fit
index; TLI, Tucker-Lewis index; RMSEA, root mean square error of approximation; Cl, confidence interval; SRMR, standardized
root mean square residual. *p <.05; **p < .01.

worse than the fit of the model with three latent executive function factors, Ay*(Adf = 5) = 459.20, p
(Ay?) < .001.

The model showed that working memory and cognitive flexibility were significant predictors of
science problem-solving and inhibition was not. Cognitive flexibility was a stronger predictor of
science problem-solving than working memory, p(Ay?) < .001, indicating that the contribution of cog-
nitive flexibility to science problem-solving performance was significantly stronger than the contribu-
tion of working memory.
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Discussion

Our research aim was to test whether the executive functions inhibition, working memory, and
cognitive flexibility explained variance in problem-solving performance in elementary school chil-
dren. The results of our study showed that most executive function measures were correlated with
problem-solving performance on the manifest level. A latent confirmatory factor analysis showed that
whereas inhibition was not significantly associated with problem-solving performance, working
memory and cognitive flexibility were significantly related. Cognitive flexibility explained more vari-
ance than working memory.

The fact that working memory was significantly associated with problem-solving performance
confirmed our expectations and is in line with previous research (Greiff et al., 2016; Viterbori et al.,
2017). This finding suggests that working memory enables elementary school children to keep track
of task requirements, previously applied strategies, and dynamic spatial interdependencies between
different task-relevant objects. These object interdependencies are based on rule-based principles of
turning direction and turning speed of connected gears and of ways to stabilize building block con-
structions (Schafer et al., 2024a). Previous research further suggests that—besides solution accu-
racy—working memory is only associated with performance in the execution phase (Viterbori et al.,
2017). To investigate which particular problem-solving phases are associated with working memory
in our tasks, number and timing of gear turnings and building block replacements over the course of
task processing could be analyzed in future studies.

Furthermore, our analyses showed that cognitive flexibility was not only significantly related but
also most strongly associated with problem-solving performance. This finding suggests that cognitive
flexibility enables elementary school children to efficiently switch between demands of different
problem-solving phases. Furthermore, it is in line with studies indicating that cognitive flexibility
can support problem-solving performance (Cafias et al., 2003; lonescu, 2012), but it is contrary to find-
ings of Viterbori et al. (2017), who did not find effects of cognitive flexibility on mathematical word
problem-solving performance. However, our science problem-solving tasks required considerably
more cognitive flexibility than mathematical word problem-solving tasks for three reasons. First,
our tasks required switches between cognitive (problem representation and planning) and motor (ex-
ecute planned actions) requirements, whereas motor requirements are typically minimal to absent in
mathematical problems. Second, in our tasks the problem state was more dynamic (each action chan-
ged the current problem state without necessarily getting closer to the target state) than in mathemat-
ical word problem-solving tasks. Third, the problem-solving process was highly iterative (in each task
participants had various attempts to solve the problem, which is typically not the case in mathemat-
ical problem-solving tasks).

Although inhibition can also promote problem-solving performance by suppressing task-irrelevant
information and misleading strategies (Robinson & Dubé, 2013), it might not be completely surprising
that problem-solving performance was not associated with inhibition in our study. In the problem-
solving tasks we applied, all stimuli were task-relevant because all gears and building blocks could
potentially be used to generate correct solutions. Thus, our finding is in line with previous research
suggesting that inhibition does not affect problem-solving performance when no interference from
task-irrelevant stimuli needs to be resolved (Lee et al., 2009). Moreover, this is compatible with the
finding of Viterbori et al. (2017) that inhibition affects the problem-solving phase of planning but
not the solution accuracy. To verify this interpretation, not only the inhibition of prepotent responses
(as measured by the Go/No-go task) but also the resistance to distractor interference should be
assessed in future studies (Rey-Mermet et al., 2018).

Taken together, our results suggest that executive functions, particularly cognitive flexibility and
working memory, are closely related to science problem-solving performance in elementary school
children. However, the individual association strength of the executive core functions varied consid-
erably: Cognitive flexibility was more strongly associated with problem-solving performance than
working memory, and inhibition did not play a significant role. In fact, this may be because we
included both inhibition and working memory in our study. The finding that inhibition was not signif-
icantly associated with problem-solving performance confirms the findings from Swanson and Beebe-
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Frankenberger (2004), indicating that working memory may overshadow the contribution of inhibi-
tion. An explanation for this finding is that working memory enables selective attention and conse-
quently reduces the demand to filter distracting information (Marshall & Bays, 2013). Moreover,
our results are partly in line with previous research suggesting a positive association of executive
functions and CT (Arfé et al., 2020; Montuori et al., 2024). Accordingly, the findings may suggest a par-
tial confirmation of a construct overlap between problem-solving and CT abilities (Roman-Gonzalez
et al., 2017).

The positive associations of working memory and cognitive flexibility with problem-solving perfor-
mance are in line with previous studies (Biihner et al., 2008; Greiff et al., 2016; Viterbori et al., 2017).
Yet, it is noteworthy that cognitive flexibility was more strongly associated with problem-solving per-
formance than working memory even though working memory was most strongly associated with
problem-solving performance in previous studies (Biihner et al., 2008; Swanson & Beebe-
Frankenberger, 2004; Viterbori et al., 2017). However, some of these studies did not include measures
of cognitive flexibility (Biihner et al., 2008; Swanson & Beebe-Frankenberger, 2004). We conclude that
children’s cognitive flexibility is particularly relevant in hands-on science problem-solving due to
dynamically changing problem states and problem-solving phases that require multiple attention
shifts. Consequently, a replication of these findings in other problem-solving domains would be help-
ful in order to generalize the current findings.

Given that different aspects of executive functions come into play at different phases of problem-
solving (cf. Arfé et al., 2020; Viterbori et al., 2017), it may also be expected that their individual con-
tribution to problem-solving varies throughout the problem-solving process. Consequently, future
research should give the contribution of working memory and cognitive flexibility to the different
phases in science problem-solving closer consideration. Moreover, given that problem-solving strate-
gies change across preschool and elementary school age (Injoque-Ricle et al., 2014), age-related
changes in the individual contribution of distinct executive functions to problem-solving performance
should be investigated in longitudinal studies.

Our study has the methodological limitation that the latent factors of the executive functions were
represented by two variables derived from the same task. Although these variables represent different
aspects of task performance, this may have led to an overestimation of the factor loadings.

Conclusion

Our study showed that the executive functions working memory and cognitive flexibility provide a
significant contribution to science problem-solving performance in 6- to 8-year-old elementary school
children. Consequently, our findings indicate that science problem-solving, as a central STEM compe-
tence, is closely related to executive functions. This suggests that cognitive control functions are cen-
tral skills in children’s STEM performance.
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