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ARTICLE INFO ABSTRACT
Keywords: Problem solving is an important yet challenging competence that is required in STEM education
Early childhood education and is highly valued in STEM careers. Learning to solve problems should start at an early age.
Problem solving However, to optimally support young children in developing their problem-solving competencies,
STEM . : . . .
Eneineering desien there is a need for instruments to measure these competencies in an authentic context. The
Obiervatiorgl & present study aims to develop the Problem-solving Observation Scheme for Playful Engineering

Assessment instrument and the Real-world (PROSPER), a comprehensive, valid, and reliable observation scheme to make

Psychometric properties problem solving visible in preschool children. Twelve preschool children aged 4-6-years indi-
vidually solved three engineering design problems. All sessions were videotaped, resulting in
17.33 hours of recordings. Five researchers and five preschool teachers identified 1150 problem-
solving behaviours through video-based observations. Identified behaviours were coded itera-
tively, based on the PISA problem-solving framework. Psychometric properties of the observation
scheme were analysed. PROSPER consists of 33 behaviours, covering the whole problem-solving
process. The PISA framework was extended with four generic, overarching behaviours:
commitment, perseverance, autonomy, and responsiveness. Strong intercoder reliability was
established. Across task consistency was high with small differences between the three problems.
PROSPER proved to be a comprehensive, valid, and reliable instrument to capture preschoolers’
problem-solving behaviours in an authentic setting. Future studies can rely on PROSPER to
investigate children’s development of problem-solving competencies and the effectiveness of
classroom interventions.

1. Introduction

Problem solving is an important and challenging set of competencies that is required for lifelong learning (European Commission,
2019) and highly valued STEM (Science, Technology, Engineering, and Mathematics) careers (Tytler, 2020). Developing
problem-solving competencies takes years. Therefore, fostering problem-solving competencies best starts from early on (e.g., Malcok &
Ceylan, 2022; Rogers, 2004). Young children can learn how to solve problems with tailored adult support (Lile Diamond, 2018;
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Vygotsky, 1978). However, much is still unclear about how problem-solving competencies develop during the preschool years and
what interventions are effective in supporting this development, especially when it concerns authentic, real-world problems.

To study the development of problem-solving competencies and the effectiveness of educational interventions, researchers need
comprehensive, valid and reliable measurement instruments to assess these competencies. Likewise, educators can benefit from such
instruments to systematically monitor the development of preschool children’s problem-solving competencies and to tailor their
classroom activities to the children’s needs.

Since Herbert Simon’s (1973) article The Structure of ill-structured problems, there is an ongoing debate about the transferability of
findings derived from solving well-structured problems (e.g., Tower of Hanoi) to ill-structured problems (e.g., authentic
STEM-problems). Findings resulting from research based on well-structured problems may be foundational for studying ill-structured
problems (Reed, 2016), but both types of problems require different cognitive processes (Jonassen, 2010). Nowadays, researchers
recognise the importance of integrating the context in which the problem is embedded (Csapé & Funke, 2017). Nevertheless,
problem-solving competencies are typically assessed using well-structured problems in controlled environments, often removed from
the authentic settings of classrooms or homes (Rhodes et al., 2024). There remains a need for instruments that enable researchers and
educators to assess real-world problem-solving competencies in context.

Systematic observation of hands-on problem-solving assignments enables the documentation of children’s behaviours in natu-
ralistic contexts, capturing both verbal and non-verbal actions without relying too much on children’s language skills (Azevedo, 2009).
Researchers emphasise the importance of incorporating purposeful observation of children within familiar environments as an integral
component of any preschool assessment (Brassard & Boehm, 2007; Monteira & Jiménez-Aleixandre, 2016).

Engineering design problems are particularly well-suited for observing children’s problem-solving behaviours. Engineering design
problems are authentic, real-world problems that require the application of STEM ideas to be solved (Arik & Topcu, 2022; Moore et al.,
2014). They bear strong similarities to the everyday activities of children as they try to build structures with building blocks and
outdoor materials (Geist, 2025; Shechter et al., 2021; Weiser, 2022) or craft things (Kangas et al., 2022).

To the best of our knowledge, there are currently no validated instruments that enable the systematic collection of evidence on
preschoolers’ problem-solving behaviours, that encompass the full problem-solving process, that can be applied across different
problems, and that can be used repeatedly to monitor the development of preschoolers’ problem-solving competencies. Therefore, the
present study aims to make problem solving visible by developing a comprehensive, valid, and reliable observation instrument that
researchers and educators can use to collect evidence on preschoolers’ problem-solving competencies in the classroom.

1.1. Problem solving

Problem solving is a complex process that requires a variety of (meta-)cognitive, affective, and conative processes (Jonassen, 2000).
It is often defined as “cognitive processing directed at transforming a given situation into a goal situation when no obvious method of
solution is available to the problem solver” (Mayer, 1994, p. 248). According to Mayer, problem solving takes place in the solver’s
mind and can only be inferred from the solver’s behaviour. Other authors argue that the solver’s behaviour is not only a proxy of their
internal problem-solving processes, but the very essence of problem solving itself (Skinner, 1953). Wheatley and Wheatley (1984)
conceptualise problem solving as “What (...) you do when you don’t know what to do” (p. 22). In many cases, both internal processes
and physical actions (non-verbal and verbal) are needed to solve real-world problems. From the perspectives of embedded and
embodied cognition, cognitive, physical, and environmental resources should be in concert with each other to efficiently solve
problems (Pouw et al., 2014). In addition, the willingness to engage in problem solving and to persist when faced with difficulties are
critical components of the problem-solving process (Jonassen, 2010). In this study, we therefore conceptualise problem solving as the
dynamic interplay between cognitive, metacognitive, physical, volitional, and social processes involved in resolving an unfamiliar task
or situation.

Following Dewey (1910) and Polya (1945), many scholars have decomposed the problem-solving process into separate steps or
phases. Most problem-solving phase models address mathematical problems (for an over view see: Rott et al., 2021; Salminen-Saari
et al., 2021). In contrast to these domain-specific models, the PISA model is designed to measure cross-disciplinary problem-solving
competencies (OECD, 2004, 2013). The PISA model addresses real-world problems that do not rely on domain-specific knowledge and
skills. The PISA model is a more fine-grained elaboration of Polya’s four phase model. It is particularly suitable for assessing problem
solving in young children because it emphasises exploratory and creative processes that are essential for young children’s successful
problem solving (Evans et al., 2021). Moreover, the PISA framework’s focus on authentic, cross-disciplinary problems aligns well with

Table 1
Eight steps of the PISA problem-solving framework (adapted from OECD, 2013).
Step Description
Exploring Observing and interacting with the problem, searching information, and finding limitation and obstacles
Understanding Understanding given and obtained information and demonstrating understanding of relevant concepts
Representing Building a mental representation and constructing tabular, graphical, symbolic or verbal representations
Formulating Generating hypothesis by identifying relevant elements of the problem and their interrelationships and critically evaluating information
Planning Setting and clarifying (sub-)goals and devising a plan or strategy to reach that goal
Executing Carrying out a plan
Monitoring Monitoring progress towards the goal, checking (intermediate) results, identifying unexpected events, and making adjustments as required
Reflecting Critically evaluating solutions from different perspectives, identifying additional information needs, and communicating progress




J. Van Elsen et al. Thinking Skills and Creativity 58 (2025) 101940

the goals of early STEM education (Moore et al., 2020). Table 1 presents the eight steps of the PISA problem-solving framework (OECD,
2013)

1.2. Observing problem-solving behaviours in preschoolers

Problem-solving behaviours can be defined as any observable, physical, verbal, or non-verbal activity that is triggered by the
solver’s intention to solve a problem (Gunawan et al., 2019; Uher, 2016). Systematically observing preschoolers’ behaviours provides
a window through which internal cognitive processes can be inferred (Mayer, 1994). It also provides educators with opportunities to
assess preschooler’s problem-solving competencies to improve and tailor their learning activities to fit the children’s needs (Brassard &
Boehm, 2007). Ideally, assessment of preschoolers’ competencies is embedded in authentic, play-based activities (DeLuca et al., 2020;
Geist, 2025).

Playful STEM activities are particularly suitable to observe and develop problem-solving competencies in preschoolers (Geist,
2025; MacDonald et al., 2022). STEM is the interdisciplinary approach to learning and teaching science, technology, engineering, and
mathematics (Johnson et al., 2020). Problem solving is inherent to all four STEM disciplines (Priemer et al., 2020) and is considered
“the heart of STEM education” (Dubosarsky et al., 2018, p. 259). Engineering design is “the interdisciplinary glue” in STEM (Tank
etal., 2018, p. 183). It is a creative process in which the engineer tries to craft or construct a solution that requires the application of
mathematical and scientific principles and the use of technical devices. Engineering design problems are typically authentic, hands-on,
ill-structured problems with multiple solutions, including specific constraints and success criteria (Arik & Topcu, 2022; Cunningham
etal., 2018; Purzer & Douglas, 2018). Engineering design problems tap into children’s natural curiosity and urge to explore the world
around them (Isabelle et al., 2021; Moore et al., 2018). These problems also share many similarities with real-life situations during
children’s construction play (Shechter et al., 2021). Therefore, Gold et al. (2021) argue that observing children’s engineering play is an
integrative way to assess their cognitive abilities. Despite its potential, engineering has long been underrepresented in early STEM
education (Bustamante et al., 2018; English, 2018).

The engineering design process parallels the problem-solving process in several ways, as it starts with establishing a problem or a
need and aims to find a solution that meets certain criteria under certain constraints (Cunningham et al., 2018; Dubosarsky et al., 2018;
Gold et al., 2021). According to Isabelle et al. (2021), the engineering design process provides a framework to help children develop
their problem-solving skills. Recent studies revealed that preschoolers spontaneously engage in engineering-based problem solving
during playful activities (e.g., Lippard et al., 2019; Yuan et al., 2024). Shechter et al. (2021) observed how 4- to 6-year-olds brain-
stormed, planned, tested, and improved their solution to a bridge building task.

In previous studies, various observation instruments and coding schemes have been developed to map aspects of preschool-aged
children’s problem-solving processes in STEM. Escolano-Pérez et al. (2019) created a coding scheme to capture 5-year-olds’ plan-
ning, monitoring, and evaluating skills during solving a tangram puzzle. Bryce and Whitebread (2012) asked 5-7-year-olds to build a
train track in a specified shape and observed planning, monitoring, and evaluating behaviours. Planning, monitoring, and evaluating
behaviours are also at the heart of the MetaSCoPE coding scheme used by Marulis and Nelson (2021) to observe 3-5-year-olds building
complex structures from multidimensional Wedgits blocks according to a depicted model. These three coding schemes make use of
well-structured puzzle-problems and are embedded in research on metacognition, rather than problem solving, which explains the
focus on monitoring and control.

Other coding schemes focus on problem solving within an engineering context. The Early EHoM Coding Scheme created by
Shechter et al. (2021) addresses engineering habits of mind of 5-6-year-olds during a well-structured, open-ended bridge-building task,
including elements related to understanding, formulating, planning, executing, and monitoring. Although Engineering Habits of Mind
(EHoM) shares many similarities with problem solving, the EHoM Coding Scheme is specifically designed for this bridge-building task,
making it difficult to apply the coding scheme to other tasks. The Engineering Preschool Children Observation Tool (EPCOT),
developed by Anggoro et al. (2021), captures the problem-solving behaviours of 3-5-year-olds during STEM-related classroom ac-
tivities including behaviours related to exploring, understanding, formulating, planning, executing, and monitoring. As one of the aims
of EPCOT was to evaluate the use of vocabulary related to the engineering design process, it largely focuses on oral expression (e.g.,
repeat, describe, explain, articulate, propose, predict, discuss, state). In addition, the coding scheme largely focuses on knowledge
about scientific phenomenon.

None of the above-mentioned studies aimed to develop an observation scheme that exclusively and systematically covers all the
activities involved in the problem-solving process. For all mentioned instruments, intercoder reliability was investigated. Some studies
also investigated correlations between codes (Shechter et al., 2021) or with other measures (Bryce & Whitebread, 2012; Marulis &
Nelson, 2021). But none of the studies provide further elaboration on the psychometric properties of the observation scheme. This
same lack of psychometric soundness has been identified by Lippard et al. (2017) as a major obstacle in early engineering research.
Scrutinising critical aspects of the validity and reliability of an observational instrument is crucial to its use in research and practice.
Therefore, there remains a need for a comprehensive observation instrument that researchers can use to investigate problem-solving
behaviours in preschoolers across various, authentic contexts, with clearly established psychometric properties for key aspects of
validity and reliability.

1.3. The present study

This study is part of a larger research project that investigates how assessment for learning can support the development of
problem-solving competencies in preschoolers (ISCED 02; UNESCO Institute for Statistics, 2012). To effectively assess and monitor this
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development, there is a clear need for comprehensive, psychometrically sound assessment methods that can be used repeatedly in
classroom settings.

The present study aims to develop and establish the psychometric properties of the Problem-solving Observation Scheme for Playful
Engineering and the Real-world (PROSPER), a comprehensive observation instrument for systematically observing preschoolers’
problem-solving behaviours. PROSPER operationalises the PISA problem-solving framework for preschool-aged children by mapping
and describing observable behaviours across the different steps of the problem-solving process. It offers researchers and educators
valuable insights into how preschool children approach and solve ill-structured, real-world problems. This study elaborates on the
development of the instrument and the establishment of structural validity (construct validity), content validity, ecological validity,
intercoder reliability, and across-task consistency (generalisability).

2. Method
2.1. Design

PROSPER was developed based on videotaped observations of preschoolers solving three different engineering design problems.
Five researchers and five teachers identified problem-solving behaviours in the recordings. The identified problem-solving behaviours
were then coded and categorised according to the steps of the PISA framework. Finally, psychometric properties of the PROSPER were
assessed.

2.2. Participants

Participants were 12 children (5 girls and 7 boys) between 4 and 6 years old (mean age = 66 months, SD = 5.45) enrolled in a
Flemish (Belgium) preschool. Only children whose parents had given written consent were included. Parents were also asked to
provide information on the children’s gender, age, and linguistic background. Alongside the language spoken at school, four children
spoke another language at home (2 English, 1 Arabic, 1 Polish).

The five authors identified problem-solving behaviours from the recordings. Additionally, five preschool teachers (all female) with
6 to 41 years of experience participated in identifying problem-solving behaviours from the recordings.

2.3. Data collection

2.3.1. Engineering design problems

Three engineering design problems were developed for this study. The Volcano Bridge Problem required participants to build a
bridge over a papier-maché volcano with only beer mats and toilet rolls (inspired by Shechter et al, 2021). In the Hook-a-Duck
Problem, participants were asked to create a tool to get a ringed rubber duckling out of a transparent tube with functional and
non-functional craft materials, cutlery, and tools (inspired by Evans et al., 2021). The Storm Problem required participants to build a
stable for two sheep that can withstand the wind of a hairdryer using only natural materials (adapted from Thunder et al., 2022).
Examples of solutions to the problems can be found in Appendix A.

The three problems were purposefully selected and developed to be solved by building or crafting with readily available materials,
to include three constraints or success criteria, and to allow for multiple solutions and solution paths (Cunningham et al., 2018;
Dubosarsky et al., 2018). We assured that the three problems were diverse, enjoyable, required no prior domain-specific knowledge,
and presented an appropriate challenge for preschoolers, aligned with their "zone of proximal development" (Vygotsky, 1978). The
problems were designed based on the design parameters provided by Cunningham et al. (2018), discussed with preschool teachers,
pilot tested, and fine-tuned with five children aged 4 to 6 to ensure that all children can get started and get stuck (low threshold, high
ceiling. See: NRICH, 2013). To ensure ecological validity, the problems closely resembled typical preschool classroom activities. All
details about the problems are available on the Open Science Framework (OSF; https://osf.io/k6x5r/?view_
only=da1682d0dbd94153b70c10ef188a7f3bdoi:10.17605/0SF.I0/K6X5R.

2.3.2. Procedure

All participants solved the problems individually in a spare classroom at the participants’ school during school hours. Participants
were presented with the three problems at one-week intervals. No time limit was set to solve the problem. All data were collected by
the first author.

After demonstrating the technical equipment, the participants were invited to explore the available materials and were asked to
name all the objects. Next, the problem, the goal state, and success criteria were explained and visually demonstrated with assistance of
Mr Rabbit, a soft bunny hand puppet. The hand puppet was used to put the children at ease, to motivate them, and to elicit talk (Dorie
et al., 2013). Mr Rabbit acted as a naive ‘alien’ puppet who doesn’t know how to solve the problem and asks for the child’s help.

During the actual problem-solving process, interventions were kept to a minimum. The researcher only intervened when the
participants lost engagement with the assignment, did not act in accordance with the assignment (e.g., participants violated constraints
multiple times), asked for help, got really stuck (e.g., participants repeated the same action several times without success, or indicated
that they really did not know what to do), or showed clear signs of upcoming frustration (e.g., participants became angry or sad). In
these cases, the researcher followed a predefined protocol, responding with prompts that became progressively more concrete and
directive. Prompts were given as questions (Wood et al., 1976). Only when this was not sufficient to overcome the impasse, more direct
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support was offered by demonstrating part of a potential solution.

Once a solution was found, the participants were asked to recall the problem and reflect on the outcome and the process (Anggoro
etal., 2021; Epstein, 2003; Stoll et al., 2012), guided by Mr Rabbit. As in the Dorie et al. (2013) study, the puppet was asleep during the
process and didn’t know what had happened. This encouraged children to explain what they did and what happened to ‘someone’ who
was not present. The reflective questions gradually increased in difficulty from simple closed questions (e.g., "Was it difficult?") to more
complex open questions (e.g., “What was difficult?”, "Why didn’t it work?", "What else did you try?"). From the second problem
onwards, the children were also asked to recall the previous problem(s) and solution(s) before the new problem was explained. The
observations lasted on average 29 minutes (range = 12-47 min, SD = 9 min) resulting in 17.33 hours of footage. The full protocol can
be found on OSF (do0i:10.17605/0SF.I0/K6X5R).

2.3.3. Recording materials

All sessions were recorded with two cameras (Logitech C922 Pro Stream Webcam) which captured the working space from two
angles. The inbuild omnidirectional microphone of one of the camera’s was used to register all speech and sounds. Footage from both
cameras was processed by the open-source video recording application OBS Studio (version 30.2.2, www.obsproject.com).

2.4. Developing PROSPER

Developing PROSPER involved several stages. First, a preliminary observation scheme was drafted based on the existing scientific
literature (e.g., Anggoro et al., 2021; Bryce & Whitebread, 2012; Marulis & Nelson, 2021; Shechter et al., 2021) and open narrative
descriptions made during the initial screening of recordings. Second, problem-solving behaviours were identified from the recordings
and briefly described. Then, these chunks of identified problem-solving behaviours were coded in several rounds (Saldana, 2013).
Figure 1 illustrates the different stages of the developmental process of PROSPER.

As problem solving is a process, the eight steps of the PISA problem-solving framework where conceived as the main categories and
the specific behaviours as the codes (Saldana, 2013). As the codes refer to observable actions, gerunds (the "-ing" form of verbs) were
used (Thornberg & Charmaz, 2014). The observation scheme was developed iteratively. Over the first three rounds of coding, codes
were created, removed, moved, merged, and split (Thornberg & Charmaz, 2014). The final round of coding was used to establish
intercoder reliability. This section outlines the development of PROSPER, focusing on the steps taken to ensure the instrument’s
comprehensiveness, validity, and reliability.

2.4.1. Creating a preliminary observation scheme
The eight steps of the PISA problem-solving framework were used as the main categories in the observation scheme (OECD, 2013).

Scientific literature
PISA problem-solving framework
Heuristic literature search
Narrative descriptions Data collection
¢ Web of Science
* Scopus
« Eric 1 researcher (Author 1) ’ ;é ?erigﬁgi%(:sers
* Google Scholar 36 recordings 17.33 hours
Developing PROSPER Coding Identifying problem-solving behaviours
- . 1 coder (Author 1) . Author 1 and 2
obsez\rrzltlir:r:crzeme zecifr?:v?:srs » Round 1| 901 coded behaviours 3 reseh;?}c%ers 36 recordings (18 each)
u ‘_‘7 41 codes used 709 chunks of PS behaviour
Updated 9 categories 2 coders (Author 1 and 2) Author 3, 4, and 5
observation scheme a1 codges »| Round 2 | 246 coded behaviours < Co-researchers | 6 recordings (2 each)
(1) I 33 codes used _l— 184 chunks of PS behaviour
Updated . 2 coders (Author 1 and 2) < 5 preschool teachers
observation scheme gsci:sjgecgnes » Round 3 | 638 coded behaviours Z?cchheorzl 10 recordings (2 each)
(2) 34 codes used 258 chunks of PS behaviour
+ I
. . 3 coders (Author 1, 2, and 3)
observa’t:ilgslscheme g;acgedgeosnes » Round 4| 1121/1190 coded behaviours (€
33 codes used
Appraisal of PROSPER
Intercoder reliability
Across task consistency

Fig. 1. Developing PROSPER: flowchart.
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For every category, related problem-solving behaviours were looked up through heuristic literature search in the databases of Web of
Science, Scopus, Eric, and Google Scholar. The list of problem-solving behaviours was further completed based on the field notes taken
during data collection and the first author’s open, narrative descriptions of all recordings (Saldana, 2013). All behaviours were cat-
egorised across the eight PISA steps. A residual category was created for generic, overarching problem-solving behaviours that could
not be assigned to any of the PISA steps.

2.4.2. Identifying problem-solving behaviours

A protocol and a structured observation form for identifying problem-solving behaviours were developed and piloted. The first two
authors each watched half of the recordings. Two recordings were processed by both researchers. Doubtful cases were discussed and
resolved in consensus to ensure uniform interpretation of the protocol. Problem-solving behaviours were described and categorised
according to the PISA steps.

To ensure content validity and to avoid blind spots, the last three authors, and five preschool teachers also identified problem-
solving behaviours in the recordings. All observers were trained and were provided with a protocol and a digital and paper version
of the observation form. They each processed two different recordings independently. Recordings were purposefully chosen to
maximise variation in problems, gender and home language of the preschoolers, and duration of the session. Divergent perspectives
were analysed by comparing behaviours identified by the first two authors and the other observers.

2.4.3. Coding problem-solving behaviours

In the first round of coding, the preliminary observation scheme was applied by the first author to code all chunks of problem-
solving behaviours identified by the first two authors. The aim of this first round of coding was to identify missing behaviours and
to update the preliminary observation scheme. After coding and in consultation with the last two authors, the observation scheme was
updated by adding, splitting, merging, moving, and deleting codes.

In Round 2, the updated observation scheme was used to code the behaviours identified by the three last authors. In this round, the
first two authors independently coded all chunks of identified problem-solving behaviours. If the chunks described more than one
action or behaviour, multiple codes were assigned, resulting in as many coded behaviours as actions described in the chunks of
identified behaviours.

After coding, intercoder reliability was assessed by calculating percentage of agreement, Cohen’s kappa based on pairwise deletion,
and Cohen’s kappa with missing values as a regular category (De Raadt et al., 2019). When one of the coders assigned more codes to a
chunk, missing values were produced for the other. Cohen’s kappa with missing values as a regular category is considered the lower
bound as it is heavily biased downward (De Raadt et al., 2019). We aimed to achieve a percentage of agreement > 80% and a strong
intercoder agreement with k >. 80 as proposed by McHugh (2012) and a percentage of agreement > 80%. Intercoder reliability was
assessed on the level of the categories as well as on the level of the codes. Intercoder reliability statistics are presented in Table 2
(Section 3.2) and discussed in Section 3.3. Differences between the coders were discussed between the two coders. Again, the
observation scheme was adjusted by adding, splitting, merging, moving, or deleting codes.

In Round 3, the updated observation scheme was used by the first two authors to code all chunks of identified behaviours by the
three last authors and the preschool teachers. Once again, intercoder reliability was assessed, discrepancies were discussed between
the first two authors, and the observation scheme was adjusted. This resulted in the final observation scheme (PROSPER).

2.4.4. Psychometric properties of PROSPER

The psychometric properties being addressed for PROSPER include structural validity (construct validity), content validity,
ecological validity, intercoder reliability, and across task consistency (generalisability). Structural validity, as part of construct val-
idity, refers to the degree to which the observation scheme reflects the theoretical structure of the construct under investigation
(Mokkink et al., 2010). Structural validity was established by grounding the observation scheme in the PISA problem-solving
framework (OECD, 2013). As many other problem-solving models found in the scientific literature, the PISA model builds on the

Table 2
Summary of the four rounds of coding with intercoder reliability statistics on the level of the codes and on the level of the categories (between
brackets).

Round 1 Round 2 Round 3 Round 4a Round 4b
Dataset (Behaviours identified by) Author 1 & 2 Author 3, 4, & 5 Author 3, 4, & 5 + teachers Author 1 & 2 Author 1 & 2
Coders (N) Author 1 Author 1 & 2 Author 1 & 2 Author 1 & 2 Author 1 & 3
Codes used (N) 41 33 34 33 33
Coded chunks (N) 709 184 441 709 709
Coded behaviours (N) 901 246 638 1121 1190
Missing values 25 88 145 245 290
Percentage of agreement NR 86.71% (92.05%) 84.18% (88.57%) 89.84% (92.12%) 82.00%
(86.50%)
k pairwise deletion NR .856 .827 .893 .810
(.893) (.858) (.907) (.841)
k regular category NR .553 .664 711 .624
(.714) (.723) (.706) (.632)

Note. NR: Not Relevant; x: Cohen’s kappa.
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well-established phase model of Polya (1945).

Content validity refers to the degree to which the content of an instrument reflects the construct (Terwee et al., 2018). Content
validity was ensured by aligning PROSPER with the eight steps of the PISA problem-solving framework (OECD, 2013) and by having
five experienced preschool teachers observe two video recordings each and identify problem-solving behaviours. The involvement of
practice experts ensured that the behaviours included in the observation scheme were relevant, representative, and meaningful within
the preschool context (Boateng et al., 2018).

Ecological validity is part of external validity and refers to the degree to which results can be generalised to real-world contexts.
Ecological validity was ensured by creating problems closely related to preschoolers’ play activities, by using materials familiar to the
participants, by mimicking authentic teacher-child interactions, by conducting the sessions in a familiar classroom environment at the
participants’ own school, and by involving teachers in the identification of problem-solving behaviours (Rhodes et al., 2024).

Intercoder reliability refers to the consistency between independent coders. This was established by having the first two authors
independently code the problem-solving behaviours they had previously identified using the final observation scheme (Round 4). As
the two coders had developed the observation scheme and were familiar with the data, a third coder (Author 3), who was not involved
in developing the observation scheme and was unfamiliar with the data, coded the same dataset. Intercoder reliability was assessed by
calculating percentage of agreement and Cohen’s kappa for coding conducted between Author 1 and Author 2, and between Author 1
and Author 3. As before, we aimed to achieve a strong intercoder agreement with k« >. 80 (McHugh, 2012) and a percentage of
agreement > 80%. Intercoder reliability statistics of the final observation scheme are presented in Table 2 (Section 3.2) and discussed
in Section 3.4.

Finally, across-task consistency or task dependency was assessed to determine whether the three problems elicited comparable
levels of problem-solving behaviours. This was achieved by comparing the frequencies of coded problem-solving behaviours and their
corresponding categories assigned by the first author in Round 4.

Quantitative analyses were conducted in R (version 4.3.2, R Core Team, 2023). The package irr (version 0.84.1, Gamer et al., 2019)
was used to calculate intercoder reliability measures. All protocols are available on Open Science Framework (https://osf.io/k6x5r/?
view_only=da1682d0dbd94153b70c10ef188a7f3b doi:10.17605/0SF.I0/K6X5R).

3. Results
3.1. A preliminary observation scheme

Based on the scientific literature and the narrative descriptions of the recordings, a list of 66 problem-solving behaviours was
composed by the first author. The list consisted of 46 behaviours categorised in the eight PISA steps. Twenty behaviours were initially
not categorised in one of the eight PISA categories and related to identifying problems, goal setting, decision making, engagement,
persistence, autonomy, self-efficacy, motor skills.

3.2. Identifying problem-solving behaviours

Together, the first two authors identified and described 709 chunks of problem-solving behaviours in the 36 recordings (see
Table 2). On average, 19.69 behaviours were identified per recording with a range of 15 to 27 (SD = 3.28). The last three authors
identified 184 problem-solving behaviours in 6 recordings with an average of 30.67 described behaviours (SD = 15, Min = 18, Max =
60). The preschool teachers identified 258 behaviours in 10 recordings with an average of 25.8 described behaviours per recording (SD
= 7.8, Min = 14, Max = 41). Sometimes all behaviours were neatly recorded separately as intended, sometimes detailed descriptions of
sequences of actions combining several behaviours were provided. Two examples illustrate the differences in the registration of
identified problem-solving behaviours between observers. The numbers between square brackets indicate the time stamp of the
registered behaviour. Between brackets we indicate whether the behaviours were identified by a researcher or by a teacher, the
observation number, and the problem.

[33:25] “Tests kitten on bridge.”

[34:00] “Puts card on toilet roll (Trial and error).”

[34:34] “Tests kitten on bridge.”

[35:55] “Another toilet roll.”

[36:00] “Tests kitten on bridge.”

[36:10] “Places card on bridge.”

[36:55] “Tests kitten on bridge.”

[37:27] “Evaluates that this is a good solution.” (Researcher, Observation 16, Volcano Bridge Problem)

[7:30] “Starts for the third time. Makes another attempt. Rebuilds the same tower again. Now places a beer coaster on top so the cat can
sit on it. It falls over... Persists but does not come to new experiments or plans. Keeps making the same mistakes”. (Teacher, Observation
18, Volcano Bridge Problem)


https://osf.io/k6&times;5r/?view_only=da1682d0dbd94153b70c10ef188a7f3b
https://osf.io/k6&times;5r/?view_only=da1682d0dbd94153b70c10ef188a7f3b
https://www.doi.org/10.17605/OSF.IO/K6X5R
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A rich variety of problem-solving behaviours was observed, covering seven of the eight PISA steps. In this section, problem-solving
behaviours are described and illustrated with examples. Exploring is the first step in the PISA framework and refers to deliberately
gathering information about the problem, materials, and possibilities by observation and interaction with the problem and envi-
ronment. Participants explored by observing, manipulating, describing, and comparing materials and associating them with other
materials, potential application, or past experiences. We also observed children rummaging through provided materials to see what
they can use and asking questions for more information. However, some children needed encouragement to explore.

“Names objects; describes if she does not know the name (bark); Associates (straw with cowboy); manipulates only some objects.”
(Researcher, Observation 31, Storm)

“Stares at the box of materials without touching or saying anything. Needs encouragement to explore.” (Researcher, Observation 3,
Volcano Bridge)

Demonstrating understanding of the problem, its key elements, constraints and success criteria is the second step. Although un-
derstanding is a mental process, we identified behaviours from which understanding can be inferred. We found that some participants
listened and watched attentively during the problem description while others were already up and running before the problem was
even properly explained. Children also confirmed understanding by nodding or verbal expression and by repeating or demonstrating
the problem and criteria. Finally, understanding could be derived from the extent to which the children acted in accordance with the
criteria.

“Listens and watches Mr Rabbit and Kitten/Vulcano; Gives verbal affirmation or nods to questions; Touches the volcano and pretends it
burns him (demonstrates criteria); Can repeat and demonstrate criteria.” (Researcher, Observation 17, Volcano Bridge)

“Indicates he is ready and demonstrates how the kitten is shot over the volcano using his canon. This is, of course, not in accordance with
the assignment.” (Researcher, Observation 34, Volcano Bridge)

Representing, creating a mental, verbal, visual, or physical representation of the problem or goal, was difficult to observe. The few
behaviours that could possibly be attributed to representing, were more associated with demonstrating understanding, as in the
excerpt below.

“Demonstrates what the kitten wants to do by going over the volcano with the kitten in the air.” (Researcher, Observation 15,
Volcano Bridge)

Formulating refers to coming up with possible ways to solve the problem and evaluating alternatives. Generating new ideas can be
observed when preschoolers verbalise their ideas or when preschoolers try out a new solution. While children frequently generated
new ideas throughout the entire problem-solving process, considering was only observed to a limited extent.

“Suggests what he can try (sticking tape to the knife, piercing [a skewer] at the bottom of the duckling, using tape to attach a pair of
scissors ‘to that’, tying pipe cleaner around the stick) and demonstrates this with the materials or gestures”. (Researcher, Observation 7,
Hook-a-Duck)

“Says ‘I have an idea’ (sucking up the kitten), evaluates it and concludes it will not work.” (Researcher, Observation 15, Volcano
Bridge)

Planning behaviours involve preparing for and anticipating actions. As with representing, planning is often a mental process.
However, we observed some behaviours that reflect planning such as collecting materials, clearing the workspace, and demonstrating
or verbalising next steps.

“Prepares, lays out the collected materials and sets his goal ‘Attaching to each other’.” (Teacher, Observation 28, Hook-a-Duck)
“‘First I have to make a wall ... And then with a stick ...."" (Researcher, Observation 12, Storm)

Executing refers to working towards a solution or trying to do so. Executing is about doing things and doing things well. Besides
building and crafting solutions, we also saw preschoolers refining their solutions. Sometimes preschoolers lacked a hand or motor skills
to perform a desired action and asked for help.

“Tries; trial & error with different materials.” (Researcher, Observation 27, Hook-a-Duck)
“Tinkers. Tries to make various things, but with no real clear purpose.” (Researcher, Observation 6, Hook-a-Duck)

“Tries first by herself and then asks the teacher to help her tear the tape; tries again a 2nd time first by herself; 3rd time she immediately
asks for help; 4th time she succeeds by herself!” (Researcher, Observation 23, Hook-a-Duck)

Monitoring means keeping track of progress, checking in between to see if the criteria are being met, and changing plans if
necessary. We observed children testing, checking, measuring, and counting. Children established additional problems, adjusted el-
ements of the solution, and indicated that a solution had been reached.

“Spontaneously tests with the hairdryer and says, ‘Here comes the storm again.’ One stone falls over. He says, ‘Not such a sturdy little
house.’ But then adds, ‘These ones work well,’ referring to the two stones that stayed up. ‘But this stone doesnt work, " and puts the stone
aside.” (Researcher, Observation 32, Storm)
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“Shouts ‘Finished!’, but she has NOT tested the criteria: her house has only two walls, the sheep are elsewhere, and she hasn’t tested with
the hairdryer.” (Researcher, Observation 10, Storm)

Reflecting refers to evaluating the solution and the process. To elicit reflective thoughts, the reflection phase was guided be the
researcher by means of Mr Rabbit. Children were asked to recall elements of the process and evaluate elements of the process and the
solution. Some children were able to recall and evaluate several attempts, others struggled with it or said things that did not reflect the
reality. When asked if they enjoyed doing it, almost all the children answered yes, even if this does not always seem consistent with
their expressions during the process. When the researcher inquired further, some children were able to identify situations they found
unpleasant.

“Tells Mr Rabbit it’s a good house because it doesn’t blow away. He checks with the hairdryer. He also indicates that it has a roof, three
walls and the sheep can get out easily.” (Researcher, Observation 14, Storm)

“Recalls several failed trials and explains why it failed (e.g. the pencil was too short).” (Researcher, Observation 4, Hook-a-Duck)
“Says it was not difficult, but he needed help with everything.” (Researcher, Observation, Storm)

“Indicates that he liked it, but on the video it seems to be different.” (Researcher, Observation 11, Storm)

“Says she didn’t like the bridge collapsing that much.” (Researcher, Observation 2, Volcano Bridge)

The observers also identified some generic behaviours that span the whole problem-solving process. Although participants often
were focused on solving the problem, some children quickly became tired of it, started playing, or exhibited disruptive behaviour
(commitment). Similarly, some children persisted after several failed attempts, while others gave up quickly or got frustrated
(perseverance). The observers noted that some participants took ownership of the problem and worked autonomously without needing
or asking for support, while others relied heavily on the researcher for support (autonomy). Finally, the observers noted how the
children responded to the researchers’ prompts, which could either be to follow the prompt, ignore the prompt, or respond to the
prompt but do something else than what was suggested (responsiveness).

Commitment: “Starts playing/throwing the kitten. Loses engagement.” (Researcher, Observation, Volcano Bridge)

Perseverance: “Gets visibly frustrated (hits around, turns away) when rolls keep falling: ‘Aaarg! I can’t do this.“” (Researcher,
Observation 36, Volcano Bridge)

Autonomy: “Repeats that he does not know how to do it and keeps repeating this when investigator invites (several times) to think of
other things; does nothing, waits.” (Researcher, Observation 8, Storm)

Responsiveness: “Ignores the researcher’s suggestion to make the house smaller.” (Teacher, Observation 30, Storm)

3.3. Coding problem-solving behaviours

After identifying problem-solving behaviours in the recordings, the chunks of identified behaviours (as the excerpts above) were
coded. After the first round of coding, in which the first author coded the behaviours identified by the first two authors, the preliminary
observation scheme was discussed within the research team and adapted, resulting in 41 codes. The observation scheme was adjusted
by rewording code names (N = 11), merging codes (N = 30), relocating codes to other categories (N = 8), or removing codes (N = 14).
Codes were reworded to active verbs (e.g., “Associates materials with other things or situations” became “Associating™). Codes were
merged when they were difficult to distinguish (e.g., “Touches materials” and “Makes movements with the materials” were merged
into “Manipulating™) or when they related to similar processes (e.g., “Thinking ahead” and “Sequencing”). Codes were relocated to
another category when they turned out to be more related to another category. Codes were removed when they turned out to be
difficult to observe or interpret (e.g., “Thinks”).

For the second round of coding, the identified behaviours by the last three authors were used. In this round, 184 chunks of
identified behaviours were coded, resulting in 246 coded behaviours. All metrics are presented in Table 2 (Section 3.2). Strong
intercoder agreement was established with 86.71% agreement between both coders and Cohen’s kappa with pairwise deletion .856 (p
< .001). Cohen’s kappa with missing values as a regular category was below our threshold (x = .553, p < .001). In many chunks,
multiple behaviours were described, resulting in multiple codes per chunk. When both coders assigned a different number of codes to a
chunk, missing values were produced for the other coder. Therefore, we clarified the guidelines to deal with multiple behaviours in one
chunk. In addition, the observation scheme was discussed within the research team and adapted. Three codes were adjusted, six were
merged, one was split, and three were removed. We also added a code for responsiveness to the category ‘Generic’.

For the third round of coding the first two authors coded 441 chunks of behaviour identified by the last three authors and the
teachers, resulting in 638 coded behaviours. Agreement between both raters was comparable with Round 2 (percentage of agreement
= 84.18%); « pairwise deletion = .827, p < .001). Cohen’s kappa with missing values as a regular category improved up to .664 (p <
.001). Once again, the observation scheme was discussed within the research team and adapted. We adjusted one code, merged seven
codes, and added three new codes: complying, asking ideas (which was a spin-off from the more general asking help), and declaring
that a solution has been found.
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3.4. Psychometric properties of PROSPER

The final observation scheme (PROSPER), including definitions and examples, is presented in Appendix B. PROSPER consists of
nine categories representing the eight steps of the PISA framework and a generic category for overarching behaviours. Thirty-three
behaviours were assigned to seven of the eight PISA categories: exploring (8 behaviours), understanding (4 behaviours), formu-
lating (3 behaviours), planning (2 behaviours), executing (3 behaviours), monitoring (6 behaviours), and reflecting (3 behaviours) and
four overarching behaviours were assigned to the generic category: commitment, perseverance, autonomy, and responsiveness. No
behaviours were assigned to the step of representing (see PISA framework) because we were not able to identify representing be-
haviours that could not equally well be attributed to one of the other categories.

3.4.1. Intercoder reliability

The results of the intercoder reliability analysis of the final observation scheme are presented in Table 2 (Section 3.2). Percentage of
agreement (89.84%) and intercoder reliability (kpairwise deterion = -893, p < .001) between the first two authors who developed the
observation scheme was strong. Cohen’s kappa with missing values as regular category was still good (kregular category = -711, p < .001).
Here we recall that missing values are produced when two coders assign a different number of codes to a chunk of identified be-
haviours. Sometimes it was difficult to assess whether one or more behaviours were described, especially when generic behaviours
were involved. For example, “Tests by taking the sheep out of the house once (at teacher’s suggestion).” (Researcher, Observation 8,
Storm) was coded ‘testing’ by Author 1 and ‘testing’ and ‘responsiveness’ by Author 2.

Although slightly less, the percentage of agreement (82.00%) and intercoder reliability (kpairwise detetion = -810, p < .001) between
Author 1 and Author 3, who was not involved in developing the observation scheme, was still strong. This indicates that other coders
can reliably use the observation scheme to code problem-solving behaviours.

Most discrepancies between coders relate to the code doing (Npjscrepancies = 34). Doing is defined as working towards a solution
through physical actions. Therefore, it is sometimes difficult to differentiate doing from testing (Npjscrepancies = 9) or modifying
(Nbiscrepancies = 7)- For example, “Tries to fish out the duckling with a long dessert spoon.” (Researcher, Observation 4, Hook-a-Duck)
was coded ‘doing’ by Author 1 and ‘testing’ by Author 2.

3.4.2. Across-task consistency

Table 3 shows the number of coded behaviours for each problem and category based on the codes provided by the first author in
coding Round 4. Although the numbers in the table should be interpreted with some caution, we note that an equivalent number of
behaviours was identified for all three problems. However, we observed some differences between the three problems. The Volcano
Bridge Problem elicited least exploring behaviours and most formulating behaviours. To solve the Volcano Bridge Problem, the
participants could only use uniform toilet rolls and beer mats, leaving little to explore. On the other hand, participants tried different
constructions, which revealed a lot of formulating behaviours. During the Hook-a-Duck problem, preschoolers revealed most exploring
behaviours and least planning behaviours. Here, participants were challenged to explore materials by providing a small toolbox filled
with many materials in different sizes and shapes. Planning was difficult to observe since most children tried to solve the problem by
trial and error. In the storm problem, preschoolers demonstrated most monitoring behaviours and least formulating behaviours. We
observed participants counting (e.g., the number of walls), measuring (e.g., whether the walls were sufficiently high), checking sta-
bility (e.g., blowing with the hairdryer), and adjusting (e.g., increasing the height of the walls). As most participants continued to build
on their initial structure, there was less incentive to come up with or consider new ideas.

4. Discussion
Studying the development of young children’s problem-solving competencies requires comprehensive, valid, and reliable in-

struments to observe problem solving in an authentic context. To date, such an instrument is lacking. The aim of the present study was
to address this gap by developing a comprehensive, valid, and reliable instrument to make preschoolers’ problem solving visible in an

Table 3

Number (and column percentages) of coded behaviours per problem and per category.
Category Volcano Bridge Hook-a-Duck Storm Total
Exploring 46 (13.98%) 89 (26.25%) 53 (16.51%) 188 (19.01%)
Understanding 54 (16.41%) 36 (10.62%) 40 (12.46%) 130 (13.14%)
Representing 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Formulating 37 (11.25%) 26 (7.67%) 20 (6.23%) 83 (8.39%)
Planning 12 (3.65%) 3 (0.88%) 15 (4.67%) 30 (3.03%)
Executing 39 (11.85%) 45 (13.27%) 35 (10.90%) 119 (12.03%)
Monitoring 58 (17.63%) 72 (21.24%) 86 (26.79%) 216 (21.84%)
Reflecting 46 (13.98%) 52 (15.34%) 39 (12.15%) 137 (13.85%)
Generic 37 (11.25%) 16 (4.72%) 33 (10.28%) 86 (8.70%)
Total 329 339 321 989

Note. The total number of assigned codes differs from the total number of coded behaviours in Table 2 because we only used the codes from author 1
and we excluded missing values to make the percentages easier to compare.
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authentic context. The Problem-solving Observation Scheme for Playful Engineering and the Real-world (PROSPER) is grounded in the
PISA framework and was developed through an in-depth analysis of 36 recordings of 4- to 6-year-olds involving five researchers and
five preschool teachers. PROSPER is the first validated observation instrument that covers the whole problem-solving process. It
consists of 33 behaviours, categorised across seven of the eight PISA steps. In addition, four generic, overarching problem-solving
behaviours were identified. Construct and content validity were established by drawing on a longstanding research tradition on
problem-solving phase models and involving preschool teachers in the analysis of recordings. Ecological validity was supported by
designing problems closely related to children’s play and creating a setting that mimicked a classroom corner and authentic teacher-
child interactions. Intercoder reliability was strong and across task consistency was good.

In this section, we first discuss the observed behaviours per step of the problem-solving process in relation to existing scientific
literature. Then, we delve into the psychometric properties of the instrument, highlighting the strengths and limitations of the study.
Finally, we discuss the implications of our findings for research and education.

4.1. Preschoolers’ problem-solving behaviours

We observed a rich variety of problem-solving behaviours involving seven of the eight PISA steps. Exploring is the first step in any
problem-solving process and is a crucial element of successful problem solving for preschool children (Evans et al., 2021; Fusaro &
Smith, 2018). Preschoolers observed, manipulated, described, and compared materials and associated them with other materials or
past experiences. This finding is consistent with the observation of Cunningham et al. (2018) that preschool children aged 5 to 6 engage
in and benefit from observing, manipulating, and discussing properties of materials.

The second step is understanding the problem. A problem not well understood is impossible to solve (Polya, 1945). However, it can
be difficult to determine whether a preschooler understands the problem, criteria, constraints, and prompts. In developing PROSPER,
we have worked around this problem by including behaviours that indicate attempts to understand the problem and the instructions.
These behaviours include focusing on instructions (listening and confirming), repeating them and acting on them (complying).
Although PROSPER can be helpful to identify relevant behaviours related to (attempts to) understanding, making understanding
visible remains challenging. Demonstrating understanding requires strong receptive and expressive language skills (Vessonen et al.,
2023). Many children experienced difficulties with repeating the criteria and constraints immediately after the problem was stated by
the researcher. This raises the question of whether they did not understand the criteria and constraints or just had trouble articulating
them. Further research is needed to find ways to make understanding visible. The use of visual aids can be helpful, such as showing
children pictures of solutions that either meet or violate the constraints and criteria, and asking them to identify the acceptable and
unacceptable solutions.

Step three is representing. In our study, we were unable to make representing visible through observation. First, representing is
typically an internal mental process (Mayer, 1994), impeding its operationalisation. In older students, mental representations can be
externalised by tabular, graphical, symbolic or verbal representations (OECD, 2013). In preschool, children may be asked to exter-
nalise their representation of the problem or solution through drawing and verbal explanation (Bartholomew et al., 2019; Cartwright,
2023). Although 4-6-year-olds can be taught to graphically express their representations (Shiakalli & Zacharos, 2012), both drawing
and interpreting their drawings remains challenging for them (Bat Or et al., 2022). Second, distinguishing between behaviours related
to representing and understanding proved difficult. Representing and understanding are conceptually distinct yet closely related as-
pects of the problem-solving process. This is illustrated by Hayes (1981) who defines representing as “understanding the nature of the
gap to be crossed.” (p.11). Pretz et al. (2003) define representing as “the manner in which the information known about a problem is
mentally organized.” (p. 6). Whereas understanding is purely about grasping the problem situation, goal situation, criteria, and
constraints, representing refers to connecting all the elements into a coherent mental model or problem space (Jonassen, 2010). For
ill-structured or real-world problems, integrating all pieces into a coherent representation proves particularly challenging (Pretz et al.,
2003). Articulating the relationships between all elements of the problem and problem space is even more demanding. Given pre-
schoolers’ difficulties in externalising their problem representations, the strong conceptual relationship between representing and
understanding, and the inherent complexity of representing ill-structured, real-world problems, the question arises whether and how
representing can and should be distinguished from understanding in preschool-aged children.

Formulating possible solutions is the fourth step of the problem-solving process. Formulating consists of divergent thinking
(thinking up) and convergent thinking (considering). Although strongly related, these are two distinct cognitive processes (Guilford,
1967). Generating new ideas can be observed when preschoolers verbalise their ideas or inferred when preschoolers try out a new
solution. While children frequently generated new ideas throughout the entire problem-solving process, considering was only observed
to a limited extent. Follow-up research can make preschoolers work together to solve to create a context in which preschoolers are
encouraged to spontaneously evaluate and weigh up solutions to make decisions together.

Planning is the fifth step of the problem-solving process. We did not observe many planning behaviours. We observed planning
behaviours when participants prepared their work (e.g., by collecting materials) or expressed their thoughts by explained next steps
(thinking ahead). Since planning is mainly a mental process, we cannot rule out the possibility that preschoolers made plans internally.
However, planning takes time and often participants started doing something immediately, even before the problem was fully
explained to them. Therefore, we question whether preschoolers do plan in advance. Although previous research points out that
children can plan their actions at the age of five (e.g., Warneken et al., 2014), planning behaviours do not always occur spontaneously.
Possible explanations can be a lack of prior knowledge, failure to appreciate the importance of planning, or difficulties with
remembering and implementing plans (e.g., Zelazo et al., 1997). Hudson et al. (1997) advocate that external support such as reminders
can be beneficial to elicit preschoolers’ planning activities.

11



J. Van Elsen et al. Thinking Skills and Creativity 58 (2025) 101940

Executing is the sixth step and refers to acting towards a solution. The PISA framework defines executing as “carrying out a plan”
(OECD, 2013, p. 126). According to this interpretation, one needs to have a plan prior to executing. Since preschoolers often start
without a clear plan, as discussed above, and only start planning on-the-go (English, 1992), less systematic behaviours with the
intention of solving the problem were also categorised as executing (e.g., trial and error and tinkering). Executing includes all physical
actions to transform the problem state into the goal state. To distinguish between ‘just doing’ and ‘trying to do it well’, we added a code
for refining. This covers all behaviours that are intended to refine the solution beyond the formulated criteria (e.g., make the solution
more attractive).

Step seven of the PISA framework is monitoring. We identified a variety of monitoring behaviours, including testing, measuring,
determining whether something works or not, modifying, and declaring that a solution has been reached. This observation is in line
with the study of Bryce and Whitebread (2012) who observed a dozen different monitoring behaviours during a train track building
task. English (1992) argues that children’s monitoring behaviour is a compensation for their lack of domain-specific knowledge and
initially non-planned, trial-and-error behaviour. As such, monitoring appears to be the central hub through which the problem-solving
process unfolds. This contrasts with problem solving in older learners, where planning appears to play a primary role in guiding the
process (e.g., Polya, 1945).

The last step is reflecting. PROSPER distinguishes between three reflective actions: recalling (Epstein, 2003), evaluating the result
(e.g., Bonner et al., 2021; Stoll et al., 2012; Zimmerman & Moylan, 2009), and evaluating the process (e.g., Anggoro et al., 2021;
Epstein, 2003). We found that preschoolers’ reflections were not always consistent with what we observed. At the same time, some
preschoolers could recall failed attempts and even elaborated on possible causes of them. Further research can provide deeper insights
into preschoolers’ reflective abilities by comparing their reflections with observed behaviours.

Our observations also revealed four generic, overarching behaviours that cut across the whole process and cannot be attributed to
any of the PISA steps: commitment, perseverance, autonomy, and responsiveness. Commitment is the willingness to solve the problem
and can be inferred from the eagerness to start and focussed on-task behaviour as opposite to swirling around and engaging in off-task
behaviour (e.g., Liljedahl, 2016). Without commitment, children demonstrate little problem-solving behaviours. Therefore,
commitment is a necessary condition for reliable observation of problem-solving competencies.

In contrast to Liljedahl (2016), we differentiate between commitment (engagement) and perseverance (persistence). While
commitment is about the dedication to solve a problem, perseverance is about the ongoing efforts and resilience to overcome obstacles.
Perseverance can be derived from children’s reactions to unsuccessful attempts which can be positive (e.g., rebuilding or recon-
structing pillars of the bridge after collapse) or negative (e.g., giving up after the first collapse).

Autonomy is the extent to which a child takes ownership on solving the problem. According to Deci and Ryan (1987), autonomy is
about choice and feeling responsible (Geist, 2025). It can be derived from the degree to which a child relies on external support. It is
important to emphasise that it is not because a child asks for or needs help that they cannot be autonomous. For instance, asking for
help in tearing the tape illustrates agency. The same applies to children who need help to overcome an impasse after several failed
attempts to solve the problem.

Finally, responsiveness refers to the degree to which a child responds appropriately or in accordance with the support provided (see
also McLeod et al., 2024). Responsiveness can be inferred from a change in children’s actions after a prompt is given, such as changing
the structure of a building or, conversely, ignoring the prompt. Although there is a paucity of research on children’s responsiveness to
teachers’ prompts, it has emerged as an important theme during identification of problem-solving behaviours by both researchers and
preschool teachers. We observed some children immediately following up on the suggestions, while others simply ignored the sug-
gestions. Further research is needed to investigate preschoolers’ responsivity to teachers’ prompts in relation to effective and suc-
cessful problem solving.

Commonly used problem-solving phase models such as those of Polya (1945) and Schoenfeld (1985) don’t cover overarching
behaviours that span the entire process. Based on our observations and the identified problem-solving behaviours by the teachers, we
argue that generic behaviours such as commitment, perseverance, autonomy, and responsiveness should be part of any instrument that
maps preschoolers’ problem-solving behaviours.

In PROSPER, special attention is given to asking questions which is often associated with curiosity (e.g., Fusaro & Smith, 2018; Luce
& Hsi, 2015). Young children tend to ask a lot of questions (e.g., Jirout & Klahr, 2020; Wong et al., 2024). For them it is a way to
explore, solve problems, and learn. Initially, asking questions was conceived as a separate, generic behaviour. Through iterative coding
and discussion of discrepancies within the research team, it emerged that questions had different aims and that they were related to
different steps in the problem-solving process. Therefore, asking questions was broken down in asking information (exploring), asking
ideas (formulating), asking motor help (executing), and asking confirmation (monitoring). In addition, we observed children who kept
on asking for help in only general terms. This indicated a lack of taking responsibility and was integrated in the generic code autonomy.

4.2. Psychometric quality of PROSPER

In developing PROSPER, we ensured strong structural validity, content validity, and ecological validity and assessed intercoder
reliability and across task consistency. Construct validity was ensured by firmly rooting the instrument in the PISA problem-solving
framework which is in turn embedded in a rich research tradition on problem-solving phase models (OECD, 2013). Content val-
idity was established by involving five researchers and five preschool teachers in identifying problem-solving behaviours. To
strengthen ecological validity, three engineering design problems were developed that are closely related to preschoolers’ construction
play and crafting activities (e.g., Shechter et al., 2021). Additionally, data were collected in a familiar classroom environment
following a protocol that simulated authentic teacher-child interactions. It would be interesting to further validate the instrument with
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a larger sample, in other education systems and settings (cross-cultural validity, ecological validity), with other STEM-problems
(external validity), against other problem-solving measures (concurrent validity), and to examine how well the instrument predicts
later learning outcomes (predictive validity) (see also AERA et al., 2014).

As stated above, commitment is a necessary condition for reliable observation of problem-solving skills We observed that most
participants were highly motivated to take part in the research. Between sessions, the children often asked when they could participate
again and showed clear excitement when it was their turn. While this enthusiasm may have been partly driven by the individual
attention they received, we asked them after each session whether they had enjoyed the activity and what they liked or disliked about
it. Almost without exception, they reported positive experiences, although this did not always align with our observations. Achieving a
solution may have mitigated some frustration experienced during the problem-solving process.

Strong intercoder reliability and across task consistency were established. This indicates that PROSPER can reliably be used to
observe problem-solving behaviours across different tasks. For this study, we only focused on intercoder reliability. In future research,
it would be interesting to apply the observation scheme repeatedly to assess test-retest reliability.

4.3. Limitations and future directions

Despite the strengths outlined above, this study is not without its limitations. First, the study is based on the analysis of 36 re-
cordings in a sample of 12 preschoolers including boys and girls and children with diverse linguistic background who were offered
three different engineering problems. Although we ensured the representativeness of the sample and aimed for maximum heteroge-
neity between participants, it would be beneficial to include more participants to further investigate the generalisability of the
observation scheme. In addition, applying the observation scheme with other STEM-problems can provide more evidence on the
external validity of the instrument.

Second, data collection was conducted by a researcher. Although the researcher was involved in classroom activities to familiarise
with the children in the days before and during data collection, and the interactions closely mimicked authentic teacher-child dialogue,
there remains a gap compared to a real classroom situation. Having data collected by the teachers in the children’s own classroom
would be even more authentic and could potentially elicit different behaviours. It is therefore desirable to involve teachers in data
collection in follow-up studies.

Third, we decided to minimise guidance throughout the process to observe what preschoolers did on their own, while separating
exploring and reflecting from the rest of the process. Closer involvement may be beneficial to better observe representing and planning
behaviours.

Finally, the current observation scheme does not provide a systematic approach to translate observed behaviours into assessments
of preschoolers’ problem-solving competencies. Follow-up research could explore how the observation scheme can be used for
assessment purposes.

5. Conclusion

This study contributes to the field of early childhood research and education by operationalising the PISA framework for use in
preschool by assigning observable problem-solving behaviours to the different steps of the problem-solving process. It extends the PISA
framework with four generic, overarching behaviours: commitment, perseverance, autonomy, and responsiveness. Although the
present study focuses on preschool children aged 4-6 years solving engineering design problems, it is assumed that the observation
instrument can be applied to other types of STEM problems and throughout early childhood (3-8 years).

This study is foundational for further research on problem solving in early childhood education by developing PROSPER, a
comprehensive, valid, and reliable observation instrument that makes preschoolers’ problem-solving behaviours visible in authentic
contexts. Researchers can use the instrument to further investigate the development of preschooler’s problem-solving competencies, to
investigate the effectiveness of problem-solving interventions, and to investigate the relationship between problem solving and other
constructs. However, given the complex nature of the problem-solving process and the comprehensiveness of the observation scheme,
researchers should be aware that implementing this observation scheme is both challenging and time-consuming, necessitating
training and substantial practice.

For educational practitioners, PROSPER provides a useful lens to observe problem solving as it occurs in the classroom. Focused
observation can help preschool teachers in monitoring the development of preschoolers’ problem-solving competencies, identify areas
that require attention, and guide them in selecting or developing appropriate learning activities. Presenting children with challenging
problems, observing their problem-solving behaviours, and engaging with the children during the problem-solving process provides
researchers and educators valuable insights in children’s problem-solving competencies. This way, the use of PROSPER in future
(intervention) studies and educational practice can help to deepen insights into the development of children’s problem-solving
competencies and how to optimally stimulate this development, enabling future generations to meet the challenges of vital STEM
careers.
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Appendix A. Some solutions for the three engineering design problems
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Fig. A.2. Hook-a-Duck Problem.
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Appendix B. The Problem-solving Observation Scheme for Playful Engineering and the Real-world (PROSPER)

Category Behaviour Description Examples of identified behaviours (“The child ...”)
Exploring Deliberately gathering information about the problem,
materials, and possibilities by observation and
interaction with the problem and environment
Observing Looks at the available materials or inspects the problem  Takes a closer look at the set-up and the duck in bottle
setup
Naming Identifies materials by naming them Points to the materials as she names them
Describing Specifies characteristics or functions of materials or tools ~ Describes the volcano and what it is made of
Comparing Examines or groups materials based on similarities or Compares the sheep as he holds them: “this one is a baby, and
differences this one is bigger
Associating Articulates links between objects or situations and other ~ Says: “What is this? The cow likes it. It is from the farm,” as he
objects or situations looks at the straw
Manipulating Handles objects by touching them, moving them and/or ~ Takes the ballpoint pen out of the toolbox, presses the button,
demonstrating which actions can be performed with finds that it does not work and says: “it’s off.”
them
Searching Rummages through the materials or looks around in Rummages in the toolbox in search for what he can use
search for things that can potentially be used
Asking Asks questions about the available materials, the Takes a screw from the toolbox and asks: “What would this
information problem, or the criteria be? I don’t know what this is”.
Understanding Demonstrating understanding of the problem, its key
elements, constraints and success criteria
Listening Pays attention to the problem description or Listens and watches carefully at first, but wants to start before
clarifications of the goal and success criteria Mr Rabbit has finished explaining the problem and criteria.
Confirming Shows understanding by nodding or verbal expression Nods to confirm when Mr Rabbit asks if she can make a
bridge.
Repeating Articulates or demonstrates the problem, goal state or Demonstrates what the kitten wants to do by going over the
success criteria volcano with the kitten in the air.
Complying Acts in accordance with the goal or success criteria Continues to place items on and against the volcano, even
after repeated reminders.
Representing Creating a mental, verbal, visual and/or physical
representation of the problem and/or a goal situation
Formulating Coming up with possible ways to solve the problem and
evaluating alternatives
Thinking up Articulates or shows a (new) idea or (other) possible Comes up with different structures: 2 rolls on top of each
solution other, 2 rolls next to each other, a ramp, a staircase, a third
pillar...
Considering Evaluates alternative options or substantiates the choice ~ Holds a [popsicle] stick to a pipe cleaner and says: 'Then we
for a specific solution or strategy can stick these sticks together like this. But I can’t paste this
(...) because we don’t have any glue.”
Asking ideas Aks for help in coming up with ideas Turns to the supervisor and asks: “How did the others do it?
Aren’t you allowed to tell? But I want you to tell me.”
Planning Determining (sub)goals, action plans, intermediate steps,
and next steps
Preparing Prepares work by collecting and arranging materials, Says: “Now I'm going to take this big stone,” while taking the
tidying up ... biggest stones from the box and putting them next to it.
Thinking ahead Anticipates next step(s) or event(s) Says: “First I must make a wall. And then with a stick ...”
Executing Carrying out a plan, working towards a solution or trying
to do so
Doing Works towards a solution through physical actions Works on through trial and error, gradually improving the
construction.
Refining Finishes the result with care by adding extra elements or ~ Turns all cards white side up throughout the process.
details
Asking motor Asks for concrete, motor assistance Fails to cut the tape and asks: "Can you hold this for a
help moment?” while handing the roll to the supervisor
Monitoring Monitoring progress, identifying problems, interim check

of success criteria, and adjusting plans or actions if
necessary
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(continued)
Category Behaviour Description Examples of identified behaviours (“The child ...”)
Testing Checks if the success criteria are being met Tests with hairdryer and says: “Here comes the storm again.”
Measuring Fits, measures, weighs, counts things to check whether Measures the height of the stacked wooden discs against the
they are the correct size, height, weight ... stones and the sheep with his hand and says: “This must be as
high as the stones (...) Must be above the sheep”
Determining Indicates whether something is working or not, or if there  After accidently dropping a spoon into the bottle, he says:
is a problem “First I have to get the spoon out.”
Modifying Adjusts elements of the solution or own actions to Reinforces the construction by adding a roll at each level
improve it
Declaring Indicates that a solution has been reached Fishes the duckling out of the bottle, shouts "Yaa!!!" and
immediately calls Mr Rabbit.
Asking Asks for approval or agreement from the supervisor Looks at the supervisor and asks: “Should it be like this?”
confirmation
Reflecting Looking back at the problem and process and critically
evaluating the outcome to learn from it
Recalling Describes or demonstrates key elements from the Tells upon request what she had to do in the previous task,
previous assignment who she had to do it for, and names some materials she was
allowed to use.
Evaluating Describes or demonstrates the solution, demonstrates Spontaneously demonstrates to Mr Rabbit that the stable can
solution how it works, appraises the solution based on the criteria ~ withstand the storm by aiming the hairdryer at it.
or suggests possible improvements
Evaluating Describes or demonstrates trials, concrete events, Recalls several failed trials and says the pencil was too short
process situations, difficulties or emotions during the problem- and the spoon had fallen into the bottle
solving process
Generic Overarching problem-solving behaviours
Commitment Is willing to solve the problem and is focused on the task  Starts playing/throwing the kitten.
Perseverance Keeps going and does not give up when faced with Works patiently despite repeated collapses.
setbacks or impasse
Autonomy Works independently with only limited need for support ~ Regularly asks for help, then waits; does not come up with
good plan of action himself
Responsiveness Adjusts actions based on tips and suggestions from the Does not initially follow the supervisor’s suggestions. Follows

supervisor

only when the supervisor gives very specific instructions and
helps physically.

Data availability

Data will be made available on request.
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