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Background: Early mathematical competencies are foundational for later academical development. There is a need for valid and resource-saving approaches to assess those skills. The House of Numbers (HoN) is a newly developed linear board game that allows the assessment of preschool early mathematical competencies. This article aims to examine aspects of this 24-item screening such as its reliability and validity, and whether it can successfully identify children at risk of developing math difficulties. It also aims to explore children’s perceptions of the game-based HoN compared to a typical preschool math test.

Methods: A sample of 147 German preschoolers (Mage = 5 years 10 months, SDage = 5 months) was evaluated with the HoN and with a standard instrument for assessing early mathematical competencies (MARKO-D). Additionally, a subsample of n = 47 children rated their perception of both tools.

Results: The results speak against an effect of the game-setting on the children’s performance. Regarding the aspects of the reliability and the validity of the HoN, both tools were sensitive to age differences between 5- and 6-year-old children. The high correlation between the two assessments speaks for the convergent validity of the HoN. Furthermore, an item analysis based on the Rasch model showed excellent results for all items of the new game-based approach. The distribution of the items on the logit measurement ruler of the Person-Item Map confirms, with only a few explainable exceptions, the developmental levels of the model the HoN is based on. A high person and item reliability confirm the internal consistency of the HoN. Regarding the diagnostic validity of the HoN, running a receiver operating characteristic curve resulted in a superior discrimination area under the curve. A sample relevant cut-off z-score was specified. Using this score as an indicator of low math performance resulted in high sensitivity, specificity and a high relative improvement over chance index. In addition, children’s explorative assessment of perception speaks in favor of the game-based assessment.

Conclusion: All in all, the findings suggest, that the game-based measurement HoN can be a reliable, valid, time-saving, and attractive option for assessing early mathematical competencies in preschool settings.
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1 Introduction

Early mathematical competencies are the basis for mastering more complex mathematical understanding (Fritz et al., 2018). Yet, despite the large amount of research on early mathematical competencies, there is not always consensus on the definition of these skills (Bakker et al., 2022). Most of the researchers seem to agree that apart from counting, early mathematical competencies include components such as the understanding of cardinality and the ability to compare magnitudes (Purpura and Lonigan, 2013; Purpura et al., 2017; Bakker et al., 2022). Children intuitively develop such concepts through personally meaningful activities that facilitate the learning process (Fisher et al., 2012). They seek meaning in what they do and actively construct their knowledge through exploration and discovery. Such activities are found in everyday situations, including play (Hirsh-Pasek et al., 2009; Fisher et al., 2012). For example, they estimate how many blocks they need to build the tallest skyscraper or translate the number on the dice in a board game and move that many spaces on the board (Ginsburg et al., 2001; Fisher et al., 2012).

Accordingly, different trajectories of mathematical competence begin to emerge before school entry (Stern, 2009). Research suggests that developmental trajectories of mathematical development are cumulative, meaning that individual differences in children’s math performance increase over time (Aunola et al., 2004). Therefore, children with low mathematical competencies in the kindergarten are most likely to have difficulties with mathematics in school. Difficulties with mathematics at school may include the developmental learning disorder with impairment in mathematics (dyscalculia). Dyscalculia is defined in ICD-11 as “an impairment in mathematical skills such as number sense, memorization of number facts, accurate calculation, fluent calculation, and accurate mathematic reasoning” (ICD-11, 6A03.2). Children with dyscalculia show mathematical performance well below that expected for their age and intellectual functioning (World Health Organization, 2019/2021). Similarly, dyscalculia is defined in DSM-V as the difficulties in processing numbers, acquiring arithmetic factual knowledge and performing arithmetic operations quickly and accurately (American Psychiatric Association, 2013). These impairments are manifested by more errors and longer solution times on mathematical tasks in comparison to people with no such disorder. They are also usually accompanied by reduced performance particularly in visual-spatial working memory and/or reduced performance in inhibitory control. Dyscalculia can be reliably diagnosed from the end of the second year of primary school, when math performance becomes more stable (Morgan et al., 2009). An earlier assessment of math competencies in kindergarten and the first year of primary school can identify a risk of developing dyscalculia (Deutsche Gesellschaft für Kinder- und Jugendpsychiatrie, Psychosomatik und Psychotherapie e.V, 2023).

In the recent years, a series of studies have highlighted the importance of early mathematical competencies as specific precursors of later mathematical performance during formal education (i.a., Krajewski and Schneider, 2006, 2009; Chu et al., 2018). Specifically, according to the study of Stern (2009) referring to mathematical development, even after controlling for intelligence at the ages 6, 8, 12, and 18, the correlations between mathematical reasoning at those ages and at the age of 23 remained statistically significant. The results of Krajewski and Schneider (2006) show that preschool quantity-numeracy skills could explain about 25% of the variance in primary school mathematics skills at the end of grades 1 and 4, while intelligence as a nonspecific cognitive predictor explained only up to 10% of the variance in basic numerical skills. Thus a lack of fostering of relevant skills during the preschool years (before enrollment in first elementary grade) and even an overestimation of individual skills at school entry can lead to persisting discrepancies in mathematical competencies during the school years (Krajewski and Schneider, 2006; Morgan et al., 2009; Stern, 2009; Anders et al., 2013). That being so, difficulties in mathematical understanding during the school years are not only due to school-related reasons (Wittmann, 2001).

Early mathematical competencies are highly heterogeneous among preschool children (Mähler et al., 2017; Cahoon et al., 2021; Bakker et al., 2022) but research shows that these competencies can be effectively promoted in kindergarten before school enrolment (Ehlert and Fritz, 2016; Moraske et al., 2018; Skillen et al., 2018a). The educational staff stimulates children’s interest in further engaging with new mathematical concepts in the daily kindergarten routine, and potential developmental risks can be examined more intensively (Ministerium für Kultus, Jugend und Sport Baden-Württemberg, 2022). Characteristics that seem to foster the success of preschool intervention studies are shown to be the promotion of support of the social environment, children being viewed as active, experiential learners, and educational staff adapting the curriculum to children’s individual needs (Hirsh-Pasek et al., 2009).

Playful approaches are a familiar, spontaneous, and engaging opportunity for learning math. Hirsh-Pasek et al. (2009) make a distinction between ordinary children’s play and guided play. The former is usually unstructured, whereas guided play is structured and guided by adults with a set of learning objectives in mind. Guided play allows educators to be goal oriented but also sensitive and responsive to children’s behavior. They can find out what children already know and build on their prior math knowledge. Developmentally appropriate and guided play can provide rich context for children’s learning by motivating children to participate (Hirsh-Pasek et al., 2009). The effectiveness of play-based methods using guided play, both at home and in the classroom, in promoting mathematical skills in preschool children has been well documented (Ramani et al., 2012; Jörns et al., 2013; Hauser et al., 2014; Vogt et al., 2018). In particular, the potential of linear board games has often been shown to be quite effective in fostering early mathematical competencies (Ramani et al., 2012; Laski and Siegler, 2014; Elofsson et al., 2016; Skillen et al., 2018b; Gasteiger and Moeller, 2021). Linear board games, such as the commercial board game Chutes and Ladders (Milton Bradley Company, 1978), have linearly arranged, consecutively numbered and equally sized spaces (Siegler and Ramani, 2009). The distinctive property of linear board games is that they support the mental linear number representation. Such games provide multiple cues that help understand more about the order and the magnitude of the displayed numbers (Siegler and Ramani, 2009; Laski and Siegler, 2014).

Effective assessment tools are needed to enable educational staff to assess children’s developmental status and identify their individual needs in order to adapt the fostering. Yet, since time and personnel resources of educators are limited in the kindergarten, there is a need for resource-saving approaches that can be integrated into everyday life (Textor, 2006; Jörns et al., 2013). Moreover, effective early identification of cases at risk is necessary in order to provide targeted support and attempt to close interindividual developmental gaps (Gerlach et al., 2013; Ricken et al., 2013). Screening tests are suitable for this purpose. They are economic, as they are simple, easy to carry out, time and cost-effective procedures (Moosbrugger and Kelava, 2020). Screening tests are used to look for the first signs of a disorder and provide a general statement about a child’s developmental status according to age as to whether there are any developmental abnormalities. If there are indications of developmental deviations, the screening result is to be objectified and differentiated by means of more comprehensive diagnostics. They thus, have a filtering function, as they aim to identify individuals at risk in a larger population. Apart from these characteristics, screenings must also fulfill the general quality criteria for tests (reliability, validity, and objectivity) (Tröster, 2009; Moosbrugger and Kelava, 2020). The current assessment of early mathematical competencies in German-speaking countries is mainly carried out with standardized preschool math tests like the Test mathematischer Basiskompetenzen im Kindergartenalter [Test of basic math skills at kindergarten age] (MBK 0; Krajewski, 2018b), the Würzburger Vorschultest [Würzburg preschool test] (WVT; Endlich et al., 2016) or the Mathematik- und Rechenkonzepte im Vorschulalter – Diagnose [Preschool mathematics and numeracy concepts – Diagnosis] (MARKO-D; Ricken et al., 2013). Nonetheless, these are all typical test procedures with interactive material but no game elements.

Despite much research on the potential of linear board games in promoting early mathematical competencies, so far comparatively few attempts have been made to develop and examine the potential of game-based approaches to assessing these competencies. Most research on game-based assessment concentrates on the digital gamification of assessment of cognitive tasks in research (Lumsden et al., 2016) or in education (e.g., Ninaus et al., 2017). Gamification in this context is the transformation of simple test tasks by enhancing them with game-like features such as competition, narrative, and other game elements (Lumsden et al., 2016). The results show that in-game measures can reliably and valid assess students math knowledge (Ninaus et al., 2017). This finding speaks in favor of the applicability of a game-based approach as a diagnostic and research tool. One non-digital game-based approach is the House of Numbers (HoN), a screening instrument which allows the assessment of early mathematical competencies (Skillen et al., 2023). The HoN has been developed in the form of a linear board game. There are several reasons for developing a game-based assessment in the form of an analog linear board game rather than a digital assessment. Although preschool children grow up in a media-influenced environment, the findings on young children’s exposure to digital media are controversial and recommendations suggest limited screen time (Linebarger et al., 2014; World Health Organization, 2019; Bochicchio et al., 2022; Deutsche Gesellschaft für Kinder- und Jugendmedizin e.V, 2022; Thorell et al., 2022; Paulus and Gerstner, 2023; Radesky et al., 2023). Whereas board games are fun to play, they offer an open space for creative expression and have an unpredictable course because it is not clear from the start who will win. They are a social activity, which can be easily integrated into everyday life. On top of that, children who may refrain from participating in a performance measurement, may be motivated to participate in a game-based evaluation (Ramani et al., 2012; Bayeck, 2020). Board games are also a familiar process, which adds to the content validity of the assessment. Children are usually familiar with the game process and the equipment used. In contrast, with unfamiliar tools, there is a risk that the respective mathematical competences are not tested, but the way in which the tools are used (Moser Opitz and Ramseier, 2012). Similarly, it could be argued that by digital tests, task presentation can be an impediment to content validity. In these tests, for example, the assessment of processing time depends on how the children use the keyboard or tablet. Finally, the board game format adds ecological validity to the assessment by ensuring that the tasks are related to reality and are not just hypothetical in nature (Moser Opitz and Ramseier, 2012).

The items of the HoN screening were developed in the manner of conventional assessment tools for preschool children (Ricken et al., 2013; Krajewski, 2018b) but are integrated in a linear board game. The screening HoN consists of a board depicting a house, probably a familiar motif for many preschool children. The house consists of five accelerating floors. There are 10 numbered doors on each floor. This alignment of numbers on each floor always progressing from left to right allows the representation of decades on the rows and units on the columns. Players use one token per person, two 10-sided dice with the Arabic numerals one to five evenly distributed on the 10 sides, task cards and further accompanying material such as colorful sticks. The screening HoN is used in a single setting with a child and a trained experimenter. Both players start at the entrance (“0”) and work their way up the floors to the finish (door number 50). During a game session, the experimenter provides standardized instructions on how to play the game, sets standardized test items and documents the child’s responses. Some items are set at specific points during the playing progress and others are masked by game tasks that must be solved when a task card is drawn (for item examples see Skillen et al., 2023). Although the game starts with easy items as “icebreakers,” the difficulty of the items varies throughout the whole game. This helps explore all levels according to the developmental model the screening is based on. At the same time, this arouses the interest of children at all levels of competence to participate and finish the game. The standardization of items and procedures for administering and scoring the screening contributes to the objectivity of the HoN.

Previous research on the applicability, the psychometric quality (reliability and validity) of the HoN screening and its successful identification of children with below average math performance in a sample of 275 4–6-year-old children has demonstrated promising results (Skillen et al., 2023). The game-based setting allows the implementation of items while playing the linear board game. Yet, after conducting a pilot study (Skillen et al., 2023), further validation aspects need to be examined. Moreover, the item characteristics ought to be further analyzed to decide whether they remain in the final test version and considerations on the theoretical model need to be controlled (Moosbrugger and Kelava, 2020). Therefore, this study focuses on the game-based approach HoN with the primary aim to further investigate its quality aspects.

The HoN examined in this study is a 24-item version based on the model for the development of numerical concepts of Ricken et al. (2013). This empirically confirmed model (Fritz et al., 2018) describes the development of mathematical competencies through five stages extending from the age of about 4–8 years. In the first level (count number), children are able to compare two quantities, to name number words in the correct order, and to count out small quantities. However, they are not yet able to associate number words to individual entities. At the second level (mental number line) children mentally construct a successive alignment of numbers. That is, they can understand that numbers have a definite position and that some numbers proceed other numbers, which means that some numbers are also smaller than others. At this level children are also able to perform simple addition and abstraction tasks in smaller number ranges. The next level (cardinality and decomposability) describes the cardinal understanding of numbers. The understanding that a word number represents a number of elements. Furthermore, children at this level can understand that numbers as cardinal entities are composed of smaller quantities. Level four (class inclusion and embeddedness) describes the concrete understanding of the relationship between the total quantity and its partial quantities. That is, after understanding that a given quantity is composed of a number of elements, the child can understand the connection between the partial quantities. Moreover, it can understand the fixed relationship between them. As a result, if two partial quantities are known, a third can be determined. For example, having understood that the number five as a total amount consists of five elements, the child can now understand that a five can also be the total of two plus three or even one plus four elements. This leads on to recognizing differences between quantities as well as part-whole relationships. Children at this level can solve tasks that ask for the final quantity, an exchange quantity or the initial quantity. At the fifth level of this model (relationality) children deepen their understanding of the part-whole concept as well of the relational number concept and can conduct calculations modeling the difference between two quantities. Nonetheless, this model does not describe the development of mathematical competencies as a linear process. Rather, mathematical development up to the early school years is described as a process of overlapping waves (Siegler, 1995), with no sharp boundaries between the stages, but rather transitions (Fritz and Ricken, 2008).

Finally, as one of the goals of developing the HoN is to create an innovative assessment tool for children’s competencies, one of its major features should be age-appropriateness. Previous research showed that the HoN can be reliably conducted with young children as young as 4 years of age (Skillen et al., 2023). However, further research is needed to investigate how children perceive this instrument and whether they find the game-based assessment of mathematical competencies an attractive procedure. To this end, children’s views should be taken into account.



2 Study goals

The purpose of the present study was to investigate the potential of a linear board game with mathematical tasks for the assessment of early mathematical competencies. To the best of our knowledge, there is no such game-based instrument other than the HoN. However, there is a need for such valid, resource-saving and innovative approaches. The properties of the HoN have not yet been extensively examined. Therefore, four questions were investigated.

(1) Do children perform equivalently on a game-based test as on a standard test? To investigate this question, we compared the results of the HoN with the results of an established math test. We expected that the game-based setting would not affect the children’s performance.

(2) Can the game-based approach be used to assess early mathematical competencies in a valid and reliable way? In particular, with regard to the construct validity of the HoN, we expected that younger children would score lower on the HoN than older children. We also expected the HoN to show convergent validity, that is, the performance on the HoN would correlate positively with other test scores of mathematical competence. Furthermore, we expected the items of the HoN to show good indices of model fit and reflect the levels of the theoretical model the HoN is based on. In terms of reliability, our expectation was that the HoN would show good item and person reliability.

The next question concerned the diagnostic validity of the HoN. More specifically, (3) can the game-based approach successfully identify children who show below-average performance in individual diagnostics and therefore children at risk of developing math difficulties? We evaluated the diagnostic performance and accuracy of the HoN as a screening tool by comparing its performance to an established diagnostic test. Previous research has shown good screening indices for the HoN, thus we expected to find equally good results for the 24-item version of the HoN.

(4) Is this game-based approach attractive for young children? The fourth aim of this study was to explore how children perceive and evaluate the game-based assessment setting and whether they prefer it to a standard procedure. To do so we explored children’s opinions about the HoN and a standard test for this age group separately and in comparison to one another.



3 Materials and methods


3.1 Participants

A sample of N = 147 preschoolers was recruited from 15 kindergartens in Germany. The age of children ranged from 5 years to 6 years and 8 months (Mage = 5 years 10 months, SDage = 5 months). Girls (71) and boys (76) were represented in roughly equal numbers. Kindergartens had been contacted by telephone. Those agreeing to participate received further information material via e-mail. Participation was voluntary. Ethical committee approval was obtained prior to testing. Only children to whom parents had given written consent were allowed to participate, and only if these children had given their verbal consent. From these cases, all children attended the last year of kindergarten before formal schooling and could understand German as a spoken language. One hundred twenty-four of the distributed parent questionnaires were returned fully completed. Only 2.4% of these children were not born in Germany. A total of 80.6% of them speak only German at home, 16.9% speak German and another language and 2.4% speak no German at home. The mother of 17.7% of these children was born in a country other than Germany. The highest German school leaving certificate (Abitur) is held by 49.2% of the mothers and 54% of the fathers. In addition, a subsample of n = 47 children (Mage = 5 years 9 months, SDage = 5 months; 18 girls and 29 boys) participated in a survey asking about their opinions of the instruments in which they had taken part.



3.2 Instruments


3.2.1 Assessment of early mathematical competencies

The linear board game HoN (Skillen et al., 2023) that allows assessment of early mathematical competencies was administered by trained experimenters to all participating children. The HoN was administered in a single session and lasted on average 21:32 min (SDduration = 04:48 min; minimumduration = 08:00 min; maximumduration = 42:11 min). The version of the HoN used in this study consisted of 24 dichotomous items based on the model for the development of numerical concepts of Ricken et al. (2013). The experimenter documented one point for each correctly solved item. The result was a raw score out of a maximum of 24 points for each child. This raw score was then converted into a percentage score.

Early mathematical competencies of all participating children were also examined using the MARKO-D (Ricken et al., 2013). The MARKO-D is a standardized preschool mathematics test that consists of 55 dichotomous items based on the same model mentioned above (Ricken et al., 2013). As with the HoN, the MARKO-D takes place in a single setting with a trained experimenter and a child (Ricken et al., 2013). In this study, the MARKO-D took on average 27:23 min (SDduration = 04:58 min; minimumduration = 18:00 min, maximumduration = 45:00 min) to complete. The item difficulty is varied throughout the test. To interpret the test results, a raw total score is obtained for each of the 55 items achieved and a percentage score can be calculated from the raw score. The excellent test quality characteristics of the MARKO-D and the common theoretical construct it shares with the HoN (Ricken et al., 2011, 2013) makes it a reasonable option for testing the HoNs quality characteristics. In this study person reliability of the MARKO-D was 0.92 and item reliability 0.98.



3.2.2 Assessment of the perception of the instruments used

The subsample (n = 47) was also surveyed individually by trained experimenters about their perceptions of the math instruments in which they had participated. A questionnaire consisting of five items was used for each of the two instruments. The first item was a dichotomous question about whether the instrument was a game or not. The next three items were in a four-point Likert scale format and asked how much fun the instrument was, whether the child would like to do it again and whether it is a pity that it is over. The fifth item was a preference question between the two instruments and was therefore only asked once after the child had participated in both instruments. The answering format of the first four items was based on the format of the picture scale Bildskala zur Erfassung von Lernfreude und Selbstkonzept in Mathematik und Schriftsprache bei Vorschulkindern [Picture scale for the assessment of learning enjoyment and self-concept in preschool mathematics and language abilities] (BLSL-MS; Roux et al., 2010). The BLSL-MS is a further development of the original picture scale of Harter and Pike (1984) and is used mainly in the self-concept research. The picture-based approach makes it easier for preschool children to respond on a multi-level scale. In this study, the experimenter presented a picture of two children for each item. While pointing to one child, the experimenter said, for example, that this child enjoyed the HoN. The experimenter would then point to the other child and say that this child did not enjoy the HoN. The child would then be asked to point to the child who was like them. Depending on which child was chosen, a further distinction was made between the two options no fun at all and somewhat fun or quite a lot of fun and a lot of fun by pointing to a smaller or larger circle under each child (four circles in total). For a better understanding see Figure 1. No scala was used for the fifth item, as the child was only asked about its preference. The interview took approximately 4 min to complete for each child.


[image: image]

FIGURE 1
Example of the picture scale response format. Here is item number four about whether it is a pity that the HoN is over. The picture scale of this study was developed based on the scale of Roux et al. (2010). The original graphics were created by Caroline Reusch.





3.3 Design

This study uses a cross-sectional design. Data were collected as part of larger studies during three survey periods between March 2019 and June 2022. Each child was tested individually with the HoN and the MARKO-D in a quiet kindergarten room during a normal kindergarten day. For each math assessment there was one session on a different day. A random part of the sample was tested first with the HoN and the other part first with the MARKO-D. After participating in both instruments, the subsample was administered the survey on the perception of the assessment tools.



3.4 Analytic strategy

There were 1.99% of missing values for the MARKO-D and 0.2% of missing values for the HoN. All missing values were examined individually. Most missing values occurred due to performance-related reasons. The experimenter skipped one or more items because the child could not answer equivalent items correctly or could not answer related items correctly. For example, a child would be asked the same question in succession but with different numbers. In another example, a child would be asked which number his pawn is on. The next two items would ask the child to name the number before and the number after that number. The next item would then be the question “How many do you need to get to 10?” If the child could not answer the previous questions correctly, he or she will most likely not be able to answer this question. Missing values due to such performance-related problems were defined as “item not achieved” and 0 points were awarded for this item. Finally, we compared the results with and without imputed data. They remained the same.

Bayesian inference has the advantage over frequentist methods of being able to consider evidence for, as well as against the null hypothesis (van Doorn et al., 2021), and was therefore used for some analyses in this study. The Bayesian approach uses the Bayes factor (BF) to evaluate the degree of probability of one hypothesis over the other. When testing for hypotheses, the subscript of the BF indicates which hypothesis is being addressed. The BF10 signifies the BF in favor of the alternative hypothesis (H1) over the null hypothesis (H0), whereas the BF01 indicates the BF in favor of the H0 over the H1. A BF can range from 0 to ∞. According to van Doorn et al. (2021), a BF of 10 or larger (or 0.1% and smaller) indicates strong evidence for the respective hypothesis (i.e., in favor of the H1 in case of a BF10 and in favor of H0 in case of a BF01). Correspondingly, a BF between 3 and 10 (or between 0.1 and 0.33) indicates moderate evidence in favor of the respective hypothesis. A BF of 3 is typically used as a cut-off criterion to determine the existence (BF10) or non-existence (BF01) of an effect (Jeffreys, 1998; Dienes, 2014). Thus, BF ≥ 3 will also serve as the cut-off criterion of this study. As there was no basis for a more informed choice of prior, default priors (JASP Team, 2024) were used. Preliminary analyses of the math performance were conducted using the Bayesian approach to examine possible differences by period of assessment, kindergarten, experimenter, gender, or test taken first. Specifically, Bayesian analyses of variance and Bayesian independent samples t-tests were performed to examine the evidence against a difference, with the total sum of points achieved in MARKO-D as the dependent variable. All preliminary analyses resulted in BFs01 ≥ 3, which indicates support for the H0: δ = 0 against the one- or two sided H1: δ > 0, H1: δ < 0 or H1: δ ≠ 0. Thus, indicating that it is more likely that there are no differences between the respective conditions given the data than that there are differences (van Doorn et al., 2021).

To examine the first research question and thus confirm the equivalence of the performance results in both tests, an equivalence Bayesian paired-samples t-test comparing the total percentage scores in both tests was performed. This BF approach to equivalence testing (Morey and Rouder, 2011) uses alternative BFs. According to this approach, the H1 describes that the effect size (δ) is defined by an unrestricted prior distribution. Two restricted versions of the H1 describe that the δ falls inside the equivalence interval (I) (H∈), or that the δ falls outside the I (H∉). The so-called overlapping hypotheses (OH) BF examines the probability of the H1 against the two restricted H∈ and H∉. The non-overlapping hypotheses (NOH) BF shows the probability of the H∈ against the H∉.

Independent samples t-tests (Student and Mann–Whitney) were used to test whether both instruments were sensitive to age differences in total percentage performance. After checking for sources of bias, a correlation was performed to investigate convergent validity using Pearson’s correlation coefficient and Spearman’s rho between the total percentage scores on each instrument. Due to the limited sample size sensitivity power analyses were performed. These analyses were tested for the independent t-tests between the age groups and for the correlation analysis to determine the minimum effect sizes that the tests were sufficiently sensitive to detect in the context of this study (statistical power; Faul et al., 2007). The power of the 1 − β probability error was set at the 95% confidence level for both power analyses. Based on the item response theory, Rasch analysis to examine the model fit, the item characteristics and the internal consistency of the HoN was run (Boone, 2016).

To investigate the screening characteristics of the HoN, a receiver operating characteristic (ROC) analysis and a crosstabs procedure were carried out. According to Tröster (2009) the quality indices sensitivity (SEN) and specificity (SPE) should not be viewed as invariant quality screening characteristics because they also depend on the selection and basic quota. Therefore, the relative improvement over chance (RIOC) index (Marx, 1992) was also used.

To explore the children’s perception of the two instruments, the percentage frequencies of their responses were examined. Chi-square tests were calculated to check whether the children’s answers to the interview items differed between the established and the game-based method. Finally, sensitivity power analyses were calculated for the Chi-square tests.

These calculations were operated using SPSS 29.0.0 (IBM Corp, 2022), JASP 0.18.3.0 (JASP Team, 2024) and Winsteps 5.7.0 (Linacre, 2024a). Power analyses were performed using G*Power 3.1.9.7 (Faul et al., 2009). All programs used in this study were run with Windows 11 operating system.




4 Results


4.1 Effect of the setting

Descriptive statistics for the HoN and the MARKO-D are shown in Table 1. The total percentage scores both for the HoN and the MARKO-D appear to be approximately symmetric and platykurtic in distribution, suggesting that most of the children scored average, but in a flat distribution. The mean total percentage score for the MARKO-D was 59.85 (SD = 18.09) and for the HoN 61.96 (SD = 18.86). As the descriptive statistic show, the children scored slightly better in the game-based than in the standardized assessment. An equivalence Bayesian paired samples t-test was used to examine whether the total percentage scores of the two tests were equivalent. The OH BF in favor of the H∈ was 6.782 (error 6.015 × 10–6 %), and the NOH BF in favor of the H∈ was 9.318 (error 8.756 × 10–6 %) (see Tables 2, 3 for further results). Both BFs show moderate evidence that the δ falls in the I, and that the scores are not meaningfully different from each other. As Figure 2 also shows, the median of the resulting posterior distribution for the standardized effect size δ equals −0.08 with a central 95% CI [−0.237, 0.082]. According to the same figure, the mass inside the I has increased from prior to posterior, which also speaks in favor of a parameter estimate inside the I. That is, there is evidence to support the equivalence of the results.


TABLE 1 Total percentage scores and percentage scores for each model level in both math instruments.
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TABLE 2 Equivalence Bayesian paired samples t-test.
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TABLE 3 Equivalence mass table.
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FIGURE 2
Prior and posterior plot. The dashed line represents the prior distribution. The solid line represents the posterior distribution. The gray area represents the specified equivalence region.




4.2 Reliability and validity

As far as construct validity is concerned, the 6-year-old children scored higher than the 5-year-old children in both instruments. The independent samples t-tests revealed significant math performance differences between the 5 and the 6-year-old children in both instruments (see Table 4). This suggests that both tests could detect age-related differences in performance. However, a sensitivity power analysis showed that the independent samples t-test with the given N could reliably detect effect sizes of d = 0.62 or larger. The limitation of the medium effect size d = −0.47 for the HoN must be considered in this case. To evaluate the convergent validity of the HoN, the degree of agreement between the total percentage scores of the MARKO-D and of the HoN was examined. There was a significant correlation between the two assessments r = 0.85, 95% CI [0.79, 0.89], p < 0.001. Non-parametric analysis showed the same result ρ = 0.84, 95% CI [0.88, 0.78], p < 0.001. The sensitivity analysis against the null hypothesis of a null correlation resulted in a correlation parameter of ρ = 0.29, 95% CI [−0.16, 0.16]. That is, the results of the high correlation between the two tests can be treated as a clear result.


TABLE 4 Percentage math performance by age group in each test and comparison for each test.
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Regarding further aspects of construct validity and the internal consistency of the HoN, the results of the Rasch analysis provide information on the model fit and the reliability of the 24 items of the HoN. As shown in Table 5, the Rasch analysis indicated Mean-square (MNSQ) item Infit values of 1 ± 0.20 for all HoN items. The distribution of the HoN items on the logit measurement ruler of the Person-Item Map corresponds, with the exception of three items, to the five levels of the Ricken et al. (2013) model based on which these items were developed (see Figure 3). The HoN displayed a person reliability of 0.82, an item separation of 6.51 and an item reliability of 0.98. Person reliability is similar to reliability indices of the classical test theory (Linacre, 2024b). According to this, the test reliability of 0.82 is considered good, since values close to 1 suggest a more internally consistent instrument (Boone et al., 2014). The item reliability depends on the range of item measures and the size of the sample (Linacre, 2024b). According to Linacre (2024b) a low item separation (<3) and an item reliability <0.90 suggests that the sample size was inadequate to confirm the construct validity of the measure. In this study, the high item separation and reliability suggest that the sample was large enough to confirm the construct validity of the HoN.


TABLE 5 HoN Rasch analysis item statistics.
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FIGURE 3
HoN Person-Item Map. N = 147. On the left side of the logit span the participants are shown according to their performance (the higher the more items scored). On the right side the items are displayed according to their difficulty (the higher the more difficult the item). The five levels of the Ricken et al. (2013) model are marked on the distribution of items on the logit span.




4.3 Screening quality indices

To examine the screening diagnostic quality characteristics of the HoN, a ROC analysis was performed using a MARKO-D t-value of <40 as the state variable. The results show an area under the curve (AUC) of 0.97, p < 0.001, SE = 0.01, 95% CI [0.94, 1.00]. Due to the splitting of the ROC curve in the upper left quadrant, there are three possible cut-off values, which can be seen in Figure 4. A comparison of the quality indices of the three possible cut-off scores can be seen in Table 6. The sample relevant cut-off z-score of −0.90 with the highest Youden Index (YI = SEN + SPE−1) was chosen. With this cut-off score the HoN demonstrated a SEN of 100% and a SPE of 88.2%. The RIOC index was 100%. See Table 7 for further results.
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FIGURE 4
Receiver operating characteristic (ROC) curve of the HoN. N = 147. The diagonal line represents the case of random prediction. The ROC curve (on the left) represents the diagnostic performance of the test. The area under the ROC curve represents the predictive quality of the test.



TABLE 6 Comparison of the quality indices of the potential cut-off values.
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TABLE 7 Crosstabs of children identified as low-achieving and therefore at risk by the two instruments.

[image: Table 7]



4.4 Children’s perceptions of the assessment

According to the results of the survey on children’s perception of the instruments used, and as can be seen from Table 8, 100% of the children in the subsample (n = 47) thought that the HoN was a game. By contrast, only 66% of the children also thought the MARKO-D to be a game. We further calculated a Chi-square test to see if there was a significant association between the instrument and whether or not it was perceived as a game. The result was significant χ2 (4) = 19.28, p < 0.001 with a medium effect φ = −0.45 (p < 0.001). A sensitivity power analysis for df = 4 was calculated. The result showed that the Chi-square test with a 95% power (1 − β error probability) would be able to detect a critical χ2 = 9.49. The majority of the children (63.80%) said that they had a lot of fun with the HoN. In contrast only 42.60% said they had a lot of fun doing the MARKO-D. Regarding the questions about repetition and whether it’s a pity that it’s over, the children gave similar answers in both instruments. Most of the children would very much like to do them again. As to whether it’s a pity that it’s over, the children gave evenly distributed answers at all levels of the Likert scale. Further Chi-square analyses were calculated for the three Likert scale items to test whether there was a relationship between the instrument and the child’s response on the Likert scale. None of them showed significant results (see Table 9 for more details). A sensitivity power analysis for df = 3, showed that the 95% power Chi-square test would be able to detect a critical χ2 = 7.81. That is, the results of the Chi-square tests for the Likert scale items did not show efficient power to reliably detect effects smaller than the critical χ2. Finally, 74.5% of the children said that they would rather do the HoN again than the MARKO-D.


TABLE 8 Results of the children survey for the HoN and the MARKO-D.
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TABLE 9 Frequencies and Chi-square results for the first four items of the survey.
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5 Discussion

Although a considerable amount of research has been carried out on the game-based promotion of early mathematical competencies with linear board games (Hauser et al., 2014; Skillen et al., 2018a; Gasteiger and Moeller, 2021; Lange et al., 2021), only few studies have examined their potential for the preschool assessment of these competencies (Skillen et al., 2023). Thus, the purpose of the present study was to examine the potential of the 24-item screening HoN for the assessment of early mathematical competencies.

The first question of this study was whether the game-setting would affect the children’s performance in a preschool math test. To investigate this question, we evaluated the equivalence in the performance outcomes between the newly developed game-based assessment HoN and the established standardized test for mathematical competencies in preschool MARKO-D. The MARKO-D is based on the same theoretical model on the development of mathematical competencies as the HoN (Ricken et al., 2013). We expected that the game-based setting would not affect children’s performance. The results show that children scored slightly higher in the HoN than in the MARKO-D. The small difference in the mean performance between the two assessments is in line with the findings of Skillen et al. (2023) and also with studies showing higher performance on cognitive tasks compared to the same cognitive tasks when gamification features have been added (Mekler et al., 2013; Ninaus et al., 2015). However, in this study, although there is a slight difference between the two scores, the results also suggest that the performance scores on the two tests are probably equivalent. In any case, the experimental treatment can be ruled out as a possible explanation as the children were randomly divided into two groups and preliminary analyses showed a probability of no differences depending on whether they attended the HoN or the MARKO-D appointment first. The task format of an assessment is crucial for the reliability of a preschool test. Non-mathematical requirements during the test, such as the strain on working memory due to exclusively verbal tasks or the motor demands of handling objects, must not interfere with the results (Gloor, 2023). It could be expected that the game material and the actions of the HoN might influence the reliability of the test, because they demand attention and processing capacity, or require greater involvement of the central executive, but this result is not given. Against the expectation that the game context might impose additional cognitive demands that could negatively affect performance, the performance in the HoN was higher than in the MARKO-D. This finding is particularly relevant with regard to comorbid attention deficits of dyscalculia. Children with learning deficits, among them dyscalculia, show an increased risk of developing attention/hyperactivity disorders (Schuchardt et al., 2015). Hence, the characteristics of the test approach may influence the performance. One further example of such a characteristic, is the duration of the test. The HoN took approximately 21:32 min to complete. This is an excellent duration for a test for 5–6-year-olds (Gloor, 2023). According to the recommendation of Wyschkon (2015), test duration for this population, even with interactive test procedures, should not exceed 60 min, because preschool children are not used to working for so long on a task determined by others and often have short attention spans. One plausible explanation of why children scored higher in the HoN than in the MARKO-D, could lie in the nature of the setting of the HoN. Mathematics assessment is often associated with preschoolers’ experiences of negative affect and worry (Lu et al., 2021). It is possible, that children who do not perceive the process of the HoN as a test performance process, may show better performance. On top of that, the exciting game-setting, which allows the engaging in social interaction and the use of interesting materials such as moving game tokens, rolling dice, and drawing task cards, may promote the motivation to participate, which in turn also may have a positive effect on the performance of the children. As Hirsh-Pasek et al. (2009) put it, playful children are motivated children. Similarly, Gelman (2006) observed that children as young as 2 years and 6 months could successfully perform tasks of prediction of items and counting when they were embedded in a play task, but not when they were bluntly asked to count in a count-only task. Further research is needed to investigate whether the small performance difference is due to the HoN setting characteristics or due to other unknown factors.

Regarding the second question of this study and according to our expectations, the results show that both instruments were able to reliably detect differences in performance between the groups of the 5- and the 6-year-olds. This finding is also consistent with the results of Skillen et al. (2023) who investigated whether mathematical performance in the game-based approach differed between the groups of 4-, 5-, and 6-year old children. Such age-related differences in performance are expected according to the developmental model, which posits that older children excel their skills and develop further competencies that allow them to deal with more complex mathematical understanding (Ricken et al., 2013). To determine the convergent validity of the HoN, the degree of agreement between the mean percentage scores of the HoN and the MARKO-D was examined. In line with our hypothesis, the positive correlation between the new and the established tool of 0.85 is high according to Cohen (1988) and it shows that probably both tools evaluate the same mathematical concepts. This result is also in accordance with the findings of earlier evaluation of the psychometric characteristics of the HoN (Skillen et al., 2023) and the findings of studies on gamification of cognitive testing (Lumsden et al., 2016). The latter found relatively good correlations between gamified assessments and their non-gamified counterparts, which provide evidence that cognitive tests can be gamified and remain useful research tools. Furthermore, as expected, in the results of the Rasch analysis all items showed a model fit between 0.82 and 1.20, which according to Wright and Linacre (1994) indicates a reasonable model fit. These MNSQ values suggest that there is neither too much unexplained variance in the data nor that the model overpredicts the data causing inflated reliability statistics (Boone et al., 2014). The plotting of the items on the logit range of the Person-Item Map confirmed with only three exceptions the levels of the model of Ricken et al. (2013). The three overlapping items can be assigned to the level two (mental number line) and three (cardinality and decomposability). In line with the overlapping theory (Siegler, 1995), skills acquired at level two are also required to solve tasks that address level three. This could be one possible interpretation of this overlap, which also appears in established tests (see MARKO-D; Ricken et al., 2013). Finally, the high values of item and person reliability for the HoN suggest that item parameters calculated from the current data are generalizable for similar person and item samples (Boone et al., 2014).

The third question in this study was whether the HoN can successfully predict later difficulties in math. To evaluate the diagnostic validity of the HoN screening, its performance in detecting potential “at risk” cases was compared with the performance of the MARKO-D. The sample of this study was randomly selected. A total of 7.5% of the children were identified by the MARKO-D as having below average math performance compared to the expected performance for their age and therefore at risk of developing dyscalculia. This finding reflects the prevalence rates of dyscalculia, which lie within approximately 2%–8%, making the sample representative (Wyschkon et al., 2009; Fischbach et al., 2013). According to our hypothesis, the results of the ROC analysis are overall promising. The high AUC of 0.97 manifests the ability of the HoN to successfully distinguish between children with age-appropriate expected math skills and children possibly at risk. A sample related cut-off value was defined. The resulting high rates of SEN and SPE indicate a high likelihood that the HoN will be able to detect a possible impairment in early mathematics and a good likelihood that the absence of an impairment will be also successfully detected by the HoN. In particular, the highest possible SEN is desirable for a screening test. A high proportion of false positives is accepted in view of the concept of a screening test as a coarse screening procedure, which should be followed by a fine diagnosis for all “at-risk” children (Marx and Lenhard, 2011). The RIOC index above 66%, according to Jansen et al. (2002), can be described as a very good classification. The high psychometric results of this study are similar to the high results of Skillen et al. (2023). Testing the 23-item version of the HoN based on the model of Ricken et al. (2013), they found a high AUC value of 0.86, p < 0.001, 95% CI [0.78, 0.93]. After defining two possible sample-relevant cut-off z-scores the same authors found good screening indices. In detail, using the z-scores of −0.63 (percentile rank 26%) and −0.24 (percentile rank 41%) as resulting cut-off scores, they found a SEN of 79% and 95%, a SPE of 76% and 65% and high RIOC indices of 71% and 91%, respectively.

The fourth question of this study was whether the game-based HoN is attractive for young children. The aim of this question was to shed light on how children perceive this newly developed instrument. To examine this question the preschool children’s perception of the HoN was investigated with a short survey. The explorative findings show that all surveyed children perceived the HoN as a game. In contrast, only 66% of the children also perceived the MARKO-D as a game. This result shows that the children perceived a difference between the HoN and the MARKO-D. In addition, 74.5% of the children chose the HoN over the standard assessment. This finding is also consistent with findings from gamification studies that have compared gamified and non-gamified tasks, showing that intrinsic motivation is enhanced by the use of the gamified tasks (Lumsden et al., 2016). The above results support further development of the game-based HoN as a tool with potential in the preschool population.


5.1 Implications

Additional research is required to examine further (validation) aspects of the screening HoN. For example, it would be interesting to evaluate the test-retest reliability of the HoN, the extent to which the HoN also overlaps with other competence tests for preschool mathematics, or with tests of other competence areas (divergent validity). In future studies, further information could also be obtained to better determine the influence of nonspecific cognitive or environmental predictors of later mathematical performance. Such predictors include intelligence, home numeracy environment and working memory. In addition, to further investigate the potential of the HoN screening, it could be applied to different populations. The focus of this study was the age group attending the last year of kindergarten (5–6-year-olds). In future studies, the test could also be administered to younger or older children (e.g., first graders) to evaluate whether the HoN still responds to expected developmental difficulties. Alternatively, it could be tested in different kinds of populations, such as primary school children who have already been diagnosed with dyscalculia. In this way, it could be demonstrated whether the HoN correctly identifies cases who show difficulties with mathematics. Another possibility would be to examine the HoN properties based on other theoretical models (e.g., Krajewski, 2018a).

Once multiple aspects of the screening have been thoroughly reviewed and all characteristics of the HoN have been clarified, the next step would be to collect sufficient data on performance in several age groups and to establish population-based reference scores for the HoN (norming). Our aim for the future is to develop the HoN as an instrument that can be used by (preschool) educators. Further research is therefore important to investigate how these educators would apply the HoN and what their specific needs are with regard to this instrument.



5.2 Limitations

An apparent limitation of this study is the small sample size. The limited sample size has an impact on the power of some of the statistical analyses in this study. The first reason for this limitation is the nature of this type of assessment. Data collection in kindergartens can be very time consuming. At the same time, many kindergartens in Germany are understaffed and overburdened. As a result, some kindergartens did not agree to participate. Furthermore, even among those that did participate, we often faced the problem of missing assessment sessions, because preschool children were often sick and stayed at home. In addition, the almost 2 years of the COVID-19 pandemic were a great loss of potential data, as external persons were not allowed access to educational institutions in Germany for longer periods of time. Even so, the fact that the HoN already shows good results despite the small sample size is very promising.

Another limitation of this study is that other variables, such as intelligence, were not measured for the whole sample and therefore could not be documented in this article. This limits the description of the sample and the comparison of various aspects of performance. Moreover, there were no fidelity controls other than comparing the average children math performance between experimenters for differences. However, all experimenters received training and had to obtain supervisor approval after demonstrating the testing procedure to be allowed to go into the field. In addition, a detailed documentation of the data, including the dates and start and end times of the testing for each measure can help to reconstruct the conditions of the procedure.

Lastly, as far as the children’s survey is concerned, and as the results of the Chi-square tests show, the Likert scale items were probably difficult for the young children to understand, despite the age-appropriate adapted format. This may also explain why the children responded similarly between the HoN and the MARKO-D to these items. In addition, the exploratory findings on children’s perception of the tools should be treated as tentative, as preschool children tend to exhibit a response bias when questioned by giving affirmative answers (Okanda and Itakura, 2010). Similarly, the children in this study may have given more positive responses. In future studies, the use of mixed methods with mainly open-ended question formats should be the preferred method of questioning in a preschool sample. Nevertheless, our aim in this study was achieved, as it was only a first attempt to describe in an exploratory way what children think about the HoN.




6 Conclusion

Overall, the results so far suggest that the game-based approach can be used to assess early mathematical competencies. Moreover, they suggest that the HoN is a game-based assessment, which can reliably and effectively evaluate early mathematical skills and detect possible cases at risk for developing math difficulties. The HoN represents an attractive option for preschool children in comparison to standard preschool testing procedures. It is an innovative screening tool that combines requirements of screening procedures with the positive characteristics of board games. Screening procedures provide identification of a possible risk, which is linked to a recommendation for support. According to the findings, the HoN screening could provide reliable support to early childhood professionals in a time and resource efficient, and also enjoyable naturalistic way. The HoN could be easily integrated into the work that preschool educators already do. By eliminating or reducing the deficits in the precursor skills successfully identified by the screening, the chances of at-risk children to later acquire mathematical competencies can be increased through selective prevention for those at risk.
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