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Abstract
In the present study, we investigated whether structured quantities like finger or dice patterns are enumerated better
than unstructured quantities because they may not require counting. Moreover, we hypothesized children’s mastery
of structured quantities to predict their later arithmetic performance longitudinally. In particular, we expected that
children more proficient in enumerating structured quantities early in their numerical development, should develop
more effective calculation strategies later because they may rely on counting less. Therefore, we conducted a
longitudinal study (including 116 children, 58 girls) over the course of about 7 months from preschool (at about 6
years of age) to the middle of first grade. Results showed that structured quantities were indeed enumerated more
accurately and faster than unstructured quantities in preschool. Additionally, we observed significant associations
of enumeration of structured and unstructured with children’s addition performance in first grade. However,
regression analysis indicated only enumeration of structured but not unstructured quantities to significantly predict
later addition performance. In sum, this longitudinal study clearly indicates that mastery of structured quantities
seems to be beneficial for children’s development of basic arithmetic abilities.
key words: basic numerical abilities, finger patterns, dice patterns, counting, arithmetic, preschoolers
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Introduction
The relevance of basic numerical abilities as the foundation of later more advanced numerical and mathematical
skills is uncontroversial (e.g. Bishop 1989; Rivera-Batiz 1992; Starr et al. 2013; Pixner et al. 2017). Basic
numerical abilities to capture quantities such as subitizing, counting, or enumeration skills have been shown
repeatedly to predict children’s further numerical development but also mathematics achievement in primary
school (e.g., Geary 2000) and beyond (e.g., Hirsch et al. 2018). Most of these basic abilities for grasping numerical
quantities develop during early childhood years before children receive formal mathematics instruction in primary
school (Geary 2011).
Capturing numerical quantities – subitizing, unstructured quantities, structured quantities – and their
relevance for arithmetic
Previous research indicated that already infants are sensitive to the differentiation of small quantities of 1 to 3 (e.g.,
Wynn 1992b; Antell, Keating 1983; Starkey 1992; Starkey et al. 1990; Feigenson et al. 2002). This ability has
been associated with a specific system for the fast and more or less automatic processing of small quantities up to
3 or 4 referred to as subitizing (e.g., Kaufmann et al. 1949; Mandler, Shebo, 1982). Subitizing allows for grasping
quantity information of small sets of 1 to 3 or 4 elements “at a glance” (Trick, Pylyshyn 1994; Clements, Sarama
2009). For young children in first grade there is also evidence for a so-called subitizing range of up to 3 elements
(Trick et al. 1996).
Quantities beyond the subitizing range, starting with quantities 4 or 5 are assumed to be enumerated serially with
more effort primarily relying on counting (e.g., Wender, Rothkegel 2000; Ashkenazi et al. 2013). This serial
counting-based processing is associated with longer reaction times and more errors for increasing quantities in the
so-called counting range (e.g., Plaisier et al. 2009). When children learn to count, they acquire the ability to
enumerate larger quantities accordingly (e.g., Fuson, 1988; Ashkenazi et al. 2013).
A specific kind of enumerating quantity without subitizing or serial counting is found for structured quantities.
Structured quantities are quantities which are always presented complying to distinct systematic patterns. Previous
research indicated that recognizing patterns and structures is a central component of mathematical abilities (e.g.,
Lüken, Kampann 2018; Mulligan, Mitchelmore 2009). For instance, it was found for structured quantities that
performance not necessarily decreases with increasing magnitude of the to-be-enumerated quantities (e.g., Wolters
et al. 1987). These authors observed that accuracy and speed of enumerating quantities depended on the familiarity
with structured quantities (Wolters et al. 1987). Mandler and Shebo (1982) postulated the canonical pattern
hypothesis stating that canonical patterns, this means structured quantities reflecting systematic patterns one is
familiar with and which are common in our culture, are enumerated faster and more accurately than unstructured
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quantities. Accordingly, it is assumed that children associate specific structured quantities with cardinality
information in an iconic way.
There are different forms of structured quantities children are familiar with, with dice patterns being among the
most prominent ones. Dice patterns usually represent magnitudes 1 to 6 in a canonical structured way. Results of
Wender and Rothkegel (2000) supported the canonical pattern hypothesis of Mandler and Shebo (1982) with
regard to dice patterns. The authors observed that dice patterns were processed faster than random sets of dots
irrespective of their location on the screen or the size of the dots. Interestingly, Wender and Rothkegel (2000) also
postulated that canonical patterns are processed in a holistic and iconic way like pictures. In this context, Dawson
found already back in 1953 that structured quantities can be enumerated even better when they are organized in a
regular and symmetric way, like dice patterns are (e.g. Bloechle et al. 2018; Krajcsi et al. 2013). In accordance
with this evidence from adult participants, Benoit et al (2004) showed that children also enumerated quantities
faster when presented in a structured was as dice patterns as compared to when presented in an unstructured way.
Due to their consistently structured representation of quantities, we assume that dice patterns do not only allow for
grasping cardinality information but also for initial recognizing of some relationships between quantities.
However, dice patterns only allow for specific relationships to be displayed. For instance, the dots reflecting six
are arranged in two rows of three dots. As such dice patterns may allow children to recognize relationships between
quantities in the sense that they convey specific decompositions of the to-be-reflected quantity in smaller quantities
(e.g., two rows of three dots making six).
Another instantiation of such structured quantities are finger patterns as emerging from finger counting habits (e.g.,
thumb, index, and middle finger for 3). The overwhelming majority of children uses their fingers at some point
during their numerical development to assist counting and/or initial calculations (Butterworth 1999a; Di Luca,
Pesenti, 2011). Children use their fingers to gesturally present quantities (Fuson, Hall 1983) and they do so
automatically and without specific instruction (Siegler, Shrager 1984). It is assumed that dealing with quantities
by using ones’ fingers (i.e., using fingers for counting, montring or manipulating quantities) facilitates learning
and internalizing quantities through sensory-motor experiences (Di Luca, Pesenti 2011; see Roesch, Moeller, 2015
for a theoretical discussion), for instance, that more fingers raised represent a larger number (Wasner et al. 2014).
As such, finger-based variables have been found to have a critical influence on children’s numerical development
(e.g., Gracia-Bafalluy, Noël 2008). For example, performance in a finger discrimination task was found a good
predictor for arithmetic performance in 5 to 8-year-old children (e.g., Fayol et al. 1998; Noël 2005). Moreover, it
was observed that children who have problems in discriminating and naming their fingers performed worse in
arithmetic tasks (Costa et al. 2011). Therefore, fingers are acknowledged as useful tools for the development of
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numerical abilities (Crollen, Noël 2015). Fingers support counting, help to track the count and even help to find
solutions to arithmetic problems more easily because they allow for grasping the concept of composition and
decomposition of numbers (cf. Roesch, Moeller, 2015, see also Butterworth, 1999).
In particular, it was argued that using fingers for dealing with quantities also leads to an iconic representation of
the respective finger patterns in long term memory (Di Luca, Pesenti 2011). Domahs et al. (2008; 2010) observed
that even when fingers are no longer used, internal traces of these external strategies affect number processing and
arithmetic. In line with this, Di Luca and Pesenti (2011) postulated that finger-based numerical representations
prevail even after symbolic numerical representations have developed. As such, finger counting and finger use for
numerical operations more generally seems to shape and influence number processing and calculation throughout
life (Di Luca, Pesenti, 2011; Domahs et al. 2010).
Based on such evidence, it was claimed that structured quantities like finger and dice patterns may facilitate the
transition from concrete to abstract representations of number (Penner-Wilger et al. 2007) and support the ability
to capture quantities (see also Butterworth, 1999, 2005) because they are processed in a more iconic way. In turn,
this is assumed to help children refine their representation of quantity information, which should then facilitate
understanding the principle of composition and decomposition of quantities as a precondition for early arithmetic
abilities.
First evidence for this claim comes from both basic research on numerical cognition as well as mathematics
education. As regards the former, Wijns and colleagues (2019) found that preschoolers that spontaneously produce
patterns in a block assembly task were also better in math (see also Zippert et al., 2019; Rittle-Johnson et al, 2019,
for similar results on the association of patterning skills and early arithmetic / mathematical abilities). Moreover,
Burgoyne et al. (2019) observed that pattern understanding at the beginning of primary school was a significant
longitudinal predictor of later arithmetic skills.
Moreover, the relevance of patterns and structures is also considered specifically in research on mathematics
education (e.g., Sprenger, Benz, 2010). For instance, Lüken (2012) assessed how well children were able to
consider patterns and structures by employing tasks requiring, amongst others, structuring objects in a way so that
another person can see easily how many objects there are as well as identifying the number of elements in a set
without counting them, three months before children started primary school. Results indicated that beyond
influences of early numerical competences such as magnitude comparison, counting, and symbolic number
knowledge – consideration of structures and patterns explained considerable additional variance in children’s later
mathematical abilities at the end of second grade.
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Importantly, patterning skills as assessed in these studies comprised recognition and use of predictable sequences
(e.g., Zippert et al. 2019) on the one hand. On the other hand, they also drew on the ability to (quickly) recognize
structures, as for example in cubes or in five or twenty-frames and so on (e.g., Lüken, 2012; Obersteiner et al.
2014). The latter may likely be based on structuring ideas used in instructional approaches in mathematics
education (e.g., the power of five, Flexer, 1986; Krauthausen, 1995, or twenty-frames structured in sub-units of
five, Obersteiner et al., 2014).
The current study
Based on these findings, the aim of the current study was to investigate whether mastery of structured quantities
such as finger and dice patterns is relevant for the development of early arithmetic abilities in children in a
longitudinal study from preschool to first grade. We assumed that structuring should help children to enumerate
quantities in general and quantities beyond the subitizing range (i.e., larger than 3) in particular, when compared
to unstructured quantities. Enumeration of unstructured quantities larger than 3 should primarily be done using
rather time consuming and error prone counting procedures in preschool children (e.g., Schleifer, Landerl, 2011).
In contrast, structured quantities such as finger and dice patterns, which are familiar to children, may offer the
possibility to enumerate quantities in an iconic way and thus faster and less error prone – in particular those larger
than 3. We also assumed that children should benefit from the structuring of quantities as it provides some kind of
external scaffold that helps them inferring the respective quantity information. This may allow them to handle the
respective quantities more easily when asked to solve arithmetic operations. For instance children may consider
the sub base 5 of their hands for tasks like 5 + 3 (cf. Domahs et al. 2008) or they resort to the notion of dice patterns
to solve the problem 3 + 3 = 6 as the dice pattern for 6 consists of two rows of three dots each. Mastery of structured
quantities may thus allow for a better as anchored understanding of quantities. As a consequence, we hypothesize
that children’s mastery of structured quantities should be associated specifically with their later arithmetic abilities:
The better understanding of quantity which children establish based on structured quantities, should have a specific
positive effect on their addition performance beyond that of their ability to enumerate unstructured quantities. To
the best of our knowledge, there is no study evaluating potential differences between influences of finger vs. dice
patterns as structured quantities compared with unstructured quantities (prominently solved by counting) and their
specific prediction of later arithmetic performance. In particular, we investigated the association between mastery
of quantities in preschool and arithmetic performance in first grade of primary school.
As such, this study aimed at i) replicating findings suggesting better enumeration of structured as compared to
unstructured quantities before ii) evaluating the longitudinal relevance of performance in enumerating quantities,
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in particular of structured quantities, such as finger and/ or dice patterns in preschool for children’s development
of later arithmetic abilities in first grade.
Method
Participants
The present sample comprised 116 preschoolers (N = 58 female) who took part in a school enrollment screening
in Tyrol, Austria. Please note, the current manuscript focuses on results of only a subset of tasks administered in
a larger longitudinal study conducted with the aim to develop a screening of language skills and basic numerical
abilities at the transition from kindergarten to primary school. The tasks considered in this manuscript were
administered to evaluate children’s numerical development. All children were followed in a longitudinal study
over the course of 7 months. In particular, they were first tested before starting primary school (first measurement
time T1, from May to June) and again at the middle of first grade (second measurement time T2, from January to
February of the following year). At T1 children were about six years old (M = 73.5 months, SD = 3.64, range 67
to 83 months) and on the second time of measurement (T2) they were about six years and a half (M = 80.5 months,
SD = 3.6, range 74 to 90 months). The current study was approved by school authorities of the state of Tyrol and
by the Research Committee for Scientific Ethical Questions (RCSEQ) of the UMIT – Private University for Health
Sciences, Medical Informatics and Technology.
Procedure and testing material
At both times of measurement, children were tested in a 10-minute one-on-one session each. Testing itself was
computer-based and done by trained student assistants who got detailed instructions of the procedure in advance.
At T1 computer-based tests assessed children’s ability to enumerate unstructured quantities (supposedly through
counting), as well as structured quantities in terms of finger and dice patterns. At T2 an addition task was
conducted. Computer tests were programmed with Experiment Builder (SR-Research, Ottawa, Canada) and
measured reaction times as well as error rates. Computers used for testing were the same type for all children with
a 16’ screen.
Unstructured quantities - Counting patterns
The children’s ability to tell the magnitude of unstructured quantities, was measured using 20 items (i.e., 2 practice
trials, 18 critical unstructured quantities ranging from one to six, with each quantity presented 3 times), which
were presented in randomized order. The task demanded children to identify the given quantity as quickly as
possible and tell the respective number to the investigator, who recorded the respective answer. Unstructured
quantities were shown for a maximum of 2 minutes when no key press has been received. There was an
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interstimulus interval of 500ms when no answer was given before the next trial was presented. To increase
children’s motivation for the unstructured quantities the patterns were presented as pictures of dogs (see figure 1).

Fig 1 Examples of unstructured quantities ranging from 1 to 6 as used in the current study
Structured quantities
Children were also asked to enumerate the quantity given by structured quantities in terms of finger and dice
patterns. Overall task procedure was identical to the one described for unstructured quantities above. In the
following, specificities for the task on finger patterns and dice patterns will be described.
Finger-patterns
Finger-patterns were presented as photographs of children’s hands in front of a background and depicted quantities
from zero to ten because we anticipated enumeration of structured quantities to be easier. Following three practice
items, each quantity was presented three times in randomized order (i.e., 3 practice trials, 30 critical trials). As for
the task on unstructured quantities, individual items were presented for a maximum of 2 minutes or a response key
was pressed within this interval. For quantities 1-6 we used the fingers thumb representing 1, thumb and index
finger reflecting 2, thumb, index, and middle finger indicating 3, and so on according to the typical German finger
counting habit (see figure 2). For reasons of comparability analyses will focus on results for quantities 1 to 6 in
the following.

Fig 2 Finger patterns reflecting structured quantities as used in the present study
Due to the fact that children are not confronted with an unstructured representation of the fingerprints in everyday
life, we refrained from using them in unstructured form. By unstructured form we mean finger pattern
representations which are unusual in Europe (e.g., representation of 1 by the ring finger etc.).
Dice-patterns
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The computer-based test evaluating children’s ability to enumerate dice patterns involved 20 items presented in
random order (i.e., 2 practice trials followed 18 critical trials presenting quantities from 1 to 6 three times each).
Similar to the task on unstructured quantities, stimuli were presented until a key press was detected or the time
limit of 2 minutes was reached. Additionally, dice patterns were also presented using pictures of dogs (see Figure
3) due to motivational reasons. The difference between the unstructured quantities to the dice patterns is that the
dogs were arranged similar to dots on a dice (e.g., three dogs on a diagonal line representing the pattern of “three”)
(see figure 3).

Fig 3 Structured quantities in terms of dice patterns as used in the current study
Basic addition
At T2 we conducted a test assessing children’s ability to solve symbolic single digit additions which sums up to
10. The task demanded children to indicate as quickly and correctly as possible the result to a simple addition
problem. We used a verification paradigm with two solution probes (i.e., the correct one and a wrong distractor
differing from the correct results by plus or minus one, e.g., 4 + 1 = 5 or 6, see Figure 4) with items depicted on
the computer screen. We chose a split of ±1 for incorrect solution probes (i.e., they differed from the correct
solution by ±1, e.g., 2 + 3 = 4 vs. 5 vs. 6) based on previous evidence that the majority of incorrect solutions
produced in addition come very close to the correct result (e.g. Ashcraft, Battaglia, 1978; for results in children
see e.g., Domahs et al 2008; Núñez-Peña, Escera 2007).
For indicating the correct solution children had to press one of two response keys “Z” and “B” of a standard
QWERTZ keyboard. When the upper solution probe was correct the upper button had to be pressed and vice versa
for the lower solution probe and the lower response key. After a keystroke in the number field the next problem
was presented. Problems were presented centered in white script against a black background in courier new bold,
size 48 (see figure 4). Following 6 practice items, 40 critical items were presented in randomized order. After
every 10 items children were able to take a short break for up to 4 minutes or until they pressed any key on the
keyboard.
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Fig 4 Example of stimuli used in the “addition test”
Analyses
Dice patterns as an instantiation of structured quantities only range from 1 to 6. Therefore, we also restricted the
range of structured quantities depicted as finger patterns to this range for the following analyses to allow direct
comparability. As with the other computer tests, each quantity was presented three times, resulting in a total of 18
items. Data were analyzed using IBM SPSS Statistics version 24.
Analyses considered reaction times 1 as well as the mean number of correct responses per quantity as dependent
variables for all tests administered on the enumeration of unstructured and structured quantities (i.e., finger and
dice patterns). As each quantity was presented 3 times the accuracy score could range from 0 (i.e., no item of any
quantity solved correctly) to 3 (i.e., all items for all quantities solved correctly). For basic addition, the number of
correctly solved problems was considered as dependent variable as reaction times were not registered for this task.
Analyses of all 4 tasks will thus be based on the number of correctly solved items only (Table 1 presents the
descriptive statistics for all variables).
Please note, because distributions of the mean number of correct responses were negatively skewed, we applied a
log transformation on the reflected distribution of observed values to approximate normal distribution prior to the
analyses. This resulted in skewness parameter that were within acceptable ranges (i.e., ±2 as previously suggested,
e.g., Hair, Black, Babin, & Anderson, 2010) for all variables of interest. Accordingly, for all results we report
statistical details based on the analyses of transformed data. Please note, however, that we present untransformed
data in all figures for reasons of comprehensibility.
Differences in median reaction time and the mean number of correct responses between enumerating unstructured
quantities and structured quantities (i.e., finger and dice patterns) were evaluated by two separate 3 x 6 ANOVAs

Please note, that due to technical problems (reaction times were not recorded on one out of three computers
used for testing), reaction times were only available for a sub-sample of 90 children.

1
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discerning the within-participant factors presentation format (i.e., counting patterns vs. finger patterns vs. dice
patterns) and quantities (i.e., 1, 2, 3, 4, 5, and 6).
In a next step, bivariate Pearson correlations were run to evaluate the association between enumeration
performance for the three presentation formats as well later arithmetic performance.
Finally, a backward regression analyses was conducted to appraise the predictive relevance of enumeration
performance for the three presentation formats for later arithmetic performance considering intercorrelations of
predictors. Predictors were excluded from the regression model when not predicting the criterion variable with p
< .10. Please note that preliminary checks did not point to issues with multicollinearity as would have been
indicated by correlations between predictors of < .8 in line with recommendations by Field (2018). Additionally,
variance inflation factors for all variables included in the model were < 1.17 (with VIF > 10 indicating
multicollinearity according to Kutner, 2005)
Table 1: Descriptive statistics for all test variables
M

SD

N

Min.

Max.

Unstructured quantities

2.69

.41

116

0

3.00

Finger patterns

2.84

.35

116

.50

3.00

Dice patterns

2.92

.29

116

.17

3.00

34.37

7.59

107

1.00

40.00

Preschool (T1)

First grade (T2)
Basic addition

Results
ANOVA
For the mean number of correct responses, the main effect of presentation format was significant [F(2, 115) =
28.15, ηp2 = .19, p < .001]. Bonferroni-corrected pairwise comparisons indicated a significant difference between
performance in enumerating unstructured quantities vs. dice patterns (p < .001) as well as between performance in
unstructured quantities and finger patterns (p < .001, see Figure 5). These results show that children enumerated
structured quantities (i.e., finger and dice patterns) significantly better than unstructured quantities. Moreover, the
pairwise comparison for finger and dice patterns also turned out to be significant (p = .005). The latter reflected
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that enumeration performance was better for dice as compared to finger pattern indicating that children performed
best on enumerating dice patterns.
The main effect of quantity also was significant [F(5, 115) = 31.39, ηp2 = .21, p < .001]. Bonferroni-corrected
pairwise comparison indicated significant performance differences between enumeration quantity 1 and 3 (p =
.038) 1 and 4 (p < .001), 1 and 5 (p < .001), 1 and 6 (p < .001) also between 2 and 4 (p < .001), 2 and 5 (p < .001),
2 and 6 (p < .001), as well as between 3 and 4 (p < .001), 3 and 5 (p < .001), 3 and 6 (p < .001). In all cases, these
results reflected that children enumerated smaller quantities with fewer errors than larger quantities (see figure 5).
Finally the interaction between presentation format and quantity was significant [ F(10, 115) = 19.70 ,ηp2 = .15, p
< .001]. Bonferroni-corrected pairwise comparisons indicated that differences between presentation formats
differed significantly across presented quantities.
Inspection of the simple effects indicated significant differences between the three presentation formats for the
quantities 4, 5, and 6, but not for quantities within the subitizing range (i.e., 1 to 3). For quantities 4 and 6, fewer
dice patterns were responded to significantly more accurately than unstructured quantities and dice patterns (both
p < .009). However, finger patterns were responded to less accurately than unstructured quantities for quantity 4
(p < .003) but more accurately for quantity 6 (p <. 001). Quantity 5 was enumerated significantly more accurately
when presented as dice patterns (p = .029) or finger patterns (p = .028) as compared to unstructured quantities.
Moreover, the pairwise comparison showed significantly better enumeration of quantity 5 for finger as compared
to dice pattern (p < .001). Overall, performance was lowest for unstructured quantities, whereas performance was
best for dice patterns (see figure 5). Figure 5 shows the means and standard deviations of the number of correct
responses for the quantities and the different presentation formats.
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Fig 5 Mean number of correctly solved quantities separated for presentation format and quantity. Error bars
indicate +/- 1 SEM
For median reaction times, the main effect of presentation format was significant [F(2, 89) = 123.11, ηp2 = .580, p
< .001]. Bonferroni-corrected pairwise comparisons indicated significant difference between reaction times for
enumerating unstructured quantities and finger patterns (p = .044), significant differences between reaction times
for enumeration of unstructured quantities and dice patterns (p < .001) as well as between enumerating finger
patterns and dice patterns (p < .001, see Figure 6). These results show that children enumerated structured
quantities which are arranged as dice patterns and finger patterns significantly faster than unstructured quantities
but also dice significantly faster than finger patterns.
The main effect of quantity also was significant [F(5, 89) = 114.74, ηp2 = .563, p < .001]. Bonferroni-corrected
pairwise comparison indicated significant performance differences between the enumeration of all quantities (all
p < .001) except quantities 1 vs. 2 (p > .99) and 4 vs. 5 (p > .99).
Moreover the interaction between presentation format and quantity was significant [F(10, 89) = 42.79, ηp2 = .325,
p < .001]. Bonferroni-corrected pairwise comparisons indicated that differences between presentation formats
differed significantly across presented quantities.
Inspection of the simple effects indicated significant differences for the reaction times between the three
presentation formats for quantities 4, 5, and 6, but not for quantities 1,2, and 3 (within the subitizing range). For
quantity 4, there was no significant difference between RT for enumerating unstructured quantities and finger
13

patterns (p > .383). However, pairwise comparisons between finger patterns and dice patterns as well as dice
patterns and unstructured quantities showed significant RT advantages for dice patterns (both p < .001). For
quantities 5 and 6 all pairwise comparisons were significant (all p < .001) reflecting that dice patterns were
responded to fastest followed by finger patterns and unstructured quantities. Regarding quantity 6, all pairwise
comparisons were significant (all p < .001) again indicating that dice patterns were responded to significantly
faster than finger patterns which were responded to significantly faster than unstructured quantities. Taken
together, it seems that the advantage for structured over unstructured quantities was primarily observed for
quantities 5 and 6, for dice patterns also for quantity 4 (see figure 6).

3500

Median reaction time in ms

finger patterns
dice patterns

3000

unstructured quantities
2500

2000

1500

1000

1

2

3

4

5

6

Quantities

Fig 6 Median reaction times separated for presentation format and quantity. Error bars indicate +/- 1 SEM
Correlation analysis
Table 2 depicts correlations between children’s performance on quantity enumeration tasks and the basic addition.
Table 2 shows that all tasks assessed correlated significantly with each other. In addition, relationships between
the correlation of unstructured quantities and dice patterns as well as between finger and dice patterns are
investigated. The lowest effect size showed the correlation of basic addition and unstructured quantities.
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Table 2: Correlations of the correct response of the tests (i.e., unstructured quantities, dice patterns, finger patterns,
basic additions test)
1

2

3

1

Unstructured quantities (T1)

--

2

Dice patterns (T1)

.317**

--

3

Finger patterns (T1)

.238*

.215*

--

4

Basic additions (T2)

.203*

.239*

.214*

Note. * The correlation is significant at the level of p < .05 (2-sided)

Regression analysis
In the backward regression analysis, we evaluated whether the number of correct responses for the unstructured
patterns as well as structured quantity enumeration tasks (i.e., finger & dice patterns) assessed in preschool
predicted children’s performance in the addition test administered later in first grade.
The final model [R2 = .08, adjusted R2 = .07, F(3, 107) = 4.69, p = .011] indicated that addition performance in
first grade was predicted significantly by children’s performance in the enumeration of dice patterns (B = .219, SE
= .107, b = .19, p = .043). A significant prediction was also observed for enumeration of finger patterns (B = .149,
SE = .09, b = .17, p = .002). In contrast, enumeration of unstructured patterns was not a significant predictor of
addition performance (B = .097, SE = .09, b = .11, p = .269). Inspection of the beta weights indicated that better
addition performance was predicted by better enumeration of dice and finger patterns. Enumeration of unstructured
quantities did not seem to play a significant role for later addition performance. In fact, it can be assumed that this
result indicates that counting as the most probable solution strategy for enumerating unstructured quantities no
longer explained unique variance compared to the enumeration of structured quantities.
Discussion
The aim of this study was to evaluate i) differences between the processing of unstructured and structured
quantities in preschool children and ii) influences of the mastery of structured quantities in preschool on children’s
arithmetic abilities in first grade. Consistent with our expectations, study results revealed that i) structured
quantities were processed more efficiently than unstructured ones and ii) mastery of structured quantities (i.e.,
15

finger and in tendency also dice patterns) in preschool specifically predicted children’s later arithmetic abilities.
In the following, we will discuss these points in turn.
Advantage for processing structured quantities
In line with our expectation, it turned out that structured quantities were enumerated more efficiently than
unstructured ones as indicated by the main effect presentation format we observed. In particular, performance was
significantly better for enumerating both structured quantities (i.e., finger and dice patterns) as compared to
unstructured quantities. This is in accordance with previous findings and theoretical claims suggesting that
enumerating unstructured quantities (i.e. counting pattern) involves more effortful and time-consuming serial
counting processes as compared to structured quantities (e.g., Ashkenazi et al., 2013). Arguing with Wolters et al.
(1987) we found that children were able to process quantities better when they were presented in structured format,
like finger or dice patterns – which also corresponds well with the canonical hypothesis by Mandler and Shebo
(1982).
Importantly, the significant interaction between presentation format and the actual quantity to be enumerated
indicated that above described processing benefit of structured quantities over unstructured ones was only present
for quantities larger than three and thus outside the subitizing range. This indicates that for small quantities within
the subitizing range there does not seem to be a specific benefit of structure for enumerating quantities. For
quantities larger than 3 our data clearly indicate a processing benefit for structured quantities over unstructured
ones for quantities 5 and 6, for dice patterns also for quantity 4. A closer look at the simple effects further specified
the observation that performance for dice patterns was significantly better than for finger patterns, for which
performance was better than for unstructured quantities to also be driven by the respective effects for quantities
larger than 3.
We not only observed that performance for both structured quantities (i.e., finger and dice patterns) was better than
for unstructured quantities (for accuracy) but also that performance in enumerating dice patterns was better than
for finger patterns (for accuracy and speed). The former provides converging evidence for ideas that see structured
quantities as prominent maybe even iconic representations of numerical magnitude (e.g., Di Luca and Pesenti,
2011; Wender and Rothkegel, 2000) as it substantiates the processing advantage for structured quantities to be
observed as early as kindergarten. As regards the latter, one might speculate that dice patterns are the proto-typical
instance of structured quantities acquired through children’s experiences with dice in different contexts such as
playing board games and so on (cf. Wolters et al. 1987) – which might explain their processing advantage over
finger patterns. Another argument for the even more efficient processing of dice patterns seems to be their
symmetrical arrangement (cf. Dawson 1953) for which processing advantages were observed, probably influenced
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by processes of pattern recognition (c.f. Mandler & Shebo, 1982; Krajcsi et al. 2013). As such, finger patterns may
also be seen as a advantageous iconic representation of structured quantities in preschoolers (that might even
influence number processing throughout life, e.g. Di Luca & Pesenti, 2011; Domahs et al. 2010). On the other
hand, finger patterns for quantities 1 to 6 as used in the current study are not symmetrical but follow a specific
order of fingers raised one after the other. Interestingly, however, the (reversed) v-shaped increase of performance
for the finger patterns for 5 (with significantly fewer errors committed for finger than for dice patterns) seems to
indicate that for finger patterns representations of 5 as a full hand and thus a superior semantic category may have
improved processing further.
Synced with the results for the main effect of quantity, which basically showed no difference for processing small
quantities up to 3, this clearly reflects subitizing of these small quantities – meaning fast and largely automatic
processing of the respective quantities with no significant influences of presentation format. In contrast for
quantities 4 to 6 there was a linear decrease of performance in line with previous results (e.g., Ashkenazi et al.
2013; Schleifer and Landerl 2011).
Interestingly, the finger pattern for 4 seemed particularly difficult to process. A possible reason for this might be
that for 4 two finger patterns are prominently used (e.g., Wasner et al. 2016): i) according to the finger counting
sequence, this means thumb, index, middle, and ring finger vs. a motorically easier one involving index, middle,
and ring finger as well as the pinkie. This may have made the finger pattern for 4 less beneficial. Additionally, we
also observed a special status for 5. As observed previously (e.g. Crollen & Noel, 2015) the finger pattern for 5
was enumerated specifically fast and accurate. This may reflect that 5 is conveyed by one whole hand, which adds
further structural semantic meaning beyond the quantity information itself.
Mastery of structured quantities predicts later arithmetic abilities
As expected, we observed that mastery of structured quantities - finger patterns, and dice patterns - as assessed in
preschool uniquely predicted later arithmetic abilities in first grade. This seems to indicate that mastery of finger
as well as dice patterns seem to account for distinct parts of the variance in addition performance – even though it
needs to be acknowledged that the final model explained only a small part of the variance. Furthermore, although
the correlation between addition performance and enumeration of unstructured quantities was significant, the latter
was not a significant predictor of addition performance in the regression analysis. This may indicate that
enumeration of unstructured quantities did not account for unique parts of variance, but may share parts of variance
with the mastery of structured quantities. This argument is backed by significant correlation between enumeration
of unstructured quantities and structured quantities (finger and dice patterns).
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From a content-wise perspective, this may reflect that children can already count before they start to specifically
consider structured quantities. As such, counting may be a prerequisite for the later consideration of structured
quantities and thus, no longer explains unique parts of the variance of addition performance. Interestingly, we
found not only mastery of dice patterns but also mastery of finger patterns to be – in tendency – predictive of later
arithmetic performance. This further strengthens theoretical claims (e.g., Butterworth 1999; 2005, Moeller, Roesch
2015) postulating beneficial effects of finger-based numerical representations on children’s numerical
development. In particular, when children use their fingers for counting and/or initial calculations, they explicitly
operate on quantities and raising another finger or closing a finger already allows for acquiring first conceptual
ideas on increasing and decreasing quantities and thus first arithmetic procedures through the use of their fingers.
In addition to the results of earlier research (e.g. Noël 2005; Penner-Wilger et al. 2007), which investigated the
influence of fine motor skills and finger gnosis on early numerical and calculation skills, the present results indicate
that the explicit use of finger patterns might be beneficial for later arithmetic performance. In particular, these
results imply that not only the concrete acting of counting/calculating with one’s fingers but also the therewith
acquired iconic representation of finger patterns influences later arithmetic performance positively – at least in
tendency.
Not only fingers (see Penner-Wilger et al. 2007) may facilitate transition from concrete to more abstract numerical
representations, but also dice patterns may be beneficial for this transition, as reflected in our data. This could be
seen for the mastery of dice patterns to predict later arithmetic performance. As such, dealing with dice should
have a beneficial influence on later arithmetic performance. This is in line with results from a study by Gasteiger,
Obersteiner and Reiss (2015) who observed that children benefitted more form playing board games with a regular
dot dice than playing board games with colour or symbol dice. In particular, the authors found that children
improved in their ability to consider structures when dealing with sets of objects.
Taken together, we suggest that structured quantities such as finger and dice patterns allow children better capture
quantity information because of the systematic and spatially structured nature of these formats which facilitate
understanding of quantities as composed and to-be-decomposed units. This, in turn, seems to benefit children’s
early arithmetic abilities – possibly because it already represents pre-arithmetic operations. Moreover, the iconic
representation of structured quantities may enable more efficient access to quantity information which should also
improve arithmetic abilities.
Nevertheless, a point to consider when interpreting these results is that we did not control for influences of domainunspecific variables known to impact on numerical development such as general cognitive abilities, working
memory, etc. (e.g. Raghubar et al. 2010; Cowan et al. 2017 for influences of these variable). However, we observed
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a pattern of specific associations of structured quantity enumeration and later arithmetic performance, while at the
same time enumeration of unstructured and structured quantities was correlated significantly. This pattern of
results clearly argues against confounding influences of domains-unspecific variables.
As a further limitation, it needs to be noted that we cannot completely rule out the possibility that children also
resorted to counting-based strategies when solving the addition task in the current study. However, there is one
specific to our results that clearly argues against the assumption that the addition task was solely solved using
counting-based strategies. Following the latter argument, one would expect a particularly high association of
performance on the enumeration of unstructured quantities task, which we expect to be solved by counting and the
addition task, which one might assume to also be solved by counting-based strategies. However, our results clearly
indicate that performance in the addition task was better predicted by performance in the enumeration of structured
quantities task, which is not primarily solved by counting but by specifically considering quantity information as
conveyed by structured quantities. Therefore, we are confident that the addition task we used reflected more than
just counting based strategies.
Finally, it needs to be noted that we did not consider the theoretically and conceptually aspect of number
composition and decomposition (e.g., Sarama & Clements 2009) to be pursued in the current study. As such future
research should pay more attention on conceptualizing finger as well as dice patterns as composed units allowing
to foster children’s acquisition of number composition and decomposition (e.g., six as displayed in two rows of
three dots on a dice or possibilities of decomposing ten fingers two numbers adding up to ten, see also Roesch and
Moeller, 2015 for a discussion on how finger-based strategies can foster the acquisition of initial calculations).

Conclusions
The results of the current study indicate that children can achieve a better understanding of quantities by dealing
with structured quantities, which in turn seems to have a positive influence on later arithmetic performance. In
particular, we found that mastery of dice and also finger patterns predicted later addition performance.
Interestingly, the role of dice patterns as structured quantities seemed to be more prominent as compared to finger
patterns, which might be due to the more extensive experience of children with dice patterns in, for instance, board
games and their symmetrical arrangement. In summary, this suggests that it may be beneficial to instruct children
more systematically on structured quantities as their specific association and prediction of later arithmetic
performance structured quantities may foster children’s development of more complex arithmetic abilities.
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