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Abstract

Performance in reasoning tasks such as Raven's matrices experiences a dramatic
increase over cognitive development, but the mechanisms responsible for this increase are
unknown. Many cognitive processes are involved in a matrix task and could potentially
change with age; strategy use appears to be a good candidate, as it typically improves over
development and has a large impact on reasoning performance in adults. The present study
tested the role of effective strategy use in Raven's standard progressive matrices in groups of
6-, 8-, 10-, 12-, 14-, 16-, and 18-year-olds (total N = 474). Strategy use was assessed with
behavioral measures of gaze patterns in Raven's matrices. We also measured working
memory capacity, a good predictor of strategy use in adults, using a battery of complex spans.
The results showed that the effective strategy of constructive matching substantially
increased with age, along with performance. Strategy use mediated over half the effect of age
on reasoning performance. Older participants were also better at adapting strategy use to
difficulty of the problems. Effective strategy use was beneficial to the same extent for
participants of all ages. Age-related improvements in strategy use occurred in tandem with
improvements in working memory capacity, but did not appear to be primarily driven by
them. Overall, our results indicate that strategy use is a critical underpinning of reasoning
performance in children as well as in adults, and that theories of cognitive development of

reasoning have to consider the central role of strategy use.
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Public Significance Statement

Raven's matrices and similar matrix reasoning tasks are the test most representative of
fluid intelligence, and are used in the majority of both intelligence research and clinical
assessments of intelligence (either alone or as part of a larger battery, such as Wechsler's
scale of intelligence). Understanding the origin of individual differences and age-related
differences of performance is therefore critical to correctly interpreting differences of

reasoning performance between individuals or groups in both research and applied settings.
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Fluid reasoning performance is an excellent predictor of real-life outcomes in children
(such as academic achievement: Laidra et al., 2007; learning: Primi et al., 2010; or even
violent behaviors and drug use: Huepe et al., 2011). Critically, performance on fluid
reasoning tasks also increases to a considerable extent over the course of cognitive
development. The finding of a developmental increase of intelligence is as old as
developmental research (Binet & Simon, 1905), but probably the easiest way to illustrate this
point is to examine the norms of fluid intelligence tests. Let us take the example of Raven's
matrices, the test most representative of fluid intelligence (Carpenter et al., 1990) and one
with a large amount of available developmental data. In the British 1979 standardization
sample of Raven's Standard Progressive Matrices (SPM; Raven et al., 1998), median scores
increased from 15 out of 60 correct answers at 6 years old, to 45 out of 60 correct answers at
14 years old (N = 3250 children; Raven et al., 2000, Figure 3). Similar increases with age
have been found in other norming datasets since the very first uses of Raven's matrices (e.g.
Raven, 1941), as well as in developmental research (Perret & Dauvier, 2018).

What leads reasoning performance in Raven's matrices to triple over just eight years
or cognitive development? Identifying the underpinnings of such a dramatic increase in fluid
reasoning performance is of major interest, both to the understanding of cognitive
development, and to the understanding of cognitive processes underlying reasoning. It would
hardly be satisfying to simply argue that children "get more intelligent” during cognitive
development; besides, improvement in performance does not necessarily reflect improvement
in intelligence (Hayes et al., 2015). Instead, it is much more informative to consider which of
the various determinants of performance in Raven's matrices drive this developmental
change. This question can be approached in terms of the quantitative abilities involved in the
task, such as processing speed (e.g. Kail, 2007), working memory (e.g. de Ribaupierre &

Lecerf, 2006) or inhibition (e.g. Perret, 2015); or in terms of the mechanisms qualitatively
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involved in the process of solving an item (e.g. Gonthier & Roulin, 2020; Styles, 2008). The
present study focuses on the latter possibility, with the hypothesis that gradual improvements
in performance are accompanied by qualitative changes of behavior in the task, as reflected in

a progressive increase in effective strategy use.

Strategy Use in Matrix Reasoning Tasks

A strategy is the procedure used by a subject to reach a high-level goal in a task
(Lemaire & Reder, 1999), consciously or not, over and above the processes that are necessary
consequences of carrying out the task (Pressley et al., 1985). Strategies are particularly
interesting to understand mechanisms of performance in a task: they describe the particular
set of cognitive operations used by a subject, reflecting how cognitive abilities are
implemented in a task to create performance. In other words, understanding strategies is a
way of understanding the cognitive mechanisms involved in producing a response.

Raven's matrices require subjects to identify the missing piece in a picture among
several alternatives, based on logical rules which apply across both rows and columns. This
allows two major strategies (for a review, see Laurence et al., 2022): constructive matching,
which requires understanding the logical rules to mentally reconstruct the missing piece of
the matrix; and response elimination, which involves examining all response alternatives to
select one that seems to fit well with the matrix (Snow, 1978, 1980; see also Bethell-Fox et
al., 1984). The balance between these two strategies is reflected in gaze patterns in the task:
spending a higher proportion of time on the matrix, waiting longer before viewing the
responses, and toggling less often between the matrix and the responses all reflect more use
of constructive matching and less use of response elimination (Vigneau et al., 2006). Subjects
may also use a mix of the two strategies: Jarosz and colleagues (2019) reported a hybrid

isolate-and-eliminate strategy where subjects tried to understand one logical rule, then
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eliminated response alternatives that did not match this particular rule (see also Li et al.,
2022).

Constructive matching is more effective on average, with a greater probability of
leading to the correct answer. As a result, strategy use in Raven's matrices and similar tasks is
strongly related to performance, and is usually a better predictor of performance in the task
than cognitive abilities such as working memory (e.g. Gonthier & Thomassin, 2015; Jarosz et
al., 2019). Besides, strategies can shift throughout the task, along with performance (Gonthier
& Roulin, 2020), and depend on conditions such as intellectual disability (\Vakil et al., 2011,
Vakil & Lifshitz-Zehavi, 2012). Strategy use is thus relevant to understanding how subjects
can manage to achieve quantitatively high performance in the task, and constitutes a possible
avenue of cognitive development (Perret, 2015).

Moreover, strategy use depends on cognitive abilities: using constructive matching
requires holding logical rules and perceptual features of an item in working memory, and the
use of constructive matching is correlated with working memory capacity (WMC: Gonthier
& Thomassin, 2015; Gonthier & Roulin, 2020; Jarosz et al., 2019; Jastrzebski et al., 2018;
see also Jarosz & Wiley, 2012). Although the exact nature of the relation between WMC and
strategy use is disputed (strategy use may be a mediator of the relation between WMC and
reasoning performance: Gonthier & Thomassin, 2015; Jarosz et al., 2019; a moderator: Li et
al., 2022; or neither: Jastrzebski et al., 2018), all results so far agree that WMC and strategy
use are related in the context of Raven's matrices. Given that WMC improves throughout
cognitive development (e.g. Cowan & Alloway, 2009; Simmering & Perrone, 2013), the
relation between effective strategy use and WMC makes strategy use a viable candidate to

explain how cognitive development could result in higher performance in Raven's matrices.
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Development of Reasoning Strategies

A substantial corpus of literature has shown that strategy use tends to improve over
development. This is true in a variety of areas (e.g. Siegler, 2016); the most studied are
probably mathematical cognition (e.g. Lemaire & Siegler, 1995) and memory (e.g. Jarrold,
2017), but there are examples in many other fields from locomotor strategies (Adolph, 1997)
to cognitive control (Gonthier et al., 2019) to reading (Paris & Oka, 1986). Strategies matter
to the point where cognitive development can largely be viewed as a question of strategy
changes (Siegler, 2000). Studies regarding the development of mathematical strategies have
led to the creation of the overlapping waves model (Siegler et al., 1996; Siegler, 2000, 2016),
which proposes that multiple strategies coexist at all ages, but children gradually progress
towards more effective strategies while the frequency of less effective strategy progressively
decreases. Overall, strategy use seems to improve across four major dimensions: new
strategies are discovered, effective strategies are used more often, children choose the most
efficient strategy more adaptively, and execution of strategies improves (Lemaire & Siegler,
1995; Siegler, 2000).

For all the data that have been gathered concerning the development of effective
strategy use, there has been surprisingly little interest into the development of strategies in
reasoning tasks. An important role has been ascribed to strategies in the development of
formal reasoning for children 4-5 aged years and older (e.g. Ricco, 2015), with examples in
transitive reasoning (Halford et al., 1995) or causal reasoning (e.g. Chen & Klahr, 1999;
Kuhn et al., 1995), but these results cannot be leveraged to understand performance in
general intelligence tests, which do not typically use formal reasoning tasks. Likewise, a few
authors have studied cognitive tasks (e.g. sudoku-like problems in 8-11 year-olds: Perret et
al., 2011; or discrimination learning in 6-10 year-olds: Whitebread, 1996) too specific to be

applicable to more usual tasks such as Raven's matrices.
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One of the rare examples of developmental studies regarding strategy use in
intelligence tests (Rozencwajg & Corroyer, 2002; Rozencwajg et al., 2005) was interested in
Kohs' block design task, a classic component of the Wechsler scales requiring subjects to
reproduce an abstract design using colored cubes. The authors found three strategies in the
block design task: a global strategy of assembling the blocks by trial-and-error, an analytic
strategy of reproducing the design in rows or in columns, and a synthetic strategy of
reproducing gestalts composed of multiple blocks. 12-year-olds (and older adults:
Rozencwajg et al., 2005) used the least effective global strategy to a greater extent, whereas
17-year-olds and young adults turned to the more effective analytic and synthetic strategies
(Rozencwajg & Corroyer, 2002). This and similar results serve to suggest that there may be a
general trend towards more effective strategy use in fluid reasoning tasks throughout

cognitive development.

Development of Reasoning Strategies in Matrix Reasoning Tasks

Data regarding the development of effective strategy use in matrix reasoning tasks
like Raven's SPM are comparatively very limited, although strategy changes have been listed
as a potential contributor to developmental increases of performance in this context (Perret,
2015). Data regarding response times in the 6-13 years age range indicate that older children
spend comparatively more time on more difficult problems, which could conceivably reflect
greater use of constructive matching (Perret & Dauvier, 2018; see also Foorman et al., 1985).
However, general response times are not specifically diagnostic of strategy use, and there are
other possible explanations for this pattern, such as developmental improvements of
metacognition.

Several developmental studies have been interested in analogy tasks ("A isto B as C
is t0?"), which are very similar to matrix tasks, although they are less complex and afford

other strategies (partly due to their usual focus on semantic relations less prominent in matrix
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tasks, and partly due to the fact that logical rules apply only on rows, not columns; see e.g.
Starr et al., 2018). A series of studies found that 4-6 years old children paid less attention to
the logical rule to be deduced (the "A is to B" relationship; Starr et al., 2018), looked at
response options earlier in a trial (Thibaut & French, 2016), and were much more affected by
the presence and the number of plausible distractors than older children and adults (Guarino
et al., 2022; Thibaut et al., 2010a, 2010b). Attention to a plausible distractor was detrimental
to accuracy in children (Guarino et al., 2022), and drawing the attention of 5-6-year-olds
children to the logical rule to be deduced ("A" and "B") improved their performance (Glady
et al., 2017). All these findings could reflect the lack of constructive matching and the
comparatively greater use of response elimination in young children.

Early developmental research with matrix-like tasks was in line with these results,
finding that children around 6 years old were more sensitive to perceptual factors than older
children (Inhelder & Piaget, 1964; Odom et al., 1975; Overton & Brodzinsky, 1972;
Smedslund, 1964): for example, children were less successful at solving problems where the
dimensions (color, shape...) relevant to the answer were less perceptually salient. At least
one study found that children in this age range have a strong tendency to select incorrect
responses duplicating an entry already present in the matrix (Siegler & Svetina, 2002). In
both cases, this could reflect greater use of response elimination leading to select an answer
with perceptual similarity to the matrix, but this conclusion remains speculative and other
interpretations are possible — such as difficulty abstracting logical rules form perceptual
regularities in young children, or a fallback on categorization tasks trained at elementary
school.

Two datasets have provided more direct information regarding use of constructive
matching and response elimination in cognitive development. One study used eye-tracking in

a matrix task with a small sample of 69 children, and found that 7-8-year-olds demonstrated
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more structured visual exploration of the matrix than 5-6-year-olds, as reflected in fixations
of consecutive elements in the same row or column (Chen et al., 2016). This suggests the
possibility of greater constructive matching. On the other hand, older children did not spend
more time on the items, and they made more toggles between matrix and responses, making
the pattern ambiguous; more usual indices of strategy use were not reported in this study. The
preprint study of Niebaum and Munakata (2022) found converging results in a group of 81
children, with more structured visual exploration and a lower toggle rate in 9-year-olds than
in 6-year-olds; but 6-year-olds were close to chance performance and indices of strategy use
were mostly unrelated to performance in the group of 9-year-olds, raising the question of
whether strategy use can be adequately measured in these age groups.

All in all, these preliminary data are sufficient to hint at relatively more use of
constructive matching for older children: in other words, a change in the relative frequencies
of strategies — one of the four aspects of developmental variation in strategy use (Lemaire &
Siegler, 1995; Siegler, 2000). However, this requires more systematic examination, as no
dataset has directly measured constructive matching in a sample with a large age range. This
also leaves several major questions entirely unanswered. A major question is whether a
developmental increase in the use of constructive matching would be sufficient to explain the
massive increase of reasoning performance with age. This requires establishing the similarity
between the developmental trajectories of performance and strategy use, and conducting a
direct test of strategy use as a mediator of the effect of age on performance.

Other unanswered questions relate to two other aspects of developmental variation in
strategy use (Lemaire & Siegler, 1995; Siegler, 2000): strategy execution and strategy
adaptivity. Regarding strategy execution, the question is whether the relation between
strategy use and performance changes with age. Constructive matching is generally more

effective, but response elimination is less costly, and faster to implement for very difficult
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items, which makes it comparatively efficient when there is a large discrepancy between
subject ability and item difficulty (see Gonthier & Roulin, 2020). More generally, children
often demonstrate utilization deficiencies, whereby they do not actually benefit from using an
effective strategy (Bjorklund et al., 1997; Clerc et al., 2014). These points suggest that the
relation between strategy use and performance could be different in young children who may
lack the ability to implement constructive matching correctly: for example, using constructive
matching may fail to improve the performance of younger children, or the use of response
elimination may even be beneficial in younger age groups (Niebaum & Munakata, 2022,
tested this possibility but found no evidence in its favor).

Regarding strategy adaptivity, the question is whether there are developmental
changes in the ability to adjust strategy use to the difficulty of problems. As noted above,
response elimination becomes comparatively efficient for very difficult problems where using
constructive matching can take a long time without necessarily leading to the correct answer.
In adults, strategy adaptivity is reflected in a progressive decrease in the use of constructive
matching as difficulty of the task increases (Gonthier & Roulin, 2020), but it is unknown if
children also tailor strategy use to changes of difficulty. Preliminary data suggest that this
may be the case, although with a pattern different from prior results in adults: the preprint
study of Niebaum and Munakata (2022) reported that toggle rate decreased and structured
visual exploration (visual scanning of adjacent entries in the matrix) increased with difficulty,
which could reflect the presence of strategy adaptivity in young children. Moreover, the study
of Perret and Dauvier (2018) found that older children increased their response times for
difficult problems to a greater extent than younger children, which could indicate
improvements in the ability to adjust the use of constructive matching to changing task

demands.
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Lastly, a secondary question was whether improvements in effective strategy use
could be related to improvements in cognitive abilities (for an example in 10-12 year-olds,
see Imbo & Vandierendonck, 2007). As noted above, the use of constructive matching over
response elimination is related to WMC in adults (Gonthier & Thomassin, 2015; Gonthier &
Roulin, 2020; Jarosz et al., 2019; Jastrzgbski et al., 2018), and WMC improves substantially
with age (e.g. Cowan & Alloway, 2009; Simmering & Perrone, 2013). This suggests that
improvement of effective strategy use in the SPM may be driven by maturation of WMC,
with a progressive increase in WMC making it easier for children to mentally combine all
rule tokens and perceptual elements to construct the correct answer. Similar results have been
found in other areas (for instance, Gonthier et al., 2019, found that the developmental
increase in the use of the effective mechanism of proactive control in the AX-CPT, a
cognitive control task, was related to increases in WMC), but no data exist regarding the

relation between WMC and matrix strategy use in development.

Rationale for the Study: Development of Strategy Use in Raven's Matrices

The overarching goal of this study was to examine the development of effective
strategy use (constructive matching vs. response elimination) in a large sample of participants
completing Raven's matrices. This included five related questions:

1) What is the developmental trajectory of effective strategy use in Raven's matrices? We
expected older participants to use the effective strategy of constructive matching to a
greater extent.

2) Does a developmental increase of constructive matching provide a plausible mechanism to
explain developmental improvement in reasoning performance? We expected strategy
use to partly or fully mediate the effect of age on performance in Raven's matrices.

3) Is the effect of strategy use constant throughout development, or could it be the case that

constructive matching fails to benefit younger children? We tested whether the effect of
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strategy use on performance was moderated by age — in other words, whether it varied
from one age group to the next.

4) Do children become progressively more adept at adapting their strategy use to problem
difficulty? We expected the effect of item difficulty on strategy use to be moderated by
age, possibly because older children increased the use of constructive matching on
more difficult problems to a greater extent than younger children.

5) Are developmental changes in strategy use related to WMC? To explore this possibility,
we had a subsample of participants! complete a second testing session with a WMC

measure, and we tested whether WMC mediated the effect of age on strategy use.

Raven's SPM can be used starting around 6 years old, and chilren younger than 6-7
years old typically fail to process logical relations in a matrix correctly (Chen et al., 2016).
Most of the developmental increase occurs between approximately 6 and 14 years old (e.g.
Raven, 2000), but we wanted our study to also be able to make the connection between
developmental data and the young adult samples of students used in most research with
Raven's matrices. For these reasons, we measured strategy use in the SPM in a cross-
sectional sample recruited in schools, with age groups every two years between 6 and 18
years old (1% grade, 3 grade, 5" grade, 7" grade, 9" grade, 11" grade, and 1% year of
university).

There are three major solutions to measure strategy use in Raven's matrices. Self-

report questionnaires require subjects to have metacognitive insight into the strategies they

! Qur initial intention was to collect WMC in all participants, but the onset of the COVID-19 pandemic made it
impossible to return to the schools for the second testing session in some classes. In the end, WMC was
available for approximately half the participants in each age group. Because the data were missing strictly at
random and because sample size was approximately equal across age groups, we elected to analyze these data as
planned.
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use, which is notoriously difficult for young children (Schneider, 2008)2. The second option
is verbal self-reports, such as think-aloud protocols (Jarosz et al., 2019), which need to be
rescored by independent raters, making it difficult to collect a large sample size. The third
option is eye-tracking, which has very high correlations with performance (predicting about
40% of variance in Raven's matrices in e.g. Hayes et al., 2011), but is also costly to use with
large samples of children. In this study, we elected to use a behavioral measure derived from
eye-tracking (Rivollier et al., 2020; see also Mitchum & Kelley, 2010, for a similar
procedure). Raven's matrices were split horizontally; subjects could view either the matrix or
the response bank, and could toggle freely between one and the other. This split-screen
procedure makes available the same core indices of strategy use obtained in eye-tracking:
proportion of time on matrix, latency to first toggle, and toggle rate. All three indices have
high correlations with performance (e.g. correlations in the .40-.50 range in Vigneau et al.,
2006; see also Laurence et al., 2018).

WMC was measured using the ACCES, a battery of complex span tasks (Conway et
al., 2005; Redick et al., 2012) normed in French and designed specifically for developmental
comparisons (Gonthier et al., 2018). The ACCES is an adaptive measure, which means
difficulty is automatically adjusted as a function of participant performance; this makes it
possible to use the same task for participants from 8 years old to 18 years old without a floor
or ceiling effect in any group. The task is heavily based on reading and is therefore not

suitable for 6-year-olds (1% grade), which means no WMC data was collected for this age

group.

2 As a pretest for the current study, we anecdotally tried to use a strategy questionnaire with Raven's matrices in
a class of 1% graders; children expressed difficulty in answering the questions and contrary to data in adults,
their responses were uncorrelated with their actual performance in the task.
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Method

Statistical Power

The effect size of strategy use on performance in Raven's matrices is typically large in
adults. Rivollier et al. (2020), using the same method as the current study, found relations
between .55 and .70 between the various strategy measures and performance. A power
analysis using G*Power 3.1.9.7 (Faul et al., 2009) showed that the lowest effect size of
r = .55 required a sample size of n =33 subjects per group to achieve .95 power. Given the
uncertainty in the size of correlations that could be observed in children, we planned data
collection for a conservative sample size of 60 children per age group, or about twice this
number (corresponding to three classes for the younger age groups). This would be sufficient
to achieve .90 power even for the lower effect sizes obtained in adult samples with eye-
tracking (Vigneau et al., 2006: lowest correlation r = .41) or questionnaires (Gonthier &

Thomassin, 2015: lowest correlation r = .40).

Participants

Participants were recruited through their schools: two elementary schools, two middle
schools, two high schools, and psychology students at the local university took part in the
experiment between 2020 and 2022. The schools were selected to represent a balanced mix of
socio-economic levels as much as possible3. We invited participation in a number of classes
every two levels (elementary school: 1t grade, 3" grade and 5" grade; middle school: 7%
grade and 9™ grade; high school: 11" grade; university: 1% year), with the objective of

collecting 60-80 participants per age group between 6 and 18 years old. The French school

3 Based on national socio-economic data (https://data.education.gouv.fr/explore/?sort=modified&qg=ips), the two
elementary schools were at q 12.5 and 80.6, the two middle schools were at percentile 39.4 and 89.5, and the
two high schools were at percentile 14.3 and 79.9. All schools were in urban areas. Classes of each level were
invited in each of the two elementary, middle and high schools (e.g. it was not the case that all 1%t graders were
recruited in only one of the two elementary schools).
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system has widely different class sizes for different grades, which made it difficult to plan for
strictly equal sample sizes.

All children in a class were invited to complete the study, and data were collected for
all participants for whom consent was obtained, excluding those with a native language other
than French, intellectual disability, autism spectrum disorder, visual disability, and dyspraxia
(these children were tested but the data were not recorded). Three children were excluded
after data collection due to having both total accuracy and average RTs in the SPM in the
bottom 2.5% of their age group, suggesting they failed to engage with the task.

The final sample included a total of 474 participants (1% grade: n=52, 3™
grade: n =67, 5" grade: n=65, 7" grade: n=57, 9" grade: n=78, 11" grade: n =76,
university 1% year: n=79). Demographic composition of the sample is summarized in
Table 1 (participants were asked about their sex, male vs. female, and birthdate; ethnicity is
illegal to collect in France and was not recorded). Due to the composition of psychology
courses, the group of university 1% year students had a very imbalanced sex ratio, but
controlling for sex as a covariate did not change any of the results.

As described above, at least half of all subjects per group (50% to 75%) completed a
second testing session with WMC measurement, with two exceptions. No data were collected
for the 6-years-old age group, for whom the WMC task was not suitable; and data were
collected for the whole 18-years-old age group, which was downsampled to the size of the
next-largest group by random removal to avoid biasing the analyses. A total of 264 subjects
with WMC data were thus included in the analyses (see Table 1).

The study was approved by the local Board of Education (16-09-2019). The
experiment was performed in agreement with the heads of participating schools and with the

teachers of participating classes. Written informed consent was obtained from the legal
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guardians of all participating children; all participants additionnally provided verbal assent.

Individual participant results were not shared with the schools or families.

Table 1

Demographic composition of the sample in each age group

n
Age group Grade SPM  WMC % female % male  Agerange  Age mean (SD)

6 1st 52 - 48% 52% 5.93-7.14 6.40 (0.30)
8 3rd 67 44 54% 46% 7.07 - 9.16 8.42 (0.38)
10 5th 65 32 55% 45% 9.29 -11.22 10.42 (0.32)
12 7th 57 29 51% 49%  11.36-14.19  12.71 (0.61)
14 gth 78 58 44% 56%  13.01-15.33  14.53(0.43)
16 11th 76 43 62% 38% 15.41-18.35 16.76 (0.51)
18 Univ. 1styear 79 58 90% 10% 17.32—-22.07  19.14 (1.06)
Materials

Raven's Standard Progressive Matrices

The version of Raven's matrices used for this study was the SPM (Raven et al., 1998),
which is suitable for all ability levels from young children to young adults. The SPM include
60 items divided in 5 sets of 12 items. Difficulty increases within each set, and from one set
to the next (so that item 1 of set B is easier than item 12 of set A but harder than item 1 of
set A). As a way to limit testing time, we did not use set A, which only includes items with
simple pattern completion: these items are very easy even for young children, providing little
information on reasoning performance (e.g. Langener et al., 2022), and they can be solved
with a simple visual strategy (see Hunt, 1974, and Gonthier & Roulin, 2020). Participants
completed the first item of set A as training, then the 48 items of sets B to E. This was

sufficient to obtain very reliable measures of accuracy (o = .94) and response times (o = .90).
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Strategy Measurement in the SPM

Each matrix in the SPM was presented with the split-screen method described in
Rivollier et al. (2020; see their Figure 1): the items were cut in half and participants viewed
either the matrix in the top half of the screen, or the bank of response options in the bottom
half of the screen. Presentation of an item always started with the matrix. Participants could
click on an arrow displayed on the right side of the screen to toggle freely between displaying
the matrix and displaying the responses.

We recorded three main measures of strategy use (see Rivollier et al., 2020), directly
analogous to the measures used in eye-tracking studies (e.g. Vigneau et al., 2006), and all
with high reliability in this dataset. The first measure was the proportion of time spent
looking at the matrix, versus the responses (o =.95). The second measure was the time
elapsed before the first toggle to the responses (a = .91); contrary to the raw measure of time
used in adults but in line with developmental literature, we also computed this measure as a
proportion of total time (time to first toggle / total time on the item; o = .95) to account for
developmental differences in response time (see e.g. Kliegl et al., 1994). The third measure
was the total number of toggles between matrix and responses (a = .91), which we recoded as
a toggle rate (total toggles / total time on the item, in seconds; o =.93) to account for

differences in response time, in line with adult literature.
Working Memory Capacity Measurement with the ACCES

Working memory was measured using the ACCES task (Gonthier et al., 2018; see
also Gonthier et al., 2016). The ACCES is a battery of three classic complex spans: the
reading span, symmetry span, and operation span (Conway et al., 2005; Redick et al., 2012),
presented in this order. All three tasks were adapted from English-speaking adult versions

(Unsworth et al., 2005), with simpler concurrent processing demands suitable for children.
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The structure of the three tasks is similar and interleaves the presentation of to-be-
remembered items with concurrent processing demands (memorize a stimulus, solve a
processing task, memorize a stimulus, etc). In the reading span, participants have to
memorize digits while deciding if sentences are correct or not. In the symmetry span, they
have to memorize spatial locations presented in a 4x4 grid while deciding if pictures are
vertically symmetrical or not. In the operation span, they have to memorize consonants while
deciding if math operations are correct or not. At the end of a trial, participants are required
to recall all to-be-remembered stimuli, in serial order.

Contrary to common adult versions, the ACCES uses an adaptive procedure. Each
complex span starts with a moderate set size, and difficulty progressively increases or
decreases in subsequent trials depending on participant performance (for example, a
participant recalling 5 out of 5 stimuli in a trial is then required to memorize 6 stimuli).
Performance was scored using the edit-distance scoring method, an improved variant of
partial-credit scoring with better psychometric properties, especially for low-performing
participants and for difficult trials (Gonthier, 2022; the results did not change when using
partial-credit scoring). In each trial, performance was scored depending on the number of
changes required to edit the participant's response into the correct sequence (e.g. recalling
BADE instead of ABCDE was scored 3 out of 5, because the sequence BADE requires two
changes: inverting A and B, and adding a C). Total scores in the three complex span were
standardized, then averaged to yield a total WMC score. The ACCES demonstrated a
satisfying test-retest reliability (r =.70) and a correlation with Raven's matrices very close to
expected values (r =.34 respectively) in its initial validation on 8-13 years old children

(Gonthier et al., 2018).
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Procedure

Children were tested in groups of up to 6 participants for the 6-, 8- and 10-year-old
groups, and up to 10 participants for the older age groups. Data collection took place in a
quiet room at the participants' school. An experimenter was present throughout all testing
sessions to ensure that participants remained focused on their task. For the 6-year-old and 8-
year-old age groups, task instructions were read out loud at the beginning of the task to
ensure full understanding. After a participant completed the task of interest, the task script
transitioned into a small game that kept the child busy until the end of the testing session,
which was discontinued for all participants simultaneously. Each of the two testing sessions
took approximately 30-35 minutes.

Transparency and Openness

This study was not preregistered. All the data are available on the Open Science
Framework at https://osf.io/zyemb/ [available upon publication]. The ACCES task used to
measure WMC is also available at https://osf.io/bk7pm/ (Gonthier, 2021). Raven's

progressive matrices are not made available due to copyright.

Results

Descriptive statistics for all variables as a function of age group are displayed in
Table 2. More detailed tables with skewness, kurtosis and reliability coefficients at the age
group level are also available on https://osf.io/zyemb/. Reliability coefficients were above .75
for all measures, and were in the .83-.96 range for all indices of strategy use in all age groups.
Skewness and kurtosis were acceptable overall, with a few deviations from normality due to
moderately outlying values, but removing the corresponding subjects did not change the

results.
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Bivariate correlations between all variables are displayed in Table 3. Indices of
strategy use all correlated with accuracy on Raven's matrices, although to variable extents:
proportion of time on matrix was the best predictor with 53% of explained variance, followed
by proportion of latency to first toggle with 22% of explained variance, and toggle rate with
3% of explained variance. Overall, indices of strategy use explained 57% of variance in
performance, establishing their predictive validity.

Question 1) Does Effective Strategy Use increase with Age?

Our data collection allowed age to be treated as categorical (by considering separately
the seven age groups: treating age as categorical takes into account a possible non-linear
effect of age) or continuous (due to the age variability within each age group, the older
participants in one group were about contiguous to the younger participants in the next:
treating age as linear made for simpler analyses). For completeness, we conducted the main
analyses of developmental trajectories with both solutions (ANOVAs and regressions).

Treating age as a categorical variable, there was a significant effect of age on all
measures of performance and strategy use collected here, except for average response time.
This is summarized in Table 2. The developmental trajectories of the four main measures —
total score on the SPM, proportion of time on matrix, proportion of time to first toggle to the
response alternatives, and toggle rate — are displayed in Figure 1.

As usual, accuracy improved with age. The developmental trajectory of performance
was reasonably close to linear, although we found the expected plateau starting on about 14
years old (e.g. Raven, 2000). More importantly, there was also a relatively linear increase
with age for two of the major measures of strategy use: proportion of time on matrix, and
time (or proportion of time) before first toggle. This was reflected in significant linear
correlations, as summarized in Table 3. These results indicated that use of the effective

strategy of constructive matching increased with age, as predicted.
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Total number of toggles and toggle rate were also affected by age, but their
developmental trajectory was decidedly non-linear (for toggle rate, this is represented in
Figure 1). There was a progressive increase of toggles between matrix and response
alternatives, with a peak around 10 years old, then a progressive decrease. Despite a slight
uptick in the 18-years-old group, average values for the older participants were similar to the
6-years-old group. This resulted is a non-significant linear correlation with age (as visible in
Table 3). Even when treating age as a categorical variable, the effect of age on total number
of toggles and toggle rate was very limited, explaining about 5% of variance. The markedly
different developmental trajectory, along with the limited correlation with other strategy
indices and prior results using the same design in adults (Rivollier et al., 2020), converged to
suggest that toggles may be sensitive to other mechanisms than constructive matching, at
least in the context of the specific paradigm used here (but see also Chen et al., 2016). We

return to this point in the discussion.

Question 2) Can Effective Strategy Use explain the effect of Age on Reasoning?

The developmental trajectories of reasoning performance, and constructive matching
as indexed by proportion of time on matrix and proportion of time to first toggle, were very
close together, as represented in the top left quadrant of Figure 1. Averaging results at the
group level (n =7 age groups), performance was correlated r = .97 with proportion of time on
matrix and r = .86 with proportion of time to first toggle (or r = .84 with raw time to first
toggle). This made constructive matching a plausible mechanism to explain the

developmental improvement of reasoning performance.
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The effect of strategy use in relation to age was examined in a multiple regression
analysis*, with accuracy in the SPM as a dependent variable and age and strategy indices as
predictors. This was complemented with a commonality analysis (performed with package
yhat, Nimon et al., 2008; for R: R Core Team, 2016), which quantifies the shares of explained
variance that are unique or common to multiple predictors (Mood, 1971; for another example
in cognitive development, see Gonthier et al., 2019). Due to the presence of multicollinearity
between strategy indices, they were considered together for these analyses.

The results are summarized in Figure 2. In a simple regression, age explained 59.3%
of variance in SPM accuracy (r =.77, p <.001; see Table 3). In a multiple regression, age
and strategy indices together explained 72.5% of variance in performance (p < .001 for all
predictors). Out of this total, 15.7% of variance was uniquely explained by age; 13.5% of
variance was uniquely explained by the strategy indices; and 43.3% of variance was
explained in common by age and strategy use. In other words, variance explained by age
decreased from 59.3% to 13.5% when controlling for strategy use: most of the developmental
increase of performance was accompanied by concurrent improvements of strategy use.

Another way to examine whether the effect of age could be driven by strategy use is
to test whether strategy use mediates the relationship between age and performance. A
multiple mediation analysis (using package lavaan: Rosseel, 2012; with bootstrapped
confidence intervals and 5000 resamples: Preacher & Hayes, 2008) indicated that the effect
of age on SPM accuracy was significantly mediated by the strategy indices (total indirect
effect estimate = .22, z = 6.39, p < .001). The direct effect of age was however still significant

when controlling for strategy use, direct effect estimate = .55, z = 15.22, p <.001.

4 Given the difficulty of testing a mediation and obtaining a total indirect effect when the predictor is a
multicategorical variable (Hayes, 2022), age could only be treated as a continuous variable for this analysis.
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Question 3) Does the Effect of Strategy Use on Performance change with Age?

We tested whether the effect of strategy use changed as a function of age group using
a series of analyses based on the general linear model, with age as a categorical variable (to
avoid imposing a linear shape to the interaction), a measure of strategy use as a continuous
variable, and accuracy on the SPM as a dependent variable. The parameter of interest was the
interaction between age and strategy use.

The results are displayed in Figure 3. There was no significant interaction between
age and strategy use for the major strategy indices: proportion of time on matrix,
F(6, 460) = 0.66, p =.680, 1% =.01; proportion of time to first toggle: F(6, 460) =0.95,
p =.457, n% =.01; or toggle rate, F(6, 460) = 2.08, p =.054, n% =.03. A complementary
Bayesian analysis was performed to quantify evidence in support of the null (using package
BayesFactor: Morey & Rouder, 2018); Bayes factors for the interaction between age and
strategy use were firmly in favor of the null (BFo1 = 28920 for proportion of time on matrix,
BFo1 =596 for proportion of time to first toggle, and BFo1 =171 for toggle rate). This
suggested that the effect of using constructive matching on performance was relatively
constant across age groups, ruling out the possibility that response elimination was more
beneficial for younger children.

Of secondary interest, toggle rate had a strong negative association with performance
in each age group, suggesting that it did in fact function as an index of constructive matching,

even though its developmental trajectory appeared sensitive to other factors (see Question 1).

Question 4) Does Strategy Adaptivity change with Age?

We tested whether strategy adaptivity changes with age in a series of analyses
including age and item difficulty as predictors, and strategy measure as dependent variable.
To appropriately model changes across the sequence of items, this was done at the item level,

using general additive mixed models allowing for non-linear effects and including a random
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intercept at the participant level (for details, see Gonthier & Roulin, 2020; see also Perret &
Dauvier, 2018). Due to the non-ordered difficulty of items in Raven's SPM, item difficulty
was not indexed by item ordinal position as in prior work with Raven's APM (Gonthier &
Roulin, 2020), but by the overall proportion of correct answers on an item® (1 - proportion
correct). These analyses were conducted using package mgcv for R (Wood, 2017) with
default options. The results are reported as Fisher's F statistics, p-values, and effective
degrees of freedom (edf, reflecting the degree of non-linearity, with edf =1 for a linear
trajectory).

The results are displayed in Figure 4. Overall and regardless of age, variation in the
three indices of strategy use indicated that participants gradually turned to increased
constructive matching as items became more difficult (Figure 4A). This was reflected in
significant effects of item difficulty in all of proportion of time on matrix, F =350.31,
edf = 8.68, p <.001; proportion of latency to first toggle, F = 80.91, edf = 8.48, p <.001; and
toggle rate, F =510.67, edf = 8.44, p <.001. Contrary to prior work with the APM in adults
(Gonthier & Roulin, 2020), but in line with prior developmental results with the SPM (Perret
& Dauvier, 2018), there was little evidence of participants abandoning constructive matching
when items became too difficult, apart from a slight downtick of proportion time on matrix
and uptick of toggle rate for items above .85 difficulty.

When adding age as a predictor, the interaction between age and item difficulty was
significant for all three indices: proportion of time on matrix, F =42.156, edf=9.61,

p <.001; proportion of time to first toggle, F = 82.62, edf = 12.29, p <.001; and toggle rate,

5> An alternative solution is to index difficulty as the difficulty parameter of a Rasch model (Perret & Dauvier,
2018). This makes little difference in practice: in this sample, proportion correct and the Rasch difficulty
parameter for an item correlated r = .99. Difficulty (1 - proportion correct) ranged between .02 and .91, with a
median of .37 (median absolute deviation = .16).
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F =90.60, edf = 11.69, p <.001. As displayed in Figure 3, in all cases older participants had a
stronger tendency to turn to constructive matching as difficulty increased, suggesting better
strategy adaptivity.

To complement this conclusion and make the connection with prior studies (Perret &
Dauvier, 2018), we performed the same analyses for response times (RTs), with item
difficulty and age as predictors. The results are displayed in Figure 5. Consistent with the
results for strategy indices, average RTs increased as the difficulty of problems increased
(Figure 5a), F = 492.77, edf = 8.25, p <.001. However, the interaction between age and item
difficulty was also significant, F =120.07, edf = 12.31, p <.001: younger participants spent
approximately the same time on all problems, whereas older participants spent less time on
easy items and more time on harder items. This pattern for RTs is broadly consistent with
increasing adaptivity of constructive matching use across cognitive development. These
results replicated the study of Perret and Dauvier (2018), and additionnally confirm why the
effect of age on RTs was not significant (see Question1 and Tables1 and 2): older
participants did not spend longer on matrix problems on average, as they spent less time on
easy problems and more time on harder problems.

Question 5) Can Working Memory Capacity explain the Development of Effective
Strategy Use?

The final series of analyses tested the relation between strategy use and WMC in the
subsample of participants for whom WMC data was collected (n =264, including all age
groups except children in the 1 grade). There was a significant relation between age and
WMC (see Table 1 and Table 2), r =.70, p <.001, as well as between WMC and proportion
of time on matrix, r =.60, p <.001, and between WMC and proportion of time before first

toggle, r = .48, p <.001. This made WMC a possible candidate to explain the age-related
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increase of constructive matching for these two indices (the mediation for toggle rate was not
considered here given the lack of a linear increase with age).

The results of multiple regressions with communality analyses are displayed in
Figure 6. For proportion of time on matrix, age and WMC together explained 36.6% of
variance; out of this total, 13.7% of variance was uniquely explained by age, 0.7% was
uniquely explained by WMC, and 22.2% was explained in common by age and WMC
(p < .001 for age, p =.067 for WMC). For proportion of time to first toggle, age and WMC
together explained 23.4% of variance; out of this total, 9.4% of variance was uniquely
explained by age, 0.3% was uniquely explained by WMC, and 13.7% was explained in
common by age and WMC (p < .001 for age, p = .248 for WMC). In other words, most of the
age-related increase in effective strategy use occurred concurrently with age-related
improvements of WMC; age retained an effect on strategy use above and beyond WMC; and
the effect of WMC on strategy use was negligible when controlling for age. (Of secondary
interest, the relation between WMC and strategy use did not interact with age for any index
of strategy use, all ps > .17).

Consistent with these results, the mediation by WMC for the effect of age on
proportion of time on matrix was only marginally significant with a negligible effect size,
indirect effect estimate = .08, z = 1.72, p = .085. The mediation by WMC for the effect of age
on proportion time to first toggle was not significant, indirect estimate =.00, z =1.03,
p =.302. Overall, these results are compatible with the possibility that changes of strategy
occur concurrently with changes of WMC, but not with our hypothesis that WMC could be

the key determinant of developmental changes in strategy use.
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Table 2

Descriptive statistics for all measures as a function of age group

29

Main effect of age

Age grou
Measure ge grotip group
6 8 10 12 14 16 18 = 0
Total 11.27 1721 2508 27.19 3359 3529 3623
accuracy  (5.77) (7.82) (7.21) (7.64) (5.91) (4.81) (498 61 <00l .53
Response 1611 17.03 1672 1623 1883 1811 1742 .0 .00 o
time (7.85) (7.63) (6.87) (6.73) (6.65) (4.92) (6.02) : : :
P“t’i'?;’g'gr']‘ of 059 062 065 067 068 071 074 832 <00l 43
: (0.06) (0.07) (0.06) (0.06) (0.05) (0.04) (0.04) : : :
matrix
Timetofirst 816 913 841 864 1077 11.09 11.18
toggle  (4.20) (5.09) (3.54) (3.39) (3.97) (3.76) (406) 38 <001 .09
F;irr?]peotrg?i?s‘t’f 053 054 054 057 059 063 066 0609 <001 26
loge | (007) (008) (0.07) (011) (0.08) (008) (0.08) : : :
143 162 193 1.8 187 172 160
Totaltoggles 44y (0.46) (063) (0.76) (0.68) (0.62) (0.50) 29 <001 .06
Toggle 013 014 016 016 014 013 015
rate (005) (0.04) (0.05) (0.04) (0.04) (0.04) (0.03)  *+45 <001 .05
141 -078 -025 039 053 061
wMmc " (074) (082) (0.69) (0.67) (0.60) (0.59)  'O-77 <001 .56

Note. The table displays means with standard deviations in parentheses. All measures (except

WMC) are averages across all items of the SPM. Response time and latency to first toggle are

in seconds, WMC is the standardized edit distance averaged across the three complex spans.

Table 3

Bivariate correlations between all measures

1 2 3 4 5 6 7 8 9
1. Age -
2. Total accuracy 77 -
3. Response time .08 .35 -
4. Proportion of time on matrix 65 .73 .35 -
5. Time to first toggle 26 .48 .83 .63 -
6. Proportion of time to first toggle .49 .47 .00 .78 .48 -
7. Total toggles .05 .17 .44 -03 .03 -58 -
8. Toggle rate .03 -18 -56 -32 -69 -41 .29 -
9. WMC 70 .74 00 .48 .15 .37 -06 -06 -

Note. N =474 for all correlations except those involving WMC, N =264 for correlations

involving WMC. Significant correlations (|.16| or above) are in boldface.
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Figure 1. Developmental trajectories for the main measures of performance and strategy use.

Panel A represents trajectories normalized to be on the same scale (with 0 = lowest average

and 1 = highest average score in the sample). The other panels represent raw trajectories with

colored dots for age group averages.
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accuracy accuracy
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Figure 2. Shares of variance in SPM accuracy as explained by age in a simple regression

(left), and as explained by age and strategy use in a multiple regression (right).
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Figure 3. Correlation between indices of strategy use and performance, per age group. The
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Figure 4. Intra-individual variation for measures of strategy use as a function of item
difficulty. Panel A represents changes of strategies throughout the task, averaged across all
participants regardless of age, and normalized to be on the same scale. The other panels
represent the two-way interaction between item difficulty and age. They are easier to read
horizontally: for example in panel B, average proportion of time on the matrix was 0.55 for 6-
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(A) Average RT adaptivity (B) RT as a function of item and age
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Figure 5. Intra-individual variation for response time (RT, in seconds) as a function of item

difficulty.
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Figure 6. Shares of variance explained by age and working memory capacity in a multiple

regression, for proportion of time on matrix (left) and for proportion of time to first toggle
(right).
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Discussion

Our results, representing the first systematic study of developmental variation in
effective strategy use on matrix reasoning tasks in a large sample of 474 participants from
1%t grade to the university, led to the following conclusions:

1) Throughout cognitive development, there was a relatively linear increase in use of the
effective strategy of constructive matching, as indexed by the proportion of time spent
looking at the matrix and time before the first look at the responses, but not as indexed
by toggling rate.

2) This increase in effective strategy use accompanied developmental improvements in
performance at approximately the same rate, and mediated the effect of age on
performance, explaining approximately half of age-related variance.

3) The effect of strategy use on performance did not interact with age, showing that
constructive matching was a more effective strategy to a similar extent for participants
of all ages.

4) Cognitive development was also accompanied by better strategy adaptivity: younger
children spent approximately the same time and used constructive matching to the same
extent for all items regardless of difficulty, whereas older participants adjusted their
RTs and strategy use to item difficulty.

5) Much of the development of effective strategy use occurred concurrently with increases in
WMC, but contrary to our expectations, the development of working memory did not
appear to play a predominant role above and beyond age: there was a marginal

mediation by WMC, but with a negligible effect size.
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Development of Constructive Matching and Reasoning Performance

Overall, the proportion of time spent looking at the matrix and the proportion of time
before first toggle showed the expected increase with age, and the expected relations with
other measures. This is in line with data from analogy tasks suggesting that young children
pay less attention to logical rules (Starr et al., 2018; Thibaut & French, 2016) and are more
affected by distracting response options (Guarino et al., 2022; Thibaut et al., 2010a, 2010b),
and with data from matrix tasks suggesting that young children tend less to engage in
structured visual exploration of the matrix supporting rule inference (Chen et al., 2016;
Niebaum & Munakata, 2022). Taken together, and leaving aside the results for toggle rate,
these data provide unambiguous evidence that the use of constructive matching increases
with age. In sum, older children spend more time on the matrix trying to reconstruct the
correct answer.

Given that the developmental change of strategy occurred together with a dramatic
increase in performance, and given that effective strategy use was related to performance at
all ages, the better performance of older children may be partly driven by their more effective
strategy use. We found that strategy use partly mediated the effect of age, compatible with
this possibility. Importantly, this does not exclude the possibility that the change in strategy
use is itself caused by increasing ability: older children might use more constructive matching
because they are better able to understand logical rules in the matrix, as suggested by the
finding of less constructive matching in participants with intellectual disability (Vakil et al.,
2011; Vakil & Lifshitz-Zehavi, 2012).

This comes down to asking whether the increase of constructive matching should be
viewed as the primary cause of increasingly better reasoning over age, or as the indirect
consequence of increasing ability for reasoning. Both could also be true, with ability and

strategy use forming a causal loop (see Gonthier & Roulin, 2020). This question is recurring
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in the study of cognitive strategies. The best way to answer it experimentally would probably
be to induce strategy use: if younger children perform lower because they make less use of
the effective strategy of constructive matching, then inducing them to use more constructive
matching should increase their performance to the level of older children (see Gonthier &
Thomassin, 2015). One study with an analogy task provided preliminary evidence in this
direction, where 5-6-year-olds performed higher when encouraged to focus their attention on
logical rules prior to considering response options (Glady et al., 2017). Another option for
supporting constructive matching in children would be to ask them to draw the missing part
of the matrix, without providing response options (see Becker et al., 2016; Duncan et al.,
2017; Koch et al., 2022) — although this would be very time-consuming in young children.

The issue of causality in the development of effective strategy use indirectly questions
the nature of fluid intelligence and its measurement. It has been argued that the existence of
strategic variability is a problem for the measurement of intelligence because it implies the
test does not measure a single source of variance (Hunt, 1974). This point is debatable: if
children turn to a more effective strategy because their ability increases, then qualitative
changes could partly reflect useful variance in reasoning; besides, being able to select the
more effective strategy can also be taken as a meaningful aspect of reasoning. Regardless, the
present results unambiguously confirm that the developmental increase in reasoning
performance cannot be simply taken to mean that children get "more intelligent"” as they grow
older, and that cognitive development has to be viewed as a combination of qualitative and
quantitative changes that ultimately contribute to increasing performance, not a monolithic
increase along the continuum of a unitary ability.
Strategy Adaptivity in the face of Difficulty

A secondary axis of developmental improvement is strategy adaptivity: older children

appeared to be more adept at tailoring the use of constructive matching to problem difficulty,



DEVELOPMENT OF REASONING STRATEGIES 39

as reflected in increased constructive matching for more difficult problems. These results are
especially compatible with those of Perret and Dauvier (2018), showing that older children
modulate their response time on difficult problems to a much larger extent; we replicated this
finding with our own analysis of response times (see Figure 5). The conclusion that children
become progressively better at selecting a more effective strategy depending on the problem
is well in line with the developmental literature (e.g. Lemaire & Reder, 1995).

At first glance, the finding that participants increased constructive matching in the
face of difficulty seems contrary to data previously reported in adults, which showed less
constructive matching for very difficult items, as moderated by ability: all adult participants
except those with high WMC and high need for cognition tended to turn to response
elimination in the face of increasing difficulty (Gonthier & Roulin, 2020). There was little
indication of the same pattern here, apart descriptively from a small downtick of constructive
matching on the hardest problems. The 18-years-old group in the current study was similar in
composition to the sample of our prior study (Gonthier & Roulin, 2020), so age is not the
source of the discrepancy. Instead, it is likely that the difference comes from use of the
standard version of Raven's progressive matrices in the current study, versus the advanced
version in the prior study.

We previously proposed that strategy changes within the task depend on the perceived
benefit and perceived cost of implementing a strategy (Gonthier & Roulin, 2020):
participants turn to the strategy that seems most useful and least costly to use. In Raven's
advanced matrices, difficult items are very hard for a typical sample of young adults (average
performance for the hardest items is below chance level), and come with a high perceived
cost to implement constructive matching (there are more elements to combine the reconstruct
the correct answer), and a low perceived benefit (low likelihood of success). This presumably

leads to disengagement from constructive matching (see also Law et al., 2022). By contrast,
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in Raven's standard matrices, difficult items are comparatively easier, and require the
combination of less elements to reconstruct the correct answer. This gives a better cost-
benefit ratio to increasing constructive matching in the face of increasing difficulty.

This difference could be strengthened by the different structures of the two tasks.
Raven's advanced matrices monotonically increase in difficulty, which makes it increasingly
unlikely that items can be solved through constructive matching. On the other hand, the
standard matrices used in the present study alternate easy and difficult items, possibly
preserving participant engagement. This is compatible with the finding that use of
constructive matching on difficult problems depends on aspects of motivation (need for
cognition: Gonthier & Roulin, 2020).

In sum, the present results show that a different pattern of strategy adaptivity should
be expected for different versions of the task, depending on problem difficulty (and possibly
task structure). Based on the previously proposed pattern of strategy adaptivity depending on
perceived costs and benefits, we argue that a progressive increase in constructive matching
for difficult items should be expected when difficult items require more engagement but still
seem relatively solvable (as in the standard progressive matrices), but a progressive decrease
should be expected when the task becomes disproportionately difficult (as in the advanced
progressive matrices). Of course, this pattern should be moderated by individual ability and

motivation, as previously shown in adults (Gonthier & Roulin, 2020).

Determinants of the Development of Effective Strategy Use

Many processes and abilities develop in the wide age range of 6 to 18 years old
considered here, and could contribute to the developmental increase of constructive
matching. The current study investigated working memory as the most promising candidate
based on prior literature, with mixed results. On one hand, much of the age-related variance

in constructive matching was shared with WMC, indicating that constructive matching and
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WMC developed at similar rates. This is compatible with the possibility that the increase of
constructive matching is partly supported by increasing WMC, allowing for easier integration
of logical rules to construct the correct answer. On the other hand, there was only marginal
mediation of the relation between age and constructive matching by WMC, with a very small
effect size (about 1% of explained variance), and there was little effect of WMC after
accounting for age; in other words, WMC only had a limited relation to constructive
matching within each age group. This is incompatible with the hypothesis that the age-related
increase in constructive matching is primarily caused by increasing WMC.

The fact that WMC develops in tandem with constructive matching, but does not
retain a major relation with constructive matching when accounting for age, is at odds with
prior studies finding a substantial relation between WMC and constructive matching in adults
(Gonthier & Thomassin, 2015; Gonthier & Roulin, 2020; Jarosz et al., 2019; Jarosz & Wiley,
2012; Jastrzebski et al., 2018). As was the case for strategy adaptivity, this different pattern
may be caused by the use of a different task. Raven's SPM are less complex and tend to
include fewer logical rules than Raven's APM: it is possible that the two versions rely on
different cognitive abilities to different extents, and that constructive matching in the SPM
depends substantially less on working memory.

Our results do not support the hypothesis of a primary causal role of WMC (at least in
this age range: increases in WMC could still account for the progressive emergence of the
ability to solve items beyond simple pattern completion in children younger than 8 years old).
However, the data shed little light on the determinant or determinants that elicited the
developmental increase of constructive matching in our sample. Metacognition could be a
possible contributor (see Perret & Dauvier, 2018), although not one that we explored in the
present study: older children are typically better at judging their own performance and

judging their success rate with various strategies, and they may engage more constructive
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matching because they have a more accurate notion that it is necessary to obtain high
performance. This hypothesis would be relatively straightforward to test by collecting self-
estimates of item difficulty, or by manipulating the presence of feedback in the task.

In the same way that various abilities may contribute differently to different versions
of the task depending on their requirements, it may also be the case that various abilities
contribute differently at different ages (for an example, see Demetriou et al., 2014). In
particular, the use of constructive matching may be more constrained by the basic ability to
perform the task in the youngest children: indeed, children around 5-6 years old tend to
perform around chance in complex matrix tasks (Chen et al., 2016; Niebaum & Munakata,
2022), presumably due to difficulty mentally representing relations between elements of the
matrix (see Chen et al., 2016). Conversely, use of constructive matching for older children

may depend more on ability to infer the rules, metacognition, or yet other abilities.

Measures of Strategy Use in a Developmental Context

The results were unexpected for number of toggles and toggle rate, which showed a
complex picture with two phases of developmental progression: toggles increased between 6
and 10 years old, then decreased until late adolescence. Based on the literature, this should be
incompatible with the changes observed for proportion of time on matrix and proportion of
time before first toggle, which both counterintuitively increased along with toggle rate until
10 years old. It is all the more surprising that toggle rate was overall negatively correlated
with the other strategy indices and with performance, as expected for an index of response
eimination. We believe this pattern to be due to the fact that toggles are not solely an index of
response elimination: they also represent lookbacks to the matrix for verification, both to
double-check one's answer and to refresh the memory trace of matrix components. In this
light, we believe the diverging trajectory for toggle rate to be due to two processes operating

concurrently with developmental changes of constructive matching.
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First, the increase in toggles between 6 and 10 years old may be driven by increasing
effort on the part of children to double-check their answer. This would be compatible with an
increase of constructive matching as reflected in other indices, and this would be in line with
the results of Chen et al. (2016), who found that number of toggles increased with age, and
that more toggles were associated with better performance in young children. Of course,
other reasons are possible, such as children progressively realising that toggles are beneficial
to decrease the need to hold all components of the item in working memory. Second, the
decrease in toggles after 10 years old may be driven in part by increase in WMC, facilitating
maintenance of elements of the problem in working memory and limiting the need to look
back at the matrix when examining responses. Older children may be comparably more adept
at maintaining relevant information from the matrix in working memory (or perhaps at
selecting relevant information in the first place), decreasing the need to return to check the
matrix.

It is unclear, based on this and prior data, to what extent this unexpected trajectory for
toggles was caused by the particular paradigm we used to measure strategy use, and to what
extent it is an actual feature of cognitive development. Comparatively lower effort in young
children to look back at the matrix to confirm a solution could be reinforced by our paradigm:
with only half of the item displayed at one time, participants had to make a purposeful effort
to move the mouse and click to toggle between the matrix and responses. As in our prior
study using the same paradigm with adults (Rivollier et al., 2020), this led to considerably
lower number of toggles and toggle rate on average than in comparable studies using eye-
tracking (e.g. Chen et al., 2016; Niebaum & Munakata, 2022). Likewise, having only half the
item displayed at a given time may have limited quick lookbacks and placed more cosntraints
on working memory to keep elements of the matrix in mind while looking at the responses,

and vice versa. On the other hand, it is entirely possible that this unexpected pattern with an
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early increase in toggles would have been found regardless of the paradigm, given that
similar results were reported by Chen et al. (2016) using eye-tracking.

It seems unworthwhile to dismiss toggle rate as an index of constructive matching
based on these results: toggle rate had a negative correlation with performance in all age
groups, and at least one study found it to be the best predictor of performance compared to
other indices of strategy use (Laurence et al., 2018). However, two recommendations can be
given. First, indices based on time on matrix and indices based on toggles are often
considered interchangeably, but the current results make it clear that they can behave in very
different ways (see also Rivollier et al., 2020), may involve different cognitive processes at
different ages, and should be treated separately. We argue that relative time on matrix is a
more direct reflexion of a subject's attempt to use constructive matching to understand rules
and reconstruct the correct answer, and that toggles should be considered as a more
composite index incorporating verifications and memory refreshes. Second, the timing at
which toggles occur within a trial could help disentangle their meaning: for instance, a toggle
occurring quickly after item presentation might reflect response elimination, whereas a series
of close toggles immediately before a response might reflect checking one's answer.
Recording information on the timing of toggles is not usual and was not done in the present
study, but it would be straightforward both with eye-tracking and with our behavioral
paradigm, and should be considered in the future (see Thibaut & French, 2016, for an
example).

On a secondary note, proportion of time on the matrix before the first toggle is usually
computed as a raw time (e.g. Vigneau et al., 2006), whereas we chose to compute it as a
proportion, in order to correct for developmental differences in speed. Using raw time or
proportion of time to first toggle did not appear to make a major difference in most analyses

(save perhaps for strategy adaptivity, where the pattern for raw time to first toggle, not
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detailed in the Results section, was very similar to that displayed in Figure 5 for overall
response time). However, the results showed that raw time before the first toggle was very
highly correlated with response time (see Table 3); it also had a high negative correlation
with toggle rate, probably inflated due to toggle rate depending on the inverse of response
time. This was not the case for proportion of time before first toggle, which also had better
relations with age, proportion of time on matrix, total number of toggles, and WMC,
supporting the usefulness of this measure for future studies.

A final point of discussion is the possibility that strategies other than constructive
matching and response elimination were used. Guessing is a rarely discussed strategy
(Gonthier, 2023), one that did not seem prevalent in the current study given the long RTs
observed on average for difficult items. A more problematic point is that the easiest items of
the standard matrices require simple pattern completion, and might be solved through a
purely visual process of gestalt completion, rather than a dedicated series of constructive
matching operations (Hunt, 1974; see also DeShon et al., 1995). We attempted to limit the
use of this strategy by removing the first series of 12 items (which are all limited to simple
pattern completion), but a few items in the rest of the task can also be solved this way. This
could potentially explain part of the increase in constructive matching observed with
increasing item difficulty, contrary to the pattern found with the advanced progressive
matrices (Gonthier & Roulin, 2020). This simple strategy of visual gestalt completion only
applies to very easy matrices and has never been systematically studied in the literature.
Unfortunately, it would be difficult to estimate the use of this strategy based on eye-tracking
or the paradigm used here (it would presumably be associated with fast RTs and a single
toggle from matrix to response, but not necessarily with a high proportion of time on the

matrix).
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Other Directions for Future Studies

A first major extension of our study would be to use a different method to
conceptually replicate the results. As discussed above, questionnaires are an option, but one
that is ill-suited to young children; verbal self-reports (e.g. think-aloud instructions: e.g.
Jarosz et al.,, 2019) may require less metacognitive insight from children and could
conceivably work. Eye-tracking would also be a possible choice. This effort has been started
by Niebaum and Munakata (2021) in their preprint study. Eye-tracking is conceptually
similar to the split-screen method used here (Rivollier et al., 2020), and although it has the
downside of making data collection more difficult for a large sample, it has two major
advantages. The first is that eye-tracking allows for more fine-grained analysis of gaze
patterns, including detailed analysis of which distractors among the response options are
more salient for a participant (Jarosz & Wiley, 2012; see also Guarino et al., 2022), and how
series of fixations on the matrix are structured (see especially the matrix time distribution
index in Vigneau et al., 2006, and the encoding relations index in Chen et al., 2016). This
allows for more systematic analysis of how effectively participants conduct constructive
matching and response elimination.

Another advantage of replicating our results with eye-tracking would be that as
discussed above, our split-screen method makes toggles more costly and therefore less
frequent, and presumably increases working memory load when having to select response
options due to greater difficulty looking back at the matrix (Rivollier et al., 2020). It is also
possible that having participants start on the matrix, and requiring them to make an effort to
toggle to view response options, indirectly induces constructive matching (Gonthier &
Thomassin, 2015; Mitchum & Kelley, 2010). This could potentially bias the estimated
developmental trajectory of strategy use by overestimating the frequency of constructive

matching to some extent.
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A second major direction for future studies would be to investigate the rest of the
lifespan trajectory of strategy use in matrix reasoning. Fluid reasoning performance
substantially increases during childhood, but it also decreases in older age: in the illustrative
dataset of Raven (2000, Figure 5), median SPM performance decreased from 44 out of 60
correct answers at 20 years old to just 24 out of 60 correct answers at 65 years old. It seems
likely that these later changes are associated with a corresponding decline in constructive
matching use, as is the case for Kohs' block design task (Rozencwajg et al., 2005). Studying
strategy use in older adults would help elucidate the rest of the lifespan trajectory for

qualitative underpinnings of behavior in the test most frequently used to measure intelligence.

Constraints on Generality

We are confident that the child samples were large enough and representative enough
in terms of gender, age, and socio-economic levels, that the results should generalize to
children in general in the 6-18 age range. Given the visuo-spatial nature of the task, there is
no reason to expect that the results should be different for children from other high-income
countries speaking other languages. The 18-years-old age group was composed of university
students in psychology, which slightly oversamples the upper end of the ability distribution in
France; performance may differ slightly for non-students. The results are not expected to hold
for younger children and samples with disabilities, which tend to display different strategies
or be unable to perform tasks of this difficulty.

The two main strategies used in Raven's matrices apply to all tasks where the solution
can be inferred from the problem or chosen from multiple response options (such as the paper
folding test: Bethell-Fox et al., 1984; see also Snow, 1978). Our conclusions regarding the
major role of strategy use in cognitive development are expected to hold for all other
reasoning tasks with this structure (and given the similar results found with the block design

task by Rozencwajg and Corroyer, 2002, possibly for reasoning tasks in general).
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