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What can false memories tell us about the structure of mental representations of arithmetic word problems?
The semantic congruencemodel describes the central role of world semantics in the encoding, recoding, and
solving of these problems. We propose to use memory tasks to evaluate key predictions of the semantic
congruence model regarding the representations constructed when solving arithmetic word problems.
We designed isomorphic word problems differing only by the world semantics imbued in their problem
statement. Half the problems featured quantities (durations, heights, elevator floors) promoting an ordinal
encoding, and the other half used quantities (weights, prices, collections) promoting a cardinal encoding.
Across three experiments, in French and in English, we used surprise memory tasks to investigate adults’
mental representations when solving the problems. After the first solving task, the participants were given an
unexpected task: either to recall the problems (Experiments 1 and 2) or to identify, from memory, the
experimenter-induced changes in target problem sentences (Experiment 3). Crucially, all problems included
a specific mathematical relationship that was not explicit in the problem statement and that could only be
inferred from an ordinal encoding. We used the presence or absence of this relationship in the participants’
responses to infer the structure of their representations. Converging results from all three experiments bring
new evidence of the role of semantic congruence in arithmetic reasoning, new insights into the relevance of
the cardinal–ordinal distinction in numerical cognition, and a new perspective on the use of memory tasks to
investigate variations in the representations of mathematical word problems.
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A central question in the arithmetic word problem-solving
literature regards the nature of the problem representations
constructed in working memory. Be it through the implementation
of problem schemata akin to behavioral scripts (Kintsch & Greeno,
1985; Schank & Abelson, 1977), the construction of mental models
depicting the problem situation (Johnson-Laird, 1983; Staub &
Reusser, 1995; Thevenot & Barrouillet, 2015), or the abstraction of
an interpreted structure describing the solvers’ understanding of a
given problem statement (Bassok, 2001), different theories have
attempted to model the representational aspects of arithmetic word

problem solving. From an educational perspective, understanding
the nature and the determinants of these mental representations is a
key step in designing optimal school curricula for problem-solving
education (Daroczy et al., 2015, 2020; Verschaffel et al., 2020).

In this article, we empirically assess central predictions of a recent
model describing the representations of arithmetic word problems:
the semantic congruence (SECO)model (Gros et al., 2020). In doing
so, we pursue three complementary objectives. (1) First, we intend
to assess the relevance of SECO in predicting the encoding,
recoding, and solving of arithmetic word problems. (2) Second, we
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aim to evaluate the claim made by a recent line of studies in
numerical cognition regarding the role played by the cardinal–
ordinal distinction on adults’ representations (Gros et al., 2021). (3)
Third, we mean to explore the extent to which false memories can be
used as a window into solvers’ problem representations, thanks to an
experimental design based on problem recall and sentence-
recognition tasks.

Inside the Semantic Congruence Model

The SECO model proposes that when attempting to solve a word
problem, the problem statement is abstracted into an interpreted
structure that depends both on the world semantics and on the
mathematical semantics evoked by its wording (see Figure 1). In
other words, solvers construct a mental representation that does not
solely depend on the mathematical knowledge relevant to the
problem (the mathematical semantics) but also on the nonmathe-
matical knowledge about the world (the world semantics) that is
related to the entities mentioned in the problem statement. This
interpreted structure may either be specified into a solving algorithm
when available, or it may, through a costly recoding process, be
replaced by another representation, closer to the deep structure of the
problem. This new, more abstract representation would then make it
possible to use a different solving algorithm (Gros et al., 2020).
According to SECO, experts might also directly abstract a

problem’s deep structure, completely bypassing the world semantics
attached to the problem statement. This alternative pathway was
inspired by previous works suggesting that experts may see beyond
the surface features of a problem statement and focus on its deep
structure, contrarily to novices (see Chi et al.’s, 1981, seminal study
on the categorization criteria guiding experts and novices).

However, it should be noted that even experts may struggle with
using this direct encoding pathway at times, as recent evidence
indicates they can still be influenced, to a degree, by world semantics
(Gros et al., 2019).

SECO notably differs from previous frameworks in two main
respects: (a) its description of the processes at play in the initial
encoding of the problems and (b) its proposal for the existence of a
costly recoding pathway making it possible to go beyond this initial
representation. First, regarding the initial encoding of the problems,
the schema framework (Kintsch & Greeno, 1985) predicts that
solvers identify key terms in the propositional structure of the
problem statement to retrieve the relevant solving schemata from
memory and implement them with the problems’ numerical values
to find the solution. According to this perspective, problems sharing
the same propositional structure (for instance, a problemmentioning
“John has three apples less than Emily” and one stating “The English
class lasted 3 hr less than the chemistry class”) should both cue the
use of the same difference schema describing a three-unit difference
between the two quantities and, thus, lead to the same solving
algorithm. This differs from SECO’s proposition that solvers’
knowledge and experience about apples or chemistry classes will
influence the structure of the mental representation they will
construct of the situation and, thus, the solving algorithm they
will use.

Alternatively, the situation model framework (Johnson-Laird,
2010; Reusser, 1990) posits that solvers, upon encountering a
problem statement, construct a unique episodic situation model
tailored to that specific problem (Reusser, 1990). According to this
framework, the constructed situation model encompasses all
functional relationships detailed in the problem statement, suggesting
an idiosyncratic interpretation for each problem. Unlike the schema
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Figure 1
The SECO Model

Note. SECO = Semantic Congruence. Reprinted from “Semantic Congruence in Arithmetic: A New
Conceptual Model for Word Problem Solving” by H. Gros, J.-P., Thibaut, E. Sander, 2020,
Educational Psychologist, 55, p. 5 (https://doi.org/10.1080/00461520.2019.1691004). Copyright
2020 by Taylor & Francis. Reprinted with permission.

FALSE MEMORIES IN ARITHMETIC WORD PROBLEMS 527

https://doi.org/10.1080/00461520.2019.1691004
https://doi.org/10.1080/00461520.2019.1691004
https://doi.org/10.1080/00461520.2019.1691004
https://doi.org/10.1080/00461520.2019.1691004
https://doi.org/10.1080/00461520.2019.1691004


approach, this framework allows for the possibility of encoding
differences between problems that share the same mathematical
structure but differ in the entities mentioned in their statements.
However, it does not predict that those problem statements involving
different entities may also lead to similar encodings when sharing the
same aspects of world semantics. In other words, while it predicts that
different situations may lead to different encodings, it says nothing
about the potential regularities observed across those encodings,
based on the world semantics imbued in the problem statements.
SECO, on the other hand, predicts that structural consistencies may
emerge across different interpreted structures, depending on the
semantic dimensions influencing the initial encoding of the problem
statements. According to SECO, the role played by world semantics
may lead to commonalities in how problems are understood and
represented. This prediction means that by using isomorphic
problems sharing the same mathematical structure but referring to
distinct aspects of world semantics, it should be possible to lead to
distinct representations being abstracted and, thus, to specific solving
strategies being used.
Second, regarding the potential existence of a recoding pathway,

the competing theories say little about this eventuality. While the
semantic alignment framework (Bassok, 2001) proposes that solvers
will struggle with solving problems whose interpreted structure is
“misaligned” with their solution, it does not address the possibility
that solvers may overcome this obstacle. SECO, however, predicts
that solvers may attempt to recode their initial encoding when it fails
to lead to adequate or optimal solving strategies. Such semantic
incongruence between the interpreted structure and the targeted
solving algorithm may be overcome by engaging in a semantic
recoding of the constructed representation (the recoding pathway
from c to f in Figure 1). According to this perspective, solvers are not
necessarily confined to their initial representation of the problems.
Instead, they may engage in a cognitively demanding recoding to
construct a new representation that will make it possible to use
alternative solving strategies. In other words, even on a given
problem statement, different consecutive representations may be
abstracted, potentially leading to different strategies being used.
This article’s first objective (1) is to assess the validity of these

two predictions regarding (a) the commonalities found across
different interpreted structures, depending on the semantic dimen-
sions influencing the initial encoding of the problem statements, and
(b) the potential for solvers to engage in a costly recoding process,
enabling them to go beyond their initial representation. To achieve
this, we will investigate the influence of world semantics on the
encoding of cardinality and ordinality in arithmetic word problems.

The Case of the Cardinal–Ordinal Distinction: A Look
Into Semantic Determinants of Problem Solving

As stated above, the second objective (2) is to collect new data to
further characterize the importance of the cardinal–ordinal distinc-
tion on adults’mathematical reasoning. This goal stems from recent
works suggesting that numerical situations may be encoded either
into a representation emphasizing the cardinal properties of numbers
(i.e., a cardinal encoding) or into a representation emphasizing their
ordinal properties instead (i.e., an ordinal encoding; Gros et al.,
2019, 2021).
The notions of ordinality and cardinality express two sides of

numbers: ordinality refers to their existence as an item in an ordered

list, while cardinality refers to their meaning as the total number
of entities being counted. This distinction is fundamental in
mathematics (Dantzig, 1945; Frege, 1980; Russell, 1919), especially
in set theory (Dauben, 1990; Suppes, 1972), and several works in
developmental psychology have shown that it has implications
beyond formal mathematics. For instance, Gelman and Gallistel
(1986) argued that in learning how to count, children need to
understand both the ordinal and the cardinal properties of numbers.
On the one hand, the “stable-order principle” refers to children
learning that the list of words used to count needs to be said in a
definite and stable order, each word having the same predecessor
and the same successor over trials. On the other hand, the “cardinal
principle” refers to the understanding that the final word of an
enumeration indicates the total number of entities in the set
being counted. More recently, a growing number of studies have
investigated the development of the cardinal meaning of numbers
(e.g., Bermejo, 1996; Geary & vanMarle, 2018; Le Corre & Carey,
2007; Sarnecka & Lee, 2009; Shusterman et al., 2016;Wynn, 1992),
the development of their ordinal meaning (Cheung & Lourenco,
2019; Fischer & Beckey, 1990; Hund et al., 2021; K. Miller et al.,
2000, 2015), as well as the differences between the developmental
trajectories of these two notions (Baccaglini-Frank et al., 2020;
Colomé & Noël, 2012; Meyer et al., 2016; Wasner et al., 2015).

In the field of arithmetic problem solving, Verschaffel et al.
(1999) showed that additive problems dealing with the ordinality of
numbers presented specific challenges to upper elementary school
pupils. Since then, a growing body of research has shown that the
perception of cardinality and ordinality retains a significant role
when conceiving of numerical situations: Even after counting
procedures are acquired, there remains an ontological difference
between the way adults conceive of numbers either as order labels or
as count values (Gamo et al., 2010; Gros et al., 2019, 2021).

This difference was empirically investigated by using problems
sharing the same mathematical structure but allowing two distinct
solving strategies (Gros et al., 2021). It was hypothesized that
depending on the solvers’ encoding of the problems (the interpreted
structure), participants would preferentially use one of the two
available solving strategies. The key aspect of this study was that
depending on the world semantics imbued in the problems, it was
predicted that the solvers would preferentially use one of the two
different encodings. Consider, for instance, the following problem:

Paul has 8 red marbles. He also has blue marbles. In total, Paul has 14
marbles. Jolene has as many blue marbles as Paul, and some green
marbles. She has 3 green marbles less than Paul has red marbles. How
many marbles does Jolene have?

Because this problem involves counting collections of marbles,
which have no intrinsic order to them, it was hypothesized that such
a problem would emphasize the cardinal nature of the numbers it
features (Gros et al., 2021). Since there is no reason to mentally line
up the marbles in a specific order, participants tend to think of
the marbles of different colors as distinct, autonomous entities
organized as subsets to be combined. Therefore, when asked to solve
the problems, participants attempt to calculate the number of
marbles Jolene has by looking for the number of blue marbles she
has and adding it to the number of green marbles she has. That is,
most participants use a three-step strategy to solve this problem:
14 − 8 = 6; 8 − 3 = 5; 6 + 5 = 11 (Gros et al., 2021, 2024a).
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They identify that Jolene has six blue marbles and five green
marbles, thus adding up to 11 marbles in total.
On the other hand, consider the following duration problem:

The construction of the palace took 8 years. Plans for the construction
were made beforehand. The construction of the palace was completed in
year 14. The construction of the castle started at the same time as the
construction of the palace. The construction of the castle took 3 years
less than the construction of the palace. When was the construction of
the castle completed?

This problem has the same mathematical structure as the marble
problem, but because it involves duration values instead of marble
counts, it was hypothesized that participants would tend to conceive
of the described situation as being ordered along a timeline. Due to
solvers’ nonmathematical knowledge about durations, the different
entities in the problems are not perceived as parts and wholes but as
states (positions on a timeline) and changes (events with a duration)
(Gros et al., 2021). This ordinal representation thus features two
changes (the palace and the castle’s respective construction times)
starting from the same state, that is, the same starting point on the
timeline. By encoding these two transitions along a time axis, it
becomes clear that the difference between their respective lengths is
equal to the difference between their respective endpoints. In other
words, since both constructions started at the same time, the
difference between the time to build the castle and the time to build
the palace is equal to the difference between the time at which the
castle was completed and the time at which the palace was
completed. This ordinal representation makes it possible for the
participants to understand that there is a much shorter solving
strategy to be found: 14 − 3 = 11.

The same one-step strategy could have also been used to solve the
marble problem, but participants rarely used it (Gros et al., 2021).
Indeed, using the one-step strategy on the marble problem would
require understanding that the difference between Paul’s green
marbles and Jolene’s red marbles is equal to the difference between
Paul’s total number of marbles and Jolene’s total number of marbles.
In other words, since Paul and Jolene both have the same number of
blue marbles, there is no need to calculate this number nor to
calculate how many green marbles Jolene has. Instead, one only
needs to infer that since Jolene has three green marbles less than Paul
has red marbles, and since they both have the same number of blue
marbles, then Jolene simply has three marbles less than Paul in total
(Gros et al., 2021).

On the duration problem, on the other hand, it was argued that an
ordinal, timeline-based representation allows for a direct compari-
son of the time it took to build the palace and the time it took to build
the castle (Gros et al., 2021). The salience of this comparison would
thus make it easier to infer that since both constructions started at the
same time, and since the construction of the castle took 3 years less
than the construction of the palace, then the construction of the castle
was completed 3 years before the construction of the palace. In other
words, in both problems, it is unnecessary to calculate the value of
the common part to find the solution. Figure 2 describes the deep
mathematical structure shared by these two problems, as well as the
representations that are thought to be abstracted, resulting in
different solving strategies being used. In order to use the one-step
strategy “Whole 1−Difference=Whole 2,” one needs to understand
that the difference described between Part 1 and Part 3 is equal to
the difference between Whole 1 and Whole 2. According to the
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Figure 2
Graphical Summary of the Encoding Differences Between Cardinal and Ordinal Problems

Note. See the online article for the color version of this figure.
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solving strategies used by participants, this inference is significantly
easier to make on ordinal than on cardinal problems (Gros et al.,
2021), to the point that even expert mathematicians would struggle
to make this inference on cardinal problems (Gros et al., 2019).
In Gros et al. (2021), it was proposed that the mention of specific

quantities in a problem statement can trigger a particular encoding of
the situation. Quantities usually associated with cardinality, such as
weight problems, price problems, and collection problems, are
supposed to induce a cardinal encoding. On the other hand, quantities
whose world semantics highlight ordinality, such as duration
problems, height problems, and elevator problems, are hypothesized
to evoke a cardinal encoding. Empirically, this difference between
cardinal and ordinal quantities proved impactful not only for strategy
choice but also in problem comparison, problem sorting, solvability
assessment, strategy transfer, and solution evaluation tasks (Gros
et al., 2019, 2021). However, directly probing the very representa-
tions underlying these differences is not a straightforward task, since
the mental representation itself cannot be measured. In fact, all
previous measures of these representational differences relied on
participants’ ability to find a correct solving strategy. Here, we
propose to take a closer look at an intermediate step between the
initial reading of the problem and the writing down of its solution.
We investigate the inferences drawn from the problem encoding
itself and evaluate how they are linked to the world semantics in the
problem statement. We intend to show that the encoding of ordinal
problems leads to a specific mathematical inference that will result in
false memories and predict the solving strategy used by the
participants.

Probing Representations With Recall and
Recognition Tasks

Since no means of direct investigation of the representations
themselves are available, text recall tasks and sentence-recognition
tasks can bring valuable information regarding the nature of the
encoded representations: If there is indeed a crucial difference
between one’s understanding of ordinal and cardinal situations, then
this difference should result in different encodings being constructed
and memorized. We strove to assess the validity of this claim by
evaluating the presence of specific inferences that can only be drawn
from the problem statement if participants encode an ordinal
representation of the situation. We used these inferences to assess
whether participants constructed and memorized an ordinal
representation of the situation. Indeed, previous works on text
comprehension suggest that sentences from which inferences can be
drawn may mislead participants both in recognition (Bransford &
Johnson, 1973; Kintsch & Bates, 1977; Kintsch et al., 1990;
Noordman & Vonk, 2015) and in recall tasks (Black & Bern, 1981;
Corbett & Dosher, 1978; Kintsch & Van Dijk, 1978; Sulin &
Dooling, 1974). In Bower et al.’s (1979) seminal work on the
importance of scripts in text comprehension, it was shown that
participants tended to infer actions that were not explicitly described
in the text but that were coherent with the scenario depicted by the
text. Those inferences led participants to erroneously recall events
that were never described in the text, with a surprisingly high degree
of confidence in their recalls. Here, we predicted that the implicit
inferences drawn from one of the two possible encodings of the
problems would lead participants to erroneously remember pieces of
information which were not initially present in the problems but

which could be easily inferred from an ordinal representation of the
situation.

Our work builds on previous paradigms using recognition tasks to
evaluate which inferences were included in participants’ represen-
tation of a given situation. For instance, in one of their experiments,
Mani and Johnson-Laird (1982) designed a task to investigate
participants’ mental representation of spatial descriptions. They
presented participants with four-sentence descriptions of spatial
configurations of the form “A is to the left of B. C is to the right of B.
D is in front of A. E is in front of B.” Participants had to evaluate
whether specific diagrams were consistent with the spatial
description. After the task, participants were presented with an
unexpected recognition task in which they had to identify among a
series of four-sentence statements which were the ones they had
been presented before and which were new, previously unseen
statements. The authors used three types of test statements: Some
were identical to the ones previously seen, some described different
spatial configurations from the ones previously seen, and some
described a spatial configuration that was inferable from the
previously seen statements, but which differed from the proposi-
tional structure of the initial spatial description. Interestingly, the
authors showed that the statements presenting an inferable spatial
configuration tended to be erroneously recognized more often than
the ones presenting a different spatial configuration. In other words,
participants tended to base their recognition of the texts on the
mental model they had constructed of the problems, instead of only
using the verbatim text as a basis for recognition. This property of
text recognition is especially relevant to our study, as it indicates that
misremembrance can inform on the representations constructed by
the participants.

In a similar spirit, Verschaffel (1994) used a solving task followed
by a retelling task to investigate the nature of the representations
constructed by fifth graders when solving arithmetic word problems.
Specifically, he looked at problems whose wording was consistent
with the arithmetic operation needed (e.g., using “has X more than”
for addition problems, or “has Y less than” for subtraction problems)
versus problems where the wording was inconsistent with the
operation (e.g., addition problems mentioning “has Z less than”). He
found that when the wording was not consistent with the operation
needed to solve the problem, children often mistakenly changed
the wording when they explained the problem back, making it
consistent with the operation. This was interpreted as a clear
indicator that children’s mental representation of the problems
differed from their exact wording. Hegarty et al. (1995) made
another attempt to investigate the representations constructed by
individuals engaged in arithmetic word problems solving. They
conducted a problem-solving task followed by a text recall task and
a text recognition task to evaluate which participants constructed a
problem model. They showed that the more successful solvers tend
to make a lower number of semantic mistakes but a higher number of
literal mistakes than the less successful solvers. According to the
authors, this finding was consistent with the hypothesis that the more
proficient participants had constructed a problem model, since they
recalled the semantic structure of the problems successfully but were
less accurate in recalling the exact wording of the problems. On the
other hand, the less proficient participants may not have constructed
a problem model, since they recalled the problems’ wording
accurately but made more mistakes with regard to their semantic
structure.
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In the field of arithmetic word problem solving, Thevenot (2010)
used a text recognition task to investigate some of the factors
influencing participants’ mental representations of the problems.
The author asked participants to solve a series of problems and then
presented them with an unexpected recognition task. Ingeniously,
she used three different types of problems in the recognition
task: (a) problems identical to the original problems, (b) new
problems mathematically inconsistent with the original ones despite
differing by only one or two words, and (c) paraphrastic problems
mathematically consistent with the original problems despite
differing by a total of three words. Results revealed that the
paraphrastic problems were more often erroneously recognized than
were the new inconsistent problems, despite the latter differing by a
lower number of words from the original problems. This indicated
that participants had constructed and memorized a representation of
the problems that depended on the structure of the situations they
described rather than on their precise wording.
Building upon these previous studies on text recognition and text

recall and in accordance with the third objective (3) we set for
this study, we intend to go one step further and use both recall
tasks and sentence-recognition tasks to contrast and compare
different representations of problems sharing the samemathematical
structure. By using erroneous recollections as a source of insights
into solvers’ encoding of arithmetic word problems, we aim to
demonstrate a link between the world semantics imbued in the
problems and the presence of specific inferences in the constructed
representations. The errors made by the participants in retelling or
recognizing the problem statement should make it possible to take a
closer look at the encoding and recoding processes described in the
SECO model.

The Present Study

As previously stated, this article pursues a threefold objective:
(1) to evaluate key predictions of the SECO model, (2) to better
understand the encoding of cardinality and ordinality in arithmetic
word problems, and (3) to show how false memories may help
differentiate between different encodings of a given problem.
Across three experiments, we presented participants with a solving
task followed by an unexpected task testing their recollection of the
problems’ statements. In the first two experiments, the solving task
was followed by an unexpected recall task in which participants had
to retell from memory the statements of the problems they just
solved. Due to additional information being inferred from ordinal
representations but not from cardinal representations, we expected
participants to erroneously recall specific inferences in the retell task
on ordinal problems but not on cardinal problems. In a third
experiment, we presented participants with an unexpected sentence-
recognition task, in which they had to decide whether target
sentences were taken from the problems they previously solved, or
whether these sentences had not been included in the problem
statements. The modified sentences clearly stated certain mathe-
matical relationships that were not explicit in the initial statements.
We expected participants to be more likely to erroneously recognize
the modified sentences of ordinal problems than that of cardinal
problems. The first two experiments were conducted in French, the
third one in English, which decreases the probability that the
observed phenomenon would stem from idiosyncratic properties of
the French or English language.

Experiment 1

Experiment 1 was a first attempt to use a recall task to gather
evidence regarding the inferences that can be drawn from an ordinal
representation but not from a cardinal representation. Using SECO,
we formulated three hypotheses regarding the solving task and the
problem recall task. (Hypothesis 1) First, during the solving task, we
predicted that we could replicate the results from Gros et al. (2021),
meaning that due to the different representations of the problems, the
participants’ ability to use the shortest strategy would depend upon
the cardinal versus ordinal nature of the problems: Participants
should be more prone to using the one-step strategy on duration
problems than on collection problems, in accordance with SECO’s
predictions.

(Hypothesis 2) Second, based on SECO’s depiction of the role of
world semantics on the initial encoding of arithmetic word problems,
we anticipated that problems mentioning ordinal quantities would
lead to the encoding of an ordinal interpreted structure, while
problems mentioning cardinal quantities should initially lead to the
encoding of a cardinal interpreted structure. Thus, regarding the
unexpected recall task, we predicted that if participants did construct
an ordinal encoding of the situation described in the problems
featuring ordinal quantities, then they would bemore likely tomake a
specific inference regarding the nature of the difference mentioned
in the problems. More precisely, while the fifth sentence of the
problems always introduced a difference between Part 3 and Part 1
(e.g., “Jolene has two green marbles less than Paul has red marbles”
in a cardinal problem or “The construction of the castle took 2 years
less than the construction of the palace” in an ordinal problem; see
Figure 2), we predicted that participants’ recollection of the fifth
sentence would differ between cardinal and ordinal problems. On
ordinal problems, we predicted that participants’ ordinal representa-
tion would sometimes lead them to misremember the difference
between Part 3 and Part 1 as a difference between Whole 2 and
Whole 1 instead, since they are hypothesized to have included this
inference into their representation. In other words, instead of stating
that “The construction of the castle took 2 years less than the
construction of the palace,” theymight state that “The construction of
the castle was completed 2 years before the construction of the
palace.” On the other hand, cardinal problems should not lead to this
error, since the inference that the Part 3–Part 1 difference is equal to
the Whole 2–Whole 1 difference is much harder to make when
reasoning with a cardinal encoding. Participants would thus be more
likely to make this specific whole-to-whole error while retelling
ordinal problems (e.g., “The construction of the castle was completed
2 years before the construction of the palace”), than while retelling
cardinal problems (e.g., “Jolene has two marbles less than Paul”).

(Hypothesis 3) Finally, based on SECO’s prediction that the
problem representation encoded by a solver—either their initial
interpreted structure or its later recoding—determines the solving
strategy they use, we anticipated that participants’ solving strategies
would be linked to their encoded representations, regardless of the
cardinal versus ordinal semantics imbued in the problem statements.
Thus, we made the hypothesis that the aforementioned recall
mistake would be more likely to occur on the problems that were
solved using the one-step strategy, than on those solved using the
three-step strategy. Indeed, the use of the one-step strategy is
thought to be linked with an ordinal encoding of the situation (either
as an initial encoding or after a recoding process), so solving a
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problem in one-step, rather than in three steps, should be associated
with a higher chance of whole-to-whole inferences being
remembered in place of the part-to-part inferences.

Method

Participants

We estimated a sample size using the BUCSS R package
(Anderson & Kelley, 2018), based on results from a previous study
using similar materials (Experiment 4; Gros et al., 2021). After
correction for uncertainty and publication bias following Anderson
et al.’s recommendations (2017) and using a high level of targeted
statistical power (0.95), we estimated a minimum sample size of 45
for the solving task. However, since we had no previous results on
participants’ propensity to spontaneously produce the specific recall
error targeted by our experiment, we elected to double this sample
size for the recollection task, to account for potentially lower effect
sizes. Thus, we set to recruit at least 90 participants. After
distributing the survey online, through social networks and mailing
lists, we waited 2 weeks before closing data collection. A total of
140 people had participated at this time. Among them, 13 left at least
one of the questions unanswered and were subsequently excluded
from our data set. The analyses were conducted on the remaining
127 participants (81 women, Mage = 33.39 years, SD = 8.15). All
participants voluntarily took part in the experiment, without any
monetary incentive. They all indicated speaking French fluently.

Materials

The materials were based on previous works focusing on the
difference between cardinal and ordinal encodings (Gros et al.,
2021). To maximize the encoding difference between the problems,
we selected our materials from the two most stereotypical quantities
used in Gros et al. (2021): collection problems (see Table 1, column
A) and duration problems (see Table 1, column B). We used a

within-subject design to allow for within-subject comparisons
between responses on cardinal and on ordinal problems. Each
participant was presented with one randomly chosen cardinal
problem (a collection problem) and one randomly chosen ordinal
problem (a duration problem) (see Table A1 for the original problem
statements, in French). All the problems were isomorphic, and the
numerical values used were randomized across problems, according
to the following rule: 15 ≥ Whole 1 > Part 1 > 4 > Difference ≥ 2.

Procedure

This experiment was conducted online using the Qualtrics
platform for online experiments. On the first page, the instructions
read:

On the next page, you will find an arithmetic problem. Please take the
time to read it carefully. Your task is to try to solve the problem using as
few operations as possible. We ask that you take enough time to read
and understand the problem, as this is not a speed test. Remember that
the goal is to solve the problems using as few operations as possible.
Type down every operation(s) that you used to come up with the
solution, even the simplest one(s) that you can mentally calculate. For
instance, the computation “15 − 6 − 2 = 7” should not be written as a
unique operation, but broken down as “15 − 6 = 9” and “9 − 2 = 7,”
which then count for two operations. Translated from French

On the next page, a problem was presented, meant to evoke either a
cardinal encoding (collection problem) or an ordinal encoding
(duration problem). Alongwith the problem statement, the instructions
to solve the problem using as few operations as possible were
reminded to the participants. Below the problem statement, a text box
allowed participants to write down the operation(s) they used, and
another text box was used to write down the problem’s solution. On
the next page, the initial instructions were repeated, and the second
problem followed. Depending onwhich problem participants had been
presented initially, the following problem was chosen to evoke a
different encoding. In other words, if participants had to solve a

T
hi
s
do
cu
m
en
t
is
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al

A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le

is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al

us
e
of

th
e
in
di
vi
du
al

us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

Table 1
The Four Cardinal and Ordinal Problem Statements Used in Experiment 1 and Experiment 2

Problem identifier A. Cardinal problems Problem identifier B. Ordinal problems

Collection 1 Paul has 5 red marbles.
He also has blue marbles.
In total, Paul has 14 marbles.
Jolene has as many blue marbles as Paul, and some green
marbles.

She has 2 green marbles less than Paul has red marbles.
How many marbles does Jolene have?

Duration 1 Sofia travelled 5 hours.
Her trip started during the day.
Sofia arrived at 14 h.
Fred left at the same time as Sofia.
Fred’s trip lasted 2 hours less than Sofia’s.
What time was it when Fred arrived?

Collection 2 Sarah owns 5 goldfish.
Her other pets are all iguanas.
In total, she owns 14 pets.
Bobby is pet-sitting Sarah’s iguanas during the holidays, he
puts them with his pet turtles.

Bobby owns 2 turtles less than Sarah owns goldfish.
How many pets are there at Bobby’s?

Duration 2 The construction of the palace took 5 years.
Plans for the construction were made
beforehand.

The construction of the palace was completed in
year 14.

The construction of the castle started at the same
time as the construction of the palace.

The construction of the castle took 2 years less
than the construction of the palace.

When was the construction of the castle
completed?

Note. Translated from French.
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cardinal problem first, then the second problem was ordinal. Problem
order was randomized between participants. When participants had
solved both problems, they were presented with an unexpected recall
task. They were told that they had to recall as precisely as possible the
text from the first of the two problems. They were instructed to write
everything they remembered about the problem statement as faithfully
as possible. After they had completed this task, the next page asked
them to write down the text of the second problem they had to solve.
The data for all three experiments are available on the Open

Science Framework repository at https://osf.io/5nqev/?view_only=
6dcf3a21a2c840c6a16dce2bbf419762.

Results

First, participants’ answers to the solving task were analyzed. In
95.21% of the cases, the strategies used by the participants to solve
the problems could easily be inferred from their report of the
operations they used to solve the problems. The 4.79% of cases
where the strategy could not be directly inferred from their response
(correct response provided with no operation leading to it) were
classified as “unidentified” (see Figure 3).
The identifiable responses were either classified as “one-step

strategy” (successful use of the shortest strategy), “three-step
strategy” (successful use of the longest strategy), or “error” (wrong
operations leading to a false answer). The distribution of the
participants’ solving strategies depending on the ordinal versus
cardinal nature of the problems is described in Figure 3. We used a
generalized linear mixed model with a binomial distribution to
evaluate how likely participants were to use the one-step strategy on
cardinal and on ordinal problems. We used the successful use of the

one-step strategy in the 254 recorded trials as the dependent
variable, the semantic nature (cardinal vs. ordinal) of the problems
as a fixed effect, and included participants as a random intercept
(Variance = 2.52, SD = 1.59). We performed all the analyses in this
article using R (R Core Team, 2019) and lme4 (Bates et al., 2015).
The model successfully converged, with a total explanatory power
of 49.4% (conditional R2). As in Gros et al. (2021), the participants
were considerably more likely to discover the one-step strategy on
ordinal problems (51.22%) than on cardinal problems (12.60%),
thus supporting Hypothesis 1, Estimate = 2.82, SE = 0.60,
z = 4.67, p < .001.

Second, to test our second hypothesis (Hypothesis 2) regarding
the encoded representation, we analyzed the problem statements
they attempted to recall. Namely, we focused on the fifth sentence of
the problems describing the difference between Part 1 and Part 3
(see Figure 2) and coded whether the participants had erroneously
recalled the difference between Part 1 and Part 3 as a difference
betweenWhole 1 andWhole 2 (a whole-to-whole recall mistake). In
other words, for the marble problem, we counted how often
participants recalled “Jolene has x marbles less than Paul has red
marbles” (whole-to-whole difference) instead of the correct
sentence “Jolene has x green marbles less than Paul” (part-to-part
difference). For the duration problem, we counted how often
participants recalled a sentence stating “The construction of the
castle ended 3 years before that of the palace” (whole-to-whole
difference) instead of the correct sentence “The construction of the
castle took 3 years less than that of the palace” (part-to-part
difference).

Table 2 indicates the distribution of participants’ erroneous
recalls of a whole-to-whole difference on cardinal and on ordinal
problems. Participants recalled this inference instead of the proper
problem phrasing in 15.75% of the ordinal problems, whereas they
only made this mistake in 0.79% of the cardinal problems. Due to
the extremely low number of participants who erroneously recalled a
sentence indicating a whole-to-whole difference on a cardinal
problem (1 out of 127), the comparison between cardinal and ordinal
problems could not be done using variance analysis. Instead, we
performed a McNemar test between these two conditions, which
indicated, as hypothesized, that the semantic nature of the problems
(ordinal vs. cardinal) had a significant impact on the rate of
erroneous whole-to-whole sentences being recalled by participants,
χ2(1, N = 127) = 15.43, p < .001. Of note, it appears that erroneous
recalls were more frequent for the Duration 2 problem (16 erroneous
recalls) than on the Duration 1 problem (four erroneous recalls).
This disparity might suggest that, in addition to the semantic
differences between cardinal and ordinal problems, other factors
could also influence the error rate in the recall task. However, given
the overall low number of errors and the fact that each participant
only had to solve one of the two ordinal problems, it was not feasible
to investigate this potential difference further in this experiment.

Finally, to assess the link between strategies and encoded
representations (Hypothesis 3), we investigated which strategy used
to solve the ordinal problems in the solving task was the most likely
to lead to an erroneous mention of the whole-to-whole inference in
the recall task. Since there was only one occurrence of a participant
referring to a whole-to-whole difference on a cardinal problem,
we focused our analysis on the strategies used to solve ordinal
problems. Crucially, most cases in which a participant erroneously
recalled a sentence referring to a whole-to-whole difference
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Figure 3
Strategy Distribution in Experiment 1 Depending on the Quantities
Used in the Problems

Note. See the online article for the color version of this figure.
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regarded ordinal problems solved using the one-step strategy
(75.00% of the recall mistakes), although a small portion of the
whole-to-whole recall mistakes were linked either to answers that
were insufficiently detailed to be interpreted (unidentified answers:
10.00%) or to errors in the solving task (15.00%) (see Table 3).
Thus, while 29.27% of the ordinal problems were solved using the
three-step strategy, none of the erroneous recollection of a whole-to-
whole difference happened on such trials. Additionally, among the
63 ordinal problems solved in one step, 15 (23.81%) led to the
erroneous recollection of a whole-to-whole difference, whereas
there was no erroneous recollection in the 36 ordinal problems
solved in three step.

Discussion

This experiment provides insight into the problem representations
constructed by the participants. We evaluated three hypotheses
derived from the SECOmodel. First, in accordance with Hypothesis
1, the results corroborated Gros et al.’s (2021) original findings by
showing that the choice of a solving strategy was directly dependent
on the cardinal versus ordinal nature of the quantities used in the
problem. That was a first indicator that different problem
representations had been constructed, as predicted by SECO.
Participants had been explicitly instructed to use the shortest
strategy they could think of, using as few operations as possible, but
only 12.60% of them managed to find the one-step strategy on
cardinal problems, whereas more than half of the participants used
this one-step strategy to solve the ordinal problems.
Second, and most importantly, the analysis of the recall mistakes

made by the participants in the recall task supported Hypothesis 2
and provided new insights regarding the nature of the representa-
tions constructed by the participants (see Table 2). As hypothesized,
participants were more likely to misremember the sentence
describing the difference between Part 1 and Part 3 as a difference
betweenWhole 1 andWhole 2 on ordinal problems (20 participants)

than on cardinal problems (only one participant). Despite being
mathematically true, this piece of information regarding the
difference between Whole 1 and Whole 2 was not directly present
in the original problem statements; participants had to infer it from
the situation described. The fact that participants were significantly
more likely to assume that the difference was presented between
Whole 1 andWhole 2 on the original ordinal problems indicates that
the abstracted representation of ordinal problems made it more
salient. In other words, it supports SECO’s prediction (a) that the
mention of durations within a problem elicits an ordinal, axis-based
representation, making it easier to understand that if two events start
at the same time and one is x years shorter than the other, then one
ends x years before the other (see Figure 2). In accordance with
SECO’s prediction regarding the role of world semantics on the
encoding of the problems, this inference appeared more frequently
on duration problems than on collection problems.

Third, in line with Hypothesis 3, most of the participants who
erroneously recalled the difference as a difference between wholes
instead of a difference between parts in an ordinal problem did so
after solving the problems using the one-step strategy (see Table 3).
Indeed, none of the participants who had solved the ordinal problem
using the three-step strategy did this mistake. Finding the solution in
one step made it more likely to erroneously recall a sentence
describing a whole-to-whole difference instead of the part-to-part
difference. This corroborates the assumption that the misremem-
brance of the fifth sentence is a key indicator of the nature of the
representations encoded by the participants. Overall, this experi-
ment showed that the differences between cardinal and ordinal
encodings tampered with participants’ recollection of the problem
statements. Participants falsely recalled sentences that were not
present in the problems, due to the specific representation they had
constructed. However, the task presented to the participants was
relatively short and easy, and a rather low number of recall mistakes
were made in the recall task.We considered whether making the task
more difficult would increase the likeliness of witnessing an
erroneous recall of the problems. In this perspective, we designed a
second experiment in which we doubled the number of problems to
solve and recall, in an effort to increase the task difficulty while
assessing the replicability of the observed differences.

Experiment 2

This second experiment attempted to build upon the first
experiment and gather converging evidence in a different setting,
using a higher number of problems to increase task difficulty. The
three hypotheses were the same as in Experiment 1, since the goal
was to identify whether participants would still recall a greater
number of whole-to-whole inferences on ordinal than on cardinal
problems.

Method

Participants

We estimated a sample size using the same rationale as in
Experiment 1. Considering the fact that participants had to solve
twice as many problems, we expected that they would be more likely
to spontaneously produce the targeted recall mistakes. We thus
decided to maintain the minimum sample size of 90 that had been
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Table 2
Distribution of Participants’ Erroneous Whole-to-Whole Recalls on
Cardinal and Ordinal Problems

Problem type

No mention of
a whole-to-whole

difference

Erroneous recall of
a whole-to-whole

difference

Cardinal problems 126 (99.21%) 1 (0.79%)
Ordinal problems 107 (84.25%) 20 (15.75%)

Table 3
Strategies Leading to the Erroneous Recall of Whole-to-Whole
Sentences on Ordinal Problems

Solving strategy

No mention of
a whole-to-whole

difference

Erroneous recollection of
a whole-to-whole

difference

One-step strategy 48 15
Three-step strategy 36 0
Solving error 16 3
Unidentified answer 7 2
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previously calculated. Participants were students from a second-year
university psychology class at the University of Burgundy. They
participated in exchange for course credit. A total of 104 students
participated in the experiment. Participants all spoke French
fluently. One participant was excluded from the analysis due to
all his answers being insufficiently detailed to be interpreted. The
analyses were conducted on the remaining 103 participants (72
women, Mage = 20.43 years, SD = 1.43).

Materials

The problems used in this experiment were the same as those used
in Experiment 1, the difference being that every participant was
asked to solve the four problems, instead of two problems being
randomly selected among four in the previous experiment.

Procedure

The experiment was conducted collectively, in a university
classroom. Each participant was given a five-page booklet with the
following instructions written on the front page:

You will find an arithmetic problem on each page of this booklet. Your
task is to solve the problems using as few operations as possible. You
can use the “draft” area, but please copy in the “response” area all the
operations that you used to come up with the solution. We ask that you
take enough time to read and understand each of these problems, as this
is not a speed test. Remember that the goal is to solve the problems using
as few operations as possible. For every problem, we ask that you write
down every operation(s) that you used to come up with the solution,
even the simplest one(s) that you can mentally calculate. For instance,
the computation “15 − 6 − 2 = 7” should not be written as a unique
operation, but broken down as “15− 6= 9” and “9− 2= 7,”which then
count for two operations. Translated from French

The four following booklet pages were divided into three parts: the
problem statement, the draft area, and the response area. Problem
order and numerical values were controlled across four booklets:
half of them introduced the problems in a specific order (Collection
1; Duration 2; Collection 2; Duration 1), and the other half used the
reverse order (Duration 1; Collection 2; Duration 2; Collection 1).
Thus, half the participants started with a cardinal problem, and the
other half started with an ordinal problem. When participants were
done solving the problems, their booklets were collected, and new
booklets were, then, handed out to them. Here, the instructions read
“On the following pages, you will be asked to recall the text of the
problems you just solved. Try to write down the problem statements
as faithfully as possible, from memory” (translated from French).
Then, on each following page, the recall of a specific problem
statement was cued using a sentence describing the theme of the
problem. For example, “Try to write down, frommemory, the text of
the first problem you had to solve, about Paul and Jolene’s marbles”
(translated from French). The problems had to be recalled in the
order in which they originally appeared, to avoid any recency effect.

Results

As in Experiment 1, we studied participants’ responses both in the
solving task and in the problem recall task, to investigate the
differences between their representations of cardinal and ordinal
problems. In 98.79% of the cases, the strategies used by the

participants to solve the problems could easily be inferred from
their report of the operations they used to solve the problems. Their
responses were either classified as “one-step strategy” (successful
use of the shortest strategy), “three-step strategy” (successful use of
the longest strategy), or “error” (failure to use any relevant strategy
to solve the problem). The 1.21% of answers that were not detailed
enough to be analyzed were classified as “unidentified.” The
distribution of the participants’ solving strategies depending on
the ordinal versus cardinal nature of the problems is described in
Figure 4. As in Experiment 1, a generalized linear mixed model with
a binomial distribution was used on the 412 recorded trials to
evaluate how likely participants were to use the one-step strategy on
cardinal and on ordinal problems. The dependent variable was the
successful use of the one-step strategy, and the semantic nature of
the problems (cardinal vs. ordinal) was included as a fixed effect.
We accounted for each participant solving each type of problem by
including a random effect for participants. To ascertain the most
fitting model, we compared one with only a random intercept for
participants against another with by-participant random slopes for the
effect of semantics. The latter model demonstrated a significantly
better fit, as indicated by a lowerAkaike information criterion (372.28
vs. 382.98) and Bayesian information criterion (BIC; (392.38 vs.
395.04), along with a reduced deviance (362.28 vs. 376.98); χ2(2) =
14.70, p < .001. Due to concerns of model singularity, we refrained
from including random effects for variations between problem
statements. The selectedmodel converged successfully and accounted
for 97.2% of the total variance (conditional R2). The significance
of the fixed effect of semantics (Estimate= 12.17, SE= 3.45, z= 3.53,
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Figure 4
Strategy Distribution in Experiment 2 Depending on the Quantities
Used in the Problems

Note. See the online article for the color version of this figure.
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p < .001) indicates that, as predicted in Hypothesis 1, participants
were considerably more likely to discover the one-step strategy in
ordinal problems (60.19%) than they were in cardinal problems
(15.53%). The random intercept for participants indicated substantial
variability (Variance = 148.1, SD = 12.17), as did the random
slope for the effect of semantics across participants (Variance= 115.0,
SD = 10.73).
Table 4 presents the distribution of erroneous recalls of a whole-

to-whole difference instead of the part-to-part difference on cardinal
and ordinal problems. As in Experiment 1, erroneously recalling a
whole-to-whole difference was interpreted as a sign that participants
had made the inference that the difference between the parts was
equal to the difference between the wholes, which was thought to be
favored within an ordinal encoding but not within a cardinal
encoding. Participants recalled this inference instead of the proper
problem phrasing in 9.71% of the ordinal problems, whereas they
never once made this recall mistake on the cardinal problems.
Because no participant recalled a whole-to-whole difference on
either of the two cardinal problems, we used an exact McNemar test
to analyze the difference between the recall mistakes on cardinal and
on ordinal problems. The test indicated that the semantic nature of
the problems (ordinal vs. cardinal) had a significant impact on the
rate of whole-to-whole sentences being erroneously recalled by the
participants, χ2(1, N = 206) = 151.44, p < .001, thus supporting
Hypothesis 2. Interestingly, again the number of recall mistakes was
higher on the Duration 2 problem (N = 13) than on the Duration 1
problem (N = 7), although the low number of mistakes overall
prevented an in-depth analysis of this potential difference.
Finally, we studied which of the strategies used in the problem-

solving task were the most likely to lead participants to erroneously
recall a whole-to-whole sentence. Since no participant recalled a
whole-to-whole sentence on any cardinal problems, all the cases
of erroneous inferences came from ordinal problems. Table 5
details the strategies used prior to misremembering the problems.
Interestingly, no use of the three-step strategy was ever followed by
a whole-to-whole recall mistake, in line with Hypothesis 3. Instead,
90% of the recall mistakes came from the use of the one-step
strategy, one case was associated with failure to solve the problem in
the first place, and one was made by a participant whose answer on
the related solving task could not be interpreted for lack of detail.

Discussion

This second experiment replicated and extended the findings of
Experiment 1. In the solving task, as expected, participants remained
more prone to use the one-step strategy on ordinal than on cardinal
problems. In the recall task, the difference observed in Experiment 1
was also replicated. In fact, the distinction between cardinal and

ordinal problems was so decisive that out of the 206 attempts to
recall a cardinal problem, not a single one led to the erroneous recall
of a sentence describing a whole-to-whole difference. The recall of
ordinal problems, on the other hand, included this recall mistake
about once every 10 trials. This suggests that the differences in the
representations encoded by the participants significantly influenced
their answers on both tasks in this experiment as well. These results
are in line with SECO’s predictions regarding the influence of world
semantics on the initial encoding of arithmetic word problems.
Participants’ encoding of the problems included the whole-to-whole
inference only on collection problems, which led to specific errors in
the recall of these problems. Finally, the analysis of the solving
strategies preluding the erroneous recall of a whole-to-whole
difference supported the hypothesis of different representations
being encoded. Indeed, 90% of the recall mistakes followed the
successful use of the shortest strategy, whereas strictly none of the
erroneous recalls were preceded by the use of a three-step strategy.
Thus, the results supported SECO’s depiction of a strong link
between participants’ representations of the numerical situations and
their use of a specific solving strategy. In fact, the correlation
between their choice of a solving strategy and their propensity to
make a recall mistake shows that the recall mistakes cannot be
attributed to a difference in wording between cardinal and ordinal
problems. Indeed, ordinal problems were solved using the three-step
strategy in 29.1% of the cases, but none of the recall mistakes
followed the use of this strategy.

Experiments 1 and 2 relied on participants’ tendency to
spontaneously make specific mistakes in their attempts to retell
the problems. This experimental paradigm makes it possible to
investigate the representations that participants constructed,
memorized, and freely recalled. There was however one aspect
on which Experiment 2 fell short: By doubling the number of
problems, we were hoping to increase the task difficulty and thus
increase the number of recall mistakes. Yet, participants’ rate of
targeted recall mistakes overall was lower in this task (4.85%),
compared to Experiment 1 (8.27% overall). A possible explanation
for this is the fact that the setting in Experiment 2 (a university
classroom) was arguably more conducive to concentration than the
online survey used in Experiment 1, thus leading to higher
performances overall. Another possible factor accounting for this
lower rate of recall mistakes is linked to differences between the two
populations. Participants in Experiment 2 were university students,
likely to have a reasonable level of mathematical proficiency,
typical of the general college population. In contrast, participants
from Experiment 1 were recruited online and were not screened
for mathematics competence in any way. In line with these
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Table 4
Distribution of Participants’ Erroneous Whole-to-Whole Recalls on
Cardinal and Ordinal Problems

Problem type

No mention of
a whole-to-whole

difference

Erroneous recollection of
a whole-to-whole

difference

Cardinal problems 206 (100%) 0 (0%)
Ordinal problems 186 (90.29%) 20 (9.71%)

Table 5
Strategies Leading to the Erroneous Recall of Whole-to-Whole
Sentences on Ordinal Problems

Solving strategy
No whole-to-whole
difference recalled

Whole-to-whole
difference erroneously

recalled

One-step strategy 106 18
Three-step strategy 60 0
Error 1 1
Unidentified answer 19 1
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explanations, participants’ performance in the solving task did
improve in Experiment 2 compared to Experiment 1. In the first
experiment, the rate of error and/or unidentified answers in the
solving task was 18.11% for cardinal problems and 19.52% for
ordinal problems. In this experiment, there were fewer mistakes in
the solving task, with only 11.17% of erroneous/unidentified
answers on cardinal problems and 10.68% on ordinal problems.
In order to reach a finer understanding of how often participants

construct a representation including the whole-to-whole inference,
without relying on their ability to spontaneously recall each sentence
of the problems, we designed a third experiment involving a
sentence-recognition task. The idea was that some participants may
have drawn the whole-to-whole inference from their ordinal
encodings, without necessarily including it in their retelling of
the problems, since the whole-to-whole and part-to-part differences
are not mutually exclusive. By asking participants to identify
experimenter-induced changes in the fifth sentence of the problem
statements, we hoped to get a finer measure of how frequently they
included the whole-to-whole inference into their representations.

Experiment 3

In this third experiment, we used a sentence-recognition paradigm
to directly investigate whether participants’ representations included
the whole-to-whole difference. Instead of recording participants’
mistakes in a recall task, we gave them target sentences presenting
the difference in the problems either as a part-to-part relation
(original sentence) or as a whole-to-whole one (modified sentence).
The detection of experimenter-induced changes had notably been
used in the analogy literature as a means of evaluating specific
aspects of participants’ representations that may not necessarily
appear within a free recall task (Popov et al., 2017; Silliman &Kurtz,
2019; Vendetti et al., 2014). We thus intended to assess the validity
of the three hypotheses formulated in Experiments 1 and 2 using this
new experimental paradigm. For this last experiment, we recruited
English-speaking participants both for practical reasons (online
recruitment through Mechanical Turk) and to strengthen the cross-
linguistic robustness of the effects described in the whole study.

Method

Participants

Considering that Experiment 3 involved a sentence-recognition
task instead of the recollection task used in Experiments 1 and 2, we
based our sample size estimation on a previous study by Thevenot
(2010) using a similar paradigm. With the BUCSS R package
(Anderson &Kelley, 2018), we estimated a minimum sample size of
60 for the sentence-recognition task, for a high level of targeted
statistical power (0.9). We recruited 80 participants residing in the
United States through the Amazon Mechanical Turk website. All
the participants were holders of the “Master Worker” MTurk
qualification at the time of the experiment, indicating a high-
reliability rating by the platform. We removed from the analyses the
10 participants who stated that they were not native English
speakers to avoid potential confounds in problem interpretation.
Additionally, we removed three participants who did not manage to
solve more than 10% of the problems, thus showing poor attention

during the task. The analyses were conducted on the remaining 67
participants (26 women, Mage = 39.18, SD = 10.85).

Materials

In this third experiment, problems were written in English. Each
participant was presented with 18 problems: the 12 problems created
in Gros et al. (2021), as well as six new problems added to create
a pool of 18 problems to choose from. In order to limit the
repetitiveness of the task for the participants, we varied the quantities
used in the different problems: the pool of ordinal problems was
composed of three duration problems, three height problems, and
three elevator problems, whereas the pool of cardinal problems was
composed of three collection problems, three price problems, and
three weight problems. Each of these quantities had been used in
previous experiments investigating the role of the cardinal versus
ordinal dimension (Gros et al., 2021). We used a within-subject
design to allow for within-subject comparisons between performance
on cardinal and on ordinal problems.

In the recognition task, two types of problem statements were
presented to the participants: problem statements identical to the
original ones (one third of the trials) and problem statements in
which one sentence had been modified to present the difference as a
whole-to-whole difference instead of the part-to-part difference in
the original wording (two thirds of the trials). Examples of such
modifications for the Duration 1 and Collection 1 problems are
presented in Table 6. Both versions for all 18 problem statements
can be found in Tables A2 and A3.

Procedure

This experiment was conducted online using the Qualtrics
platform for online experiments. On the first page, the instruc-
tions read:

On the following pages, you will be presented with a series of short
math problems. Your task is to solve the problems using as few
operations as possible. We ask that you take enough time to read and
understand each of these problems, as this is not a speed test. Remember
that the goal is to solve the problems using as few operations as possible.
For every problem, we ask you to type down every operation(s) that you
used to come up with the solution, even the simplest one that you can
calculate mentally. For instance, the computation “15 − 6 − 2 = 7”
should not be written as a unique operation, but broken down as
“15 − 6 = 9” and “9 − 2 = 7,” which then count for two operations.

A different problem statement was displayed on each of the 18
following pages. We used nine cardinal problems and nine ordinal
problems (see Tables A2 and A3, column “Original problem
statement”). A random problem order was assigned to each
participant by the Qualtrics platform.

When participants had answered every problem, they were
presented with a short nonmathematical distractor task designed to
increase the rate of mistakes in the following recognition task by
spacing out the solving and the recognition tasks. The distractor
task consisted of three short, nonnumerical situations in which
participants had to select an explanation for a natural phenomenon
among three different interpretations. When participants had chosen
an explanation for the three situations, they were then presented with
the unexpected recognition task. The following instructions were
displayed:
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In the next part of this experiment, you will be presented with a series of
problem statements. Some of these problems will be strictly identical to
the ones you solved in the first part of the experiment, and some will be
slightly different. For each problem, a sentence will be highlighted in
red. Your task will be to decide, for each problem, whether the sentence
highlighted in red is the same as before or whether it has been modified.
The part of the text that is not highlighted in red will be no different in
either case. Please read the problem statements entirely and take the
time to understand them, as this is not a speed test.

Participants were then presented with a series of 18 problem
statements to evaluate. The fifth sentence was systematically
highlighted in red, and participants had to answer the question “Is
the sentence highlighted in red the same as before?” Two thirds of
the problems were presented in their modified version (right column
of Tables A2 andA3); these 12 target problems were the focus of our
analyses. To partially fulfill subjects’ natural expectations regarding
the distribution of “original”/“modified” answers, we also intro-
duced six unmodified problems, acting as distractors. They were
identical to the problem statements that had been presented in the
solving task (left column of Tables A2 and A3). Each participant
was assigned to one of three possible combinations of modified/
unmodified problems, where either all problems with identifiers
ending in “1,” all problems ending in “2,” or all problems ending in
“3,” remained unmodified. The resulting set of 12 modified and six
unmodified problems was then randomized by the platform for each
participant.

Results

There was no case of “unidentified” answers to report in this
experiment, so each response was either classified as “one-step
strategy” (successful use of the shortest strategy), “three-step
strategy” (successful use of the longest strategy), or “error” (failure
to use any relevant strategy to solve the problem). The distribution of
the participants’ solving strategies depending on the ordinal versus
cardinal nature of the problems is described in Figure 5.
As in Experiments 1 and 2, we used a generalized linear mixed

model with a binomial distribution to evaluate how likely
participants were to use the one-step strategy on cardinal and on
ordinal problems, on the 1,206 recorded trials. We selected the
successful use of the one-step strategy as the dependent variable and

the semantic nature of the problems as a fixed effect. We included
random effects at the participant and problem levels. As in
Experiment 2, we compared the fit of a model including random
intercepts for the participants and one including random slopes for
the effect of semantics across participants. The model with random
slopes showed significantly better fit, as evidenced by a considerable
reduction in both Akaike information criterion (990.94 vs. 1031.24)
and BIC (1021.5 vs. 1051.6), alongside a marked decrease in
deviance (978.94 vs. 1023.24); χ2(2)= 44.29, p< .001. The selected
model thus included a random intercept for each problem (Variance=
0.04, SD = 0.19) as well as random slopes for the effect of semantics
across subjects (Variance = 5.58, SD = 2.36).
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Table 6
Illustration of the Modifications Introduced in the Problem Statements for the Recognition Task of Experiment 3

Problem identifier Original problem statement Modified problem statement

Duration 1 Sofia travelled 5 hours.
Her trip started during the day.
Sofia arrived at 11 h.
Fred left at the same time as Sofia.
Fred’s trip lasted 2 hours less than Sofia’s.
What time was it when Fred arrived?

Sofia travelled 5 hours.
Her trip started during the day.
Sofia arrived at 11 h.
Fred left at the same time as Sofia.
Fred arrived 2 hours before Sofia.
What time was it when Fred arrived?

Collection 1 Paul has 7 red marbles.
He also has blue marbles.
In total, Paul has 13 marbles.
Jolene has as many blue marbles as Paul, and some green
marbles.

She has 2 green marbles less than Paul has red marbles.
How many marbles does Jolene have?

Paul has 7 red marbles.
He also has blue marbles.
In total, Paul has 13 marbles.
Jolene has as many blue marbles as Paul, and some green
marbles.

She has 2 marbles less than Paul.
How many marbles does Jolene have?

Note. On all 36 problems, changes were systematically introduced in the fifth sentence.

Figure 5
Strategy Distribution in Experiment 3 Depending on the Quantities
Used in the Problems

Note. See the online article for the color version of this figure.
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Analysis of the fixed effect showed that, as in the previous
experiments and in accordance with Hypothesis 1, the problems
were more likely to be solved using the one-step strategy when they
featured ordinal quantities (55.72%) than when they featured
cardinal quantities (27.20%); Estimate=−3.24, SE= 0.54, z= 6.01,
p < .001, R2

GLMMðcÞ = .818. When analyzing the data at the problem
level, interestingly, the percentage of use of the one-step strategy
was systematically higher in ordinal problems (between 46.6% and
66.7%) than in cardinal problems (from 16.7% to 31.8%). This,
along with the limited variance of the random effect for problem in
the mixed model, suggested a consistent effect of semantics across
problem statements (see Figure B1 for the complete distribution of
solving strategies at the problem level).
Regarding the recognition task, we studied how likely participants

were to falsely recognize modified problems, depending on the
cardinal versus ordinal nature of the problems, as well as on the
solving strategies they used in the solving task. Since it has been
shown that participants who fail to solve a problem tend to make a
random choice in a subsequent recognition task (Hegarty et al., 1995;
Thevenot, 2010), we removed the recognition data corresponding to
the 8.29% of trials where participants did not successfully solve the
problem, resulting in 1,106 trials in which the problems had been
correctly solved with either strategy in the solving task. We then
selected the 739 trials where participants were shown a target
problem involving a modified sentence and removed the data
collected on unmodified distractors, to assess when participants
would erroneously recognize modified sentences as original. We
used a generalized linear mixedmodel with a binomial distribution to
identify which factors influenced the participants’ responses on the
modified problems. We used the response to the recognition task as
the dependent variable, the semantic nature of the problems and the
solving strategy as two fixed effects, and we accounted for each
participant solving both types of problems by including random
effects at the participant and problem level. As previously, we
compared two models: one including random intercepts only and
another incorporating random slopes for the effect of semantics
across participants. The chi-square test did not significantly favor one
model over the other, χ2(2) = 5.68, p = .058. While the model with
random slopes exhibited a marginally lower Akaike information
criterion (780.10 vs. 781.78), suggesting a slightly better fit, this was
not reflected in the BIC values, with the simpler model showing a
lower score (804.81 vs. 812.34). Given the stronger penalty for
complexity in BIC and in line with the principle of parsimony, we
chose the simpler model with only random intercepts for our final
analysis. This model thus included a random intercept for
participants (Variance = 1.59, SD = 1.26), as well as a random
intercept accounting for variations between problem statements
(Variance = 0.23, SD = 0.48).
The model successfully converged with a total explanatory power

of 48.6% (conditional R2). Results showed that, as hypothesized
(Hypothesis 2), participants were more likely to incorrectly
recognize the modified problems when they were ordinal problems
(52.14% of false recognition) than when they were cardinal
problems (16.99% of false recognition); Estimate= 2.07, SE= 0.32,
z = 6.54, p < .001. At the problem level, despite some degree of
variations between problem statements, the rate of false recognition
of altered sentences was systematically higher for any ordinal
problem (from 47.6% to 66.7%) as compared to any cardinal

problem (from 16.7% to 31.8%; see Figure B2 for a description of
the percentage of false recognition on each problem).

To further explore the part of the variance explained by between-
participants differences, we also looked at interindividual variations
in the percentage of false recognitions depending on the type of
problems. Each participant had been presented six modified cardinal
problems and six modified ordinal problems; we looked at the
number of modified problems that each participant mistakenly
accepted (see Figure 6). Interestingly, most participants (77.61%)
misremembered more ordinal problems than cardinal problems,
17.91% of the participants misremembered as many ordinal
problems as cardinal problems, and only 4.48% of the participants
misremembered more cardinal than ordinal problems. Thus, even at
an individual level, only three participants displayed a pattern of
misrememberings that went against our hypotheses.

Finally, consistent with our third hypothesis (Hypothesis 3),
participants’ rate of false recognition was also dependent on which
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Figure 6
Slope Graph Describing the Individual Trajectories in Experiment 3

Note. This graph describes participants’ total number of false recognitions
in two categories of problems—cardinal (left) and ordinal (right). Each line
represents a specific response profile, connecting their performance across
the two problem types. The darkness of the line corresponds to the number of
participants exhibiting a similar trajectory, with darker lines indicating a
more common profile among participants. Most slopes indicate an increase
between cardinal problems and ordinal problems, with only three participants
presenting a decreasing pattern indicating a higher rate of false recognition of
cardinal problems. See the online article for the color version of this figure.
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strategy they used to solve the problems in the first place:
Participants who successfully solved a problem were more likely to
incorrectly recognize a modified problem if they had solved the
original problem with the one-step strategy (45.40% of false
recognition) than if they had solved it with the three-step strategy
(26.39% of false recognition), even after accounting for the effect
of the cardinal–ordinal distinction; Estimate = 0.52, SE = 0.25,
z = 2.05, p = .041. Thus, both the semantic nature of the problems
and the ability to use the one-step strategy in the solving task were
independently linked to participants’ tendency to mistake a
modified sentence for an original one. The highest rate of false
recognition of altered sentences was observed for ordinal problems
solved in one step (56.16%), whereas the lowest error rate was
reached on cardinal problems solved in three steps (14.34%; see
Figure 7).

Discussion

This third experiment brought new evidence that the distinction
between cardinal and ordinal quantities has a crucial role on the
representation of arithmetic word problems, displaying a strong
enough influence that it shaped participants’ recollection of the
described situations, as well as of the strategies they used to solve
the problems. Across 18 different contexts, participants’ solving
strategies were significantly influenced by the quantities involved in
the problems, which supports the idea that the representations they
constructed were different on cardinal and on ordinal problems. The
sentence-recognition task revealed that participants’ memory of the
different situations differed between cardinal and ordinal problems.
Using a sentence-recognition task made it possible to pinpoint
specific aspects of their representations following our predictions.
Results were aligned with the hypothesis that the encoding of the
ordinal problems tended to include the whole-to-whole inference,

whereas the encoding of the cardinal problems did not usually
convey this piece of information.

Crucially, the ability to use the one-step strategy in the solving
task was also a predictor of participants’ rate of false recognition of
the modified problems, even after the effect of the cardinal versus
ordinal dimension was accounted for. In other words, using the one-
step strategy, regardless of the nature of the quantities it involves,
was linked to an increase in the probability of falsely recognizing its
modified version. The fact that this effect was observed on cardinal
and on ordinal problems alike corroborates SECO’s prediction
(b) regarding the possibility to construct different encodings of the
same problem statement. The participants who managed to go
beyond their initial encoding of a cardinal problem and use the one-
step algorithm to solve it were more likely to falsely recognize the
modified sentence on these problems, suggesting that they recoded
their initial cardinal representation into a new representation
including the targeted inference. In other words, this strategy
difference can be traced back to an encoding (or recoding)
difference, as evidenced by the false recognition of the whole-to-
whole inference.

Of note, the number of whole-to-whole erroneous recognitions
was higher in this experiment than the number of whole-to-whole
erroneous recalls in Experiments 1 and 2. This suggests that the
use of a sentence-recognition task did increase our ability to
identify the presence of the whole-to-whole inference within
participants’ representations, in line with the rationale for this third
experiment. Additionally, it should be noted that since participants
had to solve 18 problems before being asked to recognize target
sentences from the problems, they had to wait longer between the
reading of the first problem and the start of the memory task.
It also meant that they would be exposed to more potentially
distracting materials before needing to recognize the target
sentences, which may also account for a portion of this increase
in recall mistakes.

General Discussion

Going back to the three objectives we set for this article, what can
we conclude from the collected data? (1) First, we aimed to evaluate
two key predictions of the SECO model. The first prediction
(a) stated that general, nonmathematical knowledge would interfere
with the encoding of arithmetic word problems and lead participants
to construct specific mental representations of the problems they
encounter, which would in turn influence the solving strategies they
use. The data collected in Experiments 1, 2, and 3 supported this
hypothesis: while the problems all shared the same mathematical
structure, the mention of different types of quantities used in
daily-life situations led to different responses. On the problems
mentioning ordinal quantities, participants were more likely to
erroneously recall or recognize a sentence describing a whole-to-
whole difference, despite this sentence being absent from the
original problems. This is consistent with the idea that quantities
attached to ordinal world semantics lead participants to abstract an
ordinal representation that makes it easier to infer that the part-to-
part difference is equal to the whole-to-whole difference. On
problems mentioning cardinal quantities, however, the error was
noticeably rarer, since making this inference from a cardinal
perspective is considerably less trivial. Additionally, in all three
experiments, participants were significantly more likely to use the
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Figure 7
Rate of False Recognition of Altered Sentences, Depending on the
Quantities Used in the Problems and on the Strategies Used to Solve
Them

Note. See the online article for the color version of this figure.
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one-step algorithm on ordinal problems than on cardinal problems,
despite being instructed to use the shortest possible solving
strategies.1 This also supports SECO’s claim that different world
semantics result in different encodings being constructed and
subsequently lead to different solving strategies being used. All the
problems could have been solved in one step, yet the vast majority of
participants used three steps to solve the problems with cardinal
semantics. The fact that problemsmentioning elevators and problems
mentioning durations, despite their many surface differences, would
lead to the same solving strategies as well as to the same false
memories is something that the situation model framework would
not have predicted. Similarly, the explanation as to why marble
problems and duration problems led to different responses in all three
experiments falls outside the scope of the schema framework.
The second prediction (b) brought by SECO regarded participants’

ability to recode their initial encoding of the situation and construct a
new representation in an effort to use a solving strategy that was not
semantically congruent with their initial representation. Data analysis
in Experiment 3 revealed that, both on cardinal problems and on
ordinal problems, the participants who managed to solve a problem
in one step were also more likely to falsely recognize a sentence from
this problem describing the whole-to-whole difference. Thus,
regardless of the ordinal/cardinal semantics attached to the problem
statements, participants’ use of the one-step strategy was associated
with the nature of the representation that guided their replies in the
sentence-recognition task. This suggests that the participants who
used the one-step strategy on cardinal problems did so by going
beyond a cardinal encoding of the situation and constructing a
representation that included the inference that underlies the use of the
one-step strategy. This supports SECO’s claim that the use of a
specific solving strategy depends on the structure of the representa-
tions that were constructed, either initially or after recoding the initial
representation.
Our next objective (2) with this study regarded the contribution to

the growing line of evidence that the perception of cardinality and
ordinality has a deep impact on mathematical reasoning, even
among adults. By focusing on problems allowing two strategies,
each compatible either with a cardinal representation or with an
ordinal representation, we aimed to further advance the understand-
ing of this dimension. In all three experiments, across 18 different
problems and two different languages, we were able to extend the
findings of Gros et al. (2021) regarding the deep influence that the
perception of cardinality and ordinality has on adults’ performance.
The adults in Experiments 1, 2, and 3 only managed to use the
one-step strategy on, respectively, 12.60%, 15.50%, and 24.90% of
the cardinal problems, whereas they used it on the majority of
ordinal problems (51.22%, 60.19%, and 53.80%, respectively).
Additionally, the encoding differences led participants to evoke
false memories of what they had read in the recall tasks. They tended
to include specific inferences regarding the mathematical structure
of the problems on ordinal problems but not on cardinal problems,
thus showing the significant impact that cardinality and ordinality
can have on human reasoning. We believe that this new evidence
constitutes an important step forward in understanding and
characterizing the extent to which this dimension plays a central
role in adults’ numerical cognition, beyond the initial learning of
numbers (e.g., Colomé & Noël, 2012).
Finally, our last objective (3) was to investigate whether false

memories can be used as a means to distinguish between different

mathematical representations of a given problem. Since direct
inspection of mental constructs is hardly feasible, numerous indirect
routes have been proposed by cognitive scientists aiming to
scrutinize the representations underlying human thought processes
(Pearson & Kosslyn, 2015). In the field of mathematical cognition,
insights have come from behavioral measures such as response
times (e.g., Dehaene et al., 1993), gestures (e.g., Brooks et al.,
2018), drawings (Rellensmann et al., 2017), eye movements (e.g.,
Strohmaier et al., 2020), or metaphors (e.g., Lakoff & Núñez, 2000),
but also from physiological measures such as fMRI activation
patterns (e.g., Cohen Kadosh et al., 2007), event-related potentials
(e.g., Bagnoud et al., 2018), or pupil dilation (e.g., Salvaggio et al.,
2022). However, false memories have received less attention than
they deserve in the literature on mathematical cognition. Building
upon seminal studies on problem recall (Verschaffel’s, 1994) and
problem recognition (Thevenot, 2010), we wished to go one step
further and explore how problem recall and sentence recognition
could help identify specific differences between the representations
of isomorphic problems.

We believe the results brought by the three unexpected memory
tasks (through either problem recall or sentence recognition) provide
crucial insights into the nature of the constructed representations. We
have known ever since Loftus’ work on the creation of false
memories in long-term memory that recall and recognition can be
tempered with by leading participants to represent a situation they
have never actually experienced (Loftus, 1996; Loftus & Pickrell,
1995). More recently, it has been shown that false memories can also
happen at short termwhen working memorymaintenance is impaired
by a competing task (Abadie & Camos, 2019), as was the case in our
experiment. Here, although we did not plant entirely false memories
in the participants’minds, we led them tomisremember mathematical
information about the scenes described in the problems, by eliciting
one of two contrasting encodings of mathematically equivalent
situations in working memory. Differences appeared between
problems with cardinal quantities and those with ordinal quantities,
as well as between identical problems that participants solved with
different strategies. By targeting an inference compatible with one of
the two predicted representations, our measure makes it possible to
probe participants’ mental representations without relying on their
ability to solve the problems and accurately write down the operations
they used to do so. When combined with other behavioral and
physiological indicators, these tasks play a crucial role in drawing a
full picture of the semantic determinants of mathematical word
problem solving.

Interestingly, by showing that new, inferred, mathematical
relations that were not explicitly presented in the problem statement
are nevertheless encoded and memorized when participants attempt
to solve arithmetic word problems, these three experiments also
shed light on a current question in the literature on analogical
reasoning. Indeed, a line of research has sought to determine which
aspects of situations are encoded and later recalled, insisting on the
difference between surface features (the objects’ attributes that can
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1 In consideration of the potential differences in working memory
demands across ordinal and cardinal problems, we conducted an additional
experiment controlling the influence of the mention of entities differing by
their physical properties in some of the cardinal problems. Given the detailed
nature of this experiment and in order to maintain the focus of the article, the
specifics, including methodology and results, are provided in Appendix C.
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vary from one problem to another without affecting the solution
path) and structural ones (the causally relevant relations underlying
the problem and impacting the achievement of the goal) (Gentner,
1983; Gentner & Maravilla, 2018; Holyoak, 1985, 2012). In our
study, participants were more likely to encode the whole-to-whole
inference on problems involving ordinal quantities, which supports
the view that they did not systematically reach the abstract structure
of the described situations (the problems’ deep structure). This
observation is consistent with previous studies showing that
participants generally have a hard time extracting the abstract
schema underlying a problem statement (Gick & Holyoak, 1980;
Kubricht et al., 2017; Kurtrz & Loewenstein, 2007). However, this
does not mean that participants only relied on the surface features of
the situations either (cf. Forbus et al., 1995; Gentner et al., 2009),
since when dealing with problems involving ordinal quantities, a
significant part of the participants did integrate the relational whole-
to-whole inference within their encoding, despite it not being
explicitly described in the text. The fact that participants neither
systematically perceived the problems’ deep structure nor remained
entirely limited to the surface features in the problem statements
supports the view that they encoded an interpreted structure at an
intermediate level of abstraction. The SECO model, in line with
recent evidence regarding this issue (Raynal et al., 2020), suggests
that most participants encode an interpreted structure that relies on
world knowledge associated with the surface features of the problem
statement to integrate some structural aspects of the problems.
One may wonder why individuals rely so heavily on surface

features when engaging in such reasoning, considering the inherent
abstraction of mathematics (Davis et al., 2011). The fact that the
simple mention of one quantity over another (e.g., hours instead of
marbles) would dictate whether participants will be able to infer a
specific relational statement between two mathematical entities of
problems may seem, at first, like a deep flaw of human reasoning.
However, one possible explanation comes from the realization that
the surface features of situations are generally correlated with their
deeper principles (Bassok et al., 1995; Blessing & Ross, 1996;
Gentner & Medina, 1998; Trench & Minervino, 2015). As
expressed by Gentner through the kind world hypothesis, “what
looks like a tiger is very likely to be a tiger, with the relational
characteristics of a tiger, such as ‘eats other animals’” (Gentner &
Maravilla, 2018, p 196). This means that using the superficial
aspects of situations to infer their deep structure is, more often than
not, a fruitful approach. It is not entirely surprising, then, that
humans would rely on contextual clues to comprehend the situations
they encounter, even if that exposes them to occasional errors in
reasoning. Even experts have been shown to (overly) rely on such
content effects, sometimes to the point of failing a task within their
own field of expertise (Blessing & Ross, 1996; Gros et al., 2019). In
fact, the consistent use of the “expert pathway” described in the
SECO model (see Figure 1) by experts is still a subject of debate, as
even experienced mathematicians have been observed to rely on
world semantics, especially under time constraints (Gros et al.,
2019). In a similar vein, Blessing and Ross (1996) have highlighted
that a correlation exists between problems’ surface and structural
features. They pointed out that problems involving a similar content
(e.g., mention of people’s ages at two different times) tend to require
the application of an identical solving principle, for example, the
same algebraic equations: “x = Ay; x + B = C(x + B)”. The authors
found evidence that even experienced participants were influenced

by such correlations, performing better when problem content was
typical for the problem’s deep structure than when it was not.
According to them, this finding illustrates that problem schemata
retain superficial aspects that specific instances usually preserve.
Thus, cues provided by the surface content of a problem are
generally informative with regard to the solving strategies to
implement, and following those cues is a reasonable heuristic in
most situations, even for experts. However, in the present study, we
created situations in which the cues to perceive the cardinality in the
problems led to longer solving strategies, while the cues to perceive
the ordinality in other problems led to recall mistakes in the
following tasks. Those examples demonstrate the limitations of
content-based heuristics: When the inferences students make based
on their knowledge about the world conflict with the mathematical
structure of a situation, strong limitations may hinder their ability to
use the best (or any) solving strategy (Gros et al., 2020).

On the other hand, this worldly influence may also account for
some of the benefits found when using word problems, as compared
with more formal problems. For instance, Koedinger and Nathan
(2004) investigated the verbal facilitation hypothesis, according to
which presenting formal problems (such as algebra problems) in
familiar natural language will help cue students’ preexisting
knowledge and will foster the use of informal solving strategies.
In two experiments, they found that high school students were more
successful at solving entry-level algebra problems when those were
presented as word problems instead of formal equations. The
authors concluded that the presentation of problems, notably their
contextual embedding, significantly influences students’ reasoning.
They suggested beginning problem-solving instruction with story-
based problems, capitalizing on students’ proficiency in this area.
According to them, this approach should be followed by a gradual
transition to more abstract word problems that involve equations,
eventually leading to instruction in entirely symbolic equations. In a
related perspective, a line of works suggested that using “authentic”
arithmetic word problems, close to real-life situations, may help
increase performance in math education (Palm & Nyström, 2009;
Vicente & Manchado, 2016; Vicente et al., 2021). However, the
effectiveness of using authentic situations may be further optimized
by systematically considering the impact of SECO. According to the
SECOmodel, failing to account for this and resorting to incongruent
world semantics in a problem statement inspired by real life
could be counterproductive and potentially detrimental to students’
performance.

Adding to these educational considerations, the present study
provides new insights into the difficulties met by solvers in their
attempts to see past the superficial dissimilarities between problems
and perceive the isomorphism between situations (Duque de Blas
et al., 2021; Gros et al., 2015; Gvozdic & Sander, 2018; Scheibling-
Sève et al., 2020). Whereas prior research has suggested that transfer
crucially depends on the implementation of a uniform relational
encoding across isomorphs (Gentner, 2010), our findings indicate
that participants tend to focus on different types of relations (i.e.,
whole-to-whole or part-to-part) according to the nature of the
quantities involved in the problem. This incompatibility between the
representations encoded from isomorphic problems may provide an
account of the systematic failures that have been documented in the
transfer literature (Day&Goldstone, 2012) and raises new questions
regarding how to help participants recode their initial representa-
tions in a way that would promote transfer. Namely, a growing body
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of research has investigated promising methods that might improve
transfer to some extent, such as inviting participants to compare or
categorize isomorphic problems (Gamo et al., 2010; Gvozdic &
Sander, 2020; Iacono et al., 2022; Kurtz & Honke, 2020; Scheibling-
Sève et al., 2020, 2022) or providing idealized or animated
representations of the problems (Goldstone & Sakamoto, 2003;
Kubricht et al., 2017; Trench et al., 2017). However, the question of
what it takes to systematically see the deep structure of arithmetic
word problems regardless of the inferences drawn from the context
they are embedded in remains a decisive issue that may benefit from
further studies investigating learners’ memories.
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Table A2
Ordinal Problem Statements Used in the Solving Task (Original) and in the Recognition Task (Original + Modified) of Experiment 3

Problem identifier Original problem statement Modified problem statement

Duration 1 Sofia travelled 5 hours.
Her trip started during the day.
Sofia arrived at 11 h.
Fred left at the same time as Sofia.
Fred’s trip lasted 2 hours less than Sofia’s.
What time was it when Fred arrived?

Sofia travelled 5 hours.
Her trip started during the day.
Sofia arrived at 11 h.
Fred left at the same time as Sofia.
Fred arrived 2 hours before Sofia.
What time was it when Fred arrived?

Duration 2 The construction of the palace took 5 years.
Plans for the construction were made beforehand.
The construction of the palace was completed in year 13.
The construction of the castle started at the same time as the
construction of the palace.

The construction of the castle took 2 years less than the
construction of the palace.

When was the construction of the castle completed?

The construction of the palace took 5 years.
Plans for the construction were made beforehand.
The construction of the palace was completed in year 13.
The construction of the castle started at the same time as the
construction of the palace.

The construction of the castle was completed 2 years before the
palace.

When was the construction of the castle completed?

Duration 3 Rose took painting lessons for 5 years.
She started at a certain age.
Rose stopped attending painting lessons at age 14.
Ted started taking painting lessons at the same age as Rose.
He attended painting lessons for 3 years less than Rose.
How old was Ted when he stopped attending painting lessons?

Rose took painting lessons for 5 years.
She started at a certain age.
Rose stopped attending painting lessons at age 14.
Ted started taking painting lessons at the same age as Rose.
He stopped attending the lessons 3 years before Rose.
How old was Ted when he stopped attending painting lessons?

Elevator 1 Naomi took the elevator and went up 7 floors.
She left from the floor where her grandparents live.
She arrived to the 15th floor.
Her brother David also took the elevator from their
grandparents’ floor.

He went up 3 floors less than Naomi.
What floor did David arrive to?

Naomi took the elevator and went up 7 floors.
She left from the floor where her grandparents live.
She arrived to the 15th floor.
Her brother David also took the elevator from their
grandparents’ floor.

He arrived 3 floors below Naomi.
What floor did David arrive to?

(table continues)

Table A1
Original, Untranslated Problem Statements Used in Experiments 1 and 2

Problem identifier A. Cardinal problems Problem identifier B. Ordinal problems

Collection 1 Paul a 5 billes rouges.
Il a aussi des billes bleues.
En tout, Paul a 14 billes.
Charlène a autant de billes bleues que Paul, et
des billes vertes.

Elle a 3 billes vertes de moins que Paul n’a de
billes rouges.

En tout, combien Charlène a-t-elle de billes ?

Duration 1 Le voyage de Sophie dure 8 heures.
Son voyage a lieu dans la journée.
À son arrivée l’horloge indique 11 heures.
Fred part à la même heure que Sophie.
Le voyage de Fred dure 2 heures de moins
que celui de Sophie

Quelle heure indique l’horloge à l’arrivée de
Fred ?

Collection 2 Sarah a 6 poissons rouges.
Ses autres animaux sont des iguanes.
Elle possède 15 animaux au total.
Bobby garde les iguanes de Sarah pendant les
vacances, il les met avec ses tortues.

Bobby a 2 tortues de moins que Sarah n’a de
poissons rouges.

En tout, combien y a-t-il d’animaux chez
Bobby ?

Duration 2 La construction du palais a duré 7 ans.
Avant, il a fallu en dessiner les plans.
La construction du palais s’est terminée en
l’an 15.

La construction du château a débuté en même
temps que celle du palais.

La construction du château a duré 3 ans de
moins que celle du palais.

En quelle année la construction du château
s’est-elle terminée ?

(Appendices continue)
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Table A2 (continued)

Problem identifier Original problem statement Modified problem statement

Elevator 2 Katherine took the elevator and went up 7 floors.
She left from the floor where the gym is.
She arrived to the 13th floor.
Yoan also took the elevator from the floor where the gym is.
He went up 2 floors less than Katherine.
What floor did Yoan arrive to?

Katherine took the elevator and went up 7 floors.
She left from the floor where the gym is.
She arrived to the 13th floor.
Yoan also took the elevator from the floor where the gym is.
He arrived 2 floors below Katherine.
What floor did Yoan arrive to?

Elevator 3 Gloria took the elevator and went up 5 floors.
She left from the floor where her office is.
She arrived to the 14th floor.
Her coworker Larry also took the elevator from their office’s
floor.

He went up 2 floors less than Gloria.
What floor did Larry arrive to?

Gloria took the elevator and went up 5 floors.
She left from the floor where her office is.
She arrived to the 14th floor.
Her coworker Larry also took the elevator from their office’s

floor.
He arrived 2 floors below Gloria.
What floor did Larry arrive to?

Height 1 Slouchy Smurf is 6 centimeters tall.
He climbs on a smurf table.
He now attains the height of 11 centimeters.
Grouchy Smurf climbs on the same table as Slouchy Smurf.
Grouchy Smurf is 2 centimeters shorter than Slouchy Smurf.
What height does Grouchy Smurf attain when he climbs on the
table?

Slouchy Smurf is 6 centimeters tall.
He climbs on a smurf table.
He now attains the height of 11 centimeters.
Grouchy Smurf climbs on the same table as Slouchy Smurf.
The height Grouchy Smurf attains on the table is 2 centimeters

shorter than that of Slouchy Smurf.
What height does Grouchy Smurf attain when he climbs on the

table?

Height 2 Obelix’s statue is 5 meters tall.
It is placed on a pedestal.
Once on the pedestal, it attains 12 meters in height.
Asterix’s statue is placed on the same pedestal as Obelix’s.
Asterix’s statue is 3 meters shorter than Obelix’s.
What height does Asterix’s statue attain when placed on the
pedestal?

Obelix’s statue is 5 meters tall.
It is placed on a pedestal.
Once on the pedestal, it attains 12 meters in height.
Asterix’s statue is placed on the same pedestal as Obelix’s.
The height Asterix’s statue attains on the pedestal is 3 meters

shorter than that of Obelix’s statue.
What height does Asterix’s statue attain when placed on the

pedestal?

Height 3 The giraffe in the zoo is 6 meters tall.
It climbs on the biggest rock in the park.
Once on the rock, it attains 11 meters in height.
The elephant in the zoo climbs on the same rock as the giraffe.
The elephant is 3 meters shorter than the giraffe.
What height does the elephant attain when standing on the
rock?

The giraffe in the zoo is 6 meters tall.
It climbs on the biggest rock in the park.
Once on the rock, it attains 11 meters in height.
The elephant in the zoo climbs on the same rock as the giraffe.
The height he attains on the rock is 3 meters shorter than the

giraffe’s.
What height does the elephant attain when standing on the

rock?

Note. Changes were systematically introduced in the fifth sentence. The problems’ numerical values varied between participants.

(Appendices continue)
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Table A3
Cardinal Problem Statements Used in the Solving Task (Original) and in the Recognition Task (Original + Modified) of Experiment 3

Problem identifier Original problem statement Modified problem statement

Collection 1 Paul has 7 red marbles.
He also has blue marbles.
In total, Paul has 13 marbles.
Jolene has as many blue marbles as Paul, and some green
marbles.

She has 2 green marbles less than Paul has red marbles.
How many marbles does Jolene have?

Paul has 7 red marbles.
He also has blue marbles.
In total, Paul has 13 marbles.
Jolene has as many blue marbles as Paul, and some green

marbles.
She has 2 marbles less than Paul.
How many marbles does Jolene have?

Collection 2 Sarah owns 7 goldfish.
Her other pets are all iguanas.
In total, she owns 15 pets.
Bobby is pet-sitting Sarah’s iguanas during the holidays, he
puts them with his pet turtles.

Bobby owns 3 turtles less than Sarah owns goldfish.
How many pets are there at Bobby’s?

Sarah owns 7 goldfish.
Her other pets are all iguanas.
In total, she owns 15 pets.
Bobby is pet-sitting Sarah’s iguanas during the holidays, he

puts them with his pet turtles.
Now at Bobby’s, there are 3 pets less than there were at

Sarah’s before the holidays.
How many pets are there at Bobby’s?

Collection 3 Karl picked 6 tulips.
He puts them with the daffodils he gathered.
In total, Karl has 11 flowers in his bouquet.
In her bouquet, Clarice has as many daffodils as Karl, and
some roses.

She has 2 roses less than Karl has tulips.
How many flowers does Clarice have in her bouquet?

Karl picked 6 tulips.
He puts them with the daffodils he gathered.
In total, Karl has 11 flowers in his bouquet.
In her bouquet, Clarice has as many daffodils as Karl, and

some roses.
Clarice has 2 flowers less than Karl does.
How many flowers does Clarice have in her bouquet?

Price 1 In the store, Anthony wants to buy a 5-dollar ruler.
He also wants a notebook.
In total, that will cost him 13 dollars.
Julie wants to buy the same notebook as Anthony, and an
eraser.

The eraser costs 2 dollars less than the ruler.
How much will Julie have to pay?

In the store, Anthony wants to buy a 5-dollar ruler.
He also wants a notebook.
In total, that will cost him 13 dollars.
Julie wants to buy the same notebook as Anthony, and an

eraser.
In total, she will pay 2 dollars less than Anthony will.
How much will Julie have to pay?

Price 2 The first meal on the menu includes a chocolate cake costing 5
dollars.

The meal also includes a mushroom omelet.
In total, that makes for a 14-dollar meal.
The second meal on the menu includes the same mushroom
omelet, and an apple pie.

The apple pie costs 3 dollars less than the chocolate cake.
How much does the second meal cost?

The first meal on the menu includes a chocolate cake costing 5
dollars.

The meal also includes a mushroom omelet.
In total, that makes for a 14-dollar meal.
The second meal on the menu includes the same mushroom

omelet, and an apple pie.
The second meal on the menu is 3 dollars cheaper than the first

meal.
How much does the second meal cost?

Price 3 Tyler wants to buy French fries that cost 5 dollars.
He will also take a cheeseburger.
In total, that will cost him 14 dollars.
Zoey orders a cheeseburger as well, and a milkshake.
The milkshake costs 2 dollars less than the French fries.
How much will Zoey pay for her order?

Tyler wants to buy French fries that cost 5 dollars.
He will also take a cheeseburger.
In total, that will cost him 14 dollars.
Zoey orders a cheeseburger as well, and a milkshake.
Her order will cost 2 dollars less than Tyler’s.
How much will Zoey pay for her order?

Weight 1 Joe takes a Russian dictionary weighing 5 kilograms.
He also takes a Spanish dictionary.
In total, he is carrying 12 kilograms of books.
Lola takes Joe’s Spanish dictionary and a German dictionary.
The German dictionary weighs 3 kilograms less than the
Russian dictionary.

How many kilograms of books is Lola carrying?

Joe takes a Russian dictionary weighing 5 kilograms.
He also takes a Spanish dictionary.
In total, he is carrying 12 kilograms of books.
Lola takes Joe’s Spanish dictionary and a German dictionary.
In total, Lola’s books weigh 3 kilograms less than Joe’s.
How many kilograms of books is Lola carrying?

Weight 2 A bag of pears weighs 6 kilograms.
It is weighed together with cheese.
In total, the weighing scale indicates 11 kilograms.
The same cheese is then weighed together with a milk carton.
The milk carton weighs 3 kilograms less than the bag of pears.
What is indicated on the weighing scale now?

A bag of pears weighs 6 kilograms.
It is weighed together with cheese.
In total, the weighing scale indicates 11 kilograms.
The same cheese is then weighed together with a milk carton.
In total, the weighing scale indicates 3 kilograms less than before.
What is indicated on the weighing scale now?

Weight 3 On moving day, Ryan is carrying his microwave oven, which
weighs 5 kilograms.

He is carrying his coffee machine at the same time.
In total, he is carrying 11 kilograms of appliances.
Felicia takes Ryan’s coffee machine from him while carrying a
blender.

The blender weighs 2 kilograms less than the microwave oven.
How many kilograms of appliances is Felicia carrying?

On moving day, Ryan is carrying his microwave oven, which
weighs 5 kilograms.

He is carrying his coffee machine at the same time.
In total, he is carrying 11 kilograms of appliances.
Felicia takes Ryan’s coffee machine from him while carrying a

blender.
In total, she is carrying 2 kilograms less than Ryan.
How many kilograms of appliances is Felicia carrying?

Note. Changes were systematically introduced in the fifth sentence. The problems’ numerical values varied between participants.
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Supplementary Analysis of Experiment 3
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Figure B1
Percentage of Use of the One-Step Strategy, the Three-Step Strategy, as Well as Error Rates for Each Problem Statement in Experiment 3

Note. See the online article for the color version of this figure.

Figure B2
Percentage of False Recognition of Altered Sentences Revealing a Misremembrance of the Part-to-Part Difference as a Whole-to-Whole
Difference Instead, for Each Problem Statement in Experiment 3

Note. See the online article for the color version of this figure.

(Appendices continue)
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Appendix C

Control Experiment

To investigate whether participants’ strategy choice on cardinal
and ordinal problems could be attributed to variations in working
memory demand, we designed a control experiment contrasting two
different wordings of cardinal problems. Specifically, we aimed to
determine whether the mention of entities differing by their physical
properties (e.g., counting green marbles vs. red marbles in Problem
C1) could account for some of the difficulty experienced by
participants when attempting to find the one-step strategy on
cardinal problems. Indeed, ordinal problems tend to mention entities
associated with different protagonists (e.g., floors traveled by Paul vs.
floors traveled byGloria in Problem E3) instead of entities possessing
different physical properties, which may induce a lower load in
working memory. To assess whether this difference constitutes a
potential confound and to gain a more detailed understanding of how
the properties of entities influence participants’ problem representa-
tions, we compared the performance of 100 participants on two target
problems.

Method

Participants

We recruited 100 participants (Mage = 43.27 years, SD = 9.08) on
Amazon Mechanical Turk to complete this online experiment.
Participants were required to be fluent English speakers. They were
paid $1.00 USD for their participation and had to complete the
task within 1 hr. Participants’ compensation was funded by a grant
from the CY Initiative of Excellence (CYIn-AAP2021-AmbEm-
0000000026).

Materials and Procedure

The experiment was hosted on the Qualtrics platform for online
experiments. Each participant was instructed to solve two problems,
using as few operations as possible (the instructions were similar to
the ones in Experiment 3). The goal of the experiment was to
compare participants’ performance on two different versions of the
cardinal problem: one was the Collection 1 problem used in
Experiment 3 (the marble problem involving a comparison between

red and green marbles). The other one was a modified version of this
problem, in which we had replaced the fourth and fifth sentences to
mention red marbles instead of green marbles, so that Paul’s and
Jolene’s extra marbles would not differ based on their color.
Table C1 presents the two versions side by side:

In the new version of the Collection 1 problem, Paul and Jolene’s
extra marbles have the same color, which means that the difference
between Part 1 and Part 3 is not a difference of physical properties
but a difference of whom they belong to (similar to howGloria’s and
Larry’s elevator trips differ in who was traveling, in Problem E3).
The goal was to compare the two problems and identify whether the
new version would lead to a higher percentage of use of the one-step
strategy, closer to the percentage observed on ordinal problems in
Experiments 1 to 3.

Each participant was randomly assigned one of the two
collection problems by the Qualtrics platform. They had to solve
the cardinal problem first and were then all presented with the same
ordinal problem (Elevator 3) to solve, for comparison.

Results

We coded participants’ responses depending on whether they
solved the problems using the one-step strategy, the three-step
strategy, or whether they made an error and failed to solve the
problems. The descriptive results are presented in Figure C1.

Interestingly, participants’ propensity to find and use the one-step
algorithm did not noticeably change between the original version of
the marble problem (6.5%) and the new version of the marble
problem (7.4%). On the other hand, participants’ propensity to find
the one-step algorithm on the elevator problem remained consider-
ably higher (50.0%) than both marbles problems. Thus, modifying
the marble problem so that the difference between Part 1 and Part 3
would be presented as a difference between Paul’s red marbles and
Jolene’s red marbles (instead of between Paul’s red marbles and
Jolene’s green marbles) did not appear to substantially change
participants’ solving strategies. This result suggests that the mention
of entities having different properties in some of the cardinal
problems could not alone account for the representational differences
between cardinal and ordinal problems in Experiments 1 to 3.

T
hi
s
do
cu
m
en
t
is
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al

A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le

is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al

us
e
of

th
e
in
di
vi
du
al

us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

Table C1
The Two Versions of the Marble Problem (Collection 1) Used in the Control Experiment

Collection Problem 1 (original) Collection Problem 1 (new version)

Paul has 7 red marbles. Paul has 7 red marbles.
He also has blue marbles. He also has blue marbles.
In total, Paul has 13 marbles. In total, Paul has 13 marbles.
Jolene has as many blue marbles as Paul, and some green marbles. Jolene has as many blue marbles as Paul, and some red marbles.
She has 2 green marbles less than Paul has red marbles. She has 2 red marbles less than Paul.
How many marbles does Jolene have? How many marbles does Jolene have?

Note. The problems differed in their fourth and fifth sentence. (Changes highlighted in red for convenience—those highlights were not present in the
version presented to the participants.)
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Figure C1
Distribution of Solving Strategies and Errors in the Control
Experiment

Note. Participants were randomly assigned either the original version of
the marble problem (N = 46) or the new version (N = 54). They all had to
solve the elevator problem afterward (N= 100). See the online article for the
color version of this figure.
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