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1 | INTRODUCTION

For humans, it is important to encode and exploit information about numbers for their adaptation: indeed, numerical cognition is considered one
of the four core knowledge systems at the foundation of human knowledge (Spelke & Kinzler, 2007), that are functional to face evolutionary chal-
lenges in dynamic environments. Dealing with numbers is not a matter for humans only: many other species (Boysen & Capaldi, 2014; Davis &
Pérusse, 1988) are able to encode and exploit numerical information without any instruction about it. This indicates that there are some shared
abilities, probably innate and some other skills, for example arithmetic ones that can be acquired with the proper instruction by human beings.

Counting, for example, is a numerical ability that can be observed in many species: extracting numbers from experience, distinguishing major
from minor quantities, showing surprise if a calculation is wrong, distinguishing in a rapid and accurate way a small amount of objects and ele-
ments, the so-called subitizing (Kaufman et al., 1949), have been demonstrated in dolphins, ravens, rats, ants, bees, chimps and other species
(Rambaugh et al., 1987). These mechanisms represent the common basis of numerical cognition and are not guided by conscious operation: they
are shared by human adults, human infants and nonhuman species. Some studies suggest that this shared system to process numerical informa-
tion becomes, in humans, the basis to build on more sophisticated strategies to deal with numbers, for example in the form of symbols. After for-
mal instruction, humans can treat numbers in different forms, non-symbolic, symbolic and verbal. The well-known theory by Dehaene (Dehaene &
Cohen, 1995) analyzes the connections between these different codes (mainly analogic, symbolic and verbal) and indicates that the ability to shift
between them can be a pre-requisite for advanced mathematical knowledge.

This is important if we consider that children often encounter difficulties in learning different aspects of arithmetic and, because of this,
develop a sense of frustration or even anxiety about maths (Ashcraft & Krause, 2007; Ashcraft & Ridley, 2005; Young et al., 2012). For this rea-
son, there is a growing interest in interventions to promote the acquisition of basic numerical skills to reduce later mathematical difficulties

(Caviola et al., 2012; Re et al., 2014). It is possible to promote these abilities by using digital and technological tools (Benavides-Varela
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et al,, 2020). Moreover, it seems relevant to try to preserve these abilities at a later age, as a protective factor against intellectual decay (Arcara
et al., 2017), as they help elderly people to keep their cognitive abilities as long as possible.
In this article, we describe an integrated digital and physical system, Baldo that relies on the findings and theories about numerical and arith-

metical cognition, together with the related emotional aspects, to assess and train numerical abilities in the form of a game.

2 | NUMERICAL AND MATHEMATICAL COGNITION IN HUMAN DEVELOPMENT

Considering the development of numerical cognition in human beings, it is possible to trace a pathway that starts from the basic abilities (innate
and shared with other species) and goes towards the formal education in school context that starts later during infancy. Many possible outcomes
in numeric, and later mathematical, achievement are possible, even if the starting point is comparable: differences in math achievement are consis-
tently reported at different age, between genders (Spelke, 2005) and in different cultures (Stevenson et al., 1993). These observed differences
cannot be related to the presence or absence of the natural endowment to deal with numeric knowledge, as it is shared between humans (and
other species), so it is likely that they depend on other factors, probably related to cultural and socio-cognitive factors, including education.

The theory of innate numerical abilities (Butterworth, 1999; Girelli et al., 2000), stated that humans have got, since the first weeks of their
lives, innate numerical skills to classify small sets of elements (4-5 items); later, the culture teaches us how to use the numbers competency in a
more advanced manner. Evidence indicates that human infants possess an intuitive sense of number, the so-called number sense
(Dehaene, 2011). It relates to the approximate number system (ANS) (Gilmore et al., 2011, 2014; Halberda & Feigenson, 2008): a cognitive system
that supports the estimation of the magnitude of a group with more than four elements without relying on language or symbols, together with
the parallel individuation system or object tracking system for smaller magnitudes. Toddlers are sensitive to numerical properties, and they can
detect differences between small numbers and have quantity expectations: they can be disappointed or astonished if they observe weird
numerosity variations. According to Nys et al. (2013), humans share ANS with other species and it is the basis on which formal maths is acquired:
there is also a reciprocal effect, as ANS benefits from formal instruction that provides strategies, procedures and so forth.

On the other side, it is entirely plausible that children can have numerical abilities at a varying degree: this can offer therefore different
starting point to develop more abilities that are sophisticated. Number sense in infancy is strongly correlated to math skills in childhood: it is possi-
ble to predict math achievement starting from the number sense at very early ages. In an interesting study by Starr and colleagues (Starr
et al., 2013), authors indicate that the number sense, before language acquisition, ‘may serve as a developmental building block for the uniquely
human capacity for mathematics’. In their experiment, they show that the performance on numerical preference scores at 6 months of age is cor-
related with math test scores at 3.5 years of age. The number sense can be an outstanding facilitating element in the acquisition of numerical sym-
bols and mathematical abilities.

This study by Starr and colleagues traces another interesting and useful connection between number sense and mathematical abilities,
because it clearly indicates that a stronger number sense predicts later stronger numerical abilities. This means that specific educational interven-

tions, addressed to strengthen the number sense can improve mathematical achievement later.

2.1 | Pre-requisites for mathematics in education contexts

The basic abilities to deal with numbers can be the pre-requisites for mathematical and arithmetic abilities. Literature highlights consistently the
importance of pre-requisites of calculation for the success in primary school and beyond (Hindman et al., 2010; Romano et al., 2010). The study
by De Smedt et al. (2013) indicates that symbolic and non-symbolic numerical magnitude processing skills are correlated to individual differences
in children's mathematical skills. For symbolic numbers (digits), weak performance correlates with low math achievement and dyscalculia whereas
for non-symbolic formats (dots) conflicting findings at neurocognitive level have been reported: brain activation during number comparison corre-
lates with children's mathematics achievement level. Pre-requisites and later achievement correlation opens various and complementary reflections.
First, moving from pre-requisites to advanced math skills implies to rely more strongly on symbolic representation and less on symbolic ones, also
the embodied elements are neglected in favour of symbolic ones. In kindergarten, children use their fingers or physical objects to count, but
quickly maths becomes something abstract, mainly relying on working memory (Ashcraft & Kirk, 2001). In some case, this change can generate dif-
ficulties in treating numbers.

Moreover, encountering difficulties in maths can lead to negative association with numbers and calculus before school and this can even gen-
erate negative feelings towards math. A rich line of research has indicated that mathematics and related subjects can generate mathematical anxi-
ety, a feeling of tension or fear, which appears when a person is faced with mathematical content (Morsanyi et al., 2016). It is still not clear what
generates anxiety for math. A possible explanation can be found in the educational methodology, which becomes immediately too abstract, as

introduced earlier.
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These considerations lead us to focus on how to intervene: if pre-requisites can be strengthened and positive feeling towards math can be
stimulated, an adequate and personalized intervention can enhance school achievement in math. We will focus on some examples of these inter-

ventions in the next paragraph.

2.2 | Fluid mental abilities in age-associated decline

In human experience, it is possible to observe a cognitive decline, that is non-pathological, associated to aging (Deary et al., 2009). Starting from
early adulthood there is a decay in functions such as reasoning, memory, and executive functions that becomes more and more to be considered
if we consider that population in Europe is becoming older. Even in absence of pathologies such as Alzheimer or dementia, there is a reduction of
performance in cognitive tasks. Moreover, this issue can be difficult to study for the variability between people, the study design (cross-sectional)
and the overlapping with undiagnosed or early pathologies.

Considering numerical abilities, there is a little age-associated decline, as happens for verbal ability and general, crystallized knowledge, but
memory, executive functions, processing speed and reasoning start declining since middle age onwards (Hedden & Gabrieli, 2004; Park & Reuter-
Lorenz, 2009): these functions, the fluid mental abilities, play a core role in keeping autonomy in everyday life. Moreover, when a single fluid abil-
ity decline, there is a tendency of the others to decline as well (Wilson et al., 2002).

Even if it is not clear which variables have an effect in preventing age-correlated decline (Lampit et al., 2014; Kuider et al., 2012), cognitive
training has often been reported to improve cognitive performance.

In addition, in this case interventions can have a relevant effect in protecting fluid mental abilities, as we will see in the next paragraph.

3 | INTERVENTIONS TO SUPPORT NUMERICAL ABILITIES IN CHILDREN AND FLUID
MENTAL ABILITIES IN ELDERLY

The chance to propose interventions to support the acquisition or improvement of numerical abilities has been extensively explored, leading to a
wide number of studies (see Kadosh et al., 2013). The already cited work by De Smedt et al. (2013) provides neurocognitive data useful for educa-
tional interventions, which can have positive effects on children's numerical development both in typical and atypical populations. Following these
indications, interventions to train the magnitude processing are likely to improve maths achievement. Obersteiner et al. (2013) focused on the
exact and approximate number representation: also, in this case an appropriate training can enhance mathematical performance. The study by
Mussolin et al. (2012) also addresses the dynamic between the ANS and symbolic representation, which have both correlations with mathematical
abilities that are later acquired: they can be therefore the starting point for educational interventions. Park et al. (2016) investigated non-symbolic
approximate arithmetic training and shows that it improves math performance in pre-schoolers: readiness, a multidimensional concept that iden-
tifies the competences that a child needs before entering school (Snow, 2006), can be decisive is improved by a training with a tablet on ANS.
Libertus et al. (2016) found that verbal estimation variability, but not estimation accuracy, predicted formal math abilities even when controlling
age, expressive vocabulary and ANS precision variables. It mediated the connection between ANS precision and overall math ability: variability in
the ANS: number word mapping can be especially important for formal math abilities.

In another study led by the same authors (Libertus et al., 2013), it is shown that numerical approximation abilities correlate with and predict
informal but not formal mathematics abilities. In the systematic review by Chen and Li (2014), the association between individual differences in
non-symbolic number acuity and math performance is analysed showing that there is a connection. Other interventions propose different
approaches, for example, Maertens et al. (2016) used training with numbers line, which is commonly used in primary schools in Italy. Some of the
proposed interventions use Information and Communication Technologies tools: the study by Caviola et al. (2016) reports an example of
computer-based interventions that can improve grades in math whose effect depend on the age. Sella describes with his colleagues (Sella
et al,, 2016) the videogame Number Race to favour the acquisition of numerical abilities and Praet shows the effectiveness of videogames. The
importance of a precocious intervention is underlined by the already cited work by Kadosh et al. (2013) who describe various computer-based
approaches. Lonnemann et al. (2011) studied the symbolic and non-symbolic distance effects in children and their connection with arithmetic
skills. Data indicated that the relationship between numerical magnitude comparisons and arithmetic skills is not limited to symbolic stimuli, but
that it can also be detected for non-symbolic dot patterns: both symbolic and non-symbolic number representations have a relevant role in the
development of arithmetic skills.

In addition, for elderly people, computer-based interventions and training proved to be effective for executive functions (Lopez-Martinez
et al., 2011), memory (Flak et al., 2014) and so forth. These examples indicate that it is possible to improve numerical cognition and fluid mental
abilities adopting a Game-Based and Technology-Enhanced Learning Approach that aims at stimulating the approximate number representation,

the symbolic representation and the shift between the different systems.
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4 | BALDO: ANINTELLIGENT GAME FOR TRAINING AND ASSESSING NUMERICAL
ABILITIES

In this section, we describe a system with physical and digital card games named Baldo that has the same logic structure of Italian gaming cards
but is also based on well-established theoretical contributions that we will briefly introduce.

4.1 | The theoretical base of Baldo

In the last years, the model on numerical cognition proposed by Dehaene (1992) has affirmed as the leading one. According to this model, called
the triple code model, there are three representational codes for number: Arabic digits, verbal number words and analogue non-symbolic magni-
tude representations. These systems are different in many respects, including functional and neural level (Figure 1).

The visual Arabic number form corresponds to the numeric symbol, for example, ‘four’, the auditory verbal word form corresponds to the
word ‘four’ and the analogue non-symbolic magnitude representation corresponds to the quantity, for example, four squares. The Arabic number
code is involved in written exact arithmetic that is formally taught at school; the analogue non-symbolic magnitude representation is connected
to the approximate number representation and allows to compare quantities and make approximate arithmetic; the verbal number representation
is connected with counting and mental exact arithmetic (mental calculation). The capacity to deal with these codes and shift between them is
strongly connected to numerical and mathematical abilities and can be the core for educational issues, as we have seen in the introduction. Con-
sidering the triple code model, the transition between the approximate number representation and the Arabic and verbal number representation
can be uneven. In the work by Odic et al. (2015), it is shown how children map between number words and the ANS: the mapping between the
ANS and verbal number representations is not functionally bidirectional in early development, and moreover the mapping direction from number
representations to the ANS is established before the reverse. This indicates that the relation between words and corresponding numbers is built
along development. The study led by Kolkam (Kolkman et al., 2013) indicates that for learning math there are important pre-requisites that are
non-symbolic quantity skills, symbolic skills and the mapping between number symbols and non-symbolic quantities. These precursors develop in
an interrelated way that may affect later math achievement, especially symbolic and mapping skills. Xenidou-Dervou et al. (2017) also focus on
pre-requisites and underline that non-symbolic and especially symbolic magnitude comparison skills are important longitudinal predictors of math-
ematical achievement, even more that IQ and working memory. ANS, together with working memory and attention can be an element of a multi-
ple functional components that can lead to ineffective numerical problem solving and dyscalculia (Fias et al., 2013).

Pre-requisites for math can be trained and the training should involve embodiment: Kiefer and Trumpp (2012) indicate that embodiment that
can be stimulated using tangible materials, as cognition is embodied as it is based on perception, proprioception and experience. Cognitive func-
tions are grounded in action and perception as a function of experience, including numerical and mathematical cognition: this has relevant implica-
tions for education because it indicates that appropriate sensory and motor interactions during learning are crucial for the human cognitive

development.

Visual Arabic
code

4

FIGURE 1 A schematic representation of triple code theory by Dehaene
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4.2 | The game-based learning approach to improve math pre-requisites

Many recent studies indicate that game-based learning (GBL) can be effectively applied to the improvement of numerical cognition, as it has some
relevant features that are particularly useful for this goal. Playing games implies learning as the players are forced to deal with goals, rules, adapta-
tion, problem solving, interaction, that are often proposed to the learner in the form of a story (Dell'Aquila et al., 2016; Ponticorvo et al., 2017;
Ponticorvo, Schembri, et al., 2019).

What is relevant for numerical cognition is that games are able to offer enjoyment, involvement, motivation, creativity and social interaction
while conveying some useful information or content (Tobias et al., 2014). Moreover, it is possible to include tangibles elements to train numerical
abilities (Ferrara et al., 2016). If we consider what has been discussed in the previous section, it is clear that some features of games and digital
games, can be particularly useful in affecting positively learning, but also in producing positive feelings about maths and related subjects, including
motivation and engagement (Abdul Jabbar & Felicia, 2015; Alsawaier, 2018) and increased time spent on task that improves learning outcomes
(Karweit, 1984).

For math, this also means that the player (learner) will be motivated to practice also outside formal context. Jirout and Newcombe (2015)
underline that this can be useful, as happens with semantic and linguistic skills: whereas language skills acquisition is supported at home by care-
givers, math skills are stimulated in school context only. Nevertheless, if a little hint is given, for example, in the form of a mobile app, math skills
improve. This means that skills related to mathematical achievement can be trained also in early childhood, even before school entrance, also in-
home context (Berkowitz et al., 2015). Moreover, using games, players learn not buy being told, but by doing they experiment experiential learn-
ing that can help to remain focused, as learning actively makes less likely to become bored and to be more engaged emotionally. Moving to cogni-
tive functions Drigas and Pappas (2015) report representative studies evaluating the effects of video games on mathematics achievement,
memory, attention and cognitive skills. These studies indicate that video games can be useful in mathematics education, supporting the compre-
hension of fundamental concepts and motivating them to see positively mathematics. Generating positive feelings is the complementary pathway
to promote mathematical achievement.

In the framework of GBL, these tools can be used for assessing mathematical abilities or related abilities such as reasoning (Ferrara
et al.,, 2016) and soft-skills (Marocco et al., 2015) and emotional at different ages, becoming game-based assessment. In GBL, also for assessment,
the game dimension allows to involve people so as to assess them on a longer timescale; it allows to observe people behaviour while they do
something, rather than asking for self-reporting.

Playing games reduces the gap in numerical knowledge of children with different socio-economic status (Ramani & Siegler, 2011): the GBL

approach, in this case, increased number line, magnitude comparison, numeral identification and arithmetic learning.

421 | Playing cards as a GBL approach to improve numerical abilities

Playing cards is a kind of games that can exploited to assess and improve numerical abilities in a framework of GBL and Game-based assessment
(Kim & Shute, 2015; Mislevy et al., 2014, 2016; Oblinger, 2006).

Indeed, many studies indicate that board games and card games are effective methods to entertain children and for elder people playing cards
is a very common activity associated to free time and amusement. The activity of playing cards trains several cognitive functions, such as memory,
strategic thinking ability and theory of mind. Card games can be effective in stimulating brain and helping to fight memory loss (Fairfield
et al,, 2015). As we have hinted at before, playing cards, obviously, implies counting and dealing with number representation: for this reason, it
can used for training and assessing numerical abilities. We therefore designed Baldo, the prototype we introduce in the next sub-section, to train
numerical abilities using a card game with both digital and tangible elements, thus adopting a GBL and agent-based (Ponticorvo, Dell'Aquila,

et al., 2019) approach.

4.3 | Baldo description

We developed Baldo, a card game named that follows the same logic structure of Italian gaming cards but is also based on the triple code model
by Dehaene (2011). In the deck of cards, the three codes (textual, numerical and analogical) are mixed (Figure 2).

The numbering starts at zero and reaches none: This is linked to the decimal notation and is a small destabilization to stimulate in the minds
of players a constant workout. There are special cards (basic arithmetic operators such as +, —, x, / and =) that can be used to propose questions
and mathematical problems on the table. Baldo exist in two versions: physical and digital.

In the Baldo physical side, the tangible cards allow active manipulation of concrete objects, which is relevant, in accordance with the Embod-

ied and Situated Cognition (Clark, 2008) on the psychological side and to Montessori (2013) on the pedagogical side, to favour learning. In the
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FIGURE 2 Baldo physical cards

FIGURE 3 A screenshot from Baldo digital app

digital version of the card game (Figure 3) players can choose between different decks (mixed codes, traditional card decks etc.) and play against
an artificial agent trying different card games. These games include games from the Italian tradition.

The virtual opponent has an emotion module, able to adapt his facial expressions with the progress and his score in the game. This enables to
consider the emotional dimension of the game and the connections between cognitive and emotional dimensions. In the digital version of Baldo,
along with the card games to be played in multi-player mode, there is also a single-player game that consists in selecting the card with the highest
value between two cards. It records the speed of the selection on 20 attempts. The application allows to test people, including children, on the
shift speed between the different codes which is, as reported above, a pre-requisite for advanced mathematical skills. Together with assessment,
this game is also useful to train the ability of moving between analogic representation, connected with the natural endowment described above
and the symbolic one, connected to formal education in maths. During the gameplay, the player is forced to make rapid mental calculation with
different codes, thus exercising in a fun context even without realizing it.

The artificial agent in Baldo selects the card to be played through an algorithm based on the Monte Carlo Tree Search (Figure 4). It simulates
a bunch of hands and decides to play the card that could maximize its game.

In Baldo, digital app there is also an affective computing module, as our goal was to make the artificial intelligence component more flexible
on the emotional side. Moreover, it makes possible to investigate the interaction between cognitive and emotional side. The module is represen-
ted in Figure 5

The game starts and the player plays according to turns; the emotional states varies if it is a first move or a response move and this interac-
tion goes on until the end of the game. Depending on the game, the player must exercise the shift between different codes and determine a strat-
egy according to the cards, the moment of the game and the overall strategy. This represents an effective assessment and training for numerical
abilities and to protect fluid mental abilities, engaging both for children and for elderly people.

Considering Baldo intelligent system, it is conceived as an environment with interacting agents (Ponticorvo et al., 2017; Ponticorvo,
Dell'Aquila, et al., 2019), where there is an artificial agent that replicated the actions of a psychologist/educator/parent or peer that must be aimed
at encouraging/supporting the other player, the human player. This continues to engage pleasantly in the game and, consequently, to practice in
an educational and/or rehabilitative card game. In our case, the psychologist's ability to successfully conduct the aims of the psycho-pedagogical

intervention is based on two large families of psychological functions:
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FIGURE 4 The algorithm for cards selection in Baldo
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FIGURE 5 Baldo game flow

1. cognitive functions, that is the ability to reason in order to play the game of cards adequately, and therefore to make the best use of structured
tools (cards): this relate to numerical abilities and fluid mental abilities;

2. psycho-social functions, that is, the ability to interact with the human player during the game also from a relational and emotional point of
view. That is, the artificial agent must be able to use tools to express its emotional state and other psychological dimensions such as their own

personality profile or empathic abilities.
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FIGURE 6 Baldo intelligent system

Given the characteristics of the recipients of the psychological intervention, the artificial intelligence system of the artificial agent must con-
sist of both a system of production and expression of the emotional state and a system of rational and cognitive reasoning.

The general architecture of the Artificial Intelligence system of our agent is presented in Figure 6. It is divided into two sequential levels of
processing, in the first level (hidden computation) there is a ‘mental’ computation module and in the second level (interface computation) is a
‘behavioural’ computation module.

The first level of processing collects information from the external environment (in our case the actions of the human player) and processes
them by defining both the cognitive state (game action to be done) and the emotional state (the feeling of the moment) of the artificial agent in
each game phase. The human player does not have direct access to the results of the first level processing; therefore, the level of computation is
defined as hidden.

The second level of processing collects and processes the results of the first level of processing and produces actions visible to the human
player (for which this level is defined as an interface) of the artificial agent to which the human player will have to respond/react.

From the psychological point of view, we can consider the first level of processing as the mind of the artificial agent whereas the second level
of processing as the agent's behavioural expression apparatus.

The evaluation of Baldo is still running and is involving both children and elder adults. It is focused on the acceptability and pleasantness of
the system and, with a longitudinal experimental design, the aim is to evaluate its effectiveness in improving mathematical abilities in children and

preserving fluid mental abilities in elderly people.

5 | CONCLUSIONS AND FUTURE DIRECTIONS

In this article, we have described Baldo as an example of how to use intelligent systems to assess and train numerical abilities. We think that the
card game proposed here represents an entertaining way to exercise mathematical abilities. It belongs to the field of edutainment in which a struc-
tured teaching such as maths can be faced in a ludic and involving manner. In our opinion, using cards both physical and digital can be a very
effective way to assess numerical skills in the framework of GBL and embodied cognition. Putting together the physical and digital sides, allows to
keep the embodied dimension, which is important for developing cognition and to join it with the chance to record almost every aspect of children
game interaction or, more generally, player-game interaction, for example recording reaction times.

Learning approaches focused on embodiment underline that action can support educational objectives and, in the case of numerical cognition,
help the transition between analogic and symbolic dimension, which is crucial in math learning. Another important aspect is related to the use of

these tools in different context, included non-formal educational contexts such as home. Learning today takes place in a context of new
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interactions between formal and informal learning, the changing role of teachers, the impact of social media and the children active participation
in learning activities. Learning cannot be confined in schools' walls or training classroom but happens in new contexts of interaction. Games are
perfectly able to adapt to different contexts and different learning conditions, also because the smartphone version can be played almost every-
where and in every moment.

The next step will be to extensively test these tools with a longitudinal and experimental procedure that will follow groups of children at dif-
ferent ages to verify if the use of these tools can be valid and affordable to assess numerical abilities and later math school achievement. More-
over, Baldo will be developed to become a hybrid game joining physical and digital sides of the game: we will develop a real user playing with
physical cards against an artificial digital player. The emotion module will be used in studies involving the social dimension and its connection with

numerical abilities, as pre-requisites of calculation can be affected by emotional factors.

ACKNOWLEDGEMENT
Open Access Funding provided by Universita degli Studi di Napoli Federico Il within the CRUI-CARE Agreement. [Correction added on May 23,
2022, after first online publication: CRUI funding statement has been added.]

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to

privacy or ethical restrictions.

ORCID
Michela Ponticorvo "2 https://orcid.org/0000-0003-2451-9539

REFERENCES

Abdul Jabbar, A. |, & Felicia, P. (2015). Gameplay engagement and learning in game-based learning: A systematic review. Review of Educational Research,
85(4), 740-779.

Alsawaier, R. S. (2018). The effect of gamification on motivation and engagement. The International Journal of Information and Learning Technology, 35(1),
56-79.

Arcara, G., Mondini, S., Bisso, A., Palmer, K., Meneghello, F., & Semenza, C. (2017). The relationship between cognitive reserve and math abilities. Frontiers
in Aging Neuroscience, 9, 429.

Ashcraft, M. H., & Kirk, E. P. (2001). The relationships among working memory, math anxiety, and performance. Journal of Experimental Psychology: General,
130(2), 224.

Ashcraft, M. H., & Krause, J. (2007). Working memory, math performance, and math anxiety. Psychonomic Bulletin & Review, 14, 243-248.

Ashcraft, M. H., & Ridley, K. S. (2005). Math anxiety and its cognitive consequences. In J. I. D. Campbell (Ed.), Handbook of mathematical cognition (pp. 315-
327). Psychology Press.

Benavides-Varela, S., Callegher, C. Z., Fagiolini, B., Leo, I., Altoé, G., & Lucangeli, D. (2020). Effectiveness of digital-based interventions for children with
mathematical learning difficulties: A meta-analysis. Computers & Education, 157, 103953.

Berkowitz, T., Schaeffer, M. W., Maloney, E. A., Peterson, L., Gregor, C., Levine, S. C., & Beilock, S. L. (2015). Math at home adds up to achievement in
school. Science, 350(6257), 196-198.

Boysen, S. T., & Capaldi, E. J. (Eds.). (2014). The development of humerical competence: Animal and human models. Psychology Press.

Butterworth, B. (1999). The mathematical brain. Macmillan.

Caviola, S., Gerotto, G., & Mammarella, I. C. (2016). Computer-based training for improving mental calculation in third-and fifth-graders. Acta Psychologica,
171,118-127.

Caviola, S., Mammarella, I. C., Cornoldi, C., & Lucangeli, D. (2012). The involvement of working memory in children's exact and approximate mental addition.
Journal of Experimental Child Psychology, 112(2), 141-160.

Chen, Q., & Li, J. (2014). Association between individual differences in non-symbolic number acuity and math performance: A meta-analysis. Acta
Psychologica, 148, 163-172.

Clark, A. (2008). Supersizing the mind: Embodiment, action, and cognitive extension. OUP.

Davis, H., & Pérusse, R. (1988). Numerical competence in animals: Definitional issues, current evidence, and a new research agenda. Behavioral and Brain
Sciences, 11(4), 561-579.

De Smedt, B., Noél, M. P., Gilmore, C., & Ansari, D. (2013). How do symbolic and non-symbolic numerical magnitude processing skills relate to individual
differences in children's mathematical skills? A review of evidence from brain and behavior. Trends in Neuroscience and Education, 2(2), 48-55.

Deary, I. J., Corley, J., Gow, A. J., Harris, S. E., Houlihan, L. M., Marioni, R. E., Penke, L., Rafnsson, S. B., & Starr, J. M. (2009). Age-associated cognitive
decline. British Medical Bulletin, 92(1), 135-152.

Dehaene, S. (1992). Varieties of numerical abilities. Cognition, 44(1-2), 1-42.

Dehaene, S. (2011). The number sense: How the mind creates mathematics. OUP.

Dehaene, S., & Cohen, L. (1995). Towards an anatomical and functional model of number processing. Mathematical Cognition, 1(1), 83-120.

85UB017 SUOWILIOD SANIERID 3|aeatdde aU Aq pouaAob a1 o 1Le WO ‘3N 0 SN 10} A1 TaUIIUO A3 UO (SUOTIPUOD-pUE-SWLS) W00 S| A2iclpu|uo//Sdy) SUORIPUOD PUe S | a1 88S [¥20Z/ZT/0Z] U0 ARIqITauIluO AB1IM 1) BLRIE0D Ad LT8ZT AS¥e/TTTT'0T/I0p/W0Y By AReiq puljuo//Sdiy WOJ) pepeojuMoq ‘T ‘ZZ0Z ‘Y6E089YT


https://orcid.org/0000-0003-2451-9539
https://orcid.org/0000-0003-2451-9539

10 of 11 Wl LEY— Expert Systems !:“.'.-_; , PONTICORVO ET AL.

Dell'Aquila, E., Marocco, D., Ponticorvo, M., Di Ferdinando, A., Schembri, M., & Miglino, O. (2016). Educational games for soft-skills training in digital environ-
ments: New perspectives. Springer.

Drigas, A., & Pappas, M. (2015). A review of mobile learning applications for mathematics. International Journal of Interactive Mobile Technologies (IJIM), 9(3),
18-23.

Fairfield, B., Mammarella, N., & Di Domenico, A. (2015). Motivated goal pursuit and working memory: Are there age-related differences? Motivation and
Emotion, 39(2), 201-215.

Ferrara, F., Ponticorvo, M., Di Ferdinando, A., & Miglino, O. (2016). Tangible interfaces for cognitive assessment and training in children: LogicART. In Smart
education and e-Learning 2016 (pp. 329-338). Springer.

Fias, W., Menon, V., & Szucs, D. (2013). Multiple components of developmental dyscalculia. Trends in Neuroscience and Education, 2(2), 43-47.

Flak, M. M., Hernes, S. S., Skranes, J., & Lghaugen, G. C. (2014). The memory aid study: Protocol for a randomized controlled clinical trial evaluating the
effect of computer-based working memory training in elderly patients with mild cognitive impairment (MCI). Trials, 15(1), 156.

Gilmore, C., Attridge, N., De Smedt, B., & Inglis, M. (2014). Measuring the approximate number system in children: Exploring the relationships among differ-
ent tasks. Learning and Individual Differences, 29, 50-58.

Gilmore, C., Attridge, N., & Inglis, M. (2011). Measuring the approximate number system. Quarterly Journal of Experimental Psychology, 64(11), 2099-2109.

Girelli, L., Lucangeli, D., & Butterworth, B. (2000). The development of automaticity in accessing number magnitude. Journal of Experimental Child Psychol-
ogy, 76(2), 104-122.

Halberda, J., & Feigenson, L. (2008). Developmental change in the acuity of the "number sense": The approximate number system in 3-, 4-, 5-, and 6-year-
olds and adults. Developmental Psychology, 44(5), 1457.

Hedden, T., & Gabrieli, J. D. (2004). Insights into the ageing mind: A view from cognitive neuroscience. Nature Reviews Neuroscience, 5(2), 87-96.

Hindman, A. H., Skibbe, L. E., Miller, A., & Zimmerman, M. (2010). Ecological contexts and early learning: Contributions of child, family, and classroom fac-
tors during head start, to literacy and mathematics growth through first grade. Early Childhood Research Quarterly, 25(2), 235-250.

Jirout, J. J., & Newcombe, N. S. (2015). Building blocks for developing spatial skills: Evidence from a large, representative US sample. Psychological Science,
26(3), 302-310.

Kadosh, R. C., Dowker, A., Heine, A., Kaufmann, L., & Kucian, K. (2013). Interventions for improving numerical abilities: Present and future. Trends in Neuro-
science and Education, 2(2), 85-93.

Karweit, N. (1984). Time-on-task reconsidered: Synthesis of research on time and learning. Educational Leadership, 41(8), 32-35.

Kaufman, E. L., Lord, M. W,, Reese, T. W., & Volkmann, J. (1949). The discrimination of visual number. The American Journal of Psychology, 62(4), 498-525.

Kiefer, M., & Trumpp, N. M. (2012). Embodiment theory and education: The foundations of cognition in perception and action. Trends in Neuroscience and
Education, 1(1), 15-20.

Kim, Y. J., & Shute, V. J. (2015). The interplay of game elements with psychometric qualities, learning, and enjoyment in game-based assessment. Com-
puters & Education, 87, 340-356.

Kuider, A. M., Parisi, J., Gross, A. L., & Rebok, G. W. (2012). Computarized cognitive training with older adults: A systematic review. PloS ONE, 7, e40588.

Kolkman, M. E., Kroesbergen, E. H., & Leseman, P. P. (2013). Early numerical development and the role of non-symbolic and symbolic skills. Learning and
Instruction, 25, 95-103.

Lampit, A., Hallock, H., & Valenzuela, M. (2014). Computerized cognitive training in cognitively healthy older adults: A systematic review and meta-analysis
of effect modifiers. PLoS Medicine, 11(11), e1001756.

Libertus, M. E., Feigenson, L., & Halberda, J. (2013). Numerical approximation abilities correlate with and predict informal but not formal mathematics abili-
ties. Journal of Experimental Child Psychology, 116(4), 829-838.

Libertus, M. E., Odic, D., Feigenson, L., & Halberda, J. (2016). The precision of mapping between number words and the approximate number system pre-
dicts children's formal math abilities. Journal of Experimental Child Psychology, 150, 207-226.

Lonnemann, J., Linkersdérfer, J., Hasselhorn, M., & Lindberg, S. (2011). Symbolic and non-symbolic distance effects in children and their connection with
arithmetic skills. Journal of Neurolinguistics, 24(5), 583-591.

Lépez-Martinez, A., Santiago-Ramajo, S., Caracuel, A., Valls-Serrano, C., Hornos, M. J., & Rodriguez-Fértiz, M. J. (2011, November). Game of gifts purchase:
Computer-based training of executive functions for the elderly. 2011 IEEE 1st International Conference on Serious Games and Applications for Health
(SeGAH) (pp. 1-8). IEEE.

Maertens, B., De Smedt, B., Sasanguie, D., Elen, J., & Reynvoet, B. (2016). Enhancing arithmetic in pre-schoolers with comparison or number line estimation
training: Does it matter? Learning and Instruction, 46, 1-11.

Marocco, D., Pacella, D., Dell'Aquila, E., & Di Ferdinando, A. (2015). Grounding serious game design on scientific findings: The case of ENACT on soft skills
training and assessment. In Design for teaching and learning in a networked world (pp. 441-446). Springer.

Mislevy, R. J., Corrigan, S., Oranje, A., DiCerbo, K., Bauer, M. I, von Davier, A, & John, M. (2016). Psychometrics and game-based assessment.
In F. Drasgow, (Ed.), Technology and Testing: Improving Educational and Psychological Measurement, (pp. 23-48) New York: Routledge.

Mislevy, R. J., Oranje, A., Bauer, M. |, von Davier, A. A,, Hao, J., Corrigan, S., Hoffman, E., Di Cerbo, K., & John, M. (2014). Psychometric considerations in
game-based assessment. GlassLabGames.

Montessori, M. (2013). The montessori method. Transaction Publishers.

Morsanyi, K., Mammarella, I. C., Sziics, D., Tomasetto, C., Primi, C., & Maloney, E. A. (2016). Mathematical and statistics anxiety: Educational, social, devel-
opmental and cognitive perspectives. Frontiers in Psychology, 7, 1083.

Mussolin, C., Nys, J., Leybaert, J., & Content, A. (2012). Relationships between approximate number system acuity and early symbolic number abilities.
Trends in Neuroscience and Education, 1(1), 21-31.

Nys, J., Ventura, P., Fernandes, T., Querido, L., Leybaert, J., & Content, A. (2013). Does math education modify the approximate number system? A compar-
ison of schooled and unschooled adults. Trends in Neuroscience and Education, 2(1), 13-22.

Obersteiner, A., Reiss, K., & Ufer, S. (2013). How training on exact or approximate mental representations of number can enhance first-grade students'
basic number processing and arithmetic skills. Learning and Instruction, 23, 125-135.

Oblinger, D. G. (2006). Games and learning. Educause Quarterly, 3, 5-7.

Odic, D., Le Corre, M., & Halberda, J. (2015). Children's mappings between number words and the approximate number system. Cognition, 138, 102-121.

Park, D. C., & Reuter-Lorenz, P. (2009). The adaptive brain: Aging and neurocognitive scaffolding. Annual Review of Psychology, 60, 173-196.

85UB017 SUOWILIOD SANIERID 3|aeatdde aU Aq pouaAob a1 o 1Le WO ‘3N 0 SN 10} A1 TaUIIUO A3 UO (SUOTIPUOD-pUE-SWLS) W00 S| A2iclpu|uo//Sdy) SUORIPUOD PUe S | a1 88S [¥20Z/ZT/0Z] U0 ARIqITauIluO AB1IM 1) BLRIE0D Ad LT8ZT AS¥e/TTTT'0T/I0p/W0Y By AReiq puljuo//Sdiy WOJ) pepeojuMoq ‘T ‘ZZ0Z ‘Y6E089YT



PONTICORVO ET AL. Expert Systems !:“.'.-_; , —Wl LEY 110f 11

Park, J., Bermudez, V., Roberts, R. C., & Brannon, E. M. (2016). Non-symbolic approximate arithmetic training improves math performance in preschoolers.
Journal of Experimental Child Psychology, 152, 278-293.

Ponticorvo, M., Dell'Aquila, E., Marocco, D., & Miglino, O. (2019). Situated psychological agents: A methodology for educational games. Applied Sciences,
9(22), 4887.

Ponticorvo, M., Di Fuccio, R., Di Ferdinando, A., & Miglino, O. (2017). An agent-based modelling approach to build up educational digital games for kinder-
garten and primary schools. Expert Systems, 34(4), e12196.

Ponticorvo, M., Schembri, M., Cerrato, A., & Miglino, O. (2019). Playing hybrid cards as an assessment tool for cognitive and emotional dimensions. Qwerty-
Open and Interdisciplinary Journal of Technology, Culture and Education, 14(2), 31-48.

Ramani, G. B., & Siegler, R. S. (2011). Reducing the gap in numerical knowledge between low-and middle-income preschoolers. Journal of Applied Develop-
mental Psychology, 32(3), 146-159.

Rambaugh, D. M., Savage-Rambaugh, E. S., & Hegel, M. (1987). Summation in a chimpanzee (Pan troglodytes) (ants, and bees and other species). Journal of
Experimental Psychology: General, 13, 107-115.

Re, A. M., Pedron, M., Tressoldi, P. E., & Lucangeli, D. (2014). Response to specific training for students with different levels of mathematical difficulties.
Exceptional Children, 80(3), 337-352.

Romano, E., Babchishin, L., Pagani, L. S., & Kohen, D. (2010). School readiness and later achievement: Replication and extension using a nationwide Cana-
dian survey. Developmental Psychology, 46(5), 995.

Sella, F., Tressoldi, P., Lucangeli, D., & Zorzi, M. (2016). Training numerical skills with the adaptive videogame “the number race”: A randomized controlled
trial on preschoolers. Trends in Neuroscience and Education, 5(1), 20-29.

Snow, K. L. (2006). Measuring school readiness: Conceptual and practical considerations. Early Education and Development, 17(1), 7-41.

Spelke, E. S. (2005). Sex differences in intrinsic aptitude for mathematics and science?: A critical review. American Psychologist, 60(9), 950.

Spelke, E. S., & Kinzler, K. D. (2007). Core knowledge. Developmental Science, 10(1), 89-96.

Starr, A, Libertus, M. E., & Brannon, E. M. (2013). Number sense in infancy predicts mathematical abilities in childhood. Proceedings of the National Academy
of Sciences, 110(45), 18116-18120.

Stevenson, H. W., Chen, C., & Lee, S. Y. (1993). Mathematics achievement of Chinese, Japanese, and American children: Ten years later. Science, 259,
53-58.

Tobias, S., Fletcher, J. D., & Wind, A. P. (2014). Game-based learning. In Handbook of research on educational communications and technology (pp. 485-503).
Springer.

Wilson, R. S., Beckett, L. A, Barnes, L. L., Schneider, J. A, Bach, J., Evans, D. A,, & Bennett, D. A. (2002). Individual differences in rates of change in cogni-
tive abilities of older persons. Psychology and Aging, 17(2), 179.

Xenidou-Dervou, I., Molenaar, D., Ansari, D., van der Schoot, M., & van Lieshout, E. C. (2017). Nonsymbolic and symbolic magnitude comparison skills as
longitudinal predictors of mathematical achievement. Learning and Instruction, 50, 1-13.

Young, C. B.,, Wy, S. S., & Menon, V. (2012). The neurodevelopmental basis of math anxiety. Psychological Science, 23(5), 492-501.

AUTHOR BIOGRAPHIES

Michela Ponticorvo is researcher (fixed term), teacher of Psychometric and scientific director of the Laboratory for the Study of Natural and
Artificial Cognitive Systems (NAC), at the University of Naples “Federico II”. Her research interests cover spatial representations, artificial
models of cognition and their application in education.

Massimiliano Schembri is a Ph.D in Psychology and Cognitive Science with a background in Computer Science. He has designed and devel-
oped many games and interactive simulation in the context of educational research projects and co-authored several publications about Edu-

cational Games.

Orazio Miglino is a full Professor of Psychology at University of Naples Federico Il, where he started the Natural and Artificial Cognition Lab.
He is also an associate researcher at the Institute of Cognitive Sciences and Technologies of Italian National Research Council (ISTC-CNR) in
Rome. His main research interest is in the biological and cognitive mechanisms that organisms use to build their knowledge of the world and

in the applications of this knowledge to the world of education. He has coordinated several projects at national and international level.

How to cite this article: Ponticorvo, M., Schembri, M., & Miglino, O. (2022). Training and assessing numerical abilities across the lifespan
with intelligent systems: The example of Baldo. Expert Systems, 39(1), e12817. https://doi.org/10.1111/exsy.12817

85UB017 SUOWILIOD SANIERID 3|aeatdde aU Aq pouaAob a1 o 1Le WO ‘3N 0 SN 10} A1 TaUIIUO A3 UO (SUOTIPUOD-pUE-SWLS) W00 S| A2iclpu|uo//Sdy) SUORIPUOD PUe S | a1 88S [¥20Z/ZT/0Z] U0 ARIqITauIluO AB1IM 1) BLRIE0D Ad LT8ZT AS¥e/TTTT'0T/I0p/W0Y By AReiq puljuo//Sdiy WOJ) pepeojuMoq ‘T ‘ZZ0Z ‘Y6E089YT


https://doi.org/10.1111/exsy.12817

	Training and assessing numerical abilities across the lifespan with intelligent systems: The example of Baldo
	1  INTRODUCTION
	2  NUMERICAL AND MATHEMATICAL COGNITION IN HUMAN DEVELOPMENT
	2.1  Pre-requisites for mathematics in education contexts
	2.2  Fluid mental abilities in age-associated decline

	3  INTERVENTIONS TO SUPPORT NUMERICAL ABILITIES IN CHILDREN AND FLUID MENTAL ABILITIES IN ELDERLY
	4  BALDO: AN INTELLIGENT GAME FOR TRAINING AND ASSESSING NUMERICAL ABILITIES
	4.1  The theoretical base of Baldo
	4.2  The game-based learning approach to improve math pre-requisites
	4.2.1  Playing cards as a GBL approach to improve numerical abilities

	4.3  Baldo description

	5  CONCLUSIONS AND FUTURE DIRECTIONS
	ACKNOWLEDGEMENT
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


