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This study aims to deepen the understanding of mathematical talent Giftedness; mathematical
by identifying the cognitive factors essential for its manifestation. talent; cognition; spatial
The study involved an initial screening of 673 high school students ability; creativity; flow state
aged 12-19years from an Uruguayan educational institution. Of

these, 76 were identified as gifted based on cognitive aptitude and

creativity assessments. To pinpoint those with mathematical talent,

these students subsequently undertook a Mathematics Olympiad

test and additionally reported their flow state during problem sol-

ving. Using a necessary condition analysis (NCA) approach, we iden-

tified the critical factors required for the manifestation of

mathematical talent. Our findings indicate that creativity is not

essential for mathematical talent. However, NCA revealed that mod-

erate levels of abstract reasoning, numerical aptitude, and flow state,

along with high levels of spatial ability, are necessary for mathema-

tical talent. These necessary conditions enable the initial emergence

of mathematical talent and serve as critical foundations for its sub-

sequent development. These findings highlight the need for evi-

dence-based educational policies and strategies to support

mathematically talented students and ensure their potential contri-

bution to a stronger and more inclusive STEM workforce.

Introduction

We live in a world increasingly shaped by advancements in science, technology, engi-
neering, and mathematics (STEM). As a result, the demand for professionals with
expertise in these areas continues to grow, driven by labor market trends and policy
initiatives aimed at strengthening STEM education (Freeman et al., 2019). Identifying
and nurturing young talent with high potential in STEM is essential for sustaining
innovation and addressing future challenges.
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Research from the Study of Mathematically Precocious Youth (Benbow, 2012)
demonstrates that early identification of mathematically gifted individuals combined
with tailored educational interventions significantly enhances the likelihood of success
in STEM-related academic and professional pathways. Csikszentmihalyi et al. (1993)
highlight that a lack of adequate support, especially during adolescence, can result in
early disengagement from mathematics and, likely, a long-term exit from the domain.

Mathematical talent offers a unique lens for exploring giftedness, bridging the gap
between initial potential and its transformation into domain-specific expertise (Gagné,
2020). This perspective emphasizes the importance of defining giftedness within specitfic
domains, such as mathematics, language, and sports, by observing individuals™ natural
behaviors and contexts to identify their aptitudes (Dai, 2018). However, as Assouline and
Lupkowski-Shoplik (2021) pointed out, many educators lack professional training for
identifying and effectively teaching mathematically talented students. Standard curricula
often fail to provide students with sufficient challenges, highlighting the urgent need to
leverage their strengths early and support their rapid cognitive development. Against this
backdrop, a crucial question arises: What cognitive predispositions are necessary for the
emergence of mathematical talent and how can they be cultivated?

Research on giftedness and talent is relatively new and remains largely confined to
developed countries (Hernandez-Torrano & Kuzhabekova, 2020). Within the mathe-
matics domain, the number of studies is even smaller. Although some studies have
focused on superior mathematics performance, many do not address giftedness and
talent. Colino and Maiche (2022) systematized recent empirical studies on mathematical
giftedness and talent within the cognitive dimension and concluded that these indivi-
duals typically possess strong working memory and enhanced visuospatial skills. Other
studies linked to mathematical giftedness and talent have examined creativity (Haavold
et al., 2020; Leikin, 2021; Roldan & Ferrando, 2021) and motivation (Knopik & Oszwa,
2023; Paz-Baruch & Hazema, 2023). However, most research in this area has focused on
the predictors of mathematical talent rather than examining whether these factors are
essential for its emergence and development. Addressing this gap is crucial as it limits our
ability to effectively identify and support mathematically talented individuals.

To bridge this gap, our study was grounded in the theoretical frameworks of Gagné
(1985, 2020) and Renzulli (1978, 2020), who provided complementary perspectives on
giftedness and talent dynamics. In this regard, we structure the theoretical framework
into three sections. The first explores general giftedness, tracing its conceptual evolution
and analyzing Renzulli’s Three-Ring Conception of Giftedness, which highlights the
interplay between above-average ability, task commitment (a form of motivation), and
creativity as essential components of gifted behavior. The second section focuses on
mathematical giftedness and talent, beginning with Gagné’s Differential Model of
Giftedness and Talent, which emphasizes the transformation of exceptional potential
into domain-specific talent through practice and learning. Following this theoretical
distinction, we reviewed the key cognitive factors (e.g. spatial ability) identified in prior
research on mathematical giftedness as essential for mathematical talent. The third and
final section addresses the identification of students with mathematical talent, drawing
on both an inclusive perspective — based on Renzulli’s model of giftedness - and
a domain-specific approach developed by Stanley and colleagues (Stanley & Brody,
2001). By integrating these frameworks, our study specifically investigates whether the
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three-ring components of gifted behavior — above-average ability, creativity, and task
commitment — are not only associated with mathematical talent but also serve as
necessary conditions for its emergence and subsequent development. Moreover, this
study seeks to determine the minimum level of each factor required for the manifestation
of mathematical talent.

To achieve this, we employed the necessary condition analysis (NCA; Dul, 2016)
approach, a novel methodology that goes beyond correlation and prediction, to identify
the essential cognitive conditions underpinning mathematical talent. Our study began
with a sample of 673 students, 76 of whom were identified as gifted, based on cognitive
aptitude and creativity assessments. Following the perspective of Subotnik et al. (1996),
who regarded achievement in Mathematics Olympiads as a benchmark for gifted stu-
dents, the participants completed a Mathematics Olympiad test to identify those with
mathematical talent. In addition, they reported their state of flow (as a measure of task
commitment) after engaging in problem-solving tasks. Using NCA, we identified specific
variables and threshold levels that constitute the essential conditions for the manifesta-
tion of mathematical talent.

This study aims to provide actionable insights for educators and policymakers by
situating its findings within the broader context of STEM education and talent develop-
ment. Understanding the conditions necessary for mathematical talent will enable more
effective early identification and intervention strategies that support the academic and
career development of gifted students. Given the strong link between mathematical
abilities and success in STEM fields (Lubinski & Benbow, 2006; Wai et al., 2009),
ensuring adequate educational support for mathematically talented individuals is crucial.
Without targeted interventions, many high-ability students are insufficiently challenged,
which can lead to disengagement and limit the full realization of their potential, ulti-
mately resulting in a loss of prospective contributions to the STEM talent pool (Subotnik
et al., 2011). Moreover, aligning talent development initiatives with global STEM educa-
tion policies (Marginson et al., 2013) helps create inclusive pathways for students from
diverse backgrounds. By helping identify and nurture these cognitive abilities early on,
this study supports pathways that may facilitate students’ future engagement in STEM
fields.

Theoretical background
General giftedness

The concept of giftedness has evolved significantly since the early 20th century (Dai,
2018). Initially seen as an innate and static high intellectual capacity, contemporary
models, such as those by Gardner (2003), Renzulli (1978, 2020), and Sternberg (1995,
2024), now understand giftedness as a complex and multifaceted phenomenon, such that
it is no longer considered a fixed attribute but rather raw material of talent (Tourdn,
2020).

Renzulli’s Three-Ring Conception of Giftedness (Renzulli, 1978) defines gifted beha-
vior as the intersection of three traits: above-average ability, task commitment, and
creativity.
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Above-average ability refers to individuals in the top 15-20% in terms of potential
performance or achievement. This includes both general abilities (e.g. abstract reasoning
and spatial ability) and specific abilities (e.g. leadership and photo-manipulation skills)
(Renzulli & Reis, 2021). In the present study, we focused on three general abilities: spatial
ability (the capacity to visualize, recall, and mentally transform images in two or three
dimensions), numerical aptitude (the ability to reason inductively or deductively using
mathematical concepts and relations), and abstract reasoning (the ability to solve novel
problems by deducing the logical rules that underlie abstract patterns).

Task commitment describes focused motivation for a specific task, encompassing
perseverance, hard work, dedication, and self-confidence (Renzulli & Reis, 2021). Deci
and Ryan (1985) highlighted the natural capacity of some individuals to remain con-
tinuously focused on a particular aspect unless interrupted. Csikszentmihalyi (1996)
introduced the concept of flow experience, which from our perspective, aligns closely
with the state of consciousness that gifted individuals attain when they engage in
activities that they are passionate about and excel in. Unlike Renzulli’s (1978) traits of
involvement and concentration, this complex state of consciousness is also characterized
by a third dimension: enjoyment (Csikszentmihalyi, 2014). In our study, we measured
these three flow components, dividing them into nine dimensions: merging actions and
awareness, clear goals, concentration on the task at hand, unambiguous feedback,
challenge-skill balance, transformation of time, sense of control, loss of self-
consciousness, and autotelic experience.

Creativity can be observed in all fields of knowledge. However, the debate over
whether creativity is a domain-specific or general trait remains unresolved. Acar et al.
(2024) advocate for a moderate stance, as current research has not provided definitive
conclusions. The relationship between creativity and cognition is another ongoing
debate. Some authors argue that creativity has a cognitive basis. According to Guilford
(1950, 1967), certain abilities span the creative process and can serve as indicators of
creativity. In our study, we focused on three of them: fluency (the ability to generate
a wide range of ideas), flexibility (the capacity to shift perspectives and explore alternative
approaches), and originality (the production of statistically uncommon responses).

Three rings — above-average ability, task commitment (flow state), and creativity — are
critical variables in our study. We examine whether they are necessary conditions for
mathematical talent.

Mathematical giftedness and talent

Giftedness and talent are often used interchangeably, but Gagné (2020) differentiated
them based on three assumptions: latent qualities, that is potentialities, are observable
and measurable, unevenly distributed in the population, and transform into competen-
cies through learning activities. In his Differential Model of Giftedness and Talent, Gagné
(1985, 2020) suggests using the term giftedness exclusively for the presence of exceptional
potential in a specific domain, while reserving the term talent for notable achievements in
a particular field. He not only differentiates between the two, but also establishes a causal
relationship, presenting talent as the gradual transformation of high natural abilities
(giftedness) into high-level occupational skills through systematic learning, practice, and
application in a specific field (Gagné, 2019). Considering a normal distribution of
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aptitude and competency measures, the author defined the 90th percentile (top 10%) as
the minimum threshold for prevalence in both gifted and talented populations.

The concept of mathematical giftedness has matured in recent years and is still being
explored (Leikin, 2021). Mathematical talent is observed through high performance in
problem-solving and corresponds to developed mathematical potential although it is also
associated with creativity (Leikin, 2019).

Pioneering work by Krutetskii (1976) identified common traits in mathematically
gifted and talented individuals such as precision, rapid generalization of mathematical
concepts, curiosity, mental flexibility, and persistence. Krutetskii found that these indi-
viduals process and retain information more effectively (Kang, 2015). He concluded that
high mathematical ability depends on the capacity for logical thinking in spatial, quanti-
tative, and symbolic relationships. This framework guided the selection of the cognitive
variables constituting the ability ring in our study: numerical aptitude, abstract reason-
ing, and spatial ability.

The Study of Mathematically Precocious Youth (SMPY), founded by Julian C. Stanley
in 1971, has also significantly contributed to our understanding of mathematical gifted-
ness and talent. Benbow (2012) and Lubinski and Benbow (2006) emphasized the
importance of mathematical reasoning - conceptually related to the numerical aptitude
assessed in our study - and spatial ability as a key predictor of long-term achievement
and success in STEM fields. As early as 1987, they noted that mathematical reasoning was
crucial to the performance of the U.S. Olympic team. Other studies have linked numer-
ical aptitude to mathematical giftedness and talent. For example, a meta-analysis by
Ridwan et al. (2023) revealed that numerical aptitude significantly improves learning
outcomes and mathematical ability. Additionally, Kurnaz (2018) identified mathematical
reasoning, spatial thinking, and problem-solving as significant predictors of math
achievement in gifted students.

Spatial ability is another well-documented indicator of mathematical talent.
Contemporary analyses emphasize that spatial ability complements mathematical rea-
soning and is essential for the abstract thinking required at advanced levels of mathe-
matics (Uttal et al., 2013). In a systematic review, Mix and Cheng (2012) highlighted the
role of pure spatial abilities, such as mental rotation, visuospatial working memory, and
perspective taking, even when not embedded in mathematical contexts. Despite their
apparent independence from mathematical content, these abilities are strongly associated
with mathematical learning. Spatial skills during adolescence have also been found to
predict later achievement in STEM fields (Wai et al., 2009). More recently, systematic
reviews by Sipahi and Bahar (2024) and Colino and Maiche (2022) confirmed that
mathematically gifted students consistently outperform their peers in spatial tasks.

Leikin et al. (2017) examined abstract reasoning in students with exceptional extra-
curricular mathematical achievements (e.g. Math Olympiads). They found that these
students performed better in working memory and pattern recognition tasks, which are
components of abstract reasoning. These results could also explain their creativity in
problem-solving. Based on these findings, the researchers distinguished mathematical
giftedness and talent from general giftedness combined with curricular excellence in
mathematics. Other studies have linked abstract reasoning to mathematical talent and
giftedness. Green et al. (2017) found that fluid reasoning was the only significant
predictor of future math achievement. Further supporting the idea that this cognitive
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skill is a defining feature of mathematical giftedness are the findings of Hansen et al.
(2022). A systematic review by Sipahi and Bahar (2024) supports this idea, reporting that
mathematically gifted individuals significantly outperformed both art prodigies and
control groups on fluid reasoning tasks (Ruthsatz et al., 2014; Zhang et al., 2014).
Pattern recognition has also been linked to mathematical giftedness and talent in some
empirical studies (Ramirez Uclés et al., 2018; Yan Kong & Benny, 2018).

Studying individuals with exceptional problem-solving skills has significantly con-
tributed to the understanding of mathematical giftedness and talent. We believe that
mathematical talent requires a foundation of outstanding cognitive aptitudes (gifted-
ness), which enhance the resolution of complex problems involving strategy and crea-
tivity. Based on the main findings on mathematical giftedness and talent in the cognitive
dimension, the variables that constituted the ability ring in our study were numerical
aptitude, abstract reasoning, and spatial ability.

In line with Renzulli’s Three-Ring Model, we considered creativity and task commit-
ment as essential dimensions of giftedness and mathematical talent, alongside the ability
ring. Creativity has been widely studied within the mathematical domain, and the notion
of mathematical creativity has even contributed to the conceptual development of
mathematical giftedness and talent (Haavold et al., 2020; Sriraman, 2005). Some authors
have examined the connections between creativity and mathematical talent by compar-
ing mathematically talented students with university-level mathematics experts. Roldan
and Ferrando (2021) found that mathematically talented students outperformed univer-
sity-level experts in problem solving, demonstrating greater flexibility in their strategies,
generating more solutions, and producing more original responses. Similarly, Elgrably
and Leikin (2021) demonstrated that international Mathematical Olympiad participants
exhibited higher creative performance and more successful proving processes than
university mathematics majors. However, the nature of this relationship is complex
and still needs to be explored (Leikin, 2021). Motivational factors, such as flow experi-
enced during problem-solving as a manifestation of task commitment, have also been
associated with mathematical talent (Csikszentmihalyi et al., 1993; Knopik & Oszwa,
2023; Paz-Baruch & Hazema, 2023).

These core dimensions - ability, creativity, and task commitment - are consistently
reported in the literature as indicators of mathematical talent and support the validity of
our study design.

Identifying gifted students with mathematical talent

Our study examined gifted students with mathematical talent to understand the aptitudes
that enable high achievement in this domain. This helped us identify these conditions
early on in other individuals, thereby enhancing and promoting the natural development
of talent. It also allowed us to continue nurturing these factors among those who already
demonstrated mathematical talent.

Renzulli’s Three-Ring Conception of Giftedness highlights the importance of con-
sidering three core dimensions in the identification process: ability, creativity, and task
commitment. In addition, Renzulli Identification System for Gifted Programming
Services (RIS/GPS), emphasizes the value of combining quantitative and qualitative
measures from multiple sources. This inclusive and flexible framework aims to identify



HIGH ABILITY STUDIES (&) 7

approximately 15% of the student population who show high potential in academic and/
or creative — productive domains (Renzulli & Gaesser, 2015). Consistent with this
approach, our screening phase integrated teacher nominations (based on the three core
dimensions) alongside standardized assessments of cognitive aptitudes and creativity in
the second phase. This model guided both the selection of areas examined in our study
and the structure of our initial identification procedure.

However, identifying students with exceptional mathematical talent requires a more
domain-specific and rigorous strategy. To address this, we adopted a third assessment
phase inspired by the Talent Search model developed by Julian Stanley and colleagues in
the late 1960s, initially focused on identifying seventh- and eighth-grade students with
exceptional mathematical reasoning (Stanley & Brody, 2001). Its effectiveness lies in the
use of above grade-level assessments to capture advanced potential.

While the original model used the Scholastic Assessment Test (SAT), we used com-
plex, unconventional problems from Math Olympiads. These problems, which were
drawn from high-level competitions, exceeded grade-level expectations and avoided
ceiling effects. This allowed for a more accurate measurement of mathematical compe-
tence. At the same time, they included a range of entry points to ensure an adequate floor,
prevent frustration, and maintain engagement. These problems spark intellectual curi-
osity and develop robust mathematical thinking by addressing unfamiliar problems
(Falk, 2001). Andreescu and Gelca (2008) note that, unlike typical exercises, Olympiad
problems offer no immediate clues on where to start, requiring perseverance, inspiration,
and mental effort to break down complexity into simpler steps. These problems capture
the essence of mathematical creation, which require immersion in a problem, exploring
approaches, and connecting seemingly unrelated areas of mathematics, leading to unex-
pected solutions and new perspectives.

In summary, Math Olympiads present unconventional challenges requiring creative
problem-solving, original thinking, and the application of techniques in unknown con-
texts, which are characteristic skills of mathematically talented students (Zubova et al,,
2021). Therefore, Olympiads and math competitions play crucial roles in detecting and
developing mathematical talent (Leikin, 2019).

Furthermore, empirical studies have shown that Olympiad performance reveals cog-
nitive traits that are not captured by IQ or school achievement scores, suggesting it
should be considered a distinct and valid criterion for identifying giftedness (Boran et al.,
2015). Since the second half of the 20th century, national Olympiads in Russia have
functioned as an efficient system for identifying cognitively gifted children, forming part
of the country’s talent development infrastructure (Liashenko et al., 2017). Participation
in Olympiads also enables the identification of mathematically gifted students who may
not yet have distinguished themselves in conventional classroom settings, whether due to
personal traits or contextual barriers (Zubova et al., 2021). The early detection of such
students, even at the primary level, has been shown to facilitate their long-term mathe-
matical development. This approach aligns with previous research employing Olympiad-
style tasks (e.g. Wagner & Zimmermann, 1986) or selecting participants based on out-
standing performance in such competitions, including members of national teams
(Leikin et al., 2017) to identify mathematically gifted students. These studies confirm
the utility of Olympiad problems not only for developing mathematical talent but also for
detecting it effectively.
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Based on this framework, this study aimed to determine whether cognitive aptitudes
such as numerical aptitude, abstract reasoning, and spatial ability, as well as creativity and
flow state experienced while solving mathematical problems, are necessary conditions for
students who demonstrate mathematical talent, through Mathematics Olympiad test,
compared with those gifted in other areas.

Materials and methods
Participants

To achieve the goal of this study, a convenience sample was used because of the difficulty
in accessing gifted individuals identified in Uruguay. Initially, 673 high school students
from an educational institution who were pioneers in working with gifted students from
an inclusive education perspective participated in the research. From this group, 76
students were identified as gifted through cognitive aptitude and creativity tests and
selected for the main study. The final sample included 36 girls (ages 12.3 to 17.8 years, M
=15.4, SD = 1.6) and 40 boys (ages 12.1 to 19.0 years, M = 15.3, SD = 2.0). All participants
took a Mathematics Olympiad test, and immediately after completing it, they reported
their flow state during the problem-solving process.

This study was part of the High Abilities Project at the participating institution and
involved students from all grades of secondary school. For this reason, rather than
restricting the sample to narrower cohorts, we included the entire age range of students
identified as gifted in order to maximize the number of participants with exceptional
mathematical talent. This age range aligns with international practices, such as the
International Mathematical Olympiad (IMO), in which pre-university students under
the age of 20 compete on the same level and solve the same mathematical problems.

Sampling and procedure

The study was conducted in three consecutive phases as part of the High Abilities Project
at the participating educational institution: initial screening, cognitive-creative profile
assessment, and measurement of mathematical talent and flow state during problem-
solving. Consent was obtained from all families, and the students agreed to participate in
three small-group meetings with the lead researcher and a team of psychologists and
psycho-pedagogues. Individual results were later shared with participants and their family.

Initially, Raven’s Advanced Progressive Matrices Test Series II (RAPM; Raven, 2006)
was administered to 673 high school students in small groups. Teachers also completed
a qualitative group screening questionnaire that included a checklist of high abilities/
giftedness indicators (Pérez & Bendelman, 2018). Students were selected for further
assessment if they scored at or above the 90th percentile on the RAPM or were
nominated by at least two teachers on 12 or more of the 24 checklist items. This process
identified 88 students as potentially gifted.

These students then underwent a cognitive-creative assessment. Cognitive apti-
tude was measured using the (Técnicos Especialistas Asociados (TEA)) Aptitude
Battery (BAT-7; Arribas et al., 2013), and creativity was measured with the
Creative Imagination Test-Youth Version (Prueba de Imaginacién Creativa para
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Jévenes (PIC-J); Artola et al. (2008). This second phase confirmed 76 students as
gifted, demonstrating high levels of cognitive aptitudes and/or dimensions of
creativity.1

In the final phase, these participants attempted a Mathematics Olympiad test
and subsequently completed the Activity Flow State Scale (AFSS; Payne et al.,
2011).

Measures

(1) Raven’s Advanced Progressive Matrices Test Series II (RAPM; Raven, 2006).
A nonverbal screening test, administered within a 45-minute time limit that
measures general intelligence.

(2) Checklist of indicators for High Abilities/Giftedness (Pérez & Bendelman, 2018).

(3) TEA Aptitude Battery (BAT-7; Arribas et al., 2013). The complete battery was
administered over approximately two hours, in line with the institution s identi-
fication protocol. For the purposes of this study, only the scores for spatial ability,
numerical aptitude, and abstract reasoning were used.

(4) Creative Imagination Test-Youth Version (PIC-J; Artola et al., 2008). The complete
test was administered over approximately 45 minutes. For the purposes of this
study, we used the scores for fluency, flexibility, and originality mediated by written
language. A global creativity score was calculated by summing these three subscales.

(5) Mathematics Olympiad test. Completed without calculators or materials within
two hours. The test comprised three problems of increasing difficulty: one puzzle-
inspired problem, one from a regional Olympiad, and one from an International
Olympiad.

(6) Activity Flow State Scale (AFSS; Payne et al., 2011). Completed within five
minutes, assessed nine dimensions of flow on a 5-point Likert scale: merging
actions and awareness, clear goals, concentration on the task at hand, unambig-
uous feedback, challenge-skill balance, transformation of time, sense of control,
loss of self-consciousness, and autotelic experience.

Operationalization of variables

The dependent variable was mathematical talent, operationalized categorically based on
test performance. A jury of former university Math Olympians scored the Mathematics
Olympiad test on a 30-point scale, divided into six performance categories. Students who
scored in categories 5 or 6 were classified as demonstrating mathematical talent. For the
NCA, this cutoff was used to determine the minimum level of each necessary condition
required to reach at least category 5 of mathematical talent.

The independent variables were derived from the second and third phases. Numerical
aptitude, abstract reasoning, spatial ability, and global creativity (sum of fluency, flex-
ibility, and originality scores) were obtained from the second phase and expressed in
percentile ranks. Flow state was measured in the third phase and included as a direct
score (sum of the AFSS items).
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Data analysis

To achieve the goal of this research, we employed NCA (Dul, 2016) using the NCA
package version 3.3.3 in R version 4.3.1. As NCA is a relatively new statistical method, we
outline its main features.

NCA identifies necessary but not sufficient conditions that determine the presence of
a particular variable in a dataset. Unlike traditional correlational regression analyses that
seek causal relationships, NCA focuses on identifying the prerequisites for
a phenomenon to occur. Dul (2016) emphasized that NCA can also determine the
minimum level of the necessary condition required for a certain result level. In our
study, NCA helped us identify the levels of cognitive aptitudes, creativity, and flow
necessary to achieve high performance in mathematics (achieving Categories 5 or 6 in
the Mathematics Olympiad test). The analysis included the previously described inde-
pendent variables expressed as percentiles (cognitive aptitudes, creativity) or direct
scores (flow).

Graphically, NCA results are represented by drawing a ceiling line on a scatter
plot, which delineates the area with observations from the area without observa-
tions. NCA focuses on the empty zone - located in the upper left corner above
the ceiling line - to identify necessary conditions. This area represents the effect
size (d), which ranges from 0 to 1. A larger value indicates a stronger necessary
condition. Dul (2016) classifies effect sizes as small if d < 0.1, medium if 0.1 < d<
0.3, large if 0.3 < d < 0.5, and very large if d >0.5. An effect size threshold of d =
0.1 is suggested for determining if a variable qualifies as a necessary condition.
We also report the accuracy of the ceiling line, which is the percentage of
observations that lie on or below it relative to the total number of observations.
Dul (2016) recommends 95% accuracy as the desired benchmark; below this
percentage, the interpretation of the ceiling line would not be appropriate.

NCA provides more actionable insights than simple linear models for identify-
ing high mathematical abilities because it specifically identifies the minimum
requirements necessary for exceptional mathematical performance. While linear
models focus on average effects and correlations, NCA identifies ceiling lines and
bottleneck factors that must be met to enable high achievement (Dul, 2016). This
makes NCA particularly valuable to educational institutions, policymakers, and
other stakeholders because it establishes clear thresholds that can be applied to
admissions, curriculum design, and talent development programs. For example, if
NCA identifies certain cognitive or creative skills as necessary prerequisites,
schools can ensure that these skills are assessed and developed before allowing
students to progress to advanced mathematical programs. This bottleneck-oriented
approach offers practical advantages over traditional linear analyses as it helps
institutions focus their resources on identifying and developing these essential
conditions rather than spreading efforts across all potentially contributing factors.
In addition, the logic of necessary conditions is consistent with the reality of
talent development, where the absence of certain critical factors cannot be com-
pensated for by the presence of others, regardless of their strength.
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Figure 1. NCA scatter plots of mathematical talent for each independent variable. Mathematical talent
is categorized according to the sample procedure. Numerical aptitude, abstract reasoning, spatial
ability and creativity are presented by percentiles, while flow state is presented using direct scores.
Green lines indicate the OLS (ordinary least squares) regression line, broken red lines represent the CE-
FDH (ceiling envelopment - free disposal hull), and orange lines represent the CR-FDH (ceiling
regression - free disposal hull). Note: although the mathematical talent scale ranges from 1 to 6,
this sample does not include any students in the highest category.

Results

Scatter plots of mathematical talent for each independent variable (cognitive aptitudes,
creativity, and flow state) were generated with the ceiling line (see Figure 1). In addition,
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effect sizes (CR-FDH; Dul, 2016) and the accuracy of the ceiling line were calculated for
each case.

In Figure 1, we observe that both cognitive aptitudes and flow state show
a pattern where increases in these variables correspond to increases in mathema-
tical talent, leaving an almost empty space in the upper left corner of the
scatterplot. According to Dul (2016), this indicates a necessary condition.
However, this pattern is not seen in the NCA plot of mathematical talent in
relation to creativity.

Next, we analyze the effect sizes of these independent variables on mathematical
talent. For variables whose effect on mathematical talent exceeds Dul’s (2016) threshold
0f 0.1, we will report the minimum value required to ensure the presence of talent and the
accuracy.

Numerical aptitude has an effect size of d=0.258 (CR-FDH), which is considered
medium and close to the threshold for a large effect. A minimum score at or above the
60th percentile in numerical aptitude is a necessary condition for the presence of
mathematical talent, with an accuracy of 98.6%.

Abstract reasoning is also a necessary condition for mathematical talent, with
a medium effect size of d =0.222 (CR-FDH). Being at least in the median percentile in
this aptitude is necessary to achieve mathematical talent, with 100% accuracy.

The strongest relationship is observed between spatial ability and mathematical talent.
Spatial ability not only acts as a necessary condition for the presence of mathematical
talent but also has a large effect size of d = 0.313 (CR-FDH) on it, with the 80th percentile
being the minimum necessary. The accuracy is 97.3%.

In contrast, the NCA plot of mathematical talent in relation to creativity shows no
necessary condition, and the effect size is null (d = 0.000, CR-FDH). Looking at the effect

Effect sizes of the NCA analysis for the dimensions of creativity
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Figure 2. Effect sizes (CR-FDH) of the NCA analysis for the dimensions of creativity. Note: flu = fluency;
fle = flexibility; O = originality.
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Effect sizes of the NCA analysis for the flow state dimensions
0.256
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Figure 3. Effect sizes (CR-FDH) of the NCA analysis for the flow state dimensions. Note: MAA = merging
actions and awareness; CG = clear goals; CO = concentration on task at hand; UF = unambiguous
feedback; CS = challenge skill balance; TT = transformation of time; CN = sense of control; SC = loss of
self-consciousness; AE = autotelic experience.

sizes of the dimensions of creativity (see Figure 2), they are all below the 0.1 threshold for
being considered necessary conditions.

Regarding flow state, the NCA analysis indicates it as a necessary condition for
mathematical talent with a medium effect size of d =0.258 (CR-FDH), requiring an
average score in the test applied. The accuracy of the ceiling line is 96.1%. Observing
the effect sizes of the dimensions of flow state (see Figure 3), three dimensions are
necessary conditions (d = 0.1) for mathematical talent with a medium effect size: sense of
control with d =0.104 (CR-FDH) and 96.1% accuracy, clear goals with d =0.165 (CR-
FDH) and 97.4% accuracy and challenge-skill balance with d=0.219 (CR-FDH) and
96.1% accuracy.

Discussion and conclusions

This study makes a significant contribution to the field by examining three key compo-
nents of gifted behavior - ability, creativity, and task commitment — as necessary
conditions for the manifestation of mathematical talent, based on Renzulli’s (1978)
Three-Ring Conception of Giftedness. By applying a novel methodological approach,
NCA, we shift the focus from correlates or predictors to the identification of indispen-
sable cognitive requirements that must be present for talent to develop. Unlike traditional
regression methods, NCA reveals the minimal conditions without which mathematical
talent cannot manifest, while also recognizing that such necessary conditions are not by
themselves sufficient to guarantee its emergence.

Our findings are based on a highly specific and underexplored population: gifted
students with exceptional mathematical talent identified through Mathematical
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Olympiad problems. In this way, we build upon prior research (e.g. Leikin et al., 2017) by
offering empirical evidence that informs about this distinctive cognitive profile. While
earlier studies, including those discussed in the theoretical framework, have associated
creativity, task commitment, and cognitive aptitudes with mathematical giftedness, this
study is the first attempt to empirically establish which of these factors are structurally
necessary for talent to emerge.

Building on Krutetskii’s (1976) work on problem-solving abilities, we identified
numerical aptitude, abstract reasoning, and spatial ability as essential cognitive prere-
quisites within the ability ring. Specifically, our results indicate that moderate levels of
numerical aptitude and abstract reasoning, along with high levels of spatial ability, are
necessary for the manifestation of mathematical talent. This finding refines existing
literature (e.g. Leikin et al., 2017; Lubinski & Benbow, 2006) by demonstrating that
these abilities are not merely correlated with talent but are foundational to its emergence
and development.

Task commitment, the second component of Renzulli’s model, was assessed through
the experience of flow during problem solving. Our findings show that a moderate level
of flow state is a necessary condition, particularly the dimensions of sense of control,
clear goals, and challenge-skill balance. Interestingly, enjoyment, often considered cen-
tral to flow, did not emerge as a required factor. This aligns with observations by
Csikszentmihalyi et al. (1993), who noted that mathematically gifted students often
remain committed due to extrinsic motivators — such as the perceived utility or social
value of mathematics — rather than intrinsic rewards.

In contrast, our results indicate that general creativity and its dimensions, as assessed
in this study, do not constitute the necessary conditions for mathematical talent. This
raises important questions about the tools commonly used for identification. Our study
employed a general creativity test, aligning with institutional identification protocols
used to identify gifted students across multiple areas as well as with research emphasizing
the influence of general creativity on domain-specific creativity (Hong & Milgram, 2010)
and its role in creative mathematical thinking (Schoevers et al., 2020). While general
creativity tests offer advantages such as standardization, broad applicability, and the
ability to assess transferable skills (e.g. fluency, originality, and flexibility) across various
domains of knowledge, domain-specific tools, such as those developed by Leikin et al.
(2017), may offer greater precision for evaluating creativity in problem-solving contexts.

These findings enhance our understanding of mathematical talent by identifying its
fundamental cognitive requirements, thereby paving the way for the development of
more comprehensive theoretical and practical models. Additionally, the findings provide
actionable insights for enhancing the identification, support, and development of math-
ematically talented individuals in educational contexts, with the broader aim of fostering
long-term engagement in STEM fields.

Educational and policy implications

The findings of this study provide valuable insights for educators, policymakers, and
stakeholders, to improve the identification and development of mathematical talent in
schools. By establishing numerical aptitude, abstract reasoning, and spatial ability as
bottleneck factors — necessary conditions that must be met for mathematical talent to



HIGH ABILITY STUDIES (&) 15

emerge - educators can refine assessment tools to focus not only on general academic
performance but also on these critical cognitive prerequisites. This addresses the identi-
fication aspect by ensuring that students who meet the minimum requirements are
accurately identified. For example, diagnostic tests should incorporate tasks that assess
pattern recognition (linked to abstract reasoning) and mental manipulation of two- and
three-dimensional objects (e.g. rotation, folding, or unfolding) based on visuospatial
stimuli, rather than relying solely on numerical exercises. This bottleneck-oriented
approach can improve early identification of mathematically talented students, particu-
larly those whose abilities are not reflected in traditional academic assessments.

Moreover, this study underscores the importance of interventions that cultivate these
bottleneck factors, offering a practical approach for fostering sustained engagement in
STEM careers. Educational programs should integrate challenging activities such as
spatial visualization exercises, logic puzzles, and advanced problem-solving tasks to
strengthen spatial, numerical, and abstract reasoning skills. These activities can be
incorporated into regular curricula or offered through extracurricular programs, such
as mathematics clubs or Olympiad training. Mathematical Olympiad problems serve as
powerful tools for identifying and fostering mathematical talent. Beyond enhancing
problem-solving skills, participation in Olympiads also plays a crucial role in shaping
students” academic and professional trajectories. As Subotnik et al. (1996) argue, such
competition immerses mathematically talented students in a social environment that
reinforces their intellectual identity and achievement orientation. Therefore, the
Olympiad model offers a robust framework for designing interventions that guide
mathematically talented students toward their STEM careers.

However, as highlighted by Assouline and Lupkowski-Shoplik (2021), many educators
lack formal training to effectively support mathematically talented students, and tradi-
tional curricula often fail to provide the necessary rigor to challenge them. Bridging this
gap requires pedagogical strategies that extend beyond the standard instruction.
Enrichment programs expose students to advanced mathematical concepts, encouraging
exploration beyond the curriculum, whereas acceleration strategies allow them to pro-
gress at a pace aligned with their abilities. Open-ended problem solving promotes critical
and creative thinking by requiring students to deeply engage in complex mathematical
ideas rather than applying rote procedures.

Teachers play a fundamental role in fostering student engagement in mathematics.
Teachers who convey enthusiasm for a subject and cultivate intellectual curiosity can
significantly influence students’ motivation and persistence (Csikszentmihalyi et al.,
1993). Just as important as developing their cognitive abilities is encouraging them to
experience flow while pursuing their talents, as this state is crucial for sustaining long-
term engagement in STEM. In fact, Csikszentmihalyi et al. (1993) point out that
experiencing flow is a better predictor of engagement than academic ability, family
support, or personality. As a bottleneck factor, its absence can hinder the emergence of
mathematical talent. Teachers can facilitate flow by offering autonomy, allowing students
to choose problems whose level of challenge is balanced with their abilities, and provid-
ing freedom in the methods of resolution. As Csikszentmihalyi et al. (1993) point out,
adolescents tend to oscillate between anxiety when challenges are excessive and boredom
when they are too easy; therefore, it is essential to adjust tasks to each student’s level and
progress, maintaining positive tension. Strategies such as providing continuous feedback
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during the process, clarifying expectations, subdividing objectives, and progressively
increasing the complexity of challenges help students feel in control of their progress
and enter a state of flow. In addition to these practices, teachers should encourage inquiry
and discovery to inspire students and show them that mathematics is a field rich in
challenges and possibilities (Assouline & Lupkowski-Shoplik, 2021). Ensuring access to
advanced content, mentoring, and opportunities for exploration - both independent and
collaborative — helps mathematically talented students stay motivated and develop the
skills necessary for their future careers in STEM fields.

At the policy level, this study highlights the need for systemic strategies to support
mathematically talented students, particularly in countries such as Uruguay, where
recognition of giftedness remains in its early stages. Uruguay faces a pressing challenge:
fewer than 20% of its university students pursue STEM-related fields (Instituto Nacional
de Estadistica, 2024), underscoring the urgency of addressing this issue. Policymakers
should prioritize professional development initiatives to equip teachers with the skills to
identify and nurture mathematical talent, with a focus on bottleneck factors such as
spatial ability, abstract reasoning, and numerical aptitude, alongside motivational dimen-
sions such as task commitment. Inclusive educational policies should ensure differen-
tiated instruction and enrichment opportunities for gifted students regardless of their
socioeconomic or cultural backgrounds, thereby broadening access to talent develop-
ment resources and addressing the critical shortage of STEM professionals.

Limitations and future research

The findings of this study should be interpreted with caution because of the sample limita-
tions. The sample came from one of the few institutions in Uruguay with a structured
approach to gifted education, providing a valuable context for studying mathematical talent.
Since few individuals in Uruguay have been formally identified as gifted, this study relied on
students who had already been recognized for their high abilities or creativity within this
pioneering institution to ensure research feasibility. Future studies should validate these
findings by using broader and more heterogeneous samples. However, our research repre-
sents an important first step toward identifying the necessary cognitive conditions for
mathematical talent in a small country with underrepresented educational context.

The sample was balanced by biological sex and homogeneity in terms of socioeco-
nomic status and formal education, which mitigated potential biases. However, no
statistical comparisons were conducted between girls and boys, as gender differences
were beyond the scope of this initial study. Future research should examine potential
differences to better understand how mathematical talent manifests across genders. All
the participants received bicultural education and were learning mathematics in two
languages, which may have influenced their spatial ability levels, potentially skewing
them higher than those of a representative sample. Given these factors, exploring how
mathematical talent manifests in diverse educational and cultural contexts is important.

Another limitation is the lack of representation of students with the highest
levels of talent, which restricts the complete exploration of the conditions required
for those at the extreme end of the spectrum. While highlighting an area for
future research, this gap may partially reflect the strict evaluation criteria set by
the jury handling the corrections to avoid ceiling effects. Notably, some students
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in the preceding talent category achieved the highest scores on national selection
tests and represented Uruguay in the International Olympiads, suggesting that
their performance approached the highest levels of mathematical talent. As this
was an initial study and given the small population of mathematically gifted
students in Uruguay, future studies should replicate this research with larger,
more diverse, or international samples to better capture the variability across
different levels of talent and enhance the generalizability of the findings.

Therefore, the use of the Mathematical Olympiad problems to identify mathe-
matically talented students warrants further consideration. Olympiad problems
offer unique advantages, particularly when combined with techniques that assess
cognitive aptitude, as implemented in our study. Unlike traditional assessments,
Olympiad problems go beyond standard mathematical content, offering multiple
solution paths that require creativity, advanced reasoning, and the ability to
address unfamiliar challenges. Their high level of difficulty minimizes ceiling
effects, making them particularly effective in identifying a broad spectrum of
talent. Additionally, these problems often engage students who are passionate
about mathematics but may feel unchallenged or unmotivated by routine class-
room exercises, thereby identifying individuals who might otherwise remain
unnoticed. Nonetheless, it is important to acknowledge that the Olympiad pro-
blems may not fully capture other forms of mathematical talent. Future research
can explore the necessary conditions by incorporating alternative assessments,
such as academic aptitude tests (e.g. SAT-M), to examine additional facets of
mathematical ability and complement the Olympiad-based evaluations.
A multimethod approach integrating diverse assessments can provide a more
comprehensive understanding of the various expressions of mathematical talent.

In this regard, future research should integrate domain-specific and general crea-
tivity tests using the NCA methodology to deepen our understanding of the role
creativity plays in mathematical talent. Moreover, in contexts such as Mathematical
Olympiads, where originality is critical but generating multiple solution approaches is
challenging for a single individual because of the complexity of the problems, refined
instruments are required to evaluate creativity at this advanced level, which would
contribute to the ongoing debate about the domain-specific nature of creativity in
mathematics.

Another promising avenue for future research is to study the effects of training
on mathematical talent. Many participants in this study attended weekly training
workshops for Mathematical Olympiads; however, the influence of this training was
not assessed. Investigating how structured training affects the development of
mathematical talent, can offer valuable insights for effective educational
interventions.

Note

1. It is important to emphasize that this research is conducted within an educational institu-
tion, and for this reason, the evaluation is intended for educational purposes and is not
exhaustive. The number of students identified as gifted represents potential candidates for
further clinical assessment to refine their giftedness.
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