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Abstract

Early mathematical learning predicts later academic achievement, and creativity within
mathematics plays a central role in higher-order thinking. This study examined the effects
of linguistically responsive mathematics enrichment programs for nurturing mathematical
creativity. Participants were 250 high-potential kindergarten English Learners across six
urban schools in New York, Texas, and California. A linguistically responsive enrichment
intervention adapted from the Mentoring Young Mathematicians (M?) math curriculum
was implemented for 80 h across seven months. Using the Tangram Creativity Assessment,
fluency, flexibility, and originality were measured in students’ tangram problem solving.
Additional predictors included Tangram Problem Solving Speed (TPSS), general reasoning
(CogAT), and mathematical achievement (NWEA MAP Math). ANCOVA showed signifi-
cant post-test differences favoring the intervention group across all creativity components.
Two-group structural equation modeling analysis supported measurement invariance and
explained 55-60% of posttest creativity variance. TPSS emerged as the strongest predictor,
with greater effects for the intervention group. These findings highlight the potential of
enrichment programs and language-accessible geometry tasks to cultivate creativity in
young gifted ELs by strengthening their mathematical foundation while supporting flexible
and original problem solving.

Keywords: mathematical creativity; high-potential English learners; tangram; fluency;
flexibility; originality

1. Introduction

Children are capable of learning and mastering mathematical concepts from an early
age, and longitudinal studies show that early mathematics learning is a strong predictor of
later achievement (Li & Disney, 2023). Within mathematics, creativity plays an important
role. Mathematical creativity is a key aspect of higher-order thinking (Stolte et al., 2020),
and early engagement with tasks that promote flexibility, abstraction, and originality can
indicate young children’s future mathematical achievement. Mathematical creativity is
complex and difficult to define, and scholars note that creativity itself carries multiple mean-
ings across disciplines (Dickman, 2018; Puryear & Lamb, 2020). Mathematical creativity
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generally is understood to build on foundations such as intelligence, motivation, and curios-
ity, applying them specifically within mathematics (Meier et al., 2024; Schoevers et al., 2020;
Starko, 2022; Stolte et al., 2020). It involves both the discovery of new mathematical ideas
and the construction of proofs, emphasizing exploration, problem-solving, and original
solutions beyond rote exercises (Schoevers et al., 2020; Starko, 2022; Stolte et al., 2020).

Cultivating mathematical creativity has many benefits and should be an essential
goal in educating elementary-aged children, including young, gifted English Learners
(ELs). Experts recommend that teachers design authentic learning experiences that allow
students to draw on varied mathematical knowledge, approach problems from multiple
perspectives, and represent ideas in different ways, particularly when applying learning to
real-world contexts (Yang et al., 2023b). Research shows the value of open-ended tasks and
multiple solution tasks (MSTs) in math to promote creativity (Kozlowski & Chamberlin,
2022; Schoevers et al., 2020). Open-ended tasks allow multiple correct answers, whereas
MSTs allow a single correct answer attainable through multiple strategies. In a qualitative
study, graduate students identified MSTs as especially effective in fostering mathematical
creativity in elementary classrooms because they encouraged children’s divergent thinking
(Levenson, 2013).

In early mathematics, spatial reasoning and shape composition play an especially
important role. Early proficiency in geometry and visual-spatial reasoning has been shown
to strongly predict success in other areas of mathematics as well as long-term academic
achievement (Yang & Cho, 2024). These skills help children manipulate and transform
figures while laying the groundwork for geometric concepts such as symmetry, equivalence,
and area. For young, gifted ELs, open-ended geometry activities like tangram puzzles
provide opportunities to showcase both spatial reasoning and creative flexibility. Such
tasks encourage children to explore multiple strategies and extend their critical thinking
beyond rote learning (Starko, 2022; Yang et al., 2023b). Beyond the quality and originality
of solutions, task-specific problem-solving speed (i.e., how quickly students generate and
implement ideas) may also be informative, as prior research suggests that efficient cognitive
processing supports creative performance (Beaty et al., 2016; Benedek & Neubauer, 2013;
Guilford, 1968) and that fluent problem solving is associated with mathematical creativity
(R. Leikin, 2009; Silver, 1997).

Despite the importance of these skills, limited empirical research has examined
domain-specific mathematical creativity in young children (Kozlowski & Chamberlin,
2022), and even less is known about effective ways to support young, gifted ELs in this area
(Yang et al., 2023b; Yang & Cho, 2024; Mun et al., 2020). Further investigation is needed
to better understand the K-3 population and to identify the structures, task designs, and
instructional supports most effective in fostering creativity at this developmental stage.
Building on these gaps, the present study explores how EL kindergarteners with gifted po-
tential use composition of shapes and spatial reasoning to solve geometry problems as early
indicators of mathematical creativity. Specifically, it examines the types of puzzle solutions
produced, the challenges students encounter, and the extent to which geometry instruction
influences early creative markers such as cognitive flexibility and figure apprehension.

We begin by reviewing the literature that examines mathematical creativity, its rela-
tionship to achievement, and its role in early childhood learning. Particular attention is
given to how instructional support and enrichment programs foster mathematical creativity,
especially for gifted ELs. We then present our theoretical framework for understanding
mathematical creativity in early childhood and outline the methods used to address our
research questions. Finally, we present the study’s findings and discuss their implications
for teachers, researchers, and practitioners in gifted education.



Educ. Sci. 2025, 15, 1581

30f21

1.1. Mathematical Creativity in Young English Learners with High Potential
1.1.1. Definition and Characteristics of Mathematical Creativity

Mathematical creativity plays a critical role in the advancement of mathematics as
both a discipline and a mode of thinking (Sriraman, 2009). Scholars describe creativity as a
multifaceted construct, and mathematical creativity specifically involves generating novel
and appropriate ideas, applying concepts flexibly, and approaching problems from multiple
perspectives (Abbott, 2010; Sak & Maker, 2006; Schoevers et al., 2020; Sriraman et al., 2013;
Stolte et al., 2020). Hadamard (2020), in The Mathematician’s Mind, showed that eminent
mathematicians often achieve breakthroughs through unconscious incubation followed by
sudden insight. He emphasized that mathematical creativity rarely follows a purely linear
path; instead, it arises from the interplay of deliberate effort, intuition, and imagination.
Balka (1974) identified several indicators of mathematical creativity, including the ability
to formulate hypotheses about mathematical relationships, decompose problems into
meaningful subproblems, identify patterns, and break away from established mental sets.
Similarly, Starko (1994) emphasized shifting among representations, comparing solution
strategies, and integrating multiple concepts to view mathematical ideas from diverse
perspectives. Sak and Maker (2006) found that increased domain knowledge enhances
students’ creative processes by strengthening divergent thinking, while Price and Yates
(2015) observed that highly creative students tend to show greater persistence and maturity
in mathematical problem solving.

Broader creativity literature provides a useful foundation for understanding mathe-
matical creativity. Guilford (1968) identified fluency, flexibility, elaboration, and originality
as core dimensions of creative thinking, and these have been widely applied in mathematics
education (Beghetto, 2017; Siswono, 2011; Imai, 2000; R. Leikin & Lev, 2007; Kim et al., 2004).
Fluency refers to producing multiple solutions or approaches; flexibility involves shifting
strategies or perspectives; elaboration denotes the ability to justify and explain solutions in
depth; and originality captures the generation of uncommon or unique ideas. More general
definitions emphasize that creativity emerges through the interaction of individual ability,
processes, and environmental factors to produce ideas that are both novel and appropriate
within a social context (Plucker et al., 2004; Runco & Jaeger, 2012).

Amabile’s (1996) Componential Model of Creativity emphasizes that foundational
knowledge serves as the raw material for generating and evaluating creative ideas. Within
mathematics specifically, creativity has been defined as the capacity to generate numerous,
different, and applicable solutions to a mathematical situation (Jensen, 1973), to apply
principles in multiple ways to produce correct outcomes (Sak & Maker, 2006), or to formu-
late novel solutions and new questions (Sriraman et al., 2013). Poincaré (1948) described
mathematical creative thinking as a process of discernment and choice, highlighting its
inherently generative and exploratory nature. Taken together, these perspectives show that
mathematical creativity involves both divergent and convergent thinking—the ability to
produce multiple possibilities and to ensure their mathematical soundness—anchored in
strong domain knowledge and flexible cognitive strategies.

1.1.2. Mathematical Creativity in Young Children

For young children, creativity is not typically expressed as a fixed or obvious talent
but rather as a developing skill that emerges through intentional learning experiences and
supportive teaching environments. These experiences aim to build foundational capacities
such as fluency, flexibility, and problem-solving, which are essential for later mathematical
development (Bai et al., 2024). Early mathematical experiences—especially those involv-
ing play and exploratory activities—play a crucial role in shaping long-term academic
achievement (Yildirim & Yilmaz, 2023). Instead of offering only a limited set of math-
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related materials, it is beneficial to expose children to a wide variety of resources, such as
puzzles, building blocks, cards, board games, and other mathematical toys. These materials
stimulate children’s curiosity, creativity, and problem-solving abilities (Clements & Sarama,
2004/2011; Novita et al., 2018). Mathematical creativity, which is closely intertwined with
cognitive growth, develops progressively across different stages of learning, as discussed
in the following sections on early childhood through the elementary years and their peda-
gogical implications. Mathematical creativity, closely tied to cognitive growth, develops
across stages of learning, as discussed in the following sections on early childhood through
the elementary years and their pedagogical implications.

1.1.3. Open-Ended Tasks (Tangrams, Block Play, Puzzles)

During early childhood, mathematical creativity is often expressed through role play,
mathematical exploration, and open-ended problem solving (National Association for the
Education of Young Children & National Council of Teachers of Mathematics, 2010). At
this stage, children’s curiosity and creative thinking can be nurtured by engaging them
with building blocks, tangrams, puzzles, and similar hands-on materials, which encourage
them to explore and experiment with different mathematical ideas. As children engage
repeatedly with these exploratory activities, they strengthen their memory retrieval and
mental operations, which support deeper mathematical understanding over time (Bai
et al., 2024). During this stage, creativity is closely linked with spatial reasoning, shape
synthesis, and number sense. Given young children’s limited attention spans, instructional
tasks should be concise and teacher-guided to sustain engagement and support learning
(National Center for Education Evaluation and Regional Assistance, 2013).

Elementary School Stage. Upon entering elementary school, children’s cognitive flex-
ibility gradually increases, allowing them to apply mathematical concepts more effectively.
At this stage, they begin to connect their earlier spatial and geometric experience with
more systematic mathematics ideas such as number operations and fractions (National
Center for Education Evaluation and Regional Assistance, 2013). Open-ended tasks play a
particularly important role during this period. Thiel and Perry (2018) emphasized that such
tasks can motivate students’ creativity, enhance problem-solving abilities, and encourage
the use of diverse strategies, while also requiring students to provide logically sound and
mathematically correct solutions, such as through multiple solution approaches to word
problems (Thiel & Perry, 2018; Yildirim & Yilmaz, 2023).

1.1.4. Mathematics-Specific Knowledge and Skills and Mathematical Creativity

The relationship between mathematical knowledge and creativity has been examined
from multiple perspectives. Some scholars argue that engaging with mathematics creatively
deepens students’ conceptual understanding, thereby strengthening their mathematical
ability (Starko, 1994). Others contend that creativity in mathematics depends fundamen-
tally on a solid knowledge base. Mann (2005), for example, found that students without
sufficient mathematical content knowledge were unlikely to demonstrate creative mathe-
matical thinking, identifying mathematical achievement as a strong predictor of creative
performance. More recently, a meta-analysis of 30 studies involving over 11,000 participants
(Bicer et al., 2021) provided evidence of this association, reporting a moderate positive
correlation between mathematical creativity and achievement among children and ado-
lescents. Despite these differing emphases, researchers widely agree that creativity and
mathematical knowledge are closely intertwined and mutually reinforcing.

A substantial body of work supports the view that domain-specific knowledge pro-
vides the foundation for creativity within the same domain. Amabile’s (1996) Componential
Model of Creativity identifies domain-relevant skills—factual knowledge, technical profi-



Educ. Sci. 2025, 15, 1581

50f21

ciency, and specialized talents—as essential for producing novel and appropriate solutions.
Applied to mathematics, this means that students” ability to generate original or flexible so-
lutions depends on their understanding of mathematical concepts and procedures. Building
on this foundation, Sriraman (2009) and R. Leikin and Lev (2007) propose a mathematics-
specific framework in which fluency, flexibility, and originality are core indicators of
mathematical creativity. Tasks such as MSTs effectively reveal creativity when students
apply domain-specific strategies in flexible and meaningful ways, situating mathematical
creativity at the intersection of general reasoning and mathematical content knowledge.

Empirical evidence reinforces this domain-specific perspective. Lin and Cho (2011)
examined Korean students’” performance on open-ended problem-solving tasks and found
that mathematical knowledge significantly predicted fluency, flexibility, and originality.
Students with stronger mathematical foundations were more capable of producing diverse
and original solutions, illustrating that domain knowledge enables rather than constrains
creative expression. Their work highlights that mathematical creativity is best understood
as a knowledge-embedded process, emerging through the integration of mathematical
understanding and flexible strategic thinking.

Complementary findings come from the development of the Mathematical Creative
Problem Solving Ability Test (MCPSAT) by Kim et al. (2004), which distinguishes mathe-
matical creativity from mathematical thinking ability while recognizing their interdepen-
dence. Their model supports the claim that creativity flourishes when students possess the
knowledge base needed to generate and evaluate novel approaches.

Finally, while domain-general frameworks such as Guilford’s (1968) Structure of In-
tellect model and Torrance’s (1974) Tests of Creative Thinking identify broad cognitive
dimensions of creativity (e.g., fluency, flexibility, originality, elaboration), they offer lim-
ited explanatory power for understanding how creativity manifests in mathematics. In
contrast, Amabile’s componential model, mathematics-specific frameworks, and empiri-
cal studies such as Lin and Cho (2011) converge to show that mathematical creativity is
best conceptualized as a domain-embedded construct. It emerges most powerfully when
learners apply solid mathematical knowledge in flexible and original ways to produce
meaningful solutions.

1.2. Instructional Support to Develop Mathematical Creativity

Mathematical creativity is a mental process that can be developed and enhanced
through teacher-led interventions and enrichment programs by well-trained teachers (Ko-
zlowski et al., 2019). Research emphasizes the central role of teachers in shaping students’
creative mathematical thinking by designing challenging tasks, fostering flexible strategies,
and encouraging original problem solving (Nadjafikhah et al., 2012; Yang et al., 2023b). At
the same time, enrichment programs offer extended opportunities beyond the standard cur-
riculum, providing gifted learners with more opportunities to engage in content of interest
and the chance to develop their talents in supportive environments (Miller & Gentry, 2010;
Mun & Hertzog, 2018; Yang et al., 2023b). Together, these approaches illustrate how formal
instruction and supplemental enrichment can work to cultivate creativity in mathematics.

1.2.1. Teacher-Led Interventions

Nadjafikhah et al. (2012) emphasized the critical role of teachers in fostering students’
mathematical creative thinking. Yang et al. (2023a) also emphasized that teachers are
key for “the development of talent in young gifted ELs”, stressing the need for a chal-
lenging curriculum, specialized teacher preparation, and the use of effective classroom
teaching. Several teacher-led interventions have been shown to be effective in promoting
mathematical creativity (Kozlowski et al., 2019). Below, we describe these interventions.
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Problem-Solving and Problem-Posing Tasks. Problem-Solving and Problem-Posing
Tasks (Silver, 1997) involve formulating, attempting to implement, and reformulating a
strategy, and ultimately solving the problem. A typical problem-solving task might be
“Given the set of numbers {3, 21, 2, 10} and the symbols for addition, subtraction, multi-
plication, and division, create as many combinations as possible that equal 17.” (Maxwell,
1974). An example of a problem-posing task could involve presenting participants with a
complete cross-number puzzle and asking them to generate the questions, encouraging
diverse and creative thinking (Haylock, 1985). Throughout the intervention, students en-
gage in generating multiple solutions, shifting strategies when encountering obstacles, and
producing original problem-solving approaches (Silver, 1997). By posing their own prob-
lems, students also practice creating diverse problem sets, designing tasks that encourage
divergent thinking, and analyzing and constructing novel problems (Silver, 1997).

Multiple Solution Tasks. MSTs are a practical intervention for assessing students’
creative thinking in mathematics. According to a systematic review by Kozlowski and
Chamberlin (2022), MSTs are easy to administer and score. They are straightforward to use
because they do not require complex responses and are commonly employed to evaluate
students” mathematical learning outcomes at the end of each semester. However, one
limitation of MSTs is that they may not effectively promote higher-order cognitive processes
(Yonker, 2011), and the feedback provided is typically limited (Chattopadhyay, 2016).

Model-Eliciting Activities. Model-eliciting activities (MEAs) (Chamberlin, 2013, 2016)
foster students’ conceptual understanding by engaging them in model creation and complex
problem-solving. As Gilat and Amit (2013) describe in their case study, MEAs supported
several cognitive characteristics such as flexibility, combination, and analogy, while also
promoting affective dimensions of motivation and interest, self-efficacy and persistence,
and metacognition and self-reflection. In MEAs, students also have opportunities to
develop multiple solutions that satisfy the problem’s requirements, and this open-ended
structure fosters fluency, innovation, and idea generation (Stohlmann, 2013).

Open-Ended Questions. Open-ended questions provide students with opportunities
to apply fluency, flexibility, and originality in their thinking (Silver, 1997). The problem-
solving carried out with a group of students also allow students to observe and reflect on
their peers’ mathematical reasoning and justifications (Hiebert et al., 1997). Exposure to
multiple solutions stimulates students’ desire to be creative, encouraging them to internalize
and apply creative strategies in future learning. In such environments, creativity is made
visible and nurtured, rather than being constrained or isolated (Kozlowski et al., 2019).

1.2.2. Math Enrichment Programs

Although mathematics is a required subject taught in all schools, enrichment math is
commonly offered outside of regular school hours, especially in elementary and middle
schools, with the goal of providing challenging, in-depth exploration of topics to further
develop students’ talents and abilities that are not typically covered in the standard curricu-
lum (Mun & Hertzog, 2018). The National Association for Gifted Children (2025) defines
enrichment as “enrichment activities that add or go beyond the existing curriculum. They
may occur in the classroom or in a separate setting such as a pull-out program.” Enrichment
programs (e.g., after-school classes, Saturday programs) can offer both academic and social
benefits for gifted students from diverse backgrounds. These programs have been shown to
improve their school performance, increase enrollment in advanced courses, and eventually
influence their decisions to pursue higher education (Miller & Gentry, 2010). Math enrich-
ment classes provide students with opportunities to explore topics in greater depth than is
typically possible in regular classrooms. They allow students to pursue existing interests,
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develop new ones, and engage in challenging and stimulating instructional practices and
learning environments (Mun & Hertzog, 2018).

For gifted ELs, enrichment programs play a critical role in nurturing mathematical
creativity by combining cognitively demanding content with strategic language support.
Evidence from Project HOPE’s implementation of the M curriculum illustrates this effect.
In a study of mathematically promising third-grade ELs, students who participated in
the after-school M? enrichment program for one year made significantly greater gains
in mathematics achievement than peers in comparison classrooms (effect size = 0.63),
reflecting the curriculum’s emphasis on advanced mathematical reasoning and embedded
language scaffolds (Cho et al., 2015).

Building on this foundation, Project BRIDGE integrates the RED model (Recogni-
tion, Expectation, Differentiation) with structured language scaffolding to support young
gifted ELs. Observational studies found that students were more motivated and engaged
in BRIDGE after-school classes than in their regular math classes across all levels of En-
glish proficiency and mathematical ability. The use of enriched tasks, culturally respon-
sive teaching, and “Talk Moves” facilitated students” mathematical reasoning and com-
munication, with teacher use of Talk Moves significantly predicting students’” outcomes
(Yang et al., 2023b).

Collectively, these studies demonstrate that well-designed enrichment programs can
cultivate ELs” mathematical creativity by deepening conceptual understanding, encourag-
ing flexible problem solving, and supporting the development of mathematical language.
This dual focus on content and language provides gifted ELs with meaningful opportunities
to express creative mathematical thinking.

1.3. Mathematical Creativity and Gifted English Learners

An EL is federally defined as a student aged 3-21, enrolled in elementary or secondary
school, who was either not born in the U.S. or has a non-English native language—including
Native American or Alaska Native students whose home language limits English profi-
ciency (United States Department of Education, 2016). ELs are the fastest-growing student
population in America over the previous two decades (Doan et al., 2024) and make up
almost 11% of all public school students (National Center for Education Statistics, 2024).
Many gifted ELs are immigrants or children of immigrants, reflecting broader U.S. im-
migration patterns (Mun et al., 2020). Most ELs are Hispanic (77.9%), followed by Asian
(9.7%), White (6.1%), Black (4.2%), and smaller percentages from other racial or ethnic
groups (National Center for Education Statistics, 2024). Nearly one-quarter of ELs under
18 live with at least one immigrant parent, with the majority born in the U.S. (Migration
Policy Institute, 2019). Growing linguistic diversity is evident, as the number of people
who speak a non-English language at home rose from 23.1 million in 1980 to 67.8 million in
2019, with Spanish, Chinese, Tagalog, Vietnamese, and Arabic among the most common
(United States Census Bureau, 2022).

While ELs face challenges, they also bring important strengths, including funds of
knowledge—cultural and experiential knowledge developed over time (Moll et al., 1992;
Mun et al., 2016; Castellano & Francis, 2022). Gifted ELs, in particular, could demonstrate
high potential across academics, creativity, leadership, and the arts (Harris et al., 2007). They
often contribute unique cultural and linguistic assets by showing pride in their heritage,
translating for peers, and navigating between languages and cultures with advanced skills
such as code-switching (Valdés Fallis, 1978; Castellano, 2002). Many also display global
awareness, strong mathematical and creative abilities, and superior intellectual or academic
talent even while learning English.
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Although a growing body of work has examined mathematical creativity and its rela-
tionship to achievement (Starko, 1994; Mann, 2005; Akgul & Kahveci, 2016), there is limited
research focusing specifically on young, gifted ELs (Cho et al., 2015; Yang et al., 2023b;
Yang & Cho, 2024; Mun et al., 2020). Most studies address mathematical creativity within
general populations or gifted education more broadly (Sriraman et al., 2013; Kozlowski &
Chamberlin, 2022), with relatively little attention to the intersection of creativity, enrichment
programming, and linguistic diversity. Given evidence that teacher-led interventions and
enrichment programs can play a critical role in fostering mathematical creativity (Nad-
jafikhah et al., 2012; Yang et al., 2023b; Mun & Hertzog, 2018), additional research is needed
to understand how such approaches may support both talent development and language
acquisition among young, gifted ELs.

(RQ1) To what extent do creativity outcomes differ between intervention and comparison
groups?
(RQ2) Which factors significantly predict creativity outcomes?

2. Materials and Methods

This study employed a quasi-experimental pretest—posttest comparison group design
to examine Tangram Creativity Assessment outcomes, and a correlational predictive design
to identify the predictors of creativity performance.

2.1. Participants

This study consists of 250 kindergarten ELs with high potential. Participants were
nominated by their teachers using the Scales for Rating the Behavioral Characteristics of Superior
Students (Renzulli et al., 2009). Teachers rated students on traits commonly associated
with mathematical talent (e.g., preference for challenging tasks and using creative or
unusual problem-solving strategies; Gavin, 2005). Students were then randomly assigned
to intervention and comparison groups. The study occurred across six schools in large urban
districts in New York, Texas, and California. Demographic information for participants is
presented in Table 1.

Table 1. Demographic information of participants.

Category Intervention Comparison Total

(n =155, 62%) (n =95, 38%) (n =250, 100%)

n % n % n %
Gender Female 83 53.5 45 474 128 51.2
Male 72 46.5 50 52.6 122 48.8
Ethnicity Hispanic 94 60.6 59 62.1 153 61.2
Asian 23 14.8 7 7.4 30 12.0

African 5 32 2 2.1 7 2.8

American

Not specified 33 21.3 27 28.4 60 24.0

Number of classes 16 61.5 10 38.5 36 100

2.2. Instruments
2.2.1. Tangram Creativity Assessment (TCA)

In the tangram creativity assessment, kindergarten ELs with high potential were
asked to complete a large triangle using small tangram pieces of triangles, squares, and
parallelograms (See Table 2). Although there are only five possible correct configurations,
the three Torrance creativity dimensions—fluency, originality, and flexibility—remain
distinct and meaningful for assessment.
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Table 2. Tangram creativity assessment.

The White Space Inside the Shape
Must Be Completely Covered and Does Small Tangram Pieces to Design Composition of Shapes
Not Go Outside the Shape’s Perimeter.

T Typel

X

Type 2

Composition of triangles

Composition of square

___Type4

~ Type5

— T

Composition of parallelogram

Fluency

Fluency measures the total number of unique correct solutions generated by a student.
Fluency answers the question: How many correct solutions did the student find? While fluency
captures productivity, it does not differentiate between common and uncommon responses.

Flexibility

Flexibility measures the variety of conceptual or strategic approaches used to solve
the problem. The five solutions can be categorized by structural or procedural attributes
(e.g., triangle, square, or parallelogram configurations). Flexibility scores are calculated by
counting the number of distinct categories represented in a student’s set of solutions. This
ensures recognition of students who shift between different approaches, rather than relying
on a single strategy.

Flexibility is the ability to shift between different categories of ideas.

In this tangram case, the three categories were decided based on conceptual meaning
and solution strategy or structure (see Table 2)

Category A: Triangle configurations (Responses 1 and 2)

Category B: Square configurations (Response 3)

Category C: Parallelogram configurations (Responses 4 and 5)

The number of different categories that a student’s responses fall into was counted.
For example:

Student finds responses 1, 2, 3 — if 1 & 2 are both in Category A and 3 is in Category
B, flexibility score = 2.

Student finds Responses 1, 3, 5 — if they span three distinct categories, flexibility
score = 3.
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Originality

Originality answers a question: How unusual or rare were those solutions compared to
peers? It is operationally defined as statistical rarity relative to a reference sample. Following
TTCT-style frequency norming and subsequent uses in a mathematics context, higher values
were assigned to statistically less frequent solutions in the sample. Because the tangram task
affords a finite solution space (five valid configurations), rarity can be estimated precisely
and stably. The following cut-points were adopted: rare <10% = 3 points; infrequent
10-19% = 2 points; occasional 2040% = 1 point; common >40% = 0 points (See Table 3).

Table 3. Originality Score Justification.

Originality S
o,
Response Yo f f Cutoffs Points Originality
Type 1 O . 1
ccasiona
‘Q 20 12 (20-40%) 1 Moderate
— Occasional
Y 23 14 (20-40%) 1 Moderate
_ Types Common
TE 43 26 (>40% 0 Common
occurrence)
T
7 Infrequent
i% 13 8 (10-19%) 2 Elevated
T Tymes
N E 1 1 Rare (<10%) 3 Exceptional

For the tangram task, originality captures a qualitative difference in thinking, not just
quantity. For example, if two students might both have a fluency score of 3, but if Student
A’s solutions are Responses 1, 2, and 3, and Student B’s are Responses 1, 2, and 5, Student B
has shown more original thinking. This aligns with Torrance’s intent: originality is about
deviation from the norm, even if fluency already counts the total responses.

Including originality and flexibility scores alongside fluency provides a more com-
prehensive assessment of creative thinking, even within a constrained problem space (See
Table 4). It captures not only productivity but also the novelty and versatility of students’
problem-solving processes.

Table 4. Example fluency, originality, flexibility, and TCA total scoring of high-potential ELs.

Fluency Flexibility Originality TCA Total
Child Image Numb.er of Score Numbel: of Score Number of ) Score Adding
Response Solutions Categories Unusual or Rare Solutions Fluency,
A B C 3 1,2 4 5 Flexibility, and
1,2 (B 45 ©OpH @aph @pH @Bpd Originality
3 Tygeqiﬁﬂ
v W 1 T - - 1 - 1 - - 1 3
‘ 1 1 - - 1 - 1 - - 1 3
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Fluency Flexibility Originality TCA Total
Child Image Numb'er of Score Number‘ of Score Number of ) Score Adding
R Solutions Categories Unusual or Rare Solutions Fluency,
esponse ey
A B C 3 1,2 4 5 Flexibility, and
32 G @5 Opy @apH @pH (Bpbd Originality
_ Type3
v W 1 -1 - 1 1 - - - 0 2
_ Typed
v W 1 - . 1 1 - y 1 : 2 4
— Type5
v W 1 - - 1 1 - - - 1 3 5
_ Typel
2 1 - 1 2 - 1 - 1 4 8
__ Type5
- 77{952 _
Type 3
v \= 4 31 1 1 3 1 1 - 1 4 10

2.2.2. Tangram-Specific Problem-Solving Speed (TPSS)

Task-specific problem-solving speed was measured to examine how cognitive ef-
ficiency supports creative performance (Beaty et al., 2016; Benedek & Neubauer, 2013;
Guilford, 1968) and how problem-solving fluency relates to mathematical creativity (R.
Leikin, 2009; Silver, 1997). Tangram-specific Problem-Solving Speed (TPSS) was assessed to
capture how quickly high-potential kindergarten ELs could compose shapes using given
tangram pieces (see Table 5). This measure focused on the time taken to achieve the first
correct solution type, with higher scores reflecting faster completion. Children were in-
structed to cover part of a triangle using the tangram pieces, and their responses were timed
and scored on a 0-3 scale. The scoring rubric emphasized both efficiency and accuracy in
covering the target space without extending beyond the shape’s perimeter.

2.2.3. Cognitive Abilities Test

CogAT was administered to measure general reasoning ability across verbal, quantita-
tive, and nonverbal domains, providing an index of the cognitive flexibility and problem-
solving capacity that may support creative mathematical thinking (Krutetskii, 1976; Srira-
man, 2009).

2.2.4. Mathematics Achievement

NWEA MAP Growth math was administered to measure mathematical achievement,
reflecting mastery of grade-level concepts and skills through a computer-adaptive format
(NWEA, 2025). It provides national norms for instructional planning. The grade percentile
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rank on the NWEA MAP Growth Math assessment indicates a student’s performance
relative to grade-level peers nationwide.

Table 5. Grade K tangram problem-solving speed.

Typel
W Solved at 20 s

e

%

<

+ extra at 2:30
Score: 3

Item Prompt Focl::[sfl/tshkill Scoring Criteria C;ﬂ:p{;‘:ege Score Explanation
N =l Solved at 20 s
\Z\ Score: 3
 Types
\. Solved at 46 s
The triangle A. Time Needed ; Score: 2
covers this part. to Solve 1st Way
Please cover this . . <30s (3 pt)
art using the Spatial reasoning <1 min (2 pt) —=t :
P and composition T Solved at 2 min
other shapes of shapes <3 min (1 pt) Score: 1
[point to the p >3 min (0 pt)
white part and
the tangram]. Total: 3 pt max v

Note. Accept any design that completely covers the white space inside the shape and does not go outside the
shape’s perimeter. All solutions shown (Type 1-5) are possible solutions that are considered “different” on the
scoring rubric. Note that some use the exact same shapes but are positioned differently.

Using these measures allowed us to examine whether mathematical creativity among
high-potential ELs is more strongly linked to general cognitive reasoning or to domain-
specific achievement or to Tangram problem-specific skills, thereby providing a nuanced
understanding of creativity’s predictors in early mathematics learning.

2.3. Implementation

Intervention students participated in after-school math classes, which used a modified
version of the Mentoring Young Mathematicians (M?) math curriculum. The M? is a
curriculum designed around the focus of teaching advanced mathematics using research-
based practices and standards in mathematics education and early childhood education
(Casa et al., 2017; Gavin et al., 2013a, 2013b). The modifications included routine and
adaptive scaffolding (de Oliveira & Athanases, 2017) tailored to make advanced subject
content comprehensible for linguistically diverse students (Yang & Cho, 2024; Yang et al.,
2021, 2023a, 2023b). The intervention group teachers attended a five-day professional
development workshop during which they learned about strategies in teaching math to
ELs. Two units (geometry and measurement) were implemented in kindergarten for 80 h of
instructional time over four months. The comparison group students were also enrolled in
an after-school program for the same number of hours, where the same grade-level school
curriculum was implemented.
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2.4. Data Analysis

Analyses focused on the Tangram Creativity Assessment across fluency, flexibility,
originality scores, CogAT, TPSS, and NWEA MAP Growth Math. Data were analyzed using
Mplus Version 8.5 (Muthén & Muthén, 1998-2017).

MANOVA was conducted to examine group (intervention vs. comparison) differences
in pre-test scores. ANCOVAs were performed on post-test scores, using pre-test as a
covariate to estimate intervention effects.

The two-group structural equation modeling (intervention vs. comparison) analysis
was conducted. The two latent factors (Pre-TCA and Post-TCA) were indicated by three
observed variables (fluency, flexibility, originality). We evaluated configural invariance
(same pattern of loadings) and then metric invariance by constraining factor loadings to
equality across groups. Model adequacy was evaluated using fit indices. The structural
paths predicting Post-TCA from Pre-TCA, TPSS, CogAT, and NWEA were compared
across groups.

3. Results
3.1. Comparison of Tangram Creativity Assessment Scores

The intervention group demonstrated higher post-TCA mean scores for fluency, flexi-
bility, and originality than the comparison group. A MANOVA was conducted to examine
the effect of group (intervention vs. comparison) on pre-test TCA scores across fluency,
flexibility, and originality (see Table 6). Results indicated no significant main effect of the
group on the combined TCA scores, and there were no significant group differences on
fluency, flexibility, or originality (all ps > 0.05).

Table 6. Descriptive statistics for pre-TCA and post-TCA scores across fluency, flexibility, and
originality, and MANOVA.

Assessment Group MANOVA
Intervention Comparison
(n = 155, 62%) (n =95, 38%)
Effect M (SD) M (SD) Wilks” Lambda F (df1, df2) p 172p
Intercept 0.630 46.374 (3, 246) <0.001 0.370
Group 0.987 1.006 (3, 246) 0.391 0.013
Pre-TCA 1.55 (2.02) 1.37 (1.80)
Pre-Fluency 0.57 (0.73) 0.52 (0.64) 0.398 (1, 248) 0.529 0.002
Pre-Flexibility 0.55 (0.66) 0.45 (0.60) 1.341 (1, 24 0.248 0.006
Pre-Originality 0.43 (0.85) 0.40 (0.72) 0.082 (1, 248) 0.775 0.000

Post-TCA
Post-Fluency
Post-Flexibility
Post-Originality

305  (3.07) 222 (2.67)
103 (099 074  (0.84)
094  (086) 070  (0.77)
109 (145 077  (118)

The ANCOVA results examining post-TCA scores on fluency, flexibility, and originality
between groups after adjusting for pre-test scores were presented (See Table 7). For total
TCA, results indicated a significant group effect. The intervention group achieved higher
adjusted post-test scores (M = 3.02, SE = 0.22) than those in the comparison group (M = 2.16,
SE = 0.28). For fluency, the group effect was significant; the intervention group scored
significantly higher (M = 1.02, SE = 0.07) than the comparison group (M = 0.72, SE = 0.09).
For flexibility, the group effect was significant. Adjusted post-test scores were higher for
the intervention group (M = 0.93, SE = 0.06) than for the comparison group (M = 0.71,
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SE = 0.08). Finally, for originality, results showed a significant effect of group effect, and the
intervention group again outperformed those in the comparison group (M =1.09, SE =0.11
vs. M = 0.72, SE = 0.14). Taken together, these findings indicated that, after controlling for
pre-test performance, the intervention group scored significantly higher than those in the
comparison group across all outcomes (total TCA, fluency, flexibility, and originality).

Table 7. Post-TCA across fluency, flexibility, and originality differences between groups.

Measure Source F(1, 246) p 7p
Total TCA Pre-test 45.26 <0.001 0.169
Group 5.72 0.018 0.025

Fluency Pre-test 49.03 <0.001 0.180
Group 7.06 0.008 0.031

Flexibility Pre-test 36.68 <0.001 0.141
Group 4.62 0.033 0.020
Originality Pre-test 28.32 <0.001 0.113
Group 4.38 0.038 0.019

3.2. Path Analysis of Tangram Creativity Assessment Across Fluency, Flexibility, and
Originality Scores

A path analysis was conducted to examine predictors of TCA scores across fluency,
flexibility, and originality as well as CogAT, TPSS, and NWEA MAP Growth Mathematics
(See Figure 1). The configural/metric measurement model was significant (See Table 8).
Factor loadings were constrained to equality across groups (metric invariance), and model
fit did not degrade relative to the unconstrained model (ACFI < 0.010, ARMSEA < 0.015).
This indicates that metric invariance was supported, allowing comparisons of structural
paths across groups.

flu post *+—

375 (.128) 1.000 (.000)

tpss 3m§31 (16.142) 041 (.015)

271 (356 1317 2.072)  592(124) vl flex_posti¢—
1.000
. (Quu,l \ Z/ .845 (.041)
.053 (.079)mwea_per| 479.728 (95.217)/ (.004)
935 (.060)\ 1.141 (.051)

1350 (.176)

4.120 (2.177)

Figure 1. Multi-group (COM vs. INT) Path Diagram of Tangram Creativity Assessment. Note.
TCA = Tangram Creativity Assessment. CogAT_RAW = Cognitive Abilities Test (CogAT) total raw
score. TPSS = Tangram Problem Solving Speed. NWEA = NWEA MAP Growth Mathematics. NWEA
PER = NWEA MAP Growth Mathematics Achievement Percentiles.

ori_post

394 (.070)

The latent TCA factors (Pre and Post) were well defined by fluency, flexibility, and
originality indicators, with moderate-to-strong loadings (~0.80-1.15). These loadings
provide evidence of internal consistency and convergent validity of the construct in this
study’s sample. The autoregressive path from Pre-TCA to Post-TCA was small to moderate,
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indicating that prior performance explained part, but not all, of the variance. Across all
participants, predictors accounted for approximately 55-60% of the variance in Post-TCA,
providing strong evidence of predictive validity. TPSS emerged as the most robust predictor,
while CogAT and NWEA Math showed only modest and non-robust effects when pooling
groups. Collectively, these results support the reliability and validity of the TCA as a
measure of creative performance in this sample.

Table 8. Model Fit and Measurement Invariance.

Mplus Step

x2 ) p CFI TLI RMSEA [90% CI] SRMR ACFI ARMSEA

Configural
(multi-group)

Metric (loadings
equal across groups)

68.53 (48) 0.027 0977 0969 0.059 [0.021, 0.089] 0.077 — —

68.53 (48) 0.027 0977 0969 0.059 [0.021, 0.089] 0.077 0.000 0.000

TPSS positively predicted TCA in both groups (INT: 3 = 0.74, p < 0.001; COM: 3 = 0.60,
p <0.001). COGAT predicted TCA in INT (3 = 0.24, p = 0.005) but not in COM (3 = 0.02,
p = 0.80), likewise NWEA Math. The autoregressive path from Pre-TCA to Post-TCA
was modest. Explained variance was R? = 0.69 for INT and R? = 0.46 for COM, indicating
substantively stronger prediction in the intervention group. In the INT group, the predictors
(TPSS, COGAT, NWEA Math, and Pre-TCA) together account for 69% of the variance,
versus 46% in COMP. It was indicated that the model is more informative and linked to
outcomes for INT, consistent with a more coherent effect pattern in the intervention group
driven by TPSS.

Results indicated that general cognitive ability, mathematics achievement, and tan-
gram problem-solving speed contributed to TCA performance, with TPSS emerging as
the most consistent and robust predictor. CogAT and TPSS significantly predicted higher
post-TCA scores, suggesting that both higher cognitive ability and faster Tangram-specific
problem-solving speed were associated with more original and flexible solutions. Overall,
these findings demonstrate that TCA performance is shaped by a combination of cognitive
and achievement factors, with problem-solving speed playing a particularly influential role.

4. Discussion

This study investigated the intervention effects, predictors, and outcomes of mathe-
matical creativity among high-potential kindergarten ELs using MANOVA and structural
equation modeling (SEM) conducted in Mplus. Grounded in Amabile’s (1996) Componen-
tial Model of Creativity and Sriraman’s (2009) framework of mathematical creativity, the
study examined how general reasoning ability, mathematical achievement, and task-specific
problem-solving skills contribute to creativity outcomes on the Tangram Creativity Assess-
ment (TCA), and whether a targeted enrichment intervention can foster creativity in early
mathematics learning. The use of SEM allowed for simultaneous examination of the unique
contributions of each predictor variable, offering a more comprehensive understanding of
the relationships among ability, achievement, and creativity than would be possible with
simple regression or correlational analyses. The discussion below interprets these findings
in light of the theoretical framework and prior research, focusing first on the predictors
of mathematical creativity, followed by the effects of the intervention, the relationship
between creativity and achievement, and implications for early gifted education.

4.1. Predictors of Mathematical Creativity

Structural equation modeling (SEM) using Mplus clarified how cognitive and
achievement-related factors contribute to mathematical creativity. General reasoning abil-
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ity (CogAT), domain-specific achievement (NWEA Map Growth Math), and task-specific
problem-solving efficiency (TPSS) had significant direct effects on fluency, flexibility, and
originality. The results supported arguments that general cognitive abilities—such as
flexible reasoning and pattern recognition—underpin creative mathematical performance
(Krutetskii, 1976; Sriraman, 2009). Domain-specific knowledge also emerged as a significant
predictor, consistent with theories emphasizing content knowledge as a foundation for
creativity (Amabile, 1996; R. Leikin & Lev, 2007; Sriraman, 2009) and theories that higher
mathematical achievement supports higher math creativity (Mann, 2005; Plucker et al,,
2004; Runco & Jaeger, 2012; Starko, 1994); the negative path coefficient in the SEM model
was due to reversed percentile rankings. TPSS scores were the strongest predictors of
creativity, reflecting their closer alignment with the cognitive and spatial demands of the
creativity task. This underscores the value of domain-proximal performance measures and
of fostering both conceptual understanding and automatization to support flexible, creative
thinking (Sweller, 1988; Sweller et al., 1998; Beaty et al., 2016).

Taken together, these results suggest that the intervention’s impact on ELs’ conceptual
understanding and skill mastery contributed to improved performance on the key cogni-
tive and domain-specific predictors of mathematical creativity. By improving conceptual
comprehension and procedural mastery, the intervention appears to have strengthened
the foundational knowledge and skills necessary for creative mathematical performance.
This underscores the importance of both enrichment opportunities and domain-proximal
performance measures in fostering creative mathematical thinking (Sweller, 1988; Sweller
et al., 1998; Beaty et al., 2016).

4.2. Effects of Enrichment Intervention

The ANCOVA results showed that, after controlling for pretest differences, the inter-
vention group significantly outperformed the comparison group on posttest mathematical
creativity scores. These consistent effects indicate that the modified Mentoring Young
Mathematicians (M?) curriculum, adapted for linguistically diverse learners, effectively
fostered mathematical talent development—including creativity (Cho et al., 2015; Mun &
Hertzog, 2018; Yang et al., 2023b). The enrichment-based approach provided gifted ELs
with structured opportunities to engage deeply with advanced mathematical concepts,
develop a strong conceptual understanding, and master key mathematical skills, while
simultaneously strengthening their language and reasoning abilities (Doan et al., 2024).

This solid foundation in mathematical knowledge and problem-solving processes ap-
pears to have laid the groundwork for students to generate flexible and original solutions,
leading to significant growth in mathematical creativity. Supporting this interpretation,
Tangram Problem Solving Speed (TPSS) emerged as the strongest predictor of creativity
outcomes on the Tangram Creativity Assessment (TCA), with a larger effect in the interven-
tion group than in the comparison group. Students who quickly and accurately solved the
tangram tasks were likely drawing on well-developed conceptual schemas and efficient
strategies, which freed cognitive resources for creative exploration of alternative solutions.

These findings are highly consistent with Lin and Cho’s (2011) empirical work, which
demonstrated that students with stronger mathematical foundations were better able to pro-
duce diverse and original solutions to novel problems. Similar to their results, the present
study shows that conceptual mastery and efficient strategy use serve as critical enablers
of mathematical creativity, particularly among students who receive targeted enrichment.
Together, these findings highlight how strengthening foundational knowledge through
enrichment can directly support the development of creative mathematical thinking in
gifted ELs.
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4.3. Language Proficiency and Creativity Performance

Language proficiency influenced how students demonstrated creativity. For ELs,
limited proficiency may have constrained performance on language-dependent assessments
by diverting cognitive resources away from flexible thinking (Cummins, 1979; Swain
& Lapkin, 1995). However, in tangram-based mathematical creativity tasks with low
linguistic demands, EL students were able to better demonstrate their creative potential
by relying on visual-spatial reasoning. This aligns with research linking bilingualism to
enhanced cognitive flexibility and associative thinking (Kharkhurin, 2010; M. Leikin, 2013),
highlighting that language proficiency can act as both a barrier and a resource depending
on task characteristics.

4.4. Limitations and Future Directions

Several limitations should be acknowledged. First, although students were randomly
assigned to groups, teacher nominations may have introduced selection bias (Renzulli
et al., 2009). Second, originality scoring was based on sample-wide frequency, which may
vary across contexts; replication in different settings would strengthen validity (Torrance,
1974; Suherman & Viddkovich, 2022). Third, while this study examined creativity within a
constrained tangram problem space, future work should extend to broader mathematical
domains (Tabach & Friedlander, 2013).

Future research should examine longitudinal trajectories: Do early creativity gains
persist into the elementary grades, and how do these gains influence later achievement?
In addition, future work should investigate whether students who are more mathemati-
cally creative at a given time point also achieve higher in mathematics, highlighting the
concurrent relationship between creativity and achievement. Qualitative analyses of stu-
dent strategies could further illuminate the processes underlying creative problem solving
among ELs (Levenson, 2013; Beghetto, 2017).

5. Conclusions

This study provides evidence that high-potential kindergarten ELs demonstrate mean-
ingful levels of mathematical creativity when engaged in open-ended, geometry-based
tasks. Creativity outcomes were predicted by both general cognitive ability and domain-
specific mathematical reasoning, underscoring the multidimensional nature of mathemati-
cal talent (Krutetskii, 1976; Sriraman, 2009). Importantly, the intervention using a linguisti-
cally responsive version of the M? curriculum significantly enhanced students’ creativity
compared to business-as-usual instruction (Mun & Hertzog, 2018; Yang et al., 2023b).

The findings carry the following three key messages. Creativity is measurable and
observable in early childhood, even within structured problem spaces like tangrams (Tor-
rance, 1974; Kozlowski et al., 2019). Instructional support matters—targeted enrichment
programs can meaningfully foster creativity in young ELs with high potential (Miller &
Gentry, 2010; Nadjafikhah et al., 2012). Equity in gifted education requires new approaches
that recognize and nurture the creative potential of linguistically diverse learners (Mun
et al., 2020; Yang & Cho, 2024).

By embedding creativity-focused tasks within both classroom instruction and enrich-
ment programs, educators can ensure that ELs’ talents are recognized and cultivated early.
This work reinforces the argument that creativity is not ancillary to mathematics learn-
ing but central to developing the flexible, original thinkers needed for future innovation
(Plucker et al., 2004; Starko, 2022).
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