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Abstract: Scholars have claimed that artificial intelligence can be used in education to transform
learning. However, there is insufficient evidence on whether intelligent tutoring systems (ITSs), a
representative form of artificial intelligence in education, has transformed the teaching and learning
of mathematics. To fill this gap, this systematic review was conducted to examine empirical studies
from 2003 to 2023 that used ITSs in mathematics education. Technology integration was coded
using the substitution, augmentation, modification, redefinition (SAMR) model, which was extended
to suit ITSs in a mathematics education context. How different contexts and teacher roles are
intertwined with SAMR levels were examined. The results show that while ITSs in mathematics
education primarily augmented existing learning, recent ITS studies have transformed students’
learning experiences. ITSs were most commonly applied at the elementary school level, and most
ITS studies focused on the areas of number and arithmetic, algebra, and geometry. The level of
SAMR varied depending on the research purpose, and ITS studies in mathematics education were
mainly conducted in a way that minimized teacher intervention. The results of this study suggest
that the affordance of an ITS, the educational context, and the teacher’s role should be considered
simultaneously to demonstrate the transformative power of ITSs in mathematics education.

Keywords: technology integration; mathematics education; SAMR model; intelligent tutoring
systems

MSC: 97U50

1. Introduction

The use of technology in mathematics education is recommended to form a problem-
solving and inquiry-based educational environment in terms of constructivism and epis-
temological approaches [1]. To address this purpose, mathematics educators should use
technology in a transformative way rather than simply assimilated into traditional instruc-
tion practices [2-5]. Artificial Intelligence (AI) technology has developed rapidly, Al in
Education (AIED) can support student learning through customized learning, realize an
educational design that is impossible in existing educational modes, and provide new op-
portunities, potential, and challenges for educational innovation [6-8]. Intelligent tutoring
systems (ITSs) are a representative form of transformative application in AIED [9]. An ITS
is an Al application that aims to provide immediate, personalized instruction or feedback
to learners without the intervention of a human teacher [10]. An ITS has the potential
to play a pivotal role in supporting and supplementing the individualized educational
needs of learners in mathematics education, such as personalized learning paths [11],
problem-solving steps [12], and scaffolding [13].

However, despite abundant empirical evidence that ITSs are effective in mathematics
learning, several scholars have pointed out that ITSs have not reached their full perceived
potential in mathematics education [7,14,15]. For example, some ITSs do not provide
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constructivist opportunities for learners to construct their own knowledge but simply
replace or augment traditional practices [15]. Therefore, it not only matters to integrate ITSs
in mathematics learning, but it matters how instructors integrate them, because the use of
ITSs may otherwise continue to reflect traditional teaching methods [16]. Scholars have
also postulated the use of AIED can transform learning (e.g., [6-8]), but there is insufficient
evidence to determine whether the ITSs at the heart of AIED are transforming mathematics
learning or are being used to replicate past practices. A literature review that systematically
synthesizes existing empirical evidence can help mathematics education stakeholders make
more informed decisions. Existing literature reviews and meta-analyses have addressed
ITSs in education, including the effect of ITSs [9], characteristics, application, and evaluation
of ITSs [17], and the effectiveness of K-12 mathematics learning [18]. However, little
research has addressed explicitly how ITSs are integrated into mathematics education and
what challenges impede the integration process.

To address this gap, this study systematically analyzed 20 years of empirical stud-
ies on the use of ITSs in mathematics education using the substitution, augmentation,
modification, redefinition (SAMR) model [19], which is a taxonomy-based approach for
selecting, using, and evaluating technology in educational settings. This model is suitable
for describing the level of technology integration in a specific educational context [1]. The
present study used the SAMR model to investigate whether ITSs were used to change
learning in mathematics education or to replicate traditional learning. The findings provide
educators and researchers with insight into why the potential of ITSs has not yet been fully
realized in mathematics education and guide future research directions.

2. Background
2.1. Technology Integration in Mathematics Education

Integrating technology into mathematics education has the potential to support stu-
dent learning and fundamentally transform teaching and learning [1,20]. Cheung and
Slavin [21] conducted a meta-analysis of the effects of educational technology applica-
tions on mathematics achievement in K-12 classrooms over 30 years. Cheung and Slavin
found that technology had a positive effect on student achievement compared to tradi-
tional methods, with differential impacts depending on the type of educational technology
used. Advances in various information, communication, and computing technologies
(e.g., mobile technology; [22]), information and communication technology (ICT) [23],
and augmented reality [24] have provided new opportunities for learning mathematics.
However, a recent literature review of empirical studies reported that technology use has
not lived up to its perceived potential to transform mathematics learning experiences [1].
Students most often experience digital technologies to enhance traditional practices in the
context of mathematics education. When technology is used primarily as training and
practice in mathematics learning, its impact on student achievement may be minimal or
even negative [25,26].

Several scholars have recommended that it is better to use technology for tasks that
change significantly using technology rather than tasks that can be performed without tech-
nology [1-3,5]. In these environments, students have the opportunity to use mathematics
for productive purposes rather than following learning procedures according to predefined
scenarios [5]. However, technology does not fulfill its potential on its own, instead requiring
instructive, careful implementation to realize its potential and avoid negative impacts [27].
Drijvers [28] found the affordances of the technology, the educational context, and the
teacher’s role while using technology are important factors in integrating technology into
mathematics classrooms successfully. Drijvers emphasized that three elements should
be interrelated to make technology work in mathematics education; to do this, teachers
should orchestrate learning by (a) synthesizing the results of technology-rich activities,
(b) helping students develop ways to use tools effectively, and (c) relating experiences
within the technology environment to mathematical activities [29]. Learners will not use
the technology independently in ways that result in positive learning gains [30].
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2.2. ITSs in Mathematics Education

An ITS is a type of educational technology designed to support one-on-one adaptive
learning by providing feedback and hints [31]. Typically, an ITS features a user interface
that presents students with instructional material and allows them to answer structured
questions, often breaking each question into several steps to prevent student failure [17].
Since the introduction of the first ITS by Jaime R. Carbonell in 1970, ITSs have been used
in mathematics education to provide personalized learning activities tailored to learners’
characteristics and needs. The growing interest in ITSs within mathematics education
is largely driven by the limitations of human resources and time, as it is often difficult
for a single teacher to meet the educational needs of all students [32]. From an economic
perspective, ITSs hold the potential to address this issue.

With recent advancements in Al ITSs have evolved into adaptive learning systems that
incorporate Al technologies. These new Al-based systems guide learners through various
stages of learning by generating hints and feedback from expert knowledge databases as
needed [33]. As Al continues to be integrated into educational contexts, ITSs have emerged
as one of the most prominent fields where Al is applied in mathematics education [34]. The
primary objective and strength of Al-driven ITSs lie in their ability to assess learners, define
models, and provide appropriate feedback. These unique functional competencies can be
combined with using games [35], fostering exploratory learning environments [15], and
working with multiple representations [36] to form the basis of opportunities for driving
curriculum changes, assessment changes, and pedagogical changes [37]. ITSs may offer a
chance to reshape how mathematics is assessed, taught, and learned.

However, applying ITSs in mathematics education does not guarantee positive edu-
cational outcomes. It is well known that students do not always use technology in ways
that lead to positive learning benefits [30]. Despite the unique affordances of ITSs and their
potential to transform learning experiences, the innovative potential of ITSs is not always
fully realized in mathematics learning [33]. Several scholars have noted that mathematics
activities are often not designed to take full advantage of ITSs, with the technology primar-
ily replacing traditional instructional practices [7]. For instance, ITSs typically diagnose
learners and provide feedback while structuring the learning process into multiple steps
to prevent failure. This design feature minimizes failure and adheres to standardized
instructional methods, potentially overlooking the value of productive failure and alterna-
tive instructional approaches, such as collaborative learning, inquiry-based learning, and
group discussions [7]. Therefore, while ITSs offer unique potential and limitations and the
opportunity to fundamentally transform learning, fully realizing these innovative functions
requires a deeper understanding of how ITSs can be effectively utilized in educational
settings (e.g., [7,14,15]).

2.3. SAMR Model

Several perspectives describe technology integration, and one representative model
that classifies technology integration in educational contexts is the SAMR model [19]. The
SAMR model was developed based on the technological, pedagogical, content knowledge
(TPACK) framework [38] and the replacement, amplification, and transformation (RAT)
framework [39].

The SAMR model categorizes the degree of technology integration into two ranges
and four levels within each range (see Figure 1). This classification reflects the view that
technology integration in education falls into one exclusive category [40]. The substitution
level is a situation in which technology is used to directly substitute for traditional methods
without functional or conceptual changes, such as transferring the learning content to be
taught through technology. In the augmentation level, technology substitutes for traditional
teaching methods, but with functional improvements. It is possible to change small-scale
improvement, which does not imply strong changes to teaching and learning at this level. In
the modification level, technology allows for the redesign of typical lesson goals, activities,
and tasks. Physical barriers in the classroom are eliminated as students’ expressions of
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their positions become more flexible and closer to learning that occurs in a variety of
contexts. Finally, the redefinition level is the use of technology for learning in ways that
could not be implemented without technology. Two levels at the bottom represent using
technology to enhance learning, and two levels at the top represent using technology to
transform learning.

UOYDULIOfSUDL]

Enhancement

Figure 1. Hierarchy of the SAMR model (adapted from Puentedura, [19]).

The SAMR model reflects the idea that when teaching and learning mathematics,
technology should not simply replicate classroom practices but provide opportunities to
use mathematics for more productive purposes [1,5]. Therefore, several scholars recom-
mended that it is better to use technology for tasks that are significantly changed by the
use of technology rather than tasks that can be performed without technology [1-3,5]. In
these environments, students have the opportunity to use mathematics for real productive
purposes rather than following learning procedures according to predefined scenarios [5].
Based on this perspective, the SAMR model provided a classification standard for integrat-
ing technology into mathematics education, such as a literature review of technology [1],
interactive whiteboard [41], and digital technology [42]. Researchers have found that the
use of technology in mathematics education has been primarily at the replacement and
augmentation level (e.g., [1,43]). These results suggest that technology does not fulfill its
potential in mathematics education and that educational and careful implementation is
needed to fulfill its potential and avoid negative impacts [27].

The SAMR model can lead to misunderstanding and confusion in explaining or
understanding how to understand, interpret, and apply the levels due to subjective inter-
pretation [40]. Accordingly, some researchers have expanded the SAMR model to fit specific
research contexts, such as learning processes [44], Bloom's taxonomy [45], and teaching
and learning in AIED [46]. In this study, the SAMR model was extended in the context of
ITS use in mathematics education. The extended SAMR model for ITSs of mathematics
education is described in the methods section.

2.4. Review of Previous Research

As the publication of ITS research papers in the field of education increases, it is
necessary to organize and review related issues systematically. Table 1 outlines the existing
literature review and meta-analysis studies that analyzed ITS-related research papers in
the field of education and provides comprehensive results.
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Table 1. Previous studies on ITSs in education.

Author Number of Studies Timeline Focus of Review
Wang et al. [9] 40 2011-2022 Effectiveness on §tudles that applied social
experiment methods
Mousavinasab et al. [17] 53 2007-2017 Characteristics, applications, and evaluation
Kulik and Fletcher [33] 50 1990-2013 Effectiveness in education
Steenbergen-Hu and Cooper [47] 35 1990-2011 Effectiveness for college students
Steenbergen-Hu and Cooper [18] 26 1997-2010 Effectiveness on K-12 st'udents
mathematical learning
VanLehn [48] 8 1975-2010 Comparing the effectiveness of human tutoring,

computer tutoring, and no tutoring

Some studies have focused on examining the effectiveness of ITSs across the education
field, and the results demonstrated the value of ITS integration in education. For example,
VanLehn [48] conducted a meta-analysis of 28 articles and compared the effectiveness
of human tutoring, computer tutoring, and no tutoring. VanLehn reported that ITSs are
nearly as effective as human tutoring in increasing learning outcomes in STEM subjects,
but ITS should not be used to replace the full classroom experience. Steenbergen-Hu and
Cooper [47] conducted a meta-analysis of 35 studies in higher education. They reported that
ITSs had a moderate positive effect on college students” academic learning, and although
less effective than human tutoring, ITSs outperformed other teaching methods, such as
traditional classroom instruction, computer-assisted instruction, and homework.

Some studies have addressed the overall trend in ITSs in education. Mousavinasab
et al. [17] reviewed the characteristics, application, and evaluation of ITSs in 53 articles.
Wang et al. [9] synthesized 40 empirical studies that examined the effects of ITSs on teaching
and learning through social experiments. Other studies have focused on examining the
effectiveness of ITSs in mathematics education. Steenbergen-Hu and Cooper [18] conducted
a meta-analysis of studies of 34 ITSs on K-12 mathematics learning published from 1997
to 2010, concluding that ITSs did not have a negative effect on mathematics learning and
had a small positive effect. Kulik and Fletcher [33] conducted a meta-analysis of 50 articles
on K-12 mathematics learning published from 1990 to 2013 and reported that ITSs had
stronger effects than the typical outcomes of another private tutoring source.

As aresult, existing studies have mainly focused on the effectiveness and overall trends
in ITSs in the field of education, particularly the effectiveness of ITSs in the mathematics
subject. The findings of these existing studies suggest that the integration of ITSs in the
field of education and mathematics education is effective. However, none of the mentioned
studies focused on the integration of ITSs in mathematics education. Research examining
the degree of integration of ITSs in mathematics education can help researchers understand
how ITSs inform the design of mathematics instruction and guide future research that
can transform mathematics teaching and learning. Moreover, research focusing on ITSs
in mathematics education is very limited. Most studies have addressed the use of ITSs
across educational sectors; some studies focused on mathematics education and ITSs
(e.g., [18,33]), but they conducted meta-analyses examining effectiveness rather than using
a literature review approach. Furthermore, no ITS studies in mathematics education were
systematically reviewed after 2013. With the recent rapid advancements and innovations
in ITS studies, these reviews may subsequently be outdated. Because the number of ITS
studies in education has increased significantly over the past decade, it is timely to conduct
a comprehensive and critical review of the extent to which ITSs have been integrated into
mathematics education, including the latest research.

2.5. Research Questions

The purpose of this study was to present a systematic review of ITS studies in mathe-
matics education from 2003 to 2023 and reveal how ITSs are used in mathematics education
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based on the SAMR model. The relevance of the SAMR model to contextualize the teacher’s
role of implementing ITSs is emphasized. Three research questions guided this study:

RQ1. What levels of the SAMR levels are ITS studies integrated into mathematics
education?

RQ2. What are the trends in ITS studies in mathematics education regarding the
SAMR levels across contexts (e.g., publication year, educational level, mathematics domain,
research purpose)?

RQ3. What are the trends in ITS studies in mathematics education regarding the
SAMR levels across teachers’ roles?

3. Methods

The purpose of a systematic review is to answer specific questions based on an explicit,
systematic, and replicable search strategy using inclusion and exclusion criteria that can
identify studies that should be included or excluded [49]. This systematic review drew on
recently published literature and included empirical studies on the use of ITSs in mathe-
matics education between 2003 and 2023. The literature screening process followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) proposed
by Page et al. [50].

3.1. Search Strategy

The study search was conducted using the databases of Education Resources Informa-
tion Center (ERIC), Web of Science, and EBSCO Education Source, which are widely used in
the field of educational technology. There are other databases, such as IEEE Xplore, Scopus,
and ProQuest, but they were not included in the initial literature search because their scope
overlaps with the three selected databases [51]. To obtain comprehensive data, search
terms were created by referring to the related search terms used in other studies [9,18]. The
Boolean search is listed in Table 2. The search was conducted on March 1, 2024, and the
initial search yielded 4219 results. The search string was formulated as follows to include as
many ITS-related articles in mathematics education as possible: (intelligent * OR adaptive
OR customized) AND (learning OR instruction OR tutoring OR mentoring) AND (system
OR software OR application) AND (math OR maths OR mathematics OR mathematics
education). This text string encompasses all studies addressing ITS in mathematics educa-
tion in this systematic review. Search terms were separated by commas, and the asterisk
character (*) was used to capture variations of intelligent, intelligence, etc.

Table 2. Searching strings.

A B C D
1. learnin, 1. math
1. intelligent * . '8 1. system 2. maths
. 2. instruction .
2. adaptive . 2. software 3. mathematics
. 3. tutoring . .
3. customized . 3. application 4. mathematics
4. mentoring .
education

Note. The asterisk (*) was used to broaden a search.

3.2. Study Selection

The obtained articles were screened according the inclusion and exclusion criteria
presented in Table 3 after removing 519 duplicate articles and 1389 articles published before
2003 using EndNote reference management software. The period was set from 2003-2023,
as ITSs have been very actively researched over the past 20 years and have produced
many publications. Only empirical studies in which ITSs were applied in a mathematics
education setting and the evaluation results were revealed were included. Articles that
were not published in journals were excluded because it was unclear whether they had
undergone peer review, an acceptable standard for ensuring scholarly quality.



Computers 2024, 13, 270

7 of 24

Table 3. Inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

Published 2003-2023
English language

Published before 2003
Not in English

Empirical research with evaluation results

Article has been peer reviewed
Journal article
ITS application in mathematics educational setting
Articles in which the full text was available.

Not empirical research (e.g., commentary) or only proposing ITS
design solutions or ITSs without offering evaluation results
Article has not been peer reviewed
Not a journal article
No mathematics educational setting
Articles in which the full text was not available.

According to the established inclusion and exclusion criteria, the title and abstract of
the paper were reviewed, and the full text was secondarily reviewed. In the first screening,
two separate reviewers read the titles and abstracts of all papers and coded them into
three groups: (a) included, (b) ambiguous, and (c) excluded. Both reviewers had extensive
publishing experience in performing coding. Coding agreement between reviewers was
found to be 92%, and papers that did not receive the same coding reached 100% agreement
through discussion. An initial review of 2311 studies resulted in the removal of 2007 articles.
The remaining 304 articles were retrieved in full text for Stage 2 screening and evaluated by
two reviewers. In this process, 21 articles in which the full text was not freely retrievable
were excluded. In addition, 225 articles were excluded because the contents of the full text
referred superficially to mathematics education or focused on the development process
of ITSs rather than the context of mathematics education. Ultimately, 58 articles were
identified as meeting the current study goals. The literature search and review procedure
based on PRISMA is presented in Figure 2.

Identification of studies via databases and registers ]
—
=
-.g Records identified from: SRg;{élﬂdi?;moved befora
= ERIC (n = .341) _ F——> Records marked as ineligible
= Web of Science (n = 286) by automation tools
g EBSCO (n = 3592) (n = 1908)
:
Records screened » Records excluded
(n=2311) (n =2007)
Reports sought for retrieval Reports not retrieved
————»
= (n=2304) (n=21)
=
: I
n
Reports assessed for eligibility o
(n=283) | Reports excluded:
Does not meet the criteria
after reading the full text
(n=225)
S
Y
3
3 Studies included in review
5 (n=58)
c

Figure 2. A diagrammatic representation of the literature search and review process based on the
PRISMA recommendation statement.



Computers 2024, 13, 270

8 of 24

3.3. Analysis

An electronic data extraction form based on a coding scheme was designed to reduce
the potential for bias [52]. The 58 articles included in the literature review were coded
based on the research questions and the background section: (a) contexts (i.e., publication
year, educational level, mathematics domain, and research purpose), (b) SAMR levels, and
(c) teachers’ roles.

3.3.1. Contexts

In “contexts,” data on the publication year, education level, mathematics domains,
and research purpose were collected by reviewing 58 articles. Most of the contexts are self-
explanatory; however, “research purpose” included five purposes for conducting research
(see Table 4).

Table 4. Classification of research purpose.

Categories

Description Example

Development of ITS

Improvement of ITS

Application of existing ITS
Investigation of factors

Exploring teaching methods

Focus on developing and validating new ITSs Pai et al. [53]

Focus on improving learning productivity by integrating other ITSs or N
; . .. ye et al. [54]

adding new functions to an existing ITS.
Focus on applying existing ITSs to a specific educational context or
mathematics domain and confirming its effectiveness.
Focus on examining factors affecting learning mathematics using ITSs. San Pedro et al. [56]
Focus on exploring effective teaching methods in mathematics learning
using ITSs.

Huang et al. [55]

Cung et al. [57]

3.3.2. SAMR Levels

The present study developed the SAMR framework for the technology integration
classification of ITSs in mathematics education. Table 5 shows the extended SAMR model
for ITSs in mathematics education by referring to Crompton and Burke [44]. This framework
was used to code the level of ITS integration in mathematics education.

Table 5. SAMR model for ITSs.

Level Existing Definition Mathematics Education and ITS Context
L Tech allows for the creation of new tasks, Teachers and students use ITSs to implement the teaching and
Redefinition . . : . . - . .
previously inconceivable. learning of mathematics that cannot be inconceivable without ITSs.
Modification Tech allows for significant task redesign. Teachers and studen?s can use ITS§ to redesign the. goals and tasks
of teaching and learning of mathematics.
. Tech acts as a direct tool substitute with The ITS acts the same as teach.mg and lea?n.mg of mathematics, in
Augmentation . - that teachers and students can implement it in classrooms, but with
functional improvement. . .
functional improvements.
L. Tech acts as a direct tool substitute, with ITSs act the same in the teaching and learning of mathematics, in
Substitution

no functional change. that teachers and students can implement it in classrooms.

At the substitution level, an ITS directly substitutes for traditional classes without
functional or conceptual changes. For example, the ITS can be used simply to provide
practice problems or content to be taught. At the augmentation level, the ITS substitutes for
the teacher’s role in a typical classroom, but with functional improvements. For example,
researchers can use ITSs to analyze learner performance and provide appropriately tailored
content. In a real classroom, it is difficult for a single teacher to respond individually to
the individual needs of multiple students, so an ITS is a functional improvement over
the role played by traditional teachers. At the modification level, ITSs can redesign the
objectives, activities, and assignments of mathematics classes. Learners can use the ITS to
design their own tasks or conduct learning in a game-based ITS. In this type of technology
integration, the goals and tasks of mathematics classes are redesigned based on learner
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autonomy. Finally, at the redefinition level, ITS can create new tasks that are inconceivable
in traditional mathematics classes. For example, an ITS can act as a virtual student seeking
learning, and a student can learn by teaching the virtual student. This type of learning
is impossible to achieve without ITSs, as students with the same level of knowledge and
background context cannot exist in a real-context classroom. Two levels at the bottom are
using technology to enhance learning (i.e., substitution and augmentation levels), and two
levels at the top are using technology to transform learning.

3.3.3. Teachers’ Roles

Kessler et al. [58] found four types of roles in which teachers intervene in interactions
between students and ITSs in an educational environment using Cognitive Tutor. In this
study, three out of four types of teachers’ roles were identified, with the exception of the
role where the teacher directly interacted with the ITS on behalf of the student: (a) the
ITS environment as designed, (b) teacher facilitating the ITS environment, and (c) teacher
facilitating mathematics. In an ITS environment as the designed role, teachers either
have no involvement in students’ mathematics learning or only technically supervise it,
and pedagogical interaction between students and teachers is minimal. All mathematics
teaching and learning processes occur between ICTs and students. In the teacher facilitating
the ITS environment role, the teacher assists the student using the ITS through the process
and provides feedback upon the student’s help. Although the mathematical teaching and
learning process still occurs between students and the ITS, teachers intervene in this process
as mediators and play a role in facilitating students’ ITS learning. In the teacher facilitating
mathematics role, teachers lead mathematics learning through ITSs from lesson design to
lesson conducting. Teachers determine what learning content is provided to students in
the ITS or connect ITS learning with meaningful mathematical activities outside of the ITS
learning environment. Teachers interact with students about their specific mathematical
thinking, and students can physically move away from the ITS.

3.3.4. Coding

Table 6 summarizes the coding framework in three categories (i.e., contexts, SAMR
levels, and teachers’ roles). Two coders coded 58 articles independently based on the coding
framework and compared the results. The agreement rate for the initial coding was 92%.
The two coders met online to review articles with inconsistent coding and reached 100%
agreement through discussion.

Table 6. Coding framework.

Category Code Example
Publication year 2013
C Educational level Elementary School
ontext Mathematics domain Algebra
Research Purpose Development of ITS
Substitution Substitution
Augmentation
SAMR level Modification
Redefinition
ITS environment as designed ITS environment as designed

Teachers’ roles Teacher facilitating the ITS environment
Teacher facilitating mathematics

4. Results

A total of 58 studies were finally reviewed and coded based on the coding scheme.
Coding results are presented in the Appendix A. This section presents overall trends in
the studies reviewed and findings for each of the three research questions that guided the
systematic review.
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4.1. RQ1. What Level of the SAMR Levels Are ITS Studies Integrated into Mathematics
Education?

All four levels of the SAMR framework were identified in the reviewed 58 studies
(see Figure 3). The substitution level comprised 1.7% (n = 1) of the total article. The ITS
substituted for the teacher’s role without functional improvements at this level, such as
presenting problems to students and providing feedback. For example, del Olmo-Mufioz
et al. [14] used an ITS called HINTS (Hypergraph-based INtelligent Tutoring System) to
address the gap in low-income households. Students solved practice problems provided
by the system, read solutions, or solved similar additional problems. To prevent students
from relying on messages from the ITS, aids on-demand was prevented. This did not seem
to have any added value compared to teachers giving students worksheets with practice
problems and providing additional feedback.

1(1.7%)

I

. Substitution . Augmentation . Modification . Redefinition

Figure 3. Frequency of studies coded in the SAMR model.

The augmentation level comprised the largest proportion of reviewed articles at 67.3%
(n = 39). This result indicates that the ITS has been used to replace traditional approaches
in mathematics education with some functional or conceptual improvements directly. For
example, Walkington and Bernacki [59] applied Cognitive Tutor to learning algebra, which
provides customized problems tailored to students” individual interests. Students learned
mathematics according to the learning path provided by the ITS, which did not involve
lesson redesign or self-inquiry learning.

The modification level comprised 24.1% (n = 14) of total articles. For example, Cetin
et al. [35] developed ArtiBos, which allows students to perform problem-posing activities
based on the information provided by the system. Students were able to select appropriate
questions and problems and solve and evaluate them following Polya’s problem-solving
steps. Students are given autonomy to redesign course objectives and tasks rather than
learning according to a rigid ITS structure at this level.

The redefinition level comprised 6.9% (1 = 4) of all articles. Matsuda et al. [60] used
SimStudent, which enables learning by teaching, to provide students with an artificial peer
learning environment. The ITS acted as a student seeking learning, and the student learned
by teaching the ITS. Implementing such learning is impossible without technology, as
real-world educational contexts cannot produce students with the same level of knowledge
and background.

In summary, most of the reviewed literature used ITSs for the substitution and aug-
mentation of mathematics learning. It is desirable to use the technology for tasks that fit
the two higher levels of the SAMR hierarchy [1,5]. However, only 31% of the reviewed
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literature used ITSs in this way, and the redefinition level included only 6.9%. Despite the
smaller number of the transformation range compared to the enhancement range, studies
classified as modification and redefinition indicate ongoing efforts to promote change in
mathematics learning.

4.2. RQ2. What Are the Trends of ITS Studies in Mathematics Education Regarding the SAMR
Levels across Contexts?

4.2.1. Publication Year

Figure 4 illustrates the change in the number of published articles from 2003 to 2023.
There was a peak in 2019 in terms of the number of published studies on ITSs in mathematics
education. The ITS studies were categorized into two time periods per decade unit, that is,
2003-2012 and 2013-2023. The number of publications in the latter period (1 = 44, 75.9%)
was over 3 times that of the previous period. This shows that ITS research in mathematics
education has grown rapidly over the past 10 years.

8 n=44 (75.9%)

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 202
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Figure 4. Trend in changes in the number of papers from 2003 to 2023.

Figure 5 shows trends in changes in SAMR levels across published studies by decade.
In the first decade, ITSs were integrated into mathematics education mainly at the aug-
mentation level (n = 12, 85.7%). There were two studies (14.3%) on the modification level,
and no study on the transformation range was conducted. On the other hand, in the latter
decade, several studies were conducted at the level of modification 14.3% (n = 12) and
redefinition 8.5% (1 = 4). These results suggest most ITS research in the transformation
range in mathematics teaching and learning has been conducted in the last decade.

60

M s ion [l Ave o™ C M Redefinition
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Figure 5. Trends in changes in the number of papers per decade unit.
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4.2.2. Educational Levels

Figure 6 shows the distribution of SAMR levels across educational levels covered
in the reviewed literature. Some studies ([61,62]) applied ITSs to multiple educational
levels, so 60 educational levels were included. The most ITS research was conducted in
elementary school at 41.7% (n = 25), followed by middle school at 25% (n = 15), high school
at 18.3% (n = 11), colleges at 13.3% (n = 8), and teacher at 1.6% (n = 1). Most studies were
conducted in the context of K-12 mathematics learning; however, there was no ITS study
conducted at the Pre-K educational level, and the fewest ITS studies were conducted for
teacher education.

40
. Substitution - Augmentation . Modification . Redefinition

30

25 (41.7%)

20

15 (25.0%)

11 (18.3%)

8(13.3%)

1(1.7%)

Elementary School

Middle School High School College Teacher

Figure 6. SAMR distribution across educational levels.

Across all educational levels, researchers used ITSs primarily at the augmentation
level (elementary school 61.5%, middle school 73.3%, high school 50%, college 75%, teach-
ers 100%). This shows that mathematics teaching and learning at educational levels are
not fundamentally changed by ITSs but are mainly enhanced. However, studies at the
modification level or redefinition level were also conducted at diverse educational levels.
Specifically, at the high school education level, studies at the transformation range (modifi-
cation 41.7%, redefinition 8.3%) were conducted similarly to the augmentation level (50%).
For example, Walker et al. [63] applied adaptive collaborative learning support, which
provides collaborative learning environments to promote collaborative interactions among
individual students. Students became tutors and provided feedback on the problem-solving
process of their tutee peers and received feedback from the system on their own reflective
behavior. These findings provide evidence for multiple examples in which an ITS has
been transformative for mathematics learning. These researchers did not substitute for
traditional practices but rather focused on pedagogical practices that go beyond existing
teaching methods.

4.2.3. Mathematics Domain

Figure 7 shows the distribution of SAMR levels across the mathematics domains. The
reviewed studies covered six content domains of mathematics education. Most studies
were conducted around the domains of numbers and arithmetic (38.7%), algebra (32.3%),
and geometry (11.3%). Seven studies classified as ‘Not specified” did not explicitly describe
to which mathematical domain the ITS was applied. In some studies, the ITS applied to
multiple domain contexts (e.g., [12,64]), and the total number of mathematical domains was
62. For example, Chang et al. [12] applied ITSs to multiple domains, such as the operation
of fractions, the area of triangles, and unit cost.
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Figure 7. SAMR distribution across mathematics domains.

In numbers and arithmetic, ITSs augmented mathematics learning primarily through
problems solutions, and feedback to practice basic arithmetic and fraction operations
(e.g., [65-67]). This type of ITS presented students with mathematics problems step by
step, taking individual differences into account and providing immediate feedback. On
the other hand, some studies have transformed mathematics learning in the domain of
numbers and arithmetic using ITSs. For example, Kong and Kwok [68] applied ITSs to
learn fraction equivalence. Students were able to engage in exploratory activities that
allowed them to formulate and test hypotheses, and the ITS provided a profitable space for
interaction. In algebra, the ITS was most frequently used at the modification level (n = 7;
35%) and redefinition level (n = 3; 15%) compared to other domains. The ITS at these
levels provided an opportunity to redesign modeling lessons [69], support self-regulated
learning by applying an open-learner model [70], and implement artificial teachable agents
that would be difficult to inconceivable without an ITS [60]. In geometry, ITSs were most
often used at the augmentation (1 = 6; 85.7%) level, and there was only one study that
applied ITSs at the modification level. Butcher and Aleven [71] applied ITSs to promote
rule-diagram mapping where students connect knowledge to diagrams. Students first
made solvability decisions through a reasoning process about a given problem, s