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Introduction

Math word problem solving proficiency in early grades has been recognized as an
important skill for future academic success (Suseelan et al., 2022; Swanson et al., 2013).
As such, national math standards include instructional focus on visual and verbal problem
solving as early as kindergarten (National Governors Association Center for Best Practices
& Council of Chief State School Officers, 2010). Math word problems involve processes
more demanding than basic math skills in that they require students to use linguistic
information to construct a problem model and solve (Fuchs et al., 2006). To successfully
solve word problems, students need various skills such as reading, comprehension, and
conceptual understanding (Boonen et al., 2016; Kim & Xin, 2022). These advanced
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processes lead many students to experience significant difficulty with word problems
(Swanson, 2006). Unfortunately, only 36% of fourth grade students in the U.S. demonstrate
math achievement at proficient or advanced levels on the National Assessment of
Educational Progress (U.S. Department of Education, 2022). It is critical to identify
effective strategies in math word problem instruction to address these challenges.

One widely used practice in math education is the integration of technology in instruction.
In recent years, the use of technology within society and the classroom has been widespread
and increasingly accessible. The National Council of Teachers of Mathematics includes
the use of technology in teaching and learning mathematics as one of six major principles
for high-quality math education (National Council of Teachers of Mathematics, 2000). The
use of technology, generally, has been shown to be effective in math interventions (Kim &
Xin, 2022; Kimet al., 2021; Kiru et al., 2017; Ran et al., 2020; Xin & Jitendra, 1999; Zhang
& Xin, 2012). As an example, a recent meta-analysis on the effects of computer assisted
instruction (CAI) on general math achievement of students from first grade to
postsecondary education reported overall positive effects (ES = 0.552; Benavides-Varela
et al., 2020). However, effect sizes ranged from —1.356 to 2.543, demonstrating mixed
findings as to the impact of technology assisted math instruction. More specifically, to the
authors’ knowledge, no studies to date have examined the degree to which technology is
integrated within these math interventions. Furthermore, much of the research on
technology enhanced math instruction investigated the impact on math generally. That is,
the literature on the impact of technology integration within word problem solving
specifically is extremely limited (Kim & Xin, 2022).

Technology-mediated learning, once relegated to obscure application, has become
ubiquitous in modern classrooms. However, as we seek to understand the best practices
and potential value of these technologies, there is a growing divide between device
functionality and the pedagogical implications of its use in practice. When evaluating the
role of technology in learning we must consider it within the contexts of learning which
are cognitive and social in nature (Salomon & Perkins, 1998). As such, when seeking to
understand how technology may impact outcomes for students in math interventions, we
must look beyond the devices themselves into the specific, individual practices and
surrounding contexts to understand their impact.

The purpose of this study is to better understand how the degree to which technology is
applied within math problem solving interventions may improve student outcomes in word
problem solving and the conditions under which technology application may be most

effective at meeting this goal.
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The SAMR model

The Substitution, Augmentation, Modification, Redefinition (SAMR) Model (Puentedura,
2006) offers a framework to classify the degree to which technology is utilized within a
lesson. This model organizes technology not by the device or service capabilities, but by
how it is deployed in the classroom or intervention. It has been used in numerous studies
(Bicalho et al., 2023; Blundell et al., 2022; Hamilton et al., 2016) to provide a framework
for categorizing the application of technology which looks most closely at how students
engage with devices rather than what the device itself is capable of. These four layers are
also grouped into two broader categories with substitution and augmentation considered as
enhancements to learning whereas redefinition and modification levels represent a
transformation in learning.

Each level of the SAMR model has been described in application. Figure 1 provides a
visual representation of the taxonomy of the SAMR model and its application to instruction,
and Table 1 provides examples for each level’s description, examples from word problem
solving (WPS) studies, and rationale for clarity. As referenced in Figure 1, the substitution
and augmentation levels fall within the broad category of enhancement, whereas the
modification and reimagination levels fall within the transformation category.
Enhancement of instruction refers to ways existing instructional strategies can be improved
through technology whereas transformation of instruction refers to opportunities that were

not possible without technology.

Redefinition
Tech allows for the creation of new tasks,
previously inconceivable

Modification
Tech allows for significant task redesign

uonjew.ojsuelj

Substitution
Tech acts as a direct tool substitute, with no
functional change

Fig. 1 The SAMR model (Puentedura, 2013)
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Table 1 Technology applications in elementary word problem solving by SAMR descriptions

Description Study Examples Rationale
Substitution Technology uses The use of a computerized Digitizing resources and
were direct version of word problem assessments which could

substitutes for their
analog counterparts.

solving steps compared
with a paper version
(Chadli et al., 2018)

otherwise be accessed via
pencil and paper methods
as a direct substitute.

Augmentation

Technology uses
were functional
improvements to
instruction but still
fell within traditional

The use of adaptive
questioning, which displays
new problems leveled to
students’” individual
performance and progress

The functional
improvement of
technology allows the
students to receive
dynamic questioning,

leveled based on the
students’ answers to
previous questions,
without the assistance of a
person.

task design. (Schoppek & Tullis, 2010)

Modification Technology uses The use of a gamified In-game rewards and
offered a significant  curriculum that included in- communication were not
task redesign but game rewards but also previously inconceivable
were not necessarily  opportunities for students  without technology, but
something previously to communicate with peers the platform allowed for
inconceivable without and teachers in the virtual  significant task redesign.
technology. space (Yeh et al., 2019)

Redefinition Technology uses The use of a virtual reality ~ An immersive game
permitted the environment to immerse environment such as those
inclusion of students in a word problem in virtual reality were not
previously solving game (Kim & Ke, conceivable without the
inconceivable tasks.  2016) use of technology.

Enhancement

The substitution level is described in the original model as an enhancement where
“tech[nology] acts as a direct tool substitute with no functional change” (Puentedura, 2006).
From an instructional standpoint, examples could include asking students to use a word
processor instead of hand writing (Setiyawati et al., 2023) or providing digital version of
handouts (Hamilton et al., 2006). The augmentation level requires a functional
improvement in the application of technology (Puentedura, 2006). For example, a teacher
could use web resources to allow students access to reading selections or blogs not
otherwise available in an analog format (Bicalho et al., 2023), using spell and grammar
check functions (Nyayu et al., 2019; Setiyawati et al., 2023), or moving student discussions
online (Kelsch & Wang, 2021).

Transformation

An important step in the SAMR taxonomy is the jump between augmentation and
modification which constitutes not only a single step but also a move into the
transformation category. A defining element of this difference is task redesign. For

example, allowing students to access web resources for research (Setiyawati et al., 2023).
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The expectation of greater depth of application, creating scenarios and learning
opportunities of the SAMR model peaks at the redefinition category which is defined as a
task which was previously inconceivable without the aid of technology (Puentedura, 2006).
This includes a myriad of learning and creation opportunities including production of
original multimedia content and collaboration across physical spaces (Hamilton et al., 2016;
McClain & North, 2021).

Although the SAMR model is not inherently hierarchical, evidence from these studies
suggests that there may be connections between these levels and student outcomes
(McClain & North, 2021; Setiyawati et al., 2023). For example, in a quasi-experimental
study focused on computer programming Setiyawati et al. (2023) found that it positively
impacted students’ critical thinking scores. Within the domain of mathematics education,
McClain and North (2021) found statistically significant improvement of MAP Growth
scores (NWEA, 2023) at each level of the SAMR framework.

Several reviews have analyzed the SAMR model in a variety of contexts including
separating teacher and student actions with technology by instructional components
(Blundell et al., 2022), teacher perception (Bicalho et al., 2023), approaches to teaching
English (Nyayu et al., 2019) and social studies (Hilton, 2016), standardized measures of
math (e.g., Measure of Academic Progress growth test; McClain and North, 2019), critical
thinking (Andriani et al., 2022; Setiyawati et al., 2023) and mobile device applications
(Crompton & Burke, 2020; Romrell et al., 2014). No studies, to the author’s knowledge,
have applied this model to word problem solving math interventions.

Prior meta-analyses/syntheses of technology interventions for word
problem solving

Previous meta-analyses have investigated the effect of technology within an intervention
to improve math achievement of students with math difficulties by way of moderator
analysis (Kong et al., 2021; Lein et al., 2020; Xin & Jitendra, 1999; Zhang & Xin, 2012).
The literature specifically focused on the use of technology within word problem solving
interventions for students with math difficulties is especially limited (Kim & Xin, 2022).
Word problem solving interventions have been found to be highly effective for students
with learning or math disabilities in previous meta-analyses. This includes interventions
which combined technology-based procedures with other strategies for word problem
solving (Kong et al., 2021; Lein et al., 2020; Zhang & Xin, 2012). One synthesis focused
specifically on computer-assisted math word problem solving instruction and it included
13 studies (10 group design and 3 single case studies) with participants kindergarten to
middle school students (Kim & Xin, 2022). Computer-assisted instruction was defined as

)

“the use of a computer to provide educational instruction,” which includes the use of

traditional computers and tablets. Kim and Xin categorized these interventions under four
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instructional categories: direct instruction/guided practice, cognitive/metacognitive
strategy instruction, schema-based instruction, and mathematical model-based problem
solving. Xin and Jitendra’s study reported moderate effect size for technology interventions
for students in group design studies (aggregated g = .77), with a wide range of effect sizes
ranging from no effect to large effects, and large effect for single case studies
(Tau-U = 0.99). Studies that utilized cognitive/metacognitive strategies alongside CAI
yielded large effects (average g = 0.99, median Tau-U = 0.98).

The present study

The present study contributes to the literature base of the use of technology in word
problem solving and extends upon the previous reviews in several ways. First, prior meta-
analyses or syntheses in the area of technology to improve word problem solving provide
effect sizes and instructional recommendations for a specific math practice (e.g., computer-
assisted instruction or CAIl; Kim & Xin, 2022). While this focus provides extensive
knowledge in a targeted practice, this may not provide enough insight for teachers and
researchers seeking recommendations for how best to integrate technology in math
interventions including the group setting, effects by grade band, and the extent to which
technology is applied.

Second, this study proposes to categorize studies not by the specific technological tool
being utilized, but rather the degree to which technology is integrated within the lesson
itself utilizing the SAMR model to differentiate between categories. A meta-analysis of
math word problem solving is one approach to identifying valuable instructional practices.
This study will address the following three research questions:

1. Are math interventions that incorporate technology effective for improving the
math problem solving of kindergarten to grade 6 students with math difficulties?
Effective outcomes will be based on the magnitude of the ESs.

2. Do effect sizes vary as a function of participant and intervention characteristics?

3. How does the level of technology integration as per the SAMR model affect the
estimated ESs?

Literature search procedures

The PsycINFO, Science Direct, and ERIC online databases were systematically scanned
for studies from 1990 to 2024 that met the inclusion criteria. Search terms describing word
problem solving outcomes were combined with these keywords: word problem, elementary,
technology, and intervention. Two rounds of initial searches generated 356 results. The
reference lists of selected papers as well as prior literature reviews and meta-analyses (e.g.,
Gersten et al., 2009; Kim & Xin, 2022; Kong et al., 2021; Kroesbergen & Van Luit, 2003;



Prate et al. Research and Practice in Technology Enhanced Learning (2026) 21:1 Page 7 of 27

Myers et al., 2022; Xin & Jitendra, 1999; Zhang & Xin, 2012; Zheng et al., 2013) were
also systematically scanned.

To be eligible for this analysis, each study had to meet the following criteria: (a) included
students in elementary grades (K to 6); (b) tested an intervention to improve math
integrating technology; (c) assessed students’ math word problem solving outcomes
(measure included normed or experimental/researcher developed measures); (d) involved
an experimental design with randomization, quasi-experiment with pre- and post-test data,
or a within-subjects design (i.e., all students participated in both the treatment and
comparison conditions); (e) provided data to permit the calculation of effect sizes and
average weighted ESs; and (f) was published in English. Studies investigating the
effectiveness of instruction or improving only math calculations were not included. This
procedure narrowed list to 12 studies which met inclusion criteria. Figure 2 depicts the
process of this literature search and the number of studies excluded based on the above
criteria. Some studies had more than one WPS intervention, so 21 different ESs were

calculated.

Interrater agreement

Two graduate students independently coded all articles for inclusion criteria and coding
accuracy. Interrater agreement was calculated as the number of agreements divided by the
number of agreements plus disagreements multiplied by 100. The mean interrater
agreement for article inclusion was above 95%. The mean interrater agreement for coding
the SAMR framework and the twelve instructional components outlined below were also
above 95%.

Search Results Eliminated by Inclusion Criteria

Fig. 2 Search results eliminated by inclusion criteria
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Coding of study features

The general categories of coding for each study included: (a) year and country of
publication, (b) sample characteristics (grade/age), and (c) intervention characteristics
(SAMR categorization, number of sessions, number of minutes, group size, who delivered
the instruction).

Categorization of the SAMR framework

Each study was coded on the degree to which technology was utilized in the intervention.
We note that the SAMR framework is not conceptualized as a hierarchical model, and our
coding was limited to the occurrence or nonoccurrence of these specific usages of
technology based on the intervention descriptions provided. Table 1 includes a brief
description, study examples, and rationale for each SAMR level.

Substitution. Studies that had descriptions in their interventions which included
occurrences of technology uses which were direct substitutes for their analog counterparts
were coded as “S”. Because a substitution may not include a functional change in the
instruction, this can include things like pictures and graphics for counting, or static,
prescribed content progression within the application.

Augmentation. Studies qualified as augmentation described functional improvement to
instruction which still fell within traditional task design. For example, in mathematics
instruction, an augmentation can look like a “hints” feature, adaptive structure, or engaging
multimedia content. Studies which met these criteria were coded as “A”. This was found
to be the most common type of technology-mediated intervention strategy.

Modification. The step from augmentation to modification is a greater step than the
previous, because to reach the modification level, coded “M?”, the study had to include use
technology in a way which offered a significant task redesign, but was not necessarily
something previous inconceivable, as it would be at the following level. Gamification was
a common modification indicator, promoting student motivation using in-game rewards.

Redefinition. Redefinition in the area of mathematics instruction as a whole includes
many unique instructional opportunities included augmented and virtual reality application.
Although rare in intervention studies, the application of extended reality has many

possibilities for the more applied and “real world” contexts.

Data analysis

Effect Size Calculation. Effect sizes (ESs) were calculated utilizing pretest and posttest
means and standard deviations. Hedges’ g was the measure of ES for this study, calculated

as the difference between pretest-posttest means for the treatment group and the pretest-
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posttest means for the comparison group. This difference score was then divided by the
pooled within-group standard deviation of posttest scores. Hedges’ g was calculated as

(XP”"”H B XP"Ei) — (XPD% - 'XP“"BE)
\/([nl —1)82 + [ng — 1] 82/ [nl 4+ ng — 2D

where Xpre1 and Xpreo Were unadjusted pretest means, Xpostz and Xpost Were unadjusted
posttest means, ni and n, were sample sizes, and s; were unadjusted standard deviations for
the treatment and comparison groups, respectively. Planned tests to compare effect sizes
as a function of the level of technology as per the SAMR model and intervention
components utilizing a general linear model procedure were conducted (Borenstein et al.,
2009). A summary of these findings is presented in Table 3.

Question 1: Are math interventions that incorporate technology effective for
improving the math problem solving of kindergarten to grade 6 students with

math difficulties?

To answer Research Question 1, a single weighted ES for all 12 studies was calculated.
Additionally, individual ESs for each study were calculated. Table 2 provides a summary
of the 12 studies included in this synthesis. The total n refers to the total number of students
who were included in the studies. Table 2 also displays grade level, type of research design,
and level of technology usage according to the SAMR model. All studies included in this
synthesis were published in peer-reviewed journals, with publication dates ranging from
2010 to 2023. Participants’ grade levels ranged from kindergarten to 5. Eight different
countries of publication were represented, including the United Sates, Algeria, Netherlands,
Spain, Sweden, Japan, Taiwan and Germany. Table 4 provides a summary of the objectives,

approaches, findings, and implications of each study, described in detail below.
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Table 2 Summary of study characteristics

Study Mean Total Treat Grade/Age Design Duration Tech SAMR
ES n n Description Category
1 Chadliet 534 52 26 2nd grade  RCT 10 sessions, Computer- S
al. (2018) 90 min based
worksheets
2 deKock& 0.08 390 280 5thgrade Quasi 50 session,  Computer- A
Harskamp 20 min based
(2014) intervention
with hints
3 Fedeetal. 0.60 32 16 5th grade RCT 24 sessions, Computer- A
(2013) 45 min based
intervention
with hints
4  Gonzalez- 3.09 216 216  Ages6-9 RCT 45 sessions,  Computer- S
Castro et 50 min based
al. (2016) worksheets
5 Hassler- 0.17 261 131 2ndgrade RCT 100 sessions, Tablet-based, A
Hallstedt 20 min adaptive
etal. intervention
(2018)
6 Leh& -0.84 25 13 3rd grade RCT 15 sessions, Computer- A
Jitendra 50 min based,
(2012) adaptive
intervention
7 Tajikaetal. 055 139 71 5th grade RCT 12 sessions, Computer- A
(2012) 30 min based,
adaptive
intervention
8 Xinetal 1.76 17 9 3rd-4th RCT 36 sessions, Computer- A
(2017) grade 25 min based adaptive
intervention
9 Yehetal. 042 334 209 2nd-3rd RCT 287 tasks, Computer- M
(2019) grade 9 min per based
task adaptive,
gamified
intervention
with peer/
teacher chat
10 Schoppek 3.86 113 57 3rd grade RCT 7 sessions, Computer- A
& Tulis 60 min based,
(2010) adaptive
intervention
11 Kim&Ke 031 132 66 4th grade RCT 1 session, VR-based R
(2016) 30 min immersive
story and
adaptive
supports
12 Xinetal. 126 17 9 3rd grade RCT 18 sessions, Computer- M
(2023) 20 min based,
adaptive
intervention
with virtual
tutor

Note. Total n = total number of students who were included in the study; Treat n = number of students
who received intervention; RCT = randomized control trials
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Table 3 Mean effect sizes and confidence intervals as a function of moderator variables

Moderator Variable K Mean ES SE 95% CI
Grade
K-2 6 2.48 0.11 0.98 — 1.41
3-5 12 0.81 0.05 0.23 — 0.42
Duration of study
1 session 1 0.31 0.18 -0.04 - 0.65
7 sessions 1 3.86 0.32 3.23 — 448
10 sessions 1 5.34 0.59 4.17 - 6.50
12 sessions 1 0.55 0.17 0.21 - 0.89
15 sessions 1 -0.84 0.42 -1.66 —-0.02
24 sessions 2 0.60 0.26 0.09 - 1.10
36 sessions 2 1.76 0.40 0.78 — 2.37
45 sessions 3 3.09 0.20 2.68 — 3.47
50 sessions 3 0.08 0.07 -0.05 - 0.21
64 sessions 2 0.17 0.13 -0.10 — 0.43
287 sessions 1 0.42 0.42 0.19 - 0.64
Deliverer of instruction
Teacher 4 1.40 0.07 0.02 — 0.27
Media tool only 13 1.26 0.06 0.62 — 0.87
University or graduate student 2 1.76 0.40 0.78 — 2.37
Grouping of students
Large group 3 0.08 0.07 -0.05 - 0.21
Small group 4 3.18 0.23 2.89 — 3.79
Individual 12 1.04 0.06 0.49 — 0.74
Type of measure
Norm referenced 8 1.64 0.09 0.83 — 1.18
Researcher developed 11 1.12 0.05 0.19 — 0.39

K = number of effect sizes

All but one study utilized a randomized controlled trial design, while the remaining study
was a quasi-experimental design. The duration of intervention sessions ranged from 1 (Kim
& Ke, 2016) to 286 sessions/tasks (Yeh et al., 2019), with intervention times ranging from
8.86 (Yeh et al., 2019) to 90 minutes per session (Chadli et al., 2018). Of the 12 studies,
one study was conducted in whole groups (de Kock & Harskamp, 2014), three in small
groups (Chadli et al., 2018; Schoppek & Tullis, 2010; Xin et al., 2017), and eight
individually (Fede et al., 2013; Gonzalez-Castro et al., 2016; Hassler-Hallstedt et al., 2018;
Kim & Ke, 2016; Leh & Jitendra, 2013; Tajika et al., 2013; Xin et al., 2023; Yeh et al.,
2019). A teacher delivered the instruction in two studies (Chadli et al., 2018; de Kock &
Harskamp, 2014), a university or graduate student in one study (Xin et al., 2017), and a
media tool only in the eight remaining studies (Fede et al., 2013; Gonzalez-Castro et al.,
2016; Hassler-Hallstedt et al., 2018; Kim & Ke, 2016; Leh & Jitendra, 2013; Tajika et al.,
2012; Yehetal., 2019). Finally, eight studies used researcher-developed measures and five
of the 12 studies used norm-referenced tests to assess word problem solving accuracy on

pre- and post-test measures.
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Study Objectives (RQs, Hypotheses, Goals) Approach Findings and Implications Mean ES
Chadlietal. RQs Computer- Students excelled in the initial stages of the CAl model 5.34
(2018) 1.Whether students benefit from computer-assisted stage-based mathematical word based but struggled with reviewing, indicating a need for

problem solving. worksheets  interventions that enhance how students recognize

2.At which stage of the problem solving model do students encounter difficulties? different problems and improve problem solving

performance.

de Kock &  RQs Computer- The metacognitive computer program improved 0.08
Harskamp 1. Are students able to make effective use of the metacognitive computer programs based students’ problem solving skills better than traditional
(2014) implemented by teachers in their mathematics lessons in terms of solving most of the intervention textbook approaches, indicating the importance of

problems correctly and using hints when they do not know how to proceed? with hints integrating technology to improve metacognition in

2. Does working with a metacognitive computer program have a positive effect on classroom instruction.

learning outcomes in terms of the analysis of word problems, solving word problems,

and self-monitoring (as an aspect of metacognition)?
Fedeetal. RQs Computer- The CA-SBI intervention significantly improved word 0.60
(2013) 1. Do students who received the CA-SBI intervention show higher gains on a subset of based problem solving outcomes for students compared to

MCAS items compared to students who received test prep review? intervention  traditional test prep, indicating that schema-based

2. Do students who received the CA-SBI intervention show higher gains on the Process  with hints instruction may be an effective strategy for enhancing

and Application subtest of the GMADE compared to students who received test prep? math skills for this population.

3. Do students who received the CA-SBI intervention show stronger rates of growth on

examiner-made probes compared to students who received test prep review?
Gonzalez-  RQs Computer- The computerized intervention significantly improved 3.09
Castro et al. 1. Does the computerized tool provide better results in the mathematics skills than the  based math competencies for students with ADHD and MLD,
(2016) typical instruction in students with ADHD, MLD, and ADHD+MLD? worksheets  particularly those with MLD, indicating that targeted,

2. Is the efficacy of the intervention modulated by the diagnosis? technology-based interventions can enhance outcomes

for students with these disabilities.

Hassler- Hypotheses Tablet-based, Although the tablet intervention significantly improved 0.17
Hallstedt et 1. Low performing children in second grade participating in math training improve adaptive arithmetic skills in low-performing students, the effects
al. (2018) mathematical skills compared with children in the control and placebo conditions. intervention  were reduced over time, indicating the need for longer

2. The gained effects will be maintained during the follow-up period. interventions and adaptive technology to reduce the

3.1Q and SES moderate effect of math training; those with lower IQ and lower SES may achievement gap.

benefit more from the intervention.

4. WM training in combination with math training lead to a more superior outcome in

terms of mathematical skills.
Lleh & Goal Computer- No statistically significant difference was found between  -0.84
Jitendra To evaluate the effectiveness of CMI and TMI on the word problem solving performance based the CMI and TMI conditions, indicating that both
(2012) of third-grade students struggling in mathematics while controlling and balancing the key adaptive methods can be used effectively to support at-risk

features (e.g., priming the problem structure, use of visual representations) deemed
critical to successful word problem solving performance across conditions.

intervention

students.
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Tajikaetal. Goal Computer- Computer-based self-explanation support significantly 0.55
(2012) To examine the efficacy of self-explanation for helping elementary school students solve based improved students” WPS skills, indicating that

mathematical word problems through computer-based support over one year. adaptive integrating metacognitive strategies in educational

intervention technology can improve learning outcomes.

Xin et al. RQ Computer- The PGBM-COMPS tutoring intervention significantly 1.76
(2017) 1. What are the effects of the PGBM-COMPS intelligent tutor-assisted intervention based improved students’ multiplicative problem solving

program, in reference to traditional teacher-delivered intervention (TDI), on participating adaptive performance compared with the TDI, indicating that

students’” multiplicative problem solving performance measured by a researcher- intervention  web-based tutoring can support students with LDs in

developed criterion test and a norm-referenced standardized measure? math.
Yeh et al. RQs Computer- Math Island significantly improved math achievement 0.42
(2019) 1. Did the Math Island system facilitate students’ mathematics achievement in terms of  based and maintained high interest for high- and low-

conceptual understanding, calculating, and word problem solving? In particular, how was adaptive, achieving students, suggesting that game-based

the mathematics achievement of the low-achieving students? gamified learning can enhance engagement in math education.

2. What was students’ levels of interest in mathematics and the system, particularly that intervention

of low-achieving students? with peer/

teacher chat

Schoppek & RQs Computer- The computer-based practice significantly improved 3.86
Tulis (2010) 1. What do students gain from a small amount of additional individualized practice? based, students’ arithmetic and WPS skills, indicating that

2. Do all students benefit from individualized practice with MMM in the same way? adaptive personalized approaches in math instruction may lead

3. How well does this version work? intervention  to greater gains and improve engagement.
Kim & Ke Hypotheses VR-based The VR-based treatment produced a significant effect 0.31
(2016) 1. The experimental group (GBL) will exhibit a higher learning achievement in a immersive on math knowledge test performance. However, no

knowledge test that focuses on applying knowledge of fractions in real-life contexts than story and significant difference was found relating to the

the control group (non-GBL) group. adaptive motivational quality of the activity.

2. The experimental group (GBL) will exhibit a higher score for perceived MQLA on the  supports

SIMMS than the control (non-GBL) group.
Xin et al. RQs Computer- The MBPS tutor improved participants’ performance 1.26
(2023) 1. Did participants who received the MBPS intervention outperform the BAU group? Did based, beyond the BAU comparison group, indicating that the

the MBPS group maintain their performance after the termination of the intervention?  adaptive web-based MBPS tutor can be helpful for students with

2. Did participants in the MBPS group improve their performance on a transfer measure intervention learning differences in intervention settings as well as

that was designed to assess students’ algebraic knowledge and skills? Did participants in  with virtual inclusive classrooms.

the MBPS group improve their performance on solving problems taken from tutor

commercially published math textbooks?
3. Did participants in the MBPS group improve their performance on a distal measure, a
standardized test?
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Overall, word problem solving interventions had a positive effect on word problem
solving accuracy across all studies, Hedges’ g = 1.34 (K=19, 95% CI of .54 to 2.14).
According to Cohen’s (1988) criterion, this is a large effect size. A homogeneity statistic
Q was computed to determine whether studies shared a common ES. The Q statistic’s
distribution is similar to that of Chi-square distribution with k-1 degrees of freedom, where
k is the number of ESs. There was significant heterogeneity in the findings,
Q (df=19) = 438.278, p = .00. Because the commonly reported Q statistic has been
criticized, the 12 statistic (Higgins & Thompson, 2002) was computed, using the following
formula:

2=Q— (k-1
Q

12 indices of 75% are classified as high heterogeneity (e.g., Higgins & Thompson, 2002).
The I? statistic was .96, which suggests an extremely high proportion of variation in study
estimates across the majority of measures. Due to heterogeneity in ES, moderator variables
were included in the analysis to determine the variability of ES as a function of variables
of interest.

Question 2: Do effect sizes vary as a function of participant and intervention

characteristics?

Table 3 displays the Hedges’ g mean effect sizes and 95% CI for the following moderator
variables: grade, duration of study, minutes per session, deliverer of instruction, grouping
of students, and type of measure. When considering the sample characteristics (grade band
K-2 and 3-5), there were significant differences in ESs as a function of grade band,
F(1,13) = 4.57, p = .05, R? = .25. Studies with students in grade K-2 reported significantly
higher effect sizes (g = 3.02) than studies in grade 3-5 (g = 1.36).

There were also significant differences in ESs as a function of intervention characteristics.
As an example, there were statistical differences as a function of the number of intervention
sessions, F(9,5) = 21.98, p = .002, R? = .98. Studies with 10 sessions yielded the highest
ES (g = 5.34), while studies with 50 sessions yielded the lowest ES (g = 0.24).

Additionally, there were differences in ESs as a function of the number of minutes per
intervention session, F(7,7) = 37.41, p = <.0001, R? = .97. The intervention with 90 minutes
per session yielded the highest ES (g = 5.34). All intervention sessions with 50 minutes or
more yielded effect sizes greater than 3. Additionally, there was a significant difference in
ES as function of intervention group size, F(2,12) = 6.28, p = .01, R? = .490. Interventions
delivered in small groups (g = 3.92) had higher effect sizes than individual (g = 1.70) and
whole group instruction (g = 0.24). There were no significant differences in ES by who
delivered the instruction, F(2,12) = 0.03, p = .97, R? = .00. Finally, there were also no
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significant differences in ESs as a function of type of measure, F(1,13) = 0.02, p = .88,
R2=.00.

In summary, word problem solving interventions that integrate technology had a positive
and large effect for students who are in grades K-5. Effect sizes for interventions that were
delivered across 10 sessions and 90 minutes per session yielded the highest effect size.
Additionally, interventions delivered in small group instruction yielded the highest effect

sizes.

Question 3: How does the level of technology integration as per the SAMR

model affect the estimated ESs?

To answer our second research question, we investigated effect sizes as a function of
SAMR category. We coded for the occurrence or nonoccurrence of technology usage based
on the descriptions of the instruction provided in the manuscripts. There was a significant
difference in ESs as a function of the application of the SAMR model, F(3,11) = 3.45,
p =.05, R? = .46. Studies that included technology usage as substitution yielded the highest
ES (g = 3.49), followed by augmentation (g = 1.59, modification (g = 0.52), and finally
redefinition (g = 0.31).

Based on the nature of our inquiry and categorization of studies by technology integration,
we report our descriptions of each of the studies included in the analysis under the SAMR
categories: (a) substitution, (b) augmentation, (c) modification, and (d) redefinition.
Table 1 provides summarized descriptions, study examples, and rationale for the
categorization of these studies, with each described in detail.

Enhancement

As referenced in Figure 1 substitution and augmentation fall under the broader category of
enhancement. For the purposes of our study enhancement refers to an application of
technology which does not constitute significant task re-design. In the enhancement
category, technology may be used as a direct substitution for a non-digital activity or an
augmentation which adds a layer of functional improvement.

In our search we discovered two such manuscripts which described substitutions and met
our criteria. In one instance (Chadli et al., 2018) substitution was a function of the study
itself, testing the digital modality against a paper and pencil model. The other (Gonzalez-
Castro et al., 2016) included graphic representations of numeric values similar to what may
be found on a traditional worksheet and followed a prescribed progression of math concepts.

Augmentation was the most common designation found in this study with seven of the
eleven studies falling within this designation. Elements which defined this designation
included the option of “hints” or guided instruction for students (de Kock & Harskamp,
2014; Leh & Jitendra, 2013; Tajika et al., 2012); the inclusion of audio/visual components
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(Fede et al., 2013), and adaptive instruction (Hassler-Hallstedt et al., 2018; Schoppek &
Tulis, 2010; Xin et al., 2017).

Chadli et al.’s 2018 work “An empirical investigation into student’s mathematical word-
based problem solving process: A computerized approach” divided 52 second graders from
the Tiaret Province in west Algeria who scored at or below the 50th percentile in their first
and second semester mathematics courses into two equal, randomly assigned groups. The
baseline group attempted to solve word problems in a business as usual format while the
experimental group was given a computer-based application to frame the steps of problem
solving. Groups met for ten 90-minute sessions, and found that the experimental group
produced statistically significantly improved scores between their pre and post-tests
compared with the baseline group. This study was coded as a substitution because the
computer-based scaffolding provided a static framework for students to guide their work.

The other substitution-categorized study included in this meta-analysis was Gonzalez-
Castro et al.’s 2016 “Improvement of word problem solving and basic mathematics
competencies in students with attention deficit/hyperactivity disorder and mathematical
learning difficulties”. In this study, 216 students aged 6-9 were placed into groups based
on their learning differences. 72 students with ADHD, 82 with a math difficulty, and 62
who had both ADHD and a math disability were included in the study with each group
divided into control and experimental group with statistically comparable demographics
such as mean age and mean 1Q. Experimental groups for all three categories were given a
computer-based framework for addressing word problem solving where the control group
utilized business as usual practices for 45 fifty-minute sessions. All three of the control
groups were found to have statistically significant improvements greater than their control
group peers in post intervention testing with the MLD-only group showing the greatest
growth.

The augmentation category was the most prevalent with more than 63% of included
studies employing it. De Kock and Harskamp (2014) studied the effectiveness of a
computer-based intervention over the course of 10 weeks with fifth grade students in the
Netherlands. 280 students received the intervention which supported the students with
metacognitive hints in addition to their math textbooks. 110 students in the control
condition were not offered the program, but did utilize the same textbook. Findings
reported that intervention students used more hints initially, and out-performed their
control-group peers in the areas of analyzing word problems, solving word problems, and
self-monitoring on a post-test assessment.

Fede et al. (2013) examined the differences in computer-assisted, schema-based
instruction and traditional classroom instruction for low-performing fifth grade students as
identified as scoring below the 30th percentile in the process and application section of a

standardized mathematics assessment. 32 students were randomly assigned into two groups
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of 16. The intervention employed a software called GO Solve Word Problems which
“teaches students how to better understand word problems before solving them by
illustrating the underlying mathematical models or situations represented in arithmetic
word problems” (Fede et al., 2013, p. 13) and was administered over 50 twenty-minute
sessions. Although the experimental group did out-perform the control in the pre and post-
test analysis, those differences were found to not be statistically significant.

Hassler-Hallstedt et al. (2018) studied the effects of a tablet-based word problem solving
intervention for low-performing second grade students in Sweden. Students were assigned
to the control (n = 52), reading placebo (n = 78), math intervention (n = 76) or math plus
working memory training (n = 77 groups). This study also used intelligence quotient (1Q)
scores of participants as a moderating variable. The math intervention and intervention plus
working memory training groups trained for 20 minutes per day on a program called
Chasing Planets which uses animations, visual examples, and audio instructions to support
student fluency. The working memory group was given an additional 30 minutes every
other day using working memory training exercises. The placebo group spent 20 minutes
each day on a tablet-based reading exercise. The two treatment conditions demonstrated
medium effect size increases in student performance with fadeout effects in the 6- and 12-
month follow up probes. 1Q was found to have a significant modifier effect with lower 1Q
students benefitting more than those with higher 1Qs.

Leh and Jitendra (2012) compared computer and teacher-mediated word problem solving
outcomes for American third grade students who scored at or below the 50th percentile in
math on a standardized assessment. Both the computer-mediated group (n = 13) and
teacher-mediated group (n = 12) utilized the same curriculum in 15 daily 50-minute
instructional periods with the primary differences being the presentation modality and
personalized word problems only presented in the computer-mediated treatment group.
Researchers found no statistically significant differences in the outcomes between these
two groups.

Tajika et al. (2012) sought to explore the role of computer-based support to extend word
problem solving strategies to include self-explanation. 71 fifth grade students in Japan were
placed into a treatment group whose intervention included the computer-mediated self-
explanation step to word problem solving, while an additional 62 students served as a
control without the self-explanation, computer-mediated intervention over the course of 12
sessions of thirty minutes each, delivered once per week. The researchers conducted
assessments throughout the process and although there was not a difference at every testing
increment, the computer-mediated group did produce statistically significantly better
results by the end of the study and in the transfer assessment.

Xin et al. (2017) used a computer-based tutoring intervention to examine its impact for

students identified as with or at-risk for math disabilities in third and fourth grade. Nine
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students were assigned to the treatment group using the Please Go Bring Me-Conceptual
Model-Based Problem Solving (PGBM-COMPS) intervention, while the remaining eight
students received a teacher-delivered intervention as a control. On a researcher-developed
assessment, the two groups showed no statistically significant difference in outcome.

Schoppek and Tullis (2010) sought to investigate the effectiveness of individualized,
adaptive, computer-assisted practice for word problem solving. 94 German students from
four different third grade classes were divided into control (n = 56) and training (n = 54)
groups for 7 hour-long sessions delivered in a once per week format. Researchers found
that the training group had statistically significantly higher scores on a standardized
assessment, and these improvements persisted on a follow-up assessment three months
later. The authors attribute this difference to the individualization possible in the computer-
assisted practice.

Transformation

While substitution and augmentation are classified together as enhancements, the
remaining modification and redefinition categories are grouped together as
transformations which are defined by their ability to provide significant task redesign. Both
modification and redefinition applications are more interactive and allow for new curricular
options, but to qualify as a redefinition, the application allows for something previously
inconceivable or impossible without the technology such as collaboration across great
distances or the application of VR technology to transport students to another space.

Two interventions from the selected literature were identified that qualified as
modifications. In Yeh et al.’s 2019 study, students engaged in a gamified curriculum that
included in-game rewards but also opportunities for students to communicate with peers
and teachers in the virtual space. 215 second and third grade Taiwanese students
participated in a treatment group, and another 125 second and third graders in a similar
school which did not receive the intervention as a control. For two years the treatment
group used a researcher-created, game-based learning environment called Math Island
which gamified student progress and allowed them scaffolded instruction, support, and
feedback in addition to motivating game elements and rewards made available to students
as a supplement to take home and to use at school. At the end of the two-year study, post-
test data suggests the Math Island intervention was most effective for students identified
as low-achieving in math compared to the control school, and most significantly in the area
of word problem solving for all students in the treatment group. Both high- and low-
achieving students from the treatment group showed increased interest in math following
the intervention.

Xin et al. (2023) investigated a model-based problem solving intervention for third

graders who struggle in math. The remaining 8 students served as a control and received
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traditional teacher-led math instruction in an afterschool setting. The group that received
virtual tutoring showed a greater increase in performance compared with the teacher-led
group. However, only 56% of students improved on the standardized test. Although this
was better than the teacher-led group, the authors suggest that further instruction could be
necessary to help students problem solving skills.

Only one study which met the inclusion criteria applied technology in a way which could
be considered a redefinition which employed a previously inconceivable task. In the study
(Kim & Ke, 2016), 132 fourth grade students engaged in an intervention which immersed
them in a virtual reality environment and with in-game challenges, stories, rewards, and

math supports

Discussion and implications

The purpose of this meta-analysis was to determine if instruction that integrates technology
within word problem solving interventions are effective for improving word problem
solving accuracy in students in elementary grades and if so, determine if effect sizes vary
as a function of participant and/or intervention characteristics. Three important findings
emerged. First, math interventions that integrate technology had a positive effect on word
problem solving accuracy overall. Second, there were no significant differences as a
function of grade band. Interventions that were delivered across 10 sessions and 90 minutes
yielded the highest effect sizes, though all interventions with 50 or more minutes per
session yielded high effect sizes. Interventions delivered in small groups yielded the
highest effect sizes. Finally, there were no significant differences in effect sizes as a
function of the level of technology integration, though this statement is qualified with a
low number of studies in the modification and redefinition categories.
We will now address the three questions that directed this study.

Question 1: Are math interventions that incorporate technology effective for
improving the math problem solving of kindergarten to grade 6 students with

math difficulties?

Although not all of these studies included specific outcomes for students with or at risk for
math disabilities, those that did reported a positive effect on word problem solving
accuracy overall. Previous work in this area has indicated mixed results for technology
integration in math interventions for students with disabilities (Seo & Bryant, 2009), but
more recent work has focused more specifically on the application of technology in the
classroom (Crompton & Burke, 2020; McClain & North, 2019) particularly using models
such as SAMR to assess the ways technology is integrated. Particularly for students with

disabilities, this work is still slowly emerging, and the current body of literature is limited.
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For this reason, we included studies that integrated technology in math and word problem
solving instruction for students broadly including researcher-chosen inclusion criteria such
as standardized test scores below the 30th (de Kock & Harskamp, 2014; Fede et al., 2013)
or 50th (Chadli et al., 2018; Leh & Jitendra, 2012) percentile, identification of a math
disability or difficulty (Gonzalez-Castro et al., 2016; Xin et al., 2017), and intelligence
quotient scores (Hassler-Hallstedt et al., 2018).

Researchers and practitioners seeking to apply these findings in math interventions using
technology for students should be advised of considerations for instructional design and
the SAMR model. Although not every study included in this meta-analysis analyzed
populations of students in kindergarten through grade 6 with math difficulties, those that
did reported improvement for math problem solving using technology interventions,
indicating that technology-based interventions may be beneficial to the improvement of
WPS skills for these students.

Question 2: Do effect sizes vary as a function of participant and intervention

characteristics?

Interventions that were delivered across 10 sessions and 90 minutes yielded the highest
effect sizes, though all interventions with 50 or more minutes per session yielded high
effect sizes. Finally, interventions delivered in small groups yielded the highest effect sizes.
These findings suggest that a minimum of 50-minute sessions are needed to implement an
intervention which integrates technology in a meaningful way. This presents an additional
challenge to math educators who unfortunately face pressing time constraints in the
elementary classroom with disproportionate attention given to English Language Arts
(ELA). Although there were no significant differences as a function of grade level,
interventions which had students working in small group and social arrangements also
produced statistically significantly higher effect sizes than those who assigned students to
work independently or as a large group.

In terms of implications for instructional design with technology, these findings suggest
that a minimum of 50 minutes per session is necessary to produce results with 90-minute
sessions reporting the largest effect sizes. Optimally these were delivered over 10
intervention sessions. Ideal grouping for these technology interventions occurred in small
group settings compared with individual or large group delivery. Additionally, studies that
included students in grades K-2 reported significantly higher ESs than studies in
grades 3-5. This seems to imply that attention to effective word problem solving instruction
that incorporates technology in early grades is crucial to begin to build a strong

mathematical foundation.
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Question 3: How does the level of technology integration as per the SAMR

model affect the estimated ESs?

There was a significant difference in ESs as a function of the application of the SAMR
model, F(3,11) = 3.45, p = .05, R? = .46. Studies that included technology usage as
substitution yielded the highest ES (g = 3.49), followed by augmentation (g = 1.59),
modification (g = 0.52), and finally redefinition (g = 0.31). This portion of the discussion
is divided into the two broader categories of the SAMR model as well as a discussion of
the framework itself.

Enhancement. Studies that included technology usage as substitution yielded the highest
ES (g = 3.49), followed by augmentation (g = 1.59). With the limited number of studies
included (9 total in enhancement), we recommend interpreting these differences with
caution as detailed in the “SAMR Framework™ section below.

Transformation. A limitation of comparison by SAMR in the case of elementary word
problem solving interventions relates to the limited number of studies available. Only two
studies were found which met the criteria for modification, and only one which was
categorized as a redefinition. Although these studies reported effect sizes greater than their
business-as-usual counterparts, they were found to have the lowest comparable effect sizes
(modification (g = 0.52) and redefinition (g = 0.31)).

The SAMR Framework. Although more broad studies have reported evidence of
varying effect sizes as a function of the SAMR framework (Setiyawati et al., 2023;
McClain & North, 2019), limited available studies in the area of word problem solving for
elementary students, did not allow for a thorough comparison- particularly at the
modification and redefinition levels where only two studies met the criteria for
modification, and only one redefinition. An additional challenge of categorizing and
assessing the effect sizes at the SAMR level comes from the lack of instructional context
inherent in the model. This critique is common in other studies (Bicalho et al., 2023;
Hamilton et al., 2016) which call for an extension of the model to better reflect the
appropriateness of technology applications within instruction. While it may be tempting to
conceptualize the SAMR model as a continuum where a higher level of technology
integration is “better”, effects may be linked more to utilizing technology as appropriate
to the instruction.

In terms of the SAMR framework evaluation, it is important for all stakeholders and
designers to consider more than which level of the SAMR framework a technology
application would fall, and to instead attend most closely to the appropriateness of these
choices for the instructional goals, situations, and student populations. Although the SAMR

framework does provide a lens through which educators may reflect on their technology
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application, it should not be the only consideration. It is important for educators to consider
not only the digital tool being used but also the function and/or application of this tool.

Conclusion

Limitations

Although this synthesis provided information about technology integration within math
instruction in the elementary grades, the findings should be interpreted with caution. First,
only group studies that presented adequate data for comparison, published in peer-reviewed
articles were included in our study, which excludes unpublished work and single-subject
designs. These more stringent criteria, coupled with the narrow criteria of only analyzing
word problem solving interventions, may reduce the generalizability of these findings.

In terms of the SAMR model, studies that integrate technology to transform instruction
(modification and redefinition) were extremely limited (3 total). The extent to which we
could make meaningful comparisons across categories was limited. Within the literature,
the SAMR model has come into criticism for its inability to consider the context such as
situational, content, teacher preparation, and learning objectives (Blundell et al., 2022;
Hamilton et al., 2016). Also, the descriptions of technology application within each study
can contain nebulous or unclear language. In order to categorize these studies, some
assumptions had to be made to place them on the SAMR framework and determine effect
sizes. Suggestions for improvement of technology classification include a variety of ways
to reconsider these factors such as measuring from situational established baselines
(Blundell et al., 2022), increasing context sensitivity, and increased flexibility (Hamilton
etal., 2016). Additionally, clarification on the type of technology (e.g., hardware, software)
may be a potential source of bias in the present study, and analyzing studies by these
measures may be helpful in the further understanding of how these tools are best used in
math interventions.
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