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Effectiveness of Educational Technology in Early Mathematics Education:

A Systematic Literature Review

Abstract

Despite the general agreement regarding the importance of stimulating young children’s early
mathematical skills, mathematical learning opportunities in preschool are limited. Educational
technology (ET) may be an effective tool to address this problem. Taking into account the
weaknesses of previous reviews, we conducted a systematic and comprehensive review of the
research literature on the effectiveness of ET in early mathematics education, critically
analyzing the findings of studies adhering to a media comparison approach (comparing an ET
condition to a non-ET condition or another ET condition) versus studies following a value-
added approach (comparing at least two ET conditions which only differ with respect to one
feature in the ET or in its implementation). Reviewing 54 studies, we systematically analyzed
(1) the effectiveness of ET, (2) the features of the ET and ET implementation associated with
ET effectiveness, and (3) child characteristics associated with ET effectiveness. Our analyses
indicated that media comparison studies comparing an ET to a non-ET condition provide
evidence for the effectiveness of ET for enhancing young children’s mathematical
competencies. Second, value-added studies pointed to ET implementation features associated
with ET effectiveness, namely teacher support during ET use and an individual grouping
structure. Finally, both media comparison and value-added studies revealed that ET
effectiveness is associated with children’s performance in the ET and with their prior
knowledge. To further advance the field, value-added studies on features of the ET and its
implementation are required, as well as studies focusing on important child characteristics that

are associated with ET effectiveness.
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1. Introduction

Young children’s early mathematical skills are strong and stable predictors of their
later mathematical achievement [1]. It is therefore crucial to equip young children with sound
basic mathematical competencies by employing effective instructional interventions. Yet,
international studies indicate that instruction in the domain of early mathematics in preschools
is limited in terms of both frequency and content [2,3]. A potential pedagogical approach to
support the development of early mathematical skills is educational technology (ET), which
refers to “electronic tools and applications that help deliver learning content and support the
learning process” [4]. A growing body of literature recognizes the potential of ET for
improving learning outcomes in a variety of content domains, including the domain of
mathematics. Several meta-analyses underscore the effectiveness of ET in primary and
secondary mathematics education (e.g., [5,6,7]). Although research also provides increasing
evidence that ET can be an effective tool for supporting early mathematical development [8],
a recent and comprehensive systematic literature review synthesizing this growing body of
evidence is currently lacking. Previous literature reviews on the topic suffer from several
theoretical and methodological weaknesses as they are outdated, especially taking into
account the evolutions in ET applications (i.e., [9,10]), focus on a specific subgroup of
children (i.e., [11,12]), are not systematically conducted, and thus, not comprehensive (i.e., [9,
10,12,13]), and do not take into account differences in the study designs, especially with
respect to the activities that were conducted in the control conditions [9,10,11,12,13,14]. We
aimed to address these weaknesses by conducting a systematic and comprehensive literature
review on the effectiveness of ET for stimulating children’s development in the domain of
early mathematics, with explicit attention for the insights coming from media comparison
studies versus value-added studies in the domain. In doing so, we aimed to inform both

research, on the gaps in the existing evidence and opportunities for future research, and
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educational practice, on effective tools for stimulating children’s early mathematical

development and effective approaches for designing and implementing these tools.

The following sections will cover the theoretical framework of the systematic
literature review (Section 2), the methodology that was applied (Section 3), the results of the

systematic review (Section 4), and a conclusion and discussion of the results (Section 5).

2. Theoretical Framework

2.1 Early Mathematics Education

Early mathematics learning is important for later school success [1]. Fortunately,
young children are eager to learn mathematics and have a natural, spontaneous interest in
mathematical ideas [3,15]. They also possess a wide variety of mathematical competencies in
different mathematical subdomains, such as number knowledge and spatial competence [16].
Instruction in early childhood education should capitalize on children’s natural interest in
mathematics and their already acquired mathematical competencies by providing early
mathematics instruction in multiple mathematics subdomains [17]. Frye and colleagues [17]
distinguish among five subdomains for early mathematics instruction: number and operations,
geometry, patterns, measurement, and data analysis. The subdomain of number and
operations consists of subitizing (e.g., immediately recognizing the total number of a set of
three items and labelling it with the appropriate number word “three”), counting (e.g.,
counting a set of eight objects), magnitude comparison (e.g., comparing the magnitude of
different sets of items, such as comparing a collection of nine items versus a collection of six
items and indicating the first set of items as the largest one), using numerals to quantify
collections (e.g., labelling a collection of 10 items with the number word “10”), and simple
arithmetic problems (e.g., adding two collections of three items). Geometry entails the

recognition, naming, comparison, and combination of shapes (e.g., recognizing and
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appropriately naming a square). Patterns refer to identifying, extending, correcting, and
creating mathematical patterns (e.g., extending an AB pattern). Measurement involves the
comparison of objects in terms of length, volume, and time and the use of both informal (i.e.,
nonstandard) and formal (i.e., standard) units and tools for measuring these objects (e.g.,
measuring the width of a desk by counting how many “hands across” it is). Finally, data
analysis entails collecting and organizing information and presenting this information
graphically (e.g., recording the number of markers versus the number of crayons versus the

number of colored pencils and presenting these numbers in a table or figure).

Unfortunately, international studies show that instruction in the domain of early
mathematics is limited in terms of both frequency and content, and that there is considerable
variability in the mathematics learning opportunities provided in preschool [3,18]. This low
frequency and poor quality of mathematics instruction in preschool is likely due to the lack of
resources available to early childhood teachers, who are trained as generalists and receive
little specific training in the domain of mathematics [19]. Research suggests that early
childhood teachers generally find early mathematics to be a difficult subject [20] and that they
are uncertain about how to best support young children’s early mathematics learning [16]. In
addition to this, early childhood teachers are tasked with addressing many curricular areas,
which leaves limited time to devote to mathematics specifically, and teachers’ preference for
supporting the other curricular areas means they often avoid or skip early mathematics
instruction in favor of the other areas, such as early literacy [21]. When early childhood
educators do provide mathematical learning opportunities, they tend to focus on the
subdomain of number and operations, and spend only limited time to the other subdomains
[2,3,22]. This is likely due to the scarcity of curricular options and materials that address

topics beyond number and operations [23]. These findings are of serious concern as both the
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amount and the content of mathematical input in preschool are related to children’s later

mathematics learning and achievement [18,24].

A growing body of literature recognizes the potential of ET for stimulating learning,
also in the domain of early mathematics (e.g., [8,14]). Unlike non-digital educational
materials, ET can interact with the learner offering unique opportunities for supporting
learning and instruction, also referred to as “affordances” [25]. These affordances include
features such as immediate feedback and adaptivity (i.e., the capacity of ET to adapt to the
differing abilities of individual children) [25]. As such, ET can complement the role of the
teacher by providing ample and rich mathematical learning opportunities and, in doing so, has
the potential to help early childhood teachers deliver frequent high-quality mathematics

instruction in the different mathematics subdomains.

2.2 Effectiveness of ET

2.2.1 Approaches towards investigating ET effectiveness

Systematic reviews and meta-analyses (e.g., [26,27]) underscore the effectiveness of
ET for improving learning outcomes in learners. However, there is a large heterogeneity in
studies investigating ET effectiveness in terms of design and conditions which relates to the
different approaches adopted in these studies, i.e., the media comparison approach and the
value-added approach [28]. A first approach is the media comparison approach, which is
defined by Mayer [28] as comparing learning with one medium (e.g., tablet computer) versus
with another medium (e.g., paper-and-pencil or desktop computer). However, relying on the
well-known media-debate [29], it is argued that not the medium as such makes a difference
for learning. Thus, it is somewhat fruitless to ask whether computers are better than textbooks
or whether tablet computers are better than desktop computers as instructional media [28].

Rather, the effects found in media comparison studies might be attributable to other,
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uncontrolled differences between the conditions, such as the instructional method that is
introduced along with the medium (e.g., game, slide presentation) [29]. In real settings, the
digital medium is always confounded with curriculum content, instructional methods, and
other elements. ET should therefore be considered as a “package” of diverse elements [5,29].
As such, it might be more accurate to redefine and broaden the definition of media
comparison studies to studies comparing an ET condition to a non-ET condition or another

ET condition.

A second approach is the value-added approach which, along the definition of Mayer
[28], involves the systematic comparison of the effectiveness of at least two versions of the
same ET that only differ with regard to one specific feature of the ET (e.g., feedback,
interactivity, adaptivity, etc.) which is systematically manipulated. These studies analyzing
specific features in the ET are increasingly being complemented with studies systematically
investigating different types of ET implementation that might improve learning. In line with
the former studies, these studies compare the effectiveness of two different types of
implementation of the same ET that only differ with respect to one specific feature (e.g., a
condition of ET implementation without teacher scaffolding versus a condition of ET
implementation with additional teacher scaffolding) and can therefore also be considered as
studies following a value-added approach. Given their controlled research design and distinct
research questions, value-added studies address the major problem of the media comparison
approach, i.e., that it is not the medium as such that makes a difference for learning and that
other confounding variables might explain the observed differences between the ET versus

non-ET conditions.

The differences between the media comparison versus value-added approach are
clearly exemplified in the recent meta-analysis of Clark and colleagues [26]. Their meta-

analysis revealed that in studies adopting a media comparison approach, digital game



EFFECTIVENESS OF TECHNOLOGY IN EARLY MATHEMATICS: REVIEW 9

conditions were generally more effective than non-game conditions for improving students’
learning outcomes. Studies following a value-added approach complemented these findings as
they demonstrated that significant learning benefits were associated with augmented game
designs compared to the standard versions of these games. For instance, enhanced scaffolding
in digital games (e.g., intelligent agents, personalized scaffolding based on students’ needs or
interests, etc.) significantly improved their effect on learning outcomes compared to the

standard versions of these games (i.e., no or only limited scaffolding).

2.2.2 ET Effectiveness in Early Mathematics Education

Research interest in the effectiveness of ET for supporting early mathematical
development is increasing, and the first attempts have been made to synthesize this growing
body of research into a literature review ([9,10,11,12,13,14]). In line with reviews in older
children (e.g., [5,6,7]) these literature reviews point to the potential of ET for improving
young children’s mathematical development. Notwithstanding their importance, these reviews
suffer from theoretical and methodological weaknesses as they are outdated (i.e., [9,10]),
especially taking into account the evolutions in ET applications, focus on a specific subgroup
of children (i.e., [11,12]), or are not systematically conducted, and thus, not comprehensive
(i.e., [9, 10,12,13]). The recent review of Griffith and colleagues [14] addresses these major
concerns, but is limited in terms of scope (i.e., only 15 included studies on mathematics) and
in terms of depth of the analysis, as it does not distinguish between studies adopting a media
comparison versus a value-added approach — a criticism that also applies to all previous

literature reviews in the domain.

2.3 The Present Study

Young children’s early mathematical competencies are vital for their later educational

success [1], but early mathematics instruction tends to occur rather infrequently in preschool
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and mainly focuses on the domain of number and operations (e.g., [3]). Although research
provides increasing evidence that ET can be an effective tool to address this problem (e.g.,
[14]), previous literature reviews synthesizing this growing body of evidence suffer from
several weaknesses. We aimed to address these weaknesses by conducting a systematic
review of the research literature on the effectiveness of ET in the domain of early
mathematics education, focusing on both children with and without special educational needs,
including the most recent studies on the topic, and critically analyzing the findings coming
from studies adhering to a media comparison approach versus studies following a value-added

approach. In our review, we addressed three research questions (RQ’s).

First, we analyzed the findings of studies adhering to a media comparison approach on

the basis of RQ1: Is ET effective in the domain of early childhood mathematics education?

Since there is a large heterogeneity across media comparison studies in terms of
research design and conditions, also referred to as the “control group problem” [30], we
distinguished between five different subgroups of media comparison studies in terms of
differences in medium (i.e., hardware) and content domain (e.g., mathematics) between the
intervention and control condition(s). A first subgroup of media comparison studies compares
the effectiveness of one medium to a different medium, focusing on the same content domain
(e.g., comparing the effects of digital storytelling versus traditional storytelling in the domain
of early mathematics). A second subgroup of media comparison studies compares the
effectiveness of the same medium in conditions targeting a different content domain (e.g.,
comparing the effects of a game in the domain of early mathematics to a game in the domain
of early literacy, using the same medium). A third subgroup of media comparison studies
compares the effectiveness of the same medium in conditions targeting the same content
domain (e.g., comparing two different early mathematics games, using the same medium). In

a fourth subgroup of media comparison studies, the conditions differ both in terms of medium
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and in terms of content domain (e.g., comparing an ET condition in the domain of
mathematics to a business-as-usual control condition, in which no ET, nor mathematical
learning activities are provided). A fifth subgroup of media comparison studies does not
provide sufficient information for identifying the medium and/or content domain applied in

the control condition(s) (i.e., business-as-usual, without further specifications).

Second, we analyzed the findings of studies adhering to a value-added approach on the
basis of RQ2: Which features of the ET and the ET implementation are associated with the

effectiveness of ET in the domain?

Third, as studies on the effectiveness of ET in the domain of mathematics conducted
in older children frequently take into account child characteristics that might be associated
with its effectiveness (e.g., [31,32]), we analyzed the findings of both media comparison and
value-added studies in terms of RQ3: Which child characteristics are associated with the

effectiveness of ET in the domain?

3. Method

We conducted a systematic literature review [33] to answer our research questions.
We started our systematic literature review by defining a review protocol specifying the
methods to be used to perform the review [34], including strategies for (1) the literature
search and selection process, (2) analysis and synthesis, and (3) quality appraisal, which will

each be discussed in turn below.

3.1 Literature Search and Selection Process

Four databases were browsed (i.e., ERIC (Ovid version), Scopus, LearnTechLib, and
Web of Science) using one combination of search terms, that is, ((preschool* OR
kindergarten® OR “early childhood”) AND (ICT OR "education* technology" OR

"Information and communication* technology"” OR digital* OR computer* OR electronic*)
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AND (math*)). The search yielded a total of 1128 hits®. Next, we narrowed down the search
using filters: (1) peer-reviewed; (2) language: English; and (3) document type: journal article

(published or in press). We also excluded duplicates, resulting in a total of 331 articles. The

dataset was further reduced using five inclusion and exclusion criteria as shown in Table 1.

Table 1

Inclusion and Exclusion Criteria

Criterion

Included

Excluded

Actual use of educational
technology

Domain of mathematics

In institutional
educational setting

Education at the
preschool and/or
kindergarten level

True experimental or
controlled quasi-
experimental study
design

The article focuses on the actual use of
educational technology to support the
learning process of the learner(s).

The article focuses on the stimulation
of the development of mathematical
competencies of learners through the
use of educational technology.

The research is conducted in an
institutional educational setting, e.g., a
school context, including university
laboratories.

The article addresses education at the
preschool (= pre-kindergarten) and/or
kindergarten level, defined as
institutionalized education before the
start of formal education, without
specific age criteria?.

The article reports on a true
experimental study or a controlled
quasi-experimental study.

The article does not focus on
educational technology, e.g., using
technology in the pre- and the post-
test, but not as part of the intervention;
not for supporting or stimulating the
learning process of the learners.

The article does not focus on the
domain of mathematics, e.g., focus on
stimulating development in another
content domain with mathematics
intervention in control condition.

The research is not conducted in an
institutional educational setting, e.g., at
home.

The article addresses education at
other levels, such as formal education
(primary and/or secondary education),
higher education (e.g., teacher
training), or adult education.

Reviews, meta-analyses, theoretical
papers, case studies, multiple baseline
or multiple probe studies, correlational
studies, and descriptive studies.

Note. Reviews and meta-analyses are excluded on the basis of our last inclusion criterion. We integrated these
reviews and meta-analyses in the theoretical framework of this study (Section 2.2.2: ET Effectiveness in Early

Mathematics Education).

! Searched in abstract (i.e., ERIC, Scopus and LearnTechLib) or on topic (i.e., Web of Science) only.

2 The ages of children at the start and the end of preschool education differ among countries. In most European
countries and in the USA, children are 6 years old when they finish preschool education and enter primary
education. But, for instance in Northern Ireland, children start formal schooling at age 4, whereas Finnish
children enter formal education at age 7.
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The first author applied the inclusion criteria to the title and abstract of each article,
and next to the entire text of the 130 remaining articles. In case the full-text of the article was
not available online, the author(s) were contacted with a full-text request. However, nine full
text articles could not be retrieved: four authors had outdated or missing correspondence
information, and five authors did not respond. After application of the inclusion criteria to the
121 available full text articles, 46 articles were retained. Finally, additional relevant articles
were identified by means of snowballing, i.e., screening the reference list of the included
articles in view of other relevant articles [35]. This led to seven additional articles meeting our
inclusion criteria, resulting in a total of 53 included articles indicated with an asterisk (*) in
the reference list [36-88]. Figure 1 shows a flowchart of the literature search and selection
process according to PRISMA guidelines [89].

To increase the reliability of our review, a second researcher conducted the same
literature selection process parallel to the first author [34]. First, the two researchers
independently coded a sample (n = 13) of the retrieved articles. After this, their scores were
compared, and through discussion, discrepancies related to the interpretation of the criteria
were resolved. Next, the two reviewers evaluated a new and randomly selected sample of 34
of the 331 articles (10%). An interrater reliability of Cohen’s Kappa = 1 was achieved,

reflecting full agreement [90].

3.2 Analysis and Synthesis

We followed a narrative approach to analyze the data [34]. We first conducted a
within-case analysis, with the article as the unit of analysis [91]. The articles were
summarized in an analysis scheme, including: (1) general information (country, content area
of mathematics, study design, participants, sample size, number of conditions, activities in
intervention condition(s) and control condition(s), dependent and independent variables,

instruments, and results), (2) the effectiveness of ET (RQ1), (3) the features of ET and ET
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implementation investigated (RQ2), and (4) the child characteristics investigated (RQ3). A
condensed version of the analysis scheme with an example item can be found in Appendix A.
Finally, we executed a cross-case analysis, comparing the articles in view of research-related
patterns [91]. Article analysis was performed by the first author, with a sample of 10% of the
articles additionally being analyzed by a second researcher, revealing similar results.

Figure 1

Flowchart of Literature Search and Selection Process
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3.3 Quality Appraisal

Risk of bias within the included studies was assessed with the Cochrane’s risk of bias
tool for randomized trials [92], focusing on only categories relevant to educational research
[14]. We rated both true experimental and controlled quasi-experimental studies on (1) the
randomization process; (2) missing outcome data; (3) measurement of the outcome; and (4)
selection of the reported result. Ratings of high risk of bias, low risk of bias, or some concerns
were assigned for each domain as well as for the study as a whole. An overall low risk of bias
score indicated a low risk of bias for all domains; a score of some concerns indicated some
concerns in one to three domains and no high risk of bias for the other domain(s); a high risk
score indicated some concerns in all domains or a high risk of bias in at least one domain. A
randomly selected sample of 10% of the articles was coded for risk of bias independently by
two coders. An interrater reliability of Cohen’s Kappa = 1 was achieved, reflecting full

agreement [90].

4. Results

4.1 Descriptives

The 53 included articles reported 54 different studies relevant for our review. The total
number of participants across studies was 8632 with one study not reporting the number of
participants. Twenty-six studies were conducted in Europe (including Turkey), 19 in North
America, seven in Asia, one in Oceania and one in South America. In terms of study design,
we only included studies adopting a true experimental or a quasi-experimental design with a
control group (i.e., controlled quasi-experimental studies), as only these studies allow
conclusions on the effectiveness of ET [93]. Twenty-six studies followed a true experimental
design, meaning that (1) they had at least one experimental and one control condition, (2)

there was a researcher-manipulated variable (intervention), and (3) the subjects (units of
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analysis) were randomly assigned to either the intervention or the control condition [94]. The
other 28 studies adopted a controlled quasi-experimental design, which means that they
adhered to the first two criteria but did not apply full randomization when assigning subjects
to conditions (e.g., random assignment of classes and not subjects to conditions; cf. [95]). Of
the 54 studies, 51 studies only relied on quantitative methods, whereas three studies combined
both quantitative and qualitative methods (i.e., mixed methods design). Finally, regarding the
different mathematics subdomains, 45 studies focused on one specific mathematics
subdomain, whereas nine studies focused on multiple subdomains. The vast majority of
studies (n = 48) focused on number and operations, 10 addressed geometry, seven addressed
patterns, five focused on measurement and two addressed data analysis. See Appendix B for

an overview of the study descriptives.

4.2 Risk of Bias Within Studies

Seventeen of the 54 studies (31%) were at high risk of bias overall: seven raised some
concerns in all domains, nine were at high risk of bias in one domain, and one was at high risk
in two domains. High risk of bias ratings were given on the randomization process (n = 3),
missing outcome data (n = 7) and measurement of the outcome (n = 1). Thirty-seven studies
raised some concerns overall: 28 raised some concerns in three domains and nine raised some
concerns in two domains. See Appendix B for the result of the risk of bias assessment for
each study. As no systematic differences were observed between the results reported by
studies with a high risk of bias versus studies raising some concerns, we did not distinguish
between studies differing in risk of bias in our analyses. Since for all studies included in the
review at least some concerns can be formulated, their results should be interpreted with

caution [14].

4.3 Narrative Synthesis of Studies
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A summary of the design and results of the studies is provided in Appendix C.
Intervention conditions and control conditions are categorized according to the review’s
focus, with only conditions including ET and focusing on the domain of mathematics defined
as intervention conditions and all other conditions defined as control conditions. Note that this
may differ from the original authors’ words, as is the case when they defined a non-ET
condition in the domain of mathematics as an intervention condition. It should also be noted
that in all 54 studies, effectiveness was conceptualized exclusively in terms of enhancing
cognitive learning outcomes in children in the domain of early mathematics, ignoring

potential motivational or efficiency outcomes (e.g., time management).

4.3.1 Effectiveness of ET in General: Media Comparison Studies

Of the 54 studies, nearly all studies (n = 52) followed the media comparison approach.
To answer RQ1, we analyzed the effectiveness of ET as reported by these studies. Given the
large heterogeneity in the design and conditions of media comparison studies, as outlined
above, we distinguished between different types of control conditions, taking into account
differences in medium (i.e., hardware) and content domain as compared to the intervention
condition(s). We discuss their results separately. Note that one study can have multiple (types

of) control conditions and thus can be discussed more than once in what follows.

A first subgroup of media comparison studies (n = 20) compared the effectiveness of
one medium to a different medium, focusing on the same content domain (i.e., mathematics)
(#9; #12; #15; #16; #18; #19, #20; #22; #23; #24; #25; #26; #31,; #35; #39; #48; #50; #52;
#53; #54). Seventeen of these studies compared the effectiveness of ET to non-digital media
(e.q., digital versus traditional storytelling) (#12; #15; #16; #18; #19, #20; #22; #24; #26; #31,
#35; #39; #48; #50; #52; #53; #54), with two studies having two non-digital control

conditions (#48; #54). Of these studies, a large portion (n = 12) reported a positive
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intervention effect (#15; #16; #18; #24; #26; #31; #35; #39; #48; #50; #52; #53), indicating
that the intervention including ET was more beneficial for enhancing children’s mathematical
competencies than the instruction using a non-digital medium. Effect sizes ranged from small
to large. Another three studies reported mixed findings: positive effects for some
mathematical outcomes when compared to the non-digital control condition and no effects for
other outcomes (#12; #20; #54). Two studies observed no differences between conditions
(#19; #54) and two studies found that the ET condition was less effective than the control
condition (#22; #48). Additionally, four studies compared two different ET conditions (#9;
#23; #25; #26). Of these studies, two compared the effectiveness of computers versus tablets,
using the same software, and both found that children in the tablet condition outperformed
children in the computer condition (#25; #26). The other studies compared the effectiveness
of a numerical training program using a digital dance mat versus a numerical training program
using tablets (#9) and the effectiveness of tablets versus the interactive whiteboard (#23) and

both found mixed results.

A second subgroup of media comparison studies (n = 11) compared the effectiveness
of the same medium in conditions targeting a different content domain (#1; #5; #10; #11; #28;
#30; #32; #33; #41; #44; #51). The content domains targeted in the control conditions were:
literacy (n = 6), biology (n = 1), arts (n = 1), and not specified (n = 3). Four studies reported a
positive effect (#1; #30; #33; #41), indicating that the ET focusing on mathematics was more
beneficial for enhancing mathematical competencies than the non-mathematics ET condition.
Effect sizes were small to large. Six studies reported mixed findings (#10; #11; #28; #32; #44;
#51): positive effects for some mathematical outcomes when compared to the non-
mathematics ET condition and no effects for other outcomes. One study reported no

difference between conditions (#5).
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A third subgroup of media comparison studies (n = 8) compared the effectiveness of
the same medium in conditions targeting the same content domain (e.g., comparing the effect
of “GraphoGame Math” on tablets versus the effect of “The Number Race” on tablets) (#7;
#13; #30; #34; #35; #37; #40; #49). Of these studies, four reported a positive effect, indicating
that one mathematics ET application was more effective than the other application for
enhancing children’s mathematical competencies (#7; #30; #35; #40). Effect sizes were small
to large. Two studies reported mixed findings (#37; #49): one application was more beneficial
for some mathematical outcomes when compared to the other application, but not for other

outcomes. Two studies reported no effect (#13; #34).

Fourth, in none of the media comparison studies, the conditions differed both in terms

of medium and in terms of content domain.

A fifth and last subgroup of media comparison studies (n = 18) did not provide
sufficient information for identifying the medium and/or content domain applied in the
control condition(s) (#2; #3; #4; #5; #8; #13; #14; #17; #21,; #27; #29; #34; #36; #38; #43;
#45; #46; #47). These were all studies that reported a business-as-usual control condition,
without further specifications. Ten studies reported a positive effect (#2; #3; #4; #14; #17,
#21; #29; #38; #43; #47) indicating that the intervention condition was more effective than
the business-as-usual control condition for preschoolers’ mathematical competencies. Again,
effect sizes ranged between small to large. Four studies reported mixed findings (#27; #34;
#45; #46): the intervention condition was more beneficial than the control condition only for

some mathematics measures, and four studies found no differences (#5; #8; #13; #36).

4.3.2 Characteristics of ET and its Implementation related to Effectiveness: Value-Added

Studies
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For RQ2, we analyzed the results of value-added studies (n = 8) with respect to the
features of the ET and ET implementation associated with the intervention effect. The
features of the ET were investigated in four value-added studies (#1; #6; #42; #46), focusing
on interactivity, meta-cognitive guidance and the instructional principles adopted in the ET.
The feature of interactivity (i.e., ET systematically responding to learners’ actions) was
investigated in two studies (#1; #42). In both studies, children playing a digital game
(interactive condition) were compared to children watching a video of a researcher playing the
same game (non-interactive condition, without possibility to alter the pace or outcome of the
game). In the first study, there was no statistically significant difference in performance
between participants in the interactive condition and their counterparts in the non-interactive
condition on measuring tasks (#1). In the second study, preschoolers’ performance on a
quantity mathematics task only improved after watching the instructional video, but not after
playing the mathematics game (#42). One study investigated meta-cognitive guidance in the
ET by comparing a standard version of an educational e-book in the domain of early
mathematics with a version that additionally provided build-in meta-cognitive guidance
during reading. However, no difference in effectiveness was found (#46). Finally, one study
focused on the instructional principles used in the ET, comparing four ET supported
conditions relying on: (1) semi-structured discovery learning, (2) structured discovery
learning, (3) structured discovery learning and explicit practice (direct instruction), and (4)

unstructured practice. No significant difference between the four conditions was found (#6).

Four value-added studies analyzed the potential contribution of features of the ET
implementation to its effectiveness (#17; #24; #41; #50). With respect to grouping structure,
which was investigated in one study, children working individually with ET outperformed
children working cooperatively with the same ET on measures for high level mathematical

computation (estimating, adding, subtracting) (#50). In another study, three ET enhanced
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conditions, one without scaffolding (i.e., support), one with help and support provided by
peers, and one with teacher scaffolding, were compared. Results revealed that children from
the condition with scaffolding by the teacher made most progress (#17). In a study focusing
on parental support in mathematics at home in addition to educational game play in the
classroom (#41), no association with ET effectiveness was found when compared to a
condition providing educational game play in the classroom using the same game, but without
parental support (#41). When comparing two forms of mathematics app implementation, i.e.,
(1) implementing ET during free play, as a supplement to regular mathematics instruction,
extending the daily instructional time devoted to mathematics, and (2) implementing the same
ET during regular mathematics instruction, retaining the original instructional time devoted to

mathematics, no significant differences were found (#24).

4.3.3 Child Characteristics related to Effectiveness: Media Comparison and Value Added

Studies

For RQ3, we analyzed the child characteristics associated with ET effectiveness in
both media comparison and value-added studies. Child characteristics were investigated in 24
media comparison studies (#4; #8; #11; #18; #20; #21; #23; #25; #26; #28; #32; #35; #36;
#37; #38; #39; #40; #43; #44; #45; #49; #51,; #52; #53). Eight media comparison studies
examined gender as a potential associated variable (#8; #21; #25; #26; #28; #38; #39; #40),
with only one study observing an association with ET effectiveness, favoring girls (#40).
Children’s age was investigated in four studies (#18; #25; #35; #40). Although three studies
found no association between age and ET effectiveness (#25; #35; #40), one study indicated
that younger preschoolers improved their mathematical knowledge more than older ones
(#18). Twelve studies addressed children’s prior knowledge, as evidenced by their pretest
scores, as a potential associated variable (#4; #20; #32; #35; #38; #39; #40; #44; #49; #51,

#52; #53). However, their findings remain indecisive as two studies did not find an



EFFECTIVENESS OF TECHNOLOGY IN EARLY MATHEMATICS: REVIEW 22

association with ET effectiveness (#4; #44), whereas ten studies did find such an association
(#20; #32; #35; #38; #39; #40; #49; #51; #52; #53). Moreover, in some studies children with
lower prior achievement (#32; #35; #38; #39; #49; #51) and in other studies children with
medium or high prior achievement (#20; #40; #52; #53) benefitted most from the ET. The
skill level or performance of the children in the digital learning environment was investigated
in two studies (#21; #36). Both studies reported that children who reached the upper levels in
the game had higher gain scores at post-test than children who did not reach these levels.
Three studies investigated the amount of ET usage of the children and reported mixed
findings (#21; #37; #49). Whereas two studies observed a positive association between (a) the
total number of activities and time spent in the interventions and (b) mathematics performance
after the intervention (respectively #49; #21), another study observed no association between
minutes or sessions played and gain scores on a mathematics achievement test (#37). Of the
four studies investigating race/ethnicity as a potential associated factor (#21, #38,# 39, #40),
one study did find such an association: the ET intervention effect was greater for non-
Caucasian children (i.e., Hispanic, African American, Asian and multi-racial) compared to
Caucasian children (#39). One study investigated the association between children’s effort
during educational game play and ET effectiveness, and found that individual differences in
effort predicted children’s improvements in number line estimation at posttest (#32). Finally,
other child characteristics that were investigated, but were found not to be associated with ET
effectiveness, were: vocabulary (language) scores (#11), socio-economic status (#23),

memory (#23), children’s at risk status for learning disabilities (#43), and verbal ability (#45).

One value-added study investigated child characteristics (#42). In line with the media
comparison studies, this study found an association between ET effectiveness and the child
characteristics of prior knowledge, performance in the ET, and age. Specifically, children

with higher prior knowledge and children who made fewer errors while playing the game,
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benefited most from ET. In terms of age, an interaction effect was found with interactivity:
younger children only learned from a game when they watched the game being played by
someone else (non-interactive condition) rather than when playing the game themselves
(interactive condition), while older preschoolers improved in neither condition. Character
familiarity (i.e., the extent to which the child is familiar with the characters in the game), was
also investigated in this study, but was found not to be correlated with children’s learning

outcomes after the intervention (#42).

5. Conclusions and Discussion

Despite the general agreement on the importance of children’s early mathematical
skills for their later mathematical development [1], mathematics instruction in preschool is
limited [3]. ET may be a valuable tool to provide frequent and high-quality mathematics
learning opportunities to preschoolers (e.g., [8,14]). Reviews and meta-analyses in older
children and students point to the effectiveness of ET for improving mathematical learning
outcomes (e.g., [5,6,7]). Similarly, literature reviews focusing on early childhood education
underscore the potential of ET for supporting early mathematical development as well
[9,10,11,12,13,14]. However, as these reviews in the domain of early childhood education
suffer from serious weaknesses, a systematic and comprehensive literature review on the topic
is currently lacking. Such a review is needed to inform research, on the gaps in the existing
knowledge and valuable avenues for future research, as well as educational practice, on
effective tools for supporting young children’s mathematical development and effective
approaches for designing and implementing these tools. We therefore addressed their
weaknesses by conducting a systematic and comprehensive literature review on the topic,
focusing on both children with and without special educational needs, and including the most

recent studies on the topic. Moreover, we distinguished between the insights coming from
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media comparison studies versus value-added studies in the domain. In general, we found that
almost all studies on the topic adopted a media comparison approach whereas only a small
minority of studies adhered to the value-added approach. Of the media comparison studies,
about one third compared conditions with a different medium but focusing on the same
content domain. About one third did not provide sufficient information for determining the
medium and/or content domain in the control condition(s). The other studies either compared
the effectiveness of the same medium in conditions targeting a different content domain or the
effectiveness of the same medium in conditions targeting the same content domain. In what
follows, the major findings of the media comparison and value-added studies in relation to
each research question as well as their implications for future research and educational
practice will be discussed (Section 5.1). We end with a reflection on the limitations of the

reviewed studies and of the current systematic review (Section 5.2).

5.1 ET Effectiveness in Early Childhood Mathematics Education

5.1.1 RQ1: Effectiveness of ET in General

To answer RQ1, we analyzed the effectiveness of ET as reported by media comparison
studies. About one third of the media comparison studies compared conditions with a
different medium but focusing on the same content domain. Most of them compared an ET
condition to a non-ET condition. Nearly all these studies found that the ET was at least as
effective as or even more effective than the support provided in the non-ET condition for one
or more outcomes in the domain of early mathematics. This suggests that ET can be an
effective tool for supporting preschoolers’ early mathematical development. However, in line
with the media-debate [29], we caution that it is not the medium as such that makes a
difference for learning, as there is nothing inherent in the medium or technology that

automatically guarantees learning. Rather, the positive effects reported by these media
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comparison studies might be attributable to other, uncontrolled differences between the
conditions, such as the specific method (i.e., ET program) being adopted [29]. Indeed, when
comparing two ET conditions in the domain of mathematics, using the same medium but a
different method, it was found that also the specific ET program applied in the domain of
mathematics can make a difference for learning. Moreover, when comparing two ET
conditions, using the same medium, but focusing on a different content domain (e.g., literacy),
more than half of the studies reported no differences or mixed findings. This is surprising
given that the children in the intervention condition received (extra) instruction in the domain
of mathematics, whereas the children in the control condition did not. Again, it might be that
additional uncontrolled variables such as child characteristics or features of the ET
applications and their implementation that differed between conditions, confounded the
results [29]. Against this background, we argue that to further advance the field, future media
comparison studies should not be designed so as to compare the effectiveness of different
media (i.e., different medium same content domain), and should minimize the number of
differences between the conditions being compared, by comparing the effectiveness of two or

more different methods using the same medium, within the same content domain.

Additionally, as was also observed in previous reviews (e.g., [26]), about one third of
the media comparison studies provided no or only sparse descriptions of the activities in the
control conditions (i.e., business-as-usual, without further specifications). This is problematic
as no strong, unambiguous conclusions can be drawn on the basis of their results given the
multitude of possible differences that might have existed between the intervention and control
conditions. Future media comparison studies should provide more elaborate descriptions of
the different conditions and adopt a meaningful control condition (i.e., same medium, same
content domain, different method) to support informed interpretations of their results and to

allow comparisons across studies [26]. Moreover, given the concerns related to media
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comparison research, we argue that these studies need to be complemented with more well-
designed and controlled studies investigating how the ET should be designed and
implemented in order to be effective, a question typically addressed by studies adopting a

value-added approach.

5.1.2 RQ2: Characteristics of ET and its Implementation related to Effectiveness

For RQ2, we analyzed the results of value-added studies on the features of the ET and
the ET implementation that are associated with the intervention effect. Contrasting the media
comparison studies in our review, studies adhering to the value-added approach were scarce.
Therefore, insights on the ET and ET implementation features that are associated with ET
effectiveness is early mathematics education are limited and should be interpreted with

caution as no strong claims can be made on the basis of this limited number of studies.

Regarding ET features, interactivity, meta-cognitive guidance, and the instructional
principles adopted in the ET were investigated. While these ET features have been found to
contribute to the effectiveness of ET for enhancing learning in older children in the domain of
mathematics (see for instance [96] for meta-cognitive guidance), none of these features were
found to be associated with ET effectiveness in early mathematics education. A possible
explanation relates to the young age of the children and their limited cognitive capacities.
Based on cognitive load theory [97], it is suggested that instruction often imposes unnecessary
cognitive load on learners hampering learning. This especially applies to the use of ET as
these technologies are replete with affordances that can facilitate learning but can also serve
as a distraction to many students [25]. As such, it may be that the investigated features of the
ET placed undue burdens on young children's cognitive capabilities. For instance, as for
interactivity, it might have been the case that children had to devote a significant portion of

their limited working memory resources to the physical requirements of manipulating the ET
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during game play, which may negatively impact their ability to attend to the mathematical
content. Conversely, children in the non-interactive condition did not have to focus on the
physical manipulation of the game, and therefore, were able to devote more working memory
resources to acquiring the mathematical content [36]. Likewise, for meta-cognitive guidance,
the extra information and tools provided in the ET might have caused a cognitive overload in
preschoolers. Future studies are needed to test this hypothetical explanation by systematically
manipulating and investigating features of the ET that might reduce cognitive load in
preschoolers during ET use, relying on the framework of Mayer on multimedia principles
[25]. Moreover, in terms of instructional principles, given the specificity of early childhood
education (e.g., play-based pedagogy, primarily learning activities focusing on multiple
curricular domains in an integrated way), it might be promising for future studies on the topic
to investigate other instructional principles in the ET that are more in line with this pedagogy,

such as different game features (e.g., feedback, repetition, adaptivity, challenge, reward, etc.).

Related to ET implementation, the contribution of grouping structure, scaffolding by
the teacher, parental support, and the integration of ET as a supplement to versus as a part of
regular mathematics education, were investigated. Two of these features were found to
contribute to ET effectiveness. Specifically, ET was found to be more effective for learning
when the children were provided with support by the teacher during ET use [52] and when
used individually rather than cooperatively [84]. This second finding is surprising given the
growing literature on the positive effects of cooperation and collaboration using ET [25], also
in the context of early mathematics education (e.g., [49]). A possible explanation might be
that, given the young age of the children, they did not yet acquire the necessary meta-
cognitive, coordination and communication skills to recognize each other’s mistakes and to
give valuable feedback and support to one another [84]. This might imply that in order for ET

based collaborative learning in early mathematics to be effective, teacher scaffolding is
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needed, which is also recognized in the Computer Supported Collaborative Learning (CSCL)
literature (e.g., [49,98]). As such, future studies addressing the effectiveness of teacher

scaffolding during collaborative ET use in early mathematics education are needed [98,99].

We conclude that many unaddressed questions about the design and implementation of
ET in view of ET effectiveness remain. To further advance the field, carefully designed and
controlled value-added studies are needed to develop our insight into the elements that
enhance learning and learning processes from ET in this specific age group. Such studies
would not only further scientific knowledge on the topic of ET effectiveness in early
childhood mathematics education, but would also provide building blocks for designing and
implementing effective technology-enhanced learning environments in early childhood
education, and as such enhance the quality of classroom instruction and young children’s

development in the domain of mathematics.

5.1.3 RQ3: Child Characteristics related to Effectiveness

For RQ3, we analyzed the child characteristics associated with ET effectiveness in
both media comparison studies and value-added studies. Both types of studies revealed that
especially children’s skill level or performance in the ET and their prior knowledge are
important to take into account when considering ET effectiveness in the domain of early
mathematics. For the other child characteristics, no unequivocal evidence (i.e., age, gender,
amount of ET use and race/ethnicity) or no evidence (i.e., vocabulary, at risk status for
learning disabilities, socio-economic status, memory, and verbal ability) of an association

with ET effectiveness was found.

With respect to skill level or performance in the ET, our review revealed that ET was

most effective when children reached the upper levels in the ET or when they made fewer
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mistakes. A first possible explanation for this finding is that children reaching the upper levels
in the ET also practiced more using the ET (time was not strictly controlled in these studies),
equipping these children with more learning opportunities, which may have led to larger gains
on posttest. A second explanation relates to the relevance of the content of these learning
experiences and the structure of the ET in terms of how the content is organized. Possibly, the
mathematical contents which are assessed on posttest are only encountered and practiced in

higher ET levels.

Turning to children’s prior knowledge, our review revealed that children’s prior
knowledge was associated with ET effectiveness, although research remains inconclusive as
to whether children with high, medium or rather low prior knowledge benefit most from ET.
A possible explanation for these mixed findings relates to the features of the ET or ET
implementation that might have differed between studies, such as the ET feature of adaptivity.
Adaptive technology presents information to the learner that is contingent on the learner’s
prior knowledge, behavior, and/or other characteristics, and as such, can take children’s prior
knowledge level into account [25]. Therefore, adaptive ET is considered better than non-
adaptive ET, and is considered to be especially beneficial for children with high or low prior
knowledge (as compared to medium prior knowledge). Given the importance of prior
knowledge for learning, future studies should further look into the differential pattern of
effectiveness of ET according to children’s prior knowledge. For instance, future studies on
the topic should investigate and compare the effectiveness of adaptive ET for different groups
of children in terms of prior knowledge. Such studies would not only further scientific
knowledge on the topic, but would also allow educational practitioners and software

developers to choose or design for each child the most effective pedagogical approach.

5.2 Limitations
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A number of limitations, both of our systematic literature review and of the studies
included in our systematic literature review, should be acknowledged. We first discuss the
limitations of our systematic review. To address the weaknesses of previous reviews on the
topic, we distinguished between the findings of media comparison studies versus value-added
studies given their distinct research questions and designs. This distinction allowed us to only
synthesize the results of studies with a similar design and research question, and thereby, to
meaningfully analyze and interpret their results. However, there was still a large heterogeneity
in the media comparison studies in terms of design and conditions. Due to this “control group
problem”, it is impossible to compare the results of the effectiveness of ET for supporting
learning in the different media comparison studies as there is no common baseline for such a
comparison [30]. We therefore further distinguished between different types of media
comparison studies, taking into account differences between conditions in terms of medium
and content domain. We acknowledge that other differences may have existed between the
conditions and may have contributed to the reported effects, such as the specific instructional
methods being adopted [29]. However, given the small sample of studies, we decided to not
further split up the studies into more subcategories of media comparison studies. For future
review studies on the topic, including a larger number of studies, it may be worthwhile to
adopt a more fine-grained approach when analyzing the results of media comparison studies
by also taking other potential differences between conditions into account, such as the specific
instructional methods adopted, the mathematics subdomains and contents being addressed, the

types of tasks presented in the ET, and the characteristics of the participants included.

We now turn to the limitations of the included studies. First, in terms of study quality,
it was found that for all studies included in the review, at least some concerns regarding their
quality could be formulated. This is of serious concern, as the study design quality of studies

assessing ET effectiveness might affect the results of these studies [100]. Moreover, as also



EFFECTIVENESS OF TECHNOLOGY IN EARLY MATHEMATICS: REVIEW 31

observed in previous reviews (e.g., [14,26]), many studies had incomplete reporting of study
methods, making it difficult to assess their study quality and often leading to lower scores on
their quality assessment. Future studies should therefore be more rigorously designed and
provide more information on at least: the randomization process, the reporting and handling

of missing outcome data, measurement of the outcome, and selection of the reported result.

Second, with respect to the specific early mathematics subdomains investigated in the
studies [17], the vast majority focused on number and operations. However, the subdomain of
number and operations already receives most attention in preschool while the other
subdomains (i.e., geometry, patterns, measurement and data analysis), receive limited
attention in preschool [2,3,22]. A possible explanation for this predominant focus on number
and operations in both research and educational practice relates to the scarcity of educational
resources addressing topics beyond number and operations [23]. This is problematic given the
importance of also these other mathematical subdomains [17]. To support early childhood
educators to address these other subdomains, and to foster scientific research on the topic,
educational software designers should design and develop ET programs in these other
subdomains. Accordingly, future research needs to investigate the effectiveness of programs
focusing on other subdomains, rather than almost exclusively focusing on the subdomain that

already receives most attention in preschools.

Third, the effectiveness of ET investigated in the studies referred solely to cognitive
learning outcomes. However, several scholars have stressed the possibilities of ET to also
enhance motivational outcomes and efficiency outcomes in learners [27,101]. Although some
studies qualitatively reported children’s engagement and motivation during ET use [40,43,65],
all of which reported a high level of enjoyment of the children during ET use, the effect of ET

on their motivation was not analyzed. Given the importance of motivation to continue
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interacting with the ET, and consequently, to learn, research investigating the effect of ET on
motivation in the domain is needed. However, it should be noted that measuring affective
outcomes (e.g., motivation, interest, self-concept) in young children is challenging [102],
especially when relying on self-reported data [103]. Therefore, a multimodal approach is
recommended for the assessment of affective outcomes in which self-reported data (based on
questionnaires and/or interviews) are complemented with unobtrusive data collected during
ET use (e.g., physiological data) [103]. Furthermore, efficiency outcomes (i.e., time
management and cost-effectiveness) could be taken into account. Especially time
management is considered relevant when assessing the effectiveness of ET in education (e.g.,
achieving more during one lesson hour), even more so because time management plays an
important role in teachers’ decision for adopting and implementing the ET. Future studies on
the topic in younger children should also focus on efficiency outcomes, by registering and
taking into account the time children spent training with the ET, in order to achieve a more
comprehensive picture on the effectiveness of ET in the domain. Additionally, it should be
noted that many studies did not use validated standardized instruments and most studies only
assessed the effectiveness of the ET immediately after the intervention. Future studies on the
topic should include validated standardized measures so as to not bias their findings as well as
a delayed posttest to asses long-term effects (min. two weeks after intervention has finished).
Such posttests are relevant, especially in short intervention studies, to control for the novelty

effect and for positive effects as a result of intensive training [27,104].
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