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t This study belongs to a series of studies on using Augmented Reality to enhance students’ learning of liner
functions. We collected the students’ self-efficacy in mathematics in pre-tests and post-questionnaires, which
were excluded in this paper due to different research focus.

Abstract: Using multiple representations is advocated and emphasized in mathematics and science
education. However, many students have difficulty connecting multiple representations of linear
functions. Augmented Reality (AR) may affect these teaching and learning difficulties by offering
dynamically linked representations. Inspired by this, our study aims to develop, implement, and eval-
uate an AR-based multi-representational learning environment (MRLE) with three representations of
linear functions. The data were collected from 82 seventh graders from two high-performing classes
in an urban area in China, through a pre-test, a post-questionnaire, and follow-up interviews. The
results reveal that students were satisfied with the AR-based MRLE, which assisted in enhancing their
understanding of the real-life, symbolic, and graphical representations and connections among them.
Regarding students’ interactions with multiple representations, apparent differences in learning
sequences and preferences existed among students in terms of their representational learning profile.
In sum, learning in the AR-based MRLE is a complex interaction process between the mathematics
content, forms of representations, digital features, and students’ representational learning profile.

Keywords: augmented reality; representational fluency; linear function; multiple representations;
STEM

MSC: 97U10

1. Introduction

The existing literature and many reforms in mathematics education emphasize the
role of representations in mathematics teaching and learning [1-3]. Representational flu-
ency, the ability to work within and translate among multiple representations, is vital to
developing students’ conceptual understanding and problem-solving skills [4-6]. However,
prior research revealed that many K-12 students exhibited representational disfluency.
For example, one of the biggest stumbling blocks for algebra students was translating
between various representations of functions [7]. New technology, which offers linked
representations, may provide solutions to those teaching and learning difficulties [8].

Augmented Reality (AR), a burgeoning technology that overlays virtual objects into
the real world, brings significant changes to educational settings and has become an
essential focus of research partly due to the accessible and affordable hardware [9]. Previous
studies have shown that AR has demonstrated its strength in sustaining students’ spatial
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thinking and conceptual understanding of abstract mathematics concepts [10]. Additionally,
using AR, multiple linked representations can be presented simultaneously, convenient
for graphing and calculating. These findings open up the possibility of using AR as an
innovative tool for empowering students’ representational fluency.

Therefore, this study aims to develop an AR-based multi-representational learning
environment, examine how students learn different representations of linear functions
(a traditional core topic in secondary school mathematics) in such an environment, and
produce insights into viable approaches to enhance students’ representational fluency.

1.1. Multiple Representations in Linear Functions

Representations are defined differently in different domains (epistemology, educa-
tional psychology, etc.). In mathematics education, researchers differentiated between
internal and external representations and assumed that connections between internal un-
observable mental representations are influenced and stimulated by building connections
between corresponding external representations [11]. Thus, in this study, we focus on
external representations, which include spoken language, symbols, pictures or graphs,
concrete or computer-based manipulative models, etc. [5,12]. These representations are
important in their own right, and, more importantly, flexible connections among them
play a critical role in learning mathematics, especially in helping students build a deep
conceptual understanding and develop flexibility in problem solving [11-15]. However,
abundant studies showed that secondary or even college students often had difficulty mak-
ing connections among representations, especially among tabular, graphical, verbal, and
symbolic representations of linear functions [16-20], which may be related to the restriction
of representations used in teaching or the curriculum [17,21].

A much-debated question is: “Are two representations better than one?” Research
to date has not yet determined whether Multi-Representational Learning Environments
(MRLE) result in superior mathematics learning. Researchers argue that multiple repre-
sentations have additional learning benefits since different representations can complete
each other, and one representation may constrain the interpretation of the other [22]. On
the other hand, the split-attention and redundancy effects [23] indicated that multiple
representations might contain redundant information and increase cognitive loads on a
student’s cognitive system [24], as more information must be processed simultaneously
and stored in working memory. It may lead to students’ failure in performing the task
when the sum of cognitive loads exceeds the working memory limits [25].

Additionally, empirical studies on the learning effect of MRLE usually indicated
inconclusive results. For example, Kolloffel et al. compared the effect of using Diagram
(D), Arithmetic (A), Text (T), T + A, and D + A and showed that T + A was the most
beneficial for learning combinatorics problems [26]. While in Rolfes et al.’s study [27], Table
+ Graph leads to advantages in learning qualitative functional thinking, but Graph leads to
higher gains in quantitative functional thinking. They indicated that the learning effect is a
complex interaction between learning content and representations.

Function, ubiquitous in our everyday life, is considered one of the most critical and
fundamental contents for mathematics education, in which multiple linked representations
are widely used [8,16]. Moschkovich et al. identified five common representations of a
function: equation, table, graph, verbal description, or real-world situation [28]. When
students use various representations of functions, they are almost forced to look at functions
in three main aspects: mapping, covariation, and function as object, which is the most common
approach for describing functional thinking [29]. The first aspect mapping means that for
every element x of the domain, there is exactly one element y of the range; the second
aspect covariation focuses on the variation of the independent variable and the resulting
covariation of the dependent variable; the third aspect function as object takes the whole
function into account [30].

Researchers have examined how the aforementioned three aspects occur in different
representations of functions. A great deal of previous relevant research examined only one
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or two aspects, emphasizing the covariational aspect [19,27], and few studies covered all
three aspects in various representations simultaneously. Moreover, relevant research usually
focused on the graph, table, verbal description, and algebraic expression of functions and
connections among them [6,15,21,28], while real-world situations received less attention,
even though the use of real-life situations is expected to stimulate students’ engagement in
the process of learning.

The Emergent Modelling design [31] and the literature on realistic mathematics ed-
ucation [32] stressed the importance of starting with contextual problems to develop
situation-specific reasoning and tentative representations. In addition, many algebra stu-
dents failed in translating from a word problem or its verbal description to an algebraic
expression or graph [7]. Therefore, there is a need for more research integrating real-world
situations to examine the potentially positive role of real-life problems in representational
learning and offer students engaging and meaningful learning opportunities.

Drawing on the above literature review, we established the conceptual framework for
this study (see Figure 1), focusing on connections among real-life (RL), symbolic (S), and
graphical (G) representations of linear functions in three aspects: mapping, covariation, and
function as object, for the following reasons. First, abundant published studies [16-20] de-
scribed students’ learning difficulty in connecting G<->5 of linear functions. Meanwhile, G
and S are the most prevalent and prototypical representations when teaching functions [33].
Second, based on the Integrated Model of Text and Picture Comprehension (ITPC) [34], the
information processing of descriptive (such as symbolic) and depictive (such as graphical)
representations occur via different channels. Data on how students learn with representa-
tions from different channels would be helpful for the MRLE design. Third, considering
the importance of linear functions in secondary mathematics, rich real-life applications of
linear functions in STEM subjects [35,36], and related learning difficulties [7], this study
attended to the linear function and its real-life situations.

:

G G

Level 1: Mappin: Level 2: Covariation

Figure 1. Conceptual framework of representational fluency in linear functions.

Moreover, individual characteristic is a factor influencing a student’s representational
fluency [37], for example, a student’s prior knowledge (including misconceptions) about
representations [16,38], domain-specific knowledge [39], representational preference, and
affective factors [22,40]. In addition, researchers discovered that students still had diffi-
culty translating between representations though they had mastered each representation
individually [41]. There exists a call for more empirical investigations on how different
students deal with each representation in MRLE [27]. Up to now, far less attention has
been given to how students with varied individual characteristics interact with different
representations in MRLE. It may produce valuable insights to design effective MRLE and
thus help students with various needs build their representational fluency.

In sum, previous studies have outlined considerable difficulties students encounter
in developing representational fluency, and the learning effect of MRLE is influenced by
several factors, such as content, representation types, and students’ characteristics. In the
meantime, new technology, which makes dynamically linked multiple representations
available in MRLE [8], offers new possibilities to conquer students’ learning difficulties.
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1.2. Using Augmented Reality to Enhance Students” Mathematics Learning

In recent years, an increasing number of educators and researchers have advocated
using dynamic software to support representation and function learning. For example,
Ocal [42] and Zulnaidi et al. [43] demonstrated that GeoGebra could facilitate students’
conceptual and procedural understanding of function-related topics, such as limit and
derivative, and promote interactive learning. Moreover, researchers reported that Ge-
ometer’s Sketchpad could help students visualize and understand the graphs of different
functions and improve their attitude toward learning [44,45].

All these dynamic software packages possess a common beneficial feature, i.e., when
learners operate on one representation, they will see the corresponding effects on all other
representations, namely dynamic linking or automatic translation [46]. Scaife and Rogers [47]
proposed that such a feature can reduce the cognitive load placed on students and en-
able them to concentrate on the study of the relation between representations. However,
previous studies often focused on the symbolic, graphical, and tabular representations
of a function, leaving verbal and real-world situated representations unexplored. An
underlying reason could be the inability to provide technical support for other forms of
representations, for example, a real-world environment.

Augmented Reality (AR), a new technology that displays computer-generated virtual
information next to the physical objects that reside in a real-world environment, could
be a promising solution to the current problem. Researchers have already shown that
AR provides a unique and meaningful platform for teaching and learning in the STEM
fields [48]. Ahmad and Junaini [49] conducted a systematic review of 19 journal articles
between 2015-2019 concerning studying mathematics in an AR-based environment and
generalized three main themes: implementation, development, and effectiveness of AR. In
addition, they reported three major benefits of AR: (1) increasing students’ self-confidence
and mathematical understanding, (2) enhancing students’ visualization skills, and (3)
promoting interactive learning.

It is noticeable that the research topics and findings pertaining to AR were similar to
those concerning dynamic software, probably because they all share dynamic and automatic
characteristics. Researchers illustrated that AR could reduce students” efforts in tedious
tasks, such as drawing functions manually and performing algebraic calculations, allowing
them to concentrate on more critical assignments, such as exploring and analyzing [50].
Moreover, what differentiates AR from other dynamic software is that it can present virtual
information in close spatial proximity to real objects, thus expanding the research domain
regarding representations. Additionally, Altmeyer et al. [51] pointed out that this closeness
between virtual information and actual objects satisfies Mayer’s twelve design principles
for multimedia learning [52], which are valuable for reducing learners’ extraneous cognitive
load, fostering generative processing, and supporting conceptual knowledge acquisition.
Overall, AR not only exhibits the strength of dynamic software but also provides new
research directions, such as integrating real-life situations. This study presumed that an
AR-based MRLE could potentially enhance students” understanding of linear functions’
real-life, symbolic, and graphical representations.

Moreover, we reviewed the existing literature regarding the use of AR to support
representation and function learning and discovered that the application of AR in algebra is
relatively scarce compared to that in geometry. Existing studies have focused on interactive
learning [53,54], spatial visualization skills [50,55], and the affective domain [56,57]. Conse-
quently, this study seeks to offer new insights into how AR can be utilized to facilitate the
teaching and learning of three representations of linear functions.

Last but not least, Cai et al. [58] noted that empirical studies on using AR in math-
ematics classrooms often focused on students’ learning gains and motivations, but only
a few have addressed the difference between students with different personal features.
Consequently, they conducted a study to evaluate how an AR app influenced students with
different levels of self-efficacy. Another research study conducted by Chen [59] revealed
that learners with high anxiety exhibited higher confidence and satisfaction than those with
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lower anxiety in an AR-based mathematics course. We reviewed more relevant articles, for
example [60], and discovered that these studies often categorized students based on non-
mathematical characteristics. However, few have targeted students’ specific mathematics
knowledge, such as their representational knowledge, which may produce insights into the
future design of MRLE for personalized learning of mathematics.

1.3. Research Questions

The purpose of this study is to develop, implement, and evaluate an AR-based MRLE,
which provides rich learning opportunities for students to work with dynamically linked
multiple representations of real-life motion problems. To be specific, the AR games focus
on three representations, real-life(RL), symbolic (S), and graphical (G), targeting six types
of connections: RL->S, RL->G, S->RL, 5->G, G->RL, and G->S of linear functions in three
aspects (mapping, covariation, and function as object). Our overarching research question is:
What contributions could AR bring to students’ representational fluency in linear functions?
More specifically, this study is guided by the following research questions:

1.  How domiddle school students perceive the role of an AR-based multi-representational
learning environment in their learning of linear functions?

2. How do middle school students interact with representations in an AR-based multi-
representational learning environment? Do differences exist between students with
varied representational learning profiles?

By addressing these questions, we hope that this study could provide research evi-
dence to shed light on issues regarding students’ learning processes in MRLE and advance
our understanding of the role of AR in enhancing students’ representational fluency.

2. Materials and Methods
2.1. Targeted Mathematics Topics

In this study, we focused on the application of linear functions in the uniform linear
motion problem, a key topic in secondary school physics and mathematics [61]. Based
on the conceptual framework, this study targeted concepts in three aspects of functional
thinking: mapping, covariation, and function as object [30] and their corresponding real-life,
symbolic, and graphical representations (see Table 1). Students were expected to connect
three representations of each concept listed below.

Table 1. Mathematics concepts and representations tackled in this study.

Aspect Concept Real-Life (RL) Symbolic (S) Graphical (G) !
Mapping A pair (?f values sa’{tisfying Dep‘artt%re (to, So) Initial pgint
a linear function Destination (t1, S1) End point
. . -, . Slope: Steepness
Covariation Rate of change Speed: run (fast/slow) v: positive (big/small) (steep/gradual) or
or stop or 0 hori
orizontal
One player travelling on
Linear function one track with a constant S=v(t—1ty)+ So Line
Function as speed or taking a break
Object Constant function 2 One player taking a break 5=5 Horizontal line

Piecewise linear function

More than one line

One player travelling on ot (kg <t <H)
one track with breaks etal. S = { Si(t ; ¢ ; ty)

I Due to a typesetting issue, graphical representations are shown in Table 2. 2 A special case of linear functions.
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2.2. AR App and the Intervention Design

In line with the above mathematics concepts and representations, the AR app for
Android tablets was developed using Unity 3D and Vuforia, which consisted of two games:
(1) Game 1: Let’s go hiking and (2) Game 2: AR* Beijing travel plan. The app interface
includes three dynamically linked representations: a 3D animation of the real-life motion
problem, the corresponding graphs, and algebraic expressions.

Table 2 lists the motion problem context, stages of play, app interface, and underlying
mathematics in detail. In Game 1, a student first chooses one vehicle from four vehicle
cards to complete his/her trip from home A to mountain B, then chooses the time planned
for hiking, and finally reaches the top of mountain B. In Game 2, a student can choose one
vehicle for his/her trip from place A to B, playtime in B, another vehicle for his/her trip
from place B to C, playtime in C, a new vehicle for his/her trip from place C to D, and
playtime in D, and finally finish his/her own Beijing travel plan.

To maximize students’ learning effectively, we consulted the 12 principles to structure
multimedia material listed in the Cognitive Theory of Multimedia Learning when designing
the app [52]. To reduce extraneous load, we included only graphics and text that support
learning goals and simple visuals (Coherence principle), used fireworks as signals to draw
attention to important information (Signaling principle), placed text close to the graphics it
refers to (Spatial Contiguity principle), and presented corresponding animations, symbols,
and graphs simultaneously (Temporal Contiguity principle). To manage intrinsic load,
we adopted the Segmenting principle, which Game 1 is the simplified version of Game 2,
aiming to provide students with enough scaffolding support to be engaged in the game
and make the mathematics easier. A review of key concepts and representations in linear
functions, as well as a teachers’ demonstration of how to play the game, were also offered
to students before they play (Pre-training principle). In addition, we used conversational
language in the app (Personalization principle).

The intervention module consists of two sessions. The first session contains a 10 min
review of concepts and representations in linear functions, a 5 min teacher demonstration
of Game 1, a 20 min students’ self-exploration of Game 1, a 5 min classroom discussion,
and a 5 min summary. The second session has an 8 min teacher-students co-play time of
Game 2, a 22 min students’ self-exploration of Game 2, a 10 min classroom discussion, and a
5 min summary. Students are encouraged to observe and compare three dynamically linked
representations while playing games. In addition, corresponding worksheets for each
session are provided to students to ensure necessary support when exploring mathematics
in the AR-based MRLE.
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Table 2. Interfaces of the AR-based MRLE.

AR Game Motion Problem Stage AR App Interface (Sample) Underlying Mathematics

Algebraic expressions for S(km)

Stage 1: Choose one vehicle.

S(km)
Y P Q
[8:00 am at home A], you plan to go to - -
mountain B for hiking. G Map a : :
Game 1: Let’s go recommends 4 vehiclgs to get}ihelz)r}z, Stage 2: Choose 'th.e time
hiking namely: bicycle, bus, subway, and taxi. planned for hiking. : :
Now, you can choose your vehicle card
and begin your trip.
: : )
o t t2
S=vt O0<t<t)
$=§; (tL<t<ty)

End: Reached the top of
mountain B.
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Table 2. Cont.

AR Game Motion Problem

Stage

AR App Interface (Sampl

e)

Underlying Mathematics

The 24th Winter Olympic Games are
scheduled to open in Beijing on 4
February 2022. Our class plans to travel
to Beijing together. Our leading teacher
will reserve a hotel near Tsinghua
University (A), then travel to the Bird’s
Nest (B), then to the Temple of Heaven
(C), and finally to the CCTV
Headquarters (D). Please choose
suitable vehicles and complete your
own Beijing travel plan.

Game 2: AR Beijing
travel plan

Stage 1: Choose one vehicle (A
to B). When you arrived at B,
choose the playtime in B.

Stage 2: Choose one vehicle (B
to C). When you arrived at C,
choose the playtime in C.

End: Finish the Beijing travel
plan.

Algebraic expressions for S(km)

Algebraic exp

ressions for S(km)

(h) Y
ORI

Sif

P Q H
HE
o
i I
{ .
1 H
' HE
H I th)
th bt o ts ot
S=v,t O0<t<ty)
S=8: (t1<t<ty)
S=8S;+tvat—t3) (t2<t<t3)
S$=8; (tzs <t<ty)

S=8; +v3(t—ts)
S=8S;3

(ta <t<ts)
(ts <t<ts)
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2.3. Data Collection Instrument

The study used a pre-test to evaluate students’ prior representational knowledge of
linear functions and a post-questionnaire to see students’ perceptions of how AR plays a
role in their learning. In addition, a follow-up structured interview was conducted to grasp
deeper information about students’ learning process.

To assess students’ prior representational knowledge, we designed the pre-test con-
sisting of three overarching real-life motion problems. The first problem is presented in
text, including 3 items on RL->S and 3 items on RL->G. The second problem is presented
mainly in algebraic expressions, having 3 items on S->RL and 3 items on S->G. The third
problem is shown mainly in a graph, with 3 items on G->RL and 3 items on G->5. 3 items
for each connection targets mapping, covariation, and function as object aspects. A sample
item (targeting S->G, aspect: function as object) is shown in Figure 2.

(_|0.25 0<i<10 (8) The graphof Sis ().
(8) ¥ |25  10<r<20 BIEIRE: ( )o
o sk g
A L B.. c D..,

I e s
Figure 2. One sample question from the pre-test.

To see how students perceive the role of AR in their learning of mathematics, we de-
signed the post-questionnaire with 15 five-point Likert scale items (1 for strongly disagree
and 5 for strongly agree), focusing on three dimensions: AR user satisfaction (4 items),
AR utility (9 items), and students’ learning preference (2 items). Aligned with the ques-
tionnaire items, the interview protocol (see Appendix A) was designed to triangulate the
questionnaire data and gather more in-depth information about how students learn in an
AR-based MRLE.

Two rounds of pilot tests were conducted, one round with two students and the other
round with six students (from the same school but not in the sampled classroom). Based on
the feedback, we went through multiple rounds of revisions and finally produced the final
version. Two experienced mathematics teachers (including the mathematics teacher of the
sample classes) and a Ph.D. in mathematics education were invited to review and adjust
the written test, which guaranteed the validity of the assessment.

The reliability of the designed tests is established by the internal consistency reliability
coefficient [62], which is considered by researchers as one of the most appropriate statistical
methods to assess reliability [50,63]. Cronbach’s o of the pre-test was acceptable, 0.690,
and Cronbach’s « of three dimensions of the post-questionnaire (AR user satisfaction, AR
utility, and learning preference) were 0.928, 0.951, and 0.768, respectively; all passed 0.7, a
general rule of thumb indicating a satisfactory internal consistency [64].

2.4. Sampling and Data Collection

The AR-based intervention was conducted in two high-performing classes at a public
middle school in an urban city at Shandong, China, in December 2021. We intentionally
selected the two high-performing classes as the mathematics tackled in this intervention
was to some extent challenging for seventh graders, and students from high-performing
classes may utilize the AR potential better than those from ordinary classes.

A total of 87 seventh graders (one class with 43 students, the other with 44 students)
participated in this AR-based intervention. Before taking the intervention, the 87 students
had just finished their learning of the linear function chapter in the sequence of (1) functions,
(2) linear functions, (3) the graph of linear functions, (4) the algebraic expressions of linear
functions, and (5) applications of linear functions [65]. We believe it is the perfect time for
students to have a new multi-representational learning experience since (1) their knowledge
about linear functions and the graphical and algebraic expressions seems to be more solid
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than in other moments due to the fresh working memory, and (2) sufficient prior knowledge
of each representation is one of the keys to effective learning in a multi-representational
learning environment [27]. One of the researchers taught the intervention, mainly guiding
students to explore the motion problems and pay attention to three simultaneously linked
representations in the AR-based MRLE (see Figure 3).

xpressinns/for )
wigtespec QNS with respect to t(h) ™ £
S(km) Tt (hyE Fit S(km)ZF t(h)BYERHFEATES

5 t(h)
Time (t)

Distance (S)
Time (t)
Speed (v)

(b)

Figure 3. Students are playing AR games in the intervention. (a) Above: the boy is playing Game 1,
below: a screenshot of Game 1; (b) Above: the girl is playing Game 2, below: a screenshot of Game 2.

For data collection, all participants had about 30 min to complete the pre-test before
the intervention. After the intervention, they finished the post-questionnaire in 10 min.
Some students missed one or two tests due to illness or other issues, so we collected back
82 pairs of pre-test and post-questionnaires. The response rate was 94.3%.

Of the 82 participants, 41 were girls, and 41 were boys. Twelve students (ten boys and
two girls) were randomly selected from the students who were willing to participate in
follow-up interviews: 6 in one-to-one and 6 in paired groups. The average duration was
about 9 min. With the students’ agreement, all interviews were recorded and transcribed.
To keep anonymity, we named 12 interviewees as S1 to S12. For students who were willing
to participate in the interview, there were more boys than girls, and thus in the end more
boys than girls were randomly selected as interviewees.

2.5. Data Coding and Data Analysis

For the pre-test, cluster analysis [66] was used to classify the sample into two groups:
high-performing versus low-performing in terms of students’ performance in items starting
from RL, S, and G, separately. To grasp a more detailed learning profile, we also used cluster
analysis to categorize students’ performance in six types of connections, C1(RL->5), C2(RL-
>G), C3(S->RL), C4(5->G), C5(G->RL), and C6(G->S), individually, into high-performing
and low-performing based on their score on relevant items. Combining these dimensions,
we generated the learning profile depicting students’ prior representational knowledge for
each student (see Figure 4).
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S1 Learning Profile S8 Learning Profile S9 Learning Profile
cl c1 c1

@m==Cl: RL->S
_ @==C2: RL->G

8 5 ¢6 o 6 €2 Symbolic (S)
\l/ C3: S->RL

C4: $->G
Graphical (G)
C5: G->RL

ammC6: G->S

Real-life (RL)

cs C3 cs c3 cs c3
c4 c4 c4

Figure 4. Three sample learning profile.

The categorization result is shown in Table 3. A one-sample t-test was then conducted
to examine students’ responses to each dimension for each group and for all students. The
results show that each mean value of students’ responses to items in one dimension (C1-C6,
RL, S, and G) (1) in the high-achieving group was statistically significantly higher than that
of the overall group; (2) in the low-achieving group, their responses to the items in one
dimension was statistically significantly lower than that of the overall group (see t-values
in Table 3, p < 0.001).

Table 3. The clustered students’ prior representational performance.

Group C1 C2 C3 C4 C5 Ce RL S G
N 61 67 31 19 60 66 57 22 64
) o Mean 85.24 72.63 82.79 67.25 85.69 74.03 77.38 73.29 78.51
nghéifl‘f;"mg (SD) (16.69) (12.87) (16.23) (14.56) (11.53) (15.82) (11.25) (12.87) (12.71)
; 8.69 *** 6.12 *** 12.04 *** 12.50 *** 7.98 *** 5.40 *** 8.42 *** 13.37 *** 6.19 ***
>overall >overall >overall >overall >overall >overall >overall >overall >overall
N 21 15 51 63 22 16 25 60 18
o Mean 12.69 20.00 26.30 12.87 41.41 20.13 36.22 23.10 33.64
Lowi?r%ﬁi;‘”“g (SD) (16.58) (17.41) (14.75) (14.69) (16.62) (12.92) (18.01) (12.78) (16.71)
—14.90 *** —9.56 *** —10.33 *** —6.80 *** —9.14 *** —13.41 *** —7.94 *** —8.15***  —B.88 ***
<overall <overall <overall <overall <overall <overall <overall <overall <overall
Overall Group Mean 66.66 63.00 47.6 25.47 73.81 63.51 64.83 36.56 68.66
(n=282) SD 35.90 24.63 31.48 27.29 23.62 26.33 23.39 25.74 23.10

RL: real-life; S: symbolic; G: graphical; C1: RL->S; C2: RL->G; C3: S->RL; C4: S->G; C5: G->RL; C6: G->S5; t:
one-sample t tests; *** p < 0.001.

Descriptive statistics, such as means and standard deviations, were used to analyze
each Likert scale item in the post-questionnaire. For the interview transcript, as well as
the suggestions collected from the open-ended questions in the post-questionnaire, three
researchers used Grounded Theory [67] to develop initial codes, discussed inconsistencies
until there is an agreement, and finally produced the codebook for answers to each question
(see Appendix A). The data were re-examined, and final codes were assigned to each
response. To ensure reliability, two researchers coded each transcript according to the
codebook independently. The percent agreement between two coders is 99.2%.

3. Results
3.1. Analysis of the Role of an AR-Based MRLE
3.1.1. The AR User Satisfaction Dimension
Overall, students were highly satisfied with the intervention and the two AR games

and would like to have more opportunities to study with AR in the future. The descriptive
statistical results are shown in Table 4.
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Table 4. Descriptive statistical results of students’ satisfaction with the AR-based MRLE.

Dimension

N
w
'Sy
[$)]

Item Description Mean SD 1

1. I am satisfied with the intervention. 4.73 0.548
AR user 2. 1 am satisfied with the AR Game 1. 4.72 0.597

Satisfaction

(4 items, n = 81) 3. I am satisfied with the AR Game 2. 4.73 0.548
4. I want to have more learning opportunities with AR in the future. 4.70 0.660

14 63
14 63
14 63
14 63

_ o O O
o O = O
W o W

According to Table 4, [tems 1-4 regarding students’ satisfaction obtained mean values
of 4.73, 4.72, 4.73, and 4.70 and standard deviations of 0.548, 0.597, 0.548, and 0.660,
respectively. Each item’s data followed a negatively skewed distribution, indicating more
data values are above the mean value. Specifically, 63 (77.8%) students selected “strongly
agree”, and 14 (17.3%) students chose “agree” for each item, revealing that 95.1% of the
students were (highly) satisfied with the intervention.

All students in the interview expressed their satisfaction with the intervention and
pointed out that AR games were the most attractive part of the lessons. When asked which
AR game was better, three students picked AR Game 1 as they thought the first game was
more straightforward, while seven students chose AR Game 2 because it allowed them
to compare the representations of different linear functions. S9 said: “The second game
contains multiple stops to change the vehicles so that I can compare the representations of
different linear functions simultaneously.”

Students’ responses to the open-ended questions in the post-questionnaire conveyed
their suggestions. One third of the students had no suggestions. The remaining two
thirds of the students suggested a more updated tablet computer configuration, stable card
recognition systems, realistic 3D scene simulation, varied real-life contexts and gameplay,
and time for playing and problem solving. The interviews’ results also confirmed these
recommendations with one additional piece of advice: to optimize the visual effects on the
screen, such as the graph color and font size.

3.1.2. The AR Utility Dimension

In general, students were highly satisfied with the utility of AR-based MRLE in
deepening their understanding of linear functions within each representation and among
them. The descriptive statistical results are shown in Table 5.

Table 5. Descriptive statistical results of students’ satisfaction with utility of the AR-based MLE.

Dimension

[y
N
»
'y
(9]

Item Description Mean SD

5. AR helps me understand real-life motion problems better. 4.72 0.479
6. AR helps me understand graphs of linear functions better. 4.79 0.437
7. AR helps me understand algebraic forms of linear functions better. 4.79 0.437
8. The real-life problem helps me understand its graph better. * 4.68 0.564
MLE 9. The real-life problem helps me understand its algebraic form better. * 4.67 0.546
10. The graph helps me understand the real-life problem better. * 4.63 0.658
11. The graph helps me understand the algebraic form better. * 4.67 0.589
12. The algebraic form helps me understand the real-life problem better. * 4.61 0.643
13. The algebraic form helps me understand the graph better. * 4.65 0.575

AR utility in

(9 items, n = 82)

21 60
15 66
15 66
18 60
21 58
17 59
17 60
21 56
21 57

o O O O O O O o O
SO =B O =R O O O o O
B U1 O Qo =

* In the AR-based multi-representational learning environment.

In Table 5, Items 5-7 received mean values of 4.72, 4.79, and 4.79 and standard devia-
tions of 0.479, 0.437, and 0.437, respectively. The data distribution was negatively skewed
for all three items, and 81 (98.8%) students considered AR-based MRLE a valuable setting
for comprehending linear functions in real-life, graphical, and symbolic representations
separately. During the interviews, nine students selected graphical; eight students picked
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symbolic, and only two students chose real-life representations to be the representations
that they benefited most from during the AR-based MRLE.

As for Items 8-13, their mean values ranged from 4.61 to 4.68, and standard deviations
ranged from 0.546 to 0.658. Similarly, the data distribution was negatively skewed for
all six items. The number of students who selected “agree” or “strongly agree” for each
item is between 76 (92.7%) and 79 (96.3%), which is slightly lower than those for Items 5-7.
Overall, it is safe to conclude that at least 92.7% of the students agreed that the AR-based
MRLE could assist them in building connections among three different representations of
linear functions.

3.2. Students’ Interactions with Representations in an AR-Based MRLE
3.2.1. Learning Preference

In brief, students preferred (1) the AR-based to the traditional non-AR and (2) the multi-
to the mono-representational learning environment. Table 6 shows the representational
learning profile of the twelve interviewees. They were categorized into a high-achieving
group (students were in the high-achieving group of at least two dimensions among RL, S,
and G) and a low-achieving group (students were only in the high-achieving group of one
or no dimensions among RL, S, and G). After the categorization, each group contained six
interviewees.

Table 6. Students’ representational learning profile and their learning sequence.

Representational Learning Profile ID RL S G C C3 C4 C5 C6  Learning Sequence
S H H H H H H L H H RL and G->S
$s H H H H H H H H H RL->G->S

. . S H H H H H H H H L RL->G and S
High-achieving (2H and 3H) S H H H H H H H H H RL and G and S
S H L H H H L L H H RL->G->S
s H L H H H L L H H RL->G->S
$3 H L L H H L L L H S->G->RL
$4 H L L H H L L L H G->RL and S
. 9 L L H L H L L H H G->S->RL
Low-achieving (OH and 1H) s1 L L L H L L L H L RL and G and S
2 L L L L H L L L L G and S->RL
s2 L L L L L L H L H RL->G->S

H: high-achieving; L: low-achieving; RL: real-life; S: symbolic; G: graphical; C1: RL->S; C2: RL->G; C3: S->RL; C4:
S5->G; C5: G->RL; C6: G->S; S2 and S12 prefer mono-representational than multi-representational learning.

Regarding students’ learning preference for the AR-based or non-AR learning envi-
ronment, the item (n = 79) acquired a mean value of 4.72 and a standard deviation of 0.505,
implying that, on average, students were more inclined to study in an AR-based learning
environment. In the interviews, all students preferred the AR-based learning environment
to the traditional one. We generalized a list of reasons mentioned by students from each
representational learning profile level as follows:

1. For 3H students: AR leads to a more comprehensive and clearer understanding of the
concepts and is interesting;

2. For 2H students: AR is interesting;

3. For 1H and OH students: AR is simple to use, interesting, and helpful in visualizing
the concepts.

In sum, we identified three major findings: (1) All levels of students thought AR
created a delightful learning environment; (2) The 3H students thought AR enhanced their
conceptual understanding of concepts; (3) Low-achieving students (1H and 0H) thought
AR helped them to visualize abstract concepts.

In terms of students’ learning preference for the multi-representational or mono-
representational learning environment, the item (n = 82) obtained a mean value of 4.65
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and a standard deviation of 0.636, indicating that, on average, students preferred a multi-
representational to a mono-representational environment. During the interviews, ten
interviewees preferred to study in a multi-representational environment, while two in-
terviewees would rather study in a mono-representational environment. We noticed that
these two interviewees exhibited a low-performing representational learning profile in all
three dimensions (RL, S, and G), which could probably be the reason behind their choice.
In the same way, we summarized students’ reasons for their preferences, and the results
are shown in Table 7:

Table 7. Interview results of students’ preference for Multi- or Mono-RLE.

Dimension Profile Mean
3H MRLE clarifies the confusion and provides a comprehensive structure.
Multi-RLE 2H MRLE saves problem-solving time and enhances understanding.
ulti- 1H MRLE saves problem-solving time and enhances understanding.
O0H MRLE saves problem-solving time and provides a comprehensive structure.
Mono-RLE O0H Mono is easy to understand.

For the underlying reasons, S1 said: “When we studied representations one by one
in the past, I often confused a linear functions’ graph with a direct variations” equation.
If we could study all representations of linear functions simultaneously, I would not get
confused.” We simplified this quote into “clarifies the confusion.” S§ mentioned: “When
we studied representations one by one, it was hard to build connections among them. In
this lesson, I built a more comprehensive knowledge structure of linear functions.” We
shortened this quote to “comprehensive structure.” S7 responded: “The understanding
of one representation will complement the understanding of another representation, thus,
reinforcing the understanding of each other.” We abbreviated this quote to “enhances
understanding.” In summary, students who preferred MRLE praised it for allowing them
to make comparations among different representations and, as a result, deepened their
understandings of linear functions.

Although students from all different representational learning profiles expressed
their preference for the MRLE, high-achieving students (3H and 2H) and low-achieving
students (1H and OH) exhibited some differences. In the interviews, high-achieving students
indicated that they could compare three representations simultaneously, whereas low-
achieving students implied that they could only compare at most two representations
simultaneously. Last but not least, students who preferred a mono-representational learning
environment said they could only work on one representation at a time.

During the interviews, students also specified many advantages and disadvantages
of the AR-based MRLE. Based on the grounded theory analysis results, we summarized
advantages, such as the AR-based MRLE (1) demonstrated connections between different
representations clearly (7 students); (2) promoted a comprehensive structure of multiple
representations (4 students); (3) made it easy to calculate/draw and the problem-solving
process easier (3 students); and (4) deepened the understanding of functions and function
problems in real life (2 students). Regarding disadvantages, seven students mentioned that
they felt it hard to concentrate on three representations simultaneously, and two students
said they paid too much attention to the real-life animation model.

3.2.2. Learning Patterns

Generally speaking, students exhibited eight different learning paths when studying
in AR-based MRLE. According to Table 6, the path RL->G->S appears four times; the path
RL and G and S simultaneously appears two times, and the rest appears only once. Three
interesting patterns can be identified in high-achieving students’ learning paths:
1. All paths follow the sequence: RL->G->5;
2. All paths start with RL and end with S;
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3. Some paths involve processing multiple representations simultaneously.

Regarding the first pattern, students used the words “real” and “realistic” to describe
the real-life contexts and “complex” and “hard to imagine” to depict algebraic expressions
in the interviews. Therefore, we safely concluded that their learning sequences seem to
follow the pattern “Concrete->Semi-concrete->Abstract”, which fits the sequence used in
the concreteness fading instructional approach [68]. As for the second pattern, RL, S, and
G can be further decomposed into C1+C2, C3+C4, and C5+C6, respectively. Looking into
students’ performances in these subcategories revealed that high-achieving students (3H
and 2H) are most proficient in C1 and C2 (RL), then C5 and C6 (G), and finally C3 and
C4 (S), which indicates that high-achieving students (3H and 2H) seem to learn from their
most proficient ones to less proficient ones. For the third pattern, S1 and S6 were able to
process two representations, and 510 could process three representations simultaneously.

On the other hand, low-achieving students’ learning paths seem random and dis-
ordered. One explanation for this is that low-achieving students have not developed
an organized and rigorous learning methodology for themselves. Thus, they need more
teachers’ guidance to help them progress in an MRLE.

4. Discussion

We have outlined three major findings, and each warrants further discussion.

First, it is evident that students who participated in the intervention overall were
highly satisfied with the AR-based MRLE, put forward helpful and valuable suggestions
for the app upgrade, and looked forward to more AR-based learning experiences. This
finding was consistent with much previous research using AR to teach other mathematics
topics, for example, geometry [69,70], calculus [54,55], and probability [10]. We can see that
AR can be successfully used to teach mathematics topics other than geometry, the current
mainstream research domain. Future studies could explore the integration of AR in the
teaching and learning of more topics in secondary school mathematics, especially on the
function and representation learning and the representational use in STEM subjects.

Additionally, the differences (3:7) among students in choosing between a simple game
(AR Game 1) and a complex game (AR Game 2) justified our usage of scaffolding in the
lesson design, especially since more low-achieving students preferred the easy game. By
exploring the AR games in a simple-to-complex sequence, students could concentrate on
the tasks within their range of competence first and then progress to the tasks beyond their
ability, completing a “scaffolding” process [71]. Future designers should consider adding
scaffolding elements in their designing process to support learners of varied abilities in
accomplishing their learning goals.

Regarding recommendations for improving the AR app, students in our study sug-
gested upgrading operation systems, diversifying game scenes, and extending playing
time. Other studies, for example [72,73], also reported similar results with a few exceptions,
especially regarding the collaborative learning approach. Students in our intervention
explored the game independently as our AR app is not socially interactive. Researchers
have recognized several benefits of collaborative learning for middle school mathematics
students [74]. In the future, researchers can design a collaborated MRLE and see how social
interactions influence students’ learning sequence in MRLE. Additionally, in Pombo’s
study [73], many students cared about the size of the study group and the competition in-
volved during the exploration. In addition, many empirical studies indicated that sufficient
playing time facilitated conceptual change, for example [75] and multi-representational
learning takes more time [27]. Therefore, we recommend that the initial attempt at cre-
ating such a collaborated MRLE could start with paired students, giving them a longer
exploration time.

Second, the AR-based MRLE we designed for this study demonstrated its potential in
promoting lower secondary school students’ representational fluency in linear functions.
This successful attempt to combine function and representation learning with AR encour-
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ages future research on utilizing AR in the teaching and learning of more complicated and
challenging mathematical topics.

Concerning students’ learning preferences, AR outperformed the traditional learning
environment because it was more interesting and helped to visualize and deepen students’
understanding, affirming previous research findings, for example, ref. [49]. In addition,
multi-RLE surpassed mono-RLE since it saved problem-solving time, provided a com-
prehensive knowledge structure, enhanced conceptual understanding, and clarified the
confusion. Many students mentioned that they could compare different representations
simultaneously in the MRLE, which was essential in strengthening their interpretations
of linear functions. Researchers have shown that comparing and contrasting is an effec-
tive critical thinking strategy that helps to build students’ memories, eliminate confusion,
and improve student learning [76,77]. This research illustrated that an AR-based MRLE
provided a satisfying platform for comparing and contrasting.

In this study, we exploited AR to add a real-life dimension to representational learning
of linear functions, which often involved one or two representations, for example [19].
Our attempt to simultaneously teach students three representations (real-life, symbolic,
and graphical) of linear functions was fairly successful. Since there are five common
representations of functions, future research could (1) integrate more representations in an
AR-based MRLE, for example, adding the tabular representation, and (2) investigate the
maximum or appropriate number of representations that can be used in MRLE to support
students representational learning effectively.

Third, students in this study exhibited different learning patterns during their interac-
tions with representations in the AR-based MRLE. Specifically, high-achieving students
(with stronger prior representational knowledge) tended to follow (1) concrete->semi-
concrete->abstract and (2) proficient->non-proficient learning sequences, whereas low-
achieving students demonstrated no explicit learning patterns. We can infer that high-
achieving students could utilize AR well in facilitating their conceptual understanding,
while low-achieving students were not capable of making the same progress.

Under such circumstances, teachers should take a more active role as more knowledge-
able learners in guiding students to interpret the concepts within their zones of proximal
development [71]. For instance, they could guide low-achieving students to start from
concrete or their most proficient representations. Notably, generating a comprehensive and
accurate representational learning profile would be a prerequisite for appropriate guidance.

Finally, regarding the theoretical contribution of our study, a conceptual framework
to classify students’ representational learning is proposed and used successfully. The Six
Dimension Learning Profile score report (see Figure 4) could not only help students to
enhance the connections that they are not quite proficient in but also support teachers to
design and offer adaptive learning tasks targeting students’ learning difficulties.

Furthermore, the conceptual framework we proposed is a further refinement of the
Cartesian Connection (a point A is on the graph of Line L if and only if the coordinates of
A satisfy the equation of line L) denoted by Moschkovich et al. [28]. Glen and Zazkis’s [19]
analysis elaborated a helpful additional facet of the Cartesian Connection, the slope facet,
connecting visual and analytical representations of the slope. Our framework further
extended the notion of the Cartesian Connection by (1) adding the function as object facet,
that is, connecting the visual (graph of Line L) and analytical (algebraic expressions of
Line L) representations, and (2) supplementing real-life representations, which could be an
essential step in understanding linear functions.

Regarding limitations, given that this study was conducted in an urban area in Shan-
dong with a convenient sample, the conclusions drawn from this work should be taken
with prudence, which might not be generalizable to other parts of China or other countries.
Future studies could consider a large randomly selected sample of students with different
backgrounds and characteristics. In addition, some researchers pointed out that students
in urban areas might employ AR in the classroom quickly even if it is their first touch
with this technology compared to those in rural areas [58], as urban students have more
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access to new technologies due to the digital divide [78]. Students in rural areas might
encounter more cognitive loads in the AR-based MRLE. Future research could be conducted
on comparing urban and rural students in their use of AR-based MRLE or exploring digital
design features that support the rural students’ learning with AR.

Additionally, as this study was conducted at the end of the semester, students had a
busy schedule, and thus the intervention was shortened to two classes. We acknowledge it
as a limitation of our intervention. Conceptual change takes time [75]. We hope that our
research will inspire future long-term research in exploring (1) how students interact with
different representations in the MRLE for a longer time, for example, one chapter or one
semester, and (2) what kind of support is needed during a longer learning process. Such
investigations may yield meaningful insights to cultivate students’ representational fluency
in daily mathematics teaching and learning.

5. Conclusions

The main objective of this research is to develop, implement, and evaluate an AR-
based MRLE in helping students understand linear functions. In particular, we want to
elucidate how students perceive and interact with an AR-based MRLE. The following are
the primary findings of this research:

1. Opverall, students are highly satisfied with the AR-based MRLE.

2. The AR-based MRLE can promote students” understanding of the real-life, symbolic,
and graphical representations, individually, and connections among them of linear
functions.

3.  Inthe AR-based MRLE, high-achieving students demonstrate apparent learning se-
quences: from (1) concrete->semi-concrete->abstract and (2) proficient->non-proficient
representations, whereas low-achieving students exhibit no explicit patterns in their
interaction with representations.

Overall, students’ learning in the multi-representational environment is a complex
process influenced by the mathematics content, forms of representations, digital features,
and students’ representational learning profile, as we observed in this study. In sum, the
contributions of this study can be seen in four aspects:

1.  We extended the research on students’ learning of linear functions and its three
representations, using a well-designed AR-based MRLE.

2. We produced an initial attempt at examining how students interact with various
representations in an MRLE via a qualitative approach.

3. We supported the idea that students” mathematical characteristics and abstract math-
ematics topics should be taken into consideration in future AR and mathematics
education research with empirical evidence.

4. We refined the notion of the Cartesian Connection and proposed a conceptual frame-
work to classify students’ representational learning.

As this study aimed to encourage students to achieve a multi-representational learning
goal, we intentionally excluded the option of hiding one or two representations when
we designed the AR-based MRLE. Future research is recommended on how students
learn in an MRLE with the flexibility to choose how many representations are visible to
them via a qualitative design. Such a study could provide more information on students’
thinking and how they choose or deal with each representation in the learning process, see
also [27]. Moreover, the AR* Beijing travel plan game can be played by parents and children
together at home, which could enhance family bonding and self-learning. Especially in
the current COVID-19 pandemic, due to the paradigm shift, the issue of how to stimulate
students’ learning at home is of great importance and should be taken into consideration
by future researchers.
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Appendix A

Table Al lists the codes we identified for answers to each interview questions.

Table A1. Final Codebook.

# Question Code Code Description
Q1 What do you think is the most impressive thing in an AR-based a AR games
MRLE? b The motion problem
2 Do you think AR helps you understand the real-life motion Y Yes
problem and its graph and algebraic expression better? N No
RL The real-life motion problem
Which representation (the real-life motion problem, its graph and S The algebrai -
Q3 algebraic expression) that AR helps you understand the best? © aTgebraic expression
G The graph
Q4 Do you pay attention to all three representations in the AR game Y Yes
interface simultaneously? N No
L1 RL&G->S
L2 RL->G->S5
Will you pay attention to all three representations at the same time? L3 RL->GE&S
T . . L4 RL&G&S
Q5 Or do you focus on animation first, and then shift your attention to L5 S>G->RL
. . ? 7 =, -
graphs or algebraic expressions? Or other paths? L6 G&S->RL
L7 G->5->RL
L8 G->RL&S
P1 Demonstrate connections between
different representations clearly
Promote a comprehensive structure
P2 . .
of multiple representations
Q6 What is the strength of the AR-based MRLE? P3 Easy to calculate/draw, and make
the problem-solving process easier
Deepen the understanding of
P4 functions and function problems in
real life
P5 No strength
Q1 Feel it hard to concentrate on three
representations simultaneously
Q7 What is the weakness of the AR-based MRLE? Q Pay too much attention to the RL

animation

Q3 No weakness
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Table Al. Cont.

# Question Code Code Description
08 Do you prefer multi- or mono-representational learning H Multi-representational
environment? Why? (Text analysis for Why?) I Mono-representational
Q9 Do you prefer AR-based or traditional non-AR learning AR AR-based
environment? Why? (Text analysis for Why?) Non-AR Traditional non-AR
Q10 Which AR games (AR Game 1 or Game 2) do you like better? Why? AR1 AR Game 1: Let’s go hiking
(Text analysis for Why?) AR2 AR Game 2: AR" Beijing travel plan
o . ) . SS Extremely satisfied
Q11 Overall, are you satisfied with the whole intervention class?
S Satisfied
Q12 Any suggestions? (Text analysis) / /

References

1.  NCTM. Curriculum and Evaluation Standards for School Mathematics; National Council of Teachers of Mathematics: Reston, VA,
USA, 1989.

2. NCTM. Principles and Standards for School Mathematics; National Council of Teachers of Mathematics: Reston, VA, USA, 2000.

3.  Goldin, G.A. Perspective on representation in mathematical learning and problem solving. In Handbook of International Research in
Mathematics Education; English, L.D., Ed.; Routledge: New York, NY, USA, 2008; pp. 176-201.

4.  Bieda, K.N.; Nathan, M.]. Representational disfluency in algebra: Evidence from student gestures and speech. ZDM-Math. Educ.
2009, 41, 637-650. [CrossRef]

5. Goldin, G.A.; Shteingold, N. Systems of representations and the development of mathematical concepts. In The Roles of
Representation in School Mathematics; Cuoco, A.A., Curcio, ER., Eds.; National Council of Teachers of Mathematics: Reston, VA,
USA, 2001; pp. 1-23.

6. Fonger, N.L. Meaningfulness in representational fluency: An analytic lens for students’ creations, interpretations, and connections.
J. Math. Behav. 2019, 54, 100678. [CrossRef]

7. Seeley, C.; Schielack, ].F. A look at the development of algebraic thinking in “curriculum focal points”. MTMS 2007, 13, 266-269.
[CrossRef]

8. Yerushalmy, M.; Schwartz, J.L. Seizing the opportunity to make algebra mathematically and pedagogically interesting. In
Integrating Research on the Graphical Representation of Functions; Romberg, T.A., Fennema, E., Carpenter, T.P,, Eds.; Routledge: New
York, NY, USA, 1993; pp. 41-68.

9.  Akgayir, M.; Akcayir, G. Advantages and challenges associated with augmented reality for education: A systematic review of the
literature. Educ. Res. Rev. 2017, 20, 1-11. [CrossRef]

10. Cai, S, Liu, E.; Shen, Y,; Liu, C,; Li, S.; Shen, Y. Probability learning in mathematics using augmented reality: Impact on studen’s
learning gains and attitudes. Interact. Learn. Environ. 2020, 28, 560-573. [CrossRef]

11. Hiebert, J.; Carpenter, T.P. Learning and teaching with understanding. In Hanbook of Research on Mathematics Teaching and Learning:
A Project of the National Council of Teachers of Mathematics; Grouws, D.A., Ed.; National Council of Teachers of Mathematics: Reston,
VA, USA, 1992; pp. 65-97.

12.  Lesh, R.; Post, T.R.; Behr, M. Representations and translations among representations in mathematics learning and problem
solving. In Problems of Representations in the Teaching and Learning of Mathematics; Janvier, C., Ed.; Lawrence Erlbaum: Hillsdale, NJ,
USA, 1987; pp. 33-40.

13. Piez, C.M.; Voxman, M.H. Multiple representations—Using different perspectives to form a clearer picture. Math. Teach. 1997, 90,
164-166. [CrossRef]

14. Stylianou, D.A. An examination of middle school students’ representation practices in mathematical problem solving through the
lens of expert work: Towards an organizing scheme. Educ. Stud. Math. 2011, 76, 265-280. [CrossRef]

15. Gagatsis, A.; Shiakalli, M. Ability to translate from one representation of the concept of function to another and mathematical
problem solving. Educ. Psychol. 2004, 24, 645-657. [CrossRef]

16. Leinhardt, G.; Zaslavsky, O.; Stein, M.K. Functions, graphs, and graphing: Tasks, learning, and teaching. Rev. Educ. Res. 1990, 60,
1-64. [CrossRef]

17.  Knuth, EJ. Student understanding of the Cartesian connection: An exploratory study. J. Res. Math. Educ. 2000, 31, 500-507.
[CrossRef]

18. Markovits, Z.; Eylon, B.-S.; Bruckheimer, M. Functions today and yesterday. Learn. Math. 1986, 6, 18-28.

19. Glen, L.; Zazkis, R. On linear functions and their graphs: Refining the Cartesian connection. Int. . Sci. Math. Educ. 2021, 19,

1485-1504. [CrossRef]


http://doi.org/10.1007/s11858-009-0198-0
http://doi.org/10.1016/j.jmathb.2018.10.003
http://doi.org/10.5951/MTMS.13.5.0266
http://doi.org/10.1016/j.edurev.2016.11.002
http://doi.org/10.1080/10494820.2019.1696839
http://doi.org/10.5951/MT.90.2.0164
http://doi.org/10.1007/s10649-010-9273-2
http://doi.org/10.1080/0144341042000262953
http://doi.org/10.3102/00346543060001001
http://doi.org/10.2307/749655
http://doi.org/10.1007/s10763-020-10113-6

Mathematics 2022, 10, 1718 20 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

Postelnicu, V. Student Difficulties with Linearity and Linear Functions and Teachers’ Understanding of Student Difficulties. Ph.D.
Thesis, Arizona State University, Tempe, AZ, USA, May 2011.

Elia, I.; Panaoura, A.; Eracleous, A.; Gagatsis, A. Relations between secondary pupils’ conceptions about functions and problem
solving in different representations. Int. J. Sci. Math. Educ. 2007, 5, 533-556. [CrossRef]

Ainsworth, S. DeFT: A conceptual framework for considering learning with multiple representations. Learn. Instr. 2006, 16,
183-198. [CrossRef]

Kalyuga, S.; Chandler, P.; Sweller, ]. Managing split-attention and redundancy in multimedia instruction. Appl. Cogn. Psychol.
1999, 13, 351-371. [CrossRef]

Sweller, ].; Van Merrienboer, ].J.; Paas, F.G. Cognitive architecture and instructional design. Educ. Psychol. Rev. 1998, 10, 251-296.
[CrossRef]

Paas, F.; Tuovinen, J.E.; Tabbers, H.; Van Gerven, P.W. Cognitive load measurement as a means to advance cognitive load theory.
Educ. Psychol. 2003, 38, 63-71. [CrossRef]

Kolloffel, B.; Eysink, T.H.; de Jong, T.; Wilhelm, P. The effects of representational format on learning combinatorics from an
interactive computer simulation. Instr. Sci. 2009, 37, 503-517. [CrossRef]

Rolfes, T.; Roth, J.; Schnotz, W. Mono- and multi-representational learning of the covariational aspect of functional thinking. J.
STEM Educ. Res. 2021, 5, 1-27. [CrossRef]

Moschkovich, J.; Schoenfeld, A.H.; Arcavi, A. Aspects of understanding: On multiple perspectives and representations of
linear relations and connections among them. In Integrating Research on the Graphical Representation of Functions; Romberg, T.A.,
Carpenter, T.A., Fennema, E., Carpenter, T.P,, Eds.; Lawrence Erlbaum: Mahwah, NJ, USA, 1993; pp. 69-100.

Vollrath, H.-J. Funktionales denken. J. Fiir Math. Didakt. 1989, 10, 3-37. [CrossRef]

Lichti, M.; Roth, J. Functional thinking—A three-dimensional construct? J. Fiir Math. Didakt. 2019, 40, 169-195. [CrossRef]
Doorman, M.; Drijvers, P.; Gravemeijer, K.; Boon, P.; Reed, H. Tool use and the development of the function concept: From
repeated calculations to functional thinking. Int. ]. Sci. Math. Educ. 2012, 10, 1243-1267. [CrossRef]

Van den Heuvel-Panhuizen, M.; Drijvers, P. Realistic mathematics education. In Encyclopedia of Mathematics Education; Lerman, S.,
Ed.; Springer: Dordrecht, The Netherlands, 2014; pp. 521-525.

Rolfes, T.; Roth, J.; Schnotz, W. Effects of tables, bar charts, and graphs on solving function tasks. J. Fiir Math. Didakt. 2018, 39,
97-125. [CrossRef]

Schnotz, W.; Bannert, M. Construction and interference in learning from multiple representation. Learn. Instr. 2003, 13, 141-156.
[CrossRef]

Hoban, R.A. Introducing the slope concept. Int. |. Math. Educ. Sci. Technol. 2021, 52, 879-895. [CrossRef]

Planinic, M.; Milin-Sipus, Z.; Katic, H.; Susac, A.; Ivanjek, L. Comparison of student understanding of line graph slope in physics
and mathematics. Int. J. Sci. Math. Educ. 2012, 10, 1393-1414. [CrossRef]

Acevedo Nistal, A.; Van Dooren, W.; Clarebout, G.; Elen, J.; Verschaffel, L. Conceptualising, investigating and stimulating
representational flexibility in mathematical problem solving and learning: A critical review. ZDM-Math. Educ. 2009, 41, 627-636.
[CrossRef]

Van Dooren, W.; De Bock, D.; Hessels, A.; Janssens, D.; Verschaffel, L. Remedying secondary school students’ illusion of linearity:
A teaching experiment aiming at conceptual change. Learn. Instr. 2004, 14, 485-501. [CrossRef]

Roth, W.-M.; Bowen, G.M. Professionals read graphs: A semiotic analysis. |. Res. Math. Educ. 2001, 32, 159-194. [CrossRef]
Goldin, G.A. Affective pathways and representation in mathematical problem solving. Math. Think. Learn. 2000, 2, 209-219.
[CrossRef]

Schoenfeld, A.H.; Smith, J.P.; Arcavi, A. Learning: The microgenetic analysis of one student’s evolving understanding of a
complex subject matter domain. Adv. Cogn. Psychol. 1993, 4, 55-175.

Ocal, M.E. The effect of Geogebra on student’ conceptual and procedural knowledge: The case of applications of derivative. High.
Educ. Stud. 2017, 7, 67-78. [CrossRef]

Zulnaidi, H.; Oktavika, E.; Hidayat, R. Effect of use of GeoGebra on achievement of high school mathematics students. Educ. Inf.
Technol. 2020, 25, 51-72. [CrossRef]

Jackiw, N. Visualizing Complex Functions with the Geometer’s Sketchpad. In Proceedings of the 6th International Conference on
Technologies in Mathematics Teaching, Volos, Greece, 10-13 October 2003; pp. 291-299.

Leong, K.E. Impact of Geometer’s Sketchpad on students achievement in graph functions. Malays. Online J. Educ. Technol. 2013, 1,
19-33.

Ainsworth, S. The functions of multiple representations. Comput. Educ. 1999, 33, 131-152. [CrossRef]

Scaife, M.; Rogers, Y. External cognition: How do graphical representations work? Int. J. Hum. Comput. Stud. 1996, 45, 185-213.
[CrossRef]

Ibafiez, M.-B.; Delgado-Kloos, C. Augmented reality for STEM learning: A systematic review. Comput. Educ. 2018, 123, 109-123.
[CrossRef]

Ahmad, N.; Junaini, S. Augmented reality for learning mathematics: A systematic literature review. Int. J. Emerg. Technol. Learn
2020, 15, 106-122. [CrossRef]

del Cerro Velazquez, F.; Morales Méndez, G. Application in augmented reality for learning mathematical functions: A study for
the development of spatial intelligence in secondary education students. Mathematics 2021, 9, 369. [CrossRef]


http://doi.org/10.1007/s10763-006-9054-7
http://doi.org/10.1016/j.learninstruc.2006.03.001
http://doi.org/10.1002/(SICI)1099-0720(199908)13:4&lt;351::AID-ACP589&gt;3.0.CO;2-6
http://doi.org/10.1023/A:1022193728205
http://doi.org/10.1207/S15326985EP3801_8
http://doi.org/10.1007/s11251-008-9056-7
http://doi.org/10.1007/s41979-021-00060-4
http://doi.org/10.1007/BF03338719
http://doi.org/10.1007/s13138-019-00141-3
http://doi.org/10.1007/s10763-012-9329-0
http://doi.org/10.1007/s13138-017-0124-x
http://doi.org/10.1016/S0959-4752(02)00017-8
http://doi.org/10.1080/0020739X.2020.1723726
http://doi.org/10.1007/s10763-012-9344-1
http://doi.org/10.1007/s11858-009-0189-1
http://doi.org/10.1016/j.learninstruc.2004.06.019
http://doi.org/10.2307/749672
http://doi.org/10.1207/S15327833MTL0203_3
http://doi.org/10.5539/hes.v7n2p67
http://doi.org/10.1007/s10639-019-09899-y
http://doi.org/10.1016/S0360-1315(99)00029-9
http://doi.org/10.1006/ijhc.1996.0048
http://doi.org/10.1016/j.compedu.2018.05.002
http://doi.org/10.3991/ijet.v15i16.14961
http://doi.org/10.3390/math9040369

Mathematics 2022, 10, 1718 21 of 21

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

Altmeyer, K.; Kapp, S.; Thees, M.; Malone, S.; Kuhn, J.; Briinken, R. The use of augmented reality to foster conceptual knowledge
acquisition in STEM laboratory courses—Theoretical background and empirical results. Br. J. Educ. Technol. 2020, 51, 611-628.
[CrossRef]

Mayer, R. Multimedia Learning, 2nd ed.; Cambridge University Press: Cambridge, UK, 2009.

Capone, R.; Lepore, M. Augmented reality to increase interaction and participation: A case study of undergraduate students in
mathematics class. In Augmented Reality, Virtual Reality, and Computer Graphics. AVR 2020. Lecture Notes in Computer Science; De
Paolis, L., Bourdot, P, Eds.; Springer: Cham, Switzerland, 2020; Volume 12243, pp. 185-204. [CrossRef]

Rahman, M.A; Ling, L.S.; Yin, O.S. Augmented reality for learning calculus: A research framework of interactive learning system.
In Computational Science and Technology. Lecture Notes in Electrical Engineering; Alfred, R., Lim, Y., Haviluddin, H., On, C., Eds.;
Springer: Singapore, 2020; Volume 603, pp. 491-499. [CrossRef]

Quintero, E.; Salinas, P.; Gonzélez-Mendivil, E.; Ramirez, H. Augmented reality app for calculus: A proposal for the development
of spatial visualization. Procedia Comput. Sci. 2015, 75, 301-305. [CrossRef]

Tlalpan, P.R. The Impact of Augmented Reality on Student Learning and Emotions in Mathematics. In Proceedings of the 2021
Machine Learning-Driven Digital Technologies for Educational Innovation Workshop, Monterrey, Mexico, 15-17 December 2021;
pp- 1-6.

Barraza Castillo, R.I; Cruz Sanchez, V.G.; Vergara Villegas, O.O. A pilot study on the use of mobile augmented reality for
interactive experimentation in quadratic equations. Math. Probl. Eng. 2015, 2015, 946034. [CrossRef]

Cai, S.; Liu, E.; Yang, Y.; Liang, J.-C. Tablet-based AR technology: Impacts on students’ conceptions and approaches to learning
mathematics according to their self-efficacy. Br. J. Educ. Technol. 2019, 50, 248-263. [CrossRef]

Chen, Y.-C. Effect of mobile augmented reality on learning performance, motivation, and math anxiety in a math course. J. Educ.
Comput. Res. 2019, 57, 1695-1722. [CrossRef]

Cabero-Almenara, ]J.; Barroso-Osuna, J.; Martinez-Roig, R. Mixed, augmented and virtual, reality applied to the teaching of
mathematics for architects. Mathematics 2021, 11, 7125. [CrossRef]

Ceuppens, S.; Deprez, ].; Dehaene, W.; De Cock, M. Design and validation of a test for representational fluency of 9th grade
students in physics and mathematics: The case of linear functions. Phys. Rev. Phys. Edu. Res. 2018, 14, 020105. [CrossRef]
Cronbach, L.J. Coefficient alpha and the internal structure of tests. Psychometrika 1951, 16, 297-334. [CrossRef]

Taber, K.S. The use of Cronbach’s alpha when developing and reporting research instruments in science education. Res. Sci. Educ.
2018, 48, 1273-1296. [CrossRef]

Nunnally, ].C. Psychometric Theory; McGraw-Hill: New York, NY, USA, 1978.

Ma, F; Han, J; Liu, C.; Chen, J.; Zhao, S.; Yun, P; Xin, Z.; Liu, S.; Wang, D. Yiwu Jiaoyu Jiaokeshu Shuxue Grade 7; Shandong
Education Press: Shandong, China, 2013; Volume 1, pp. 144-167.

Scott, A.J.; Knott, M. A cluster analysis method for grouping means in the analysis of variance. Biometrics 1974, 30, 507-512.
[CrossRef]

Thornberg, R.; Charmaz, K. Grounded theory and theoretical coding. In The SAGE Handbook of Qualitative Data Analysis; Flick, U.,
Ed.; SAGE Publications: Thousand Oaks, CA, USA, 2014; Volume 5, pp. 153-169.

Kokkonen, T.; Schalk, L. One instructional sequence fits all? A conceptual analysis of the applicability of concreteness fading in
mathematics, physics, chemistry, and biology education. Educ. Psychol. Rev. 2021, 33, 797-821. [CrossRef]

Auliya, R.N.; Munasiah, M. Mathematics learning instrument using augmented reality for learning 3D geometry. J. Phys. Conf.
2019, 1318, 012069. [CrossRef]

Liu, E.; Li, Y,; Cai, S.; Li, X. The effect of augmented reality in solid geometry class on students’ learning performance and
attitudes. In Smart Industry & Smart Education; REV 2018. Lecture Notes in Networks and Systems; Auer, M., Langmann, R., Eds.;
Springer: Cham, Switzerland, 2019; Volume 47, pp. 549-558. [CrossRef]

Vygotsky, L.S. Mind in Society: The Development of Higher Psychological Processes; Harvard University Press: Boston, MA, USA, 1980.
Li, S.; Shen, Y.; Wang, P;; Liu, E.; Cai, S. A Case Study of Teaching Probability Using Augmented Reality in Secondary School. In
Proceedings of the 24th International Conference on Computers in Education, Mumbai, India, 2-8 December 2016; pp. 340-344.
Pombo, L.; Marques, M.M.; Lucas, M.; Carlos, V.; Loureiro, M.].; Guerra, C. Moving learning into a smart urban park: Students’
perceptions of the augmented reality EdQuPARK mobile game. IxDA 2017, 35, 117-134. [CrossRef]

Remillard, H.A. The Effect of Cooperative Learning on Middle School Math Students; Heritage University: Washington, DC, USA, 2015.
Ketamo, H.; Kiili, K. Conceptual change takes time: Game based learning cannot be only supplementary amusement. J. Educ.
Multimed. Hypermed. 2010, 19, 399-419.

Silver, H.E. Compare & Contrast: Teaching Comparative Thinking to Strengthen Student Learning; Association for Supervision and
Curriculum Development: Alexandria, VA, USA, 2010.

Marzano, R.J.; Pickering, D.; Pollock, J.E. Classroom Instruction that Works: Research-Based Strategies for Increasing Student Achievement;
Association for Supervision and Curriculum Development: Alexandria, VA, USA, 2011.

Clark, K. Using self-directed learning communities to bridge the digital divide. Br. J. Educ. Technol. 2003, 34, 663-665. [CrossRef]


http://doi.org/10.1111/bjet.12900
http://doi.org/10.1007/978-3-030-58468-9_15
http://doi.org/10.1007/978-981-15-0058-9_47
http://doi.org/10.1016/j.procs.2015.12.251
http://doi.org/10.1155/2015/946034
http://doi.org/10.1111/bjet.12718
http://doi.org/10.1177/0735633119854036
http://doi.org/10.3390/app11157125
http://doi.org/10.1103/PhysRevPhysEducRes.14.020105
http://doi.org/10.1007/BF02310555
http://doi.org/10.1007/s11165-016-9602-2
http://doi.org/10.2307/2529204
http://doi.org/10.1007/s10648-020-09581-7
http://doi.org/10.1088/1742-6596/1318/1/012069
http://doi.org/10.1007/978-3-319-95678-7_61
http://doi.org/10.55612/s-5002-035-006
http://doi.org/10.1046/j.0007-1013.2003.00358.x

	Introduction 
	Multiple Representations in Linear Functions 
	Using Augmented Reality to Enhance Students’ Mathematics Learning 
	Research Questions 

	Materials and Methods 
	Targeted Mathematics Topics 
	AR App and the Intervention Design 
	Data Collection Instrument 
	Sampling and Data Collection 
	Data Coding and Data Analysis 

	Results 
	Analysis of the Role of an AR-Based MRLE 
	The AR User Satisfaction Dimension 
	The AR Utility Dimension 

	Students’ Interactions with Representations in an AR-Based MRLE 
	Learning Preference 
	Learning Patterns 


	Discussion 
	Conclusions 
	Appendix A
	References

