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This study reports the use of automated tutoring and scaffolding implemented in the
module “arithmetic word problem” in the educational technology software
MathemaTIC in grade 3 (age 8 to 10). We examined 246 students with access to
MathemaTIC and receiving tutoring and scaffolding through a one-to-one learning
setting with this technology. The control group (n=226) had access to the same
learning tasks and worked with paper-and-pencil without MathemaTIC but with their
teachers. Results showed that the experimental group finished with higher outcome
scores than the control group. This paper will outline the study and attempts to explain
these results.
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INTRODUCTION

Teaching arithmetic word problems in grade 3 (age 8 to 10) is reported by the teachers
in Luxemburg, as one of the most challenging topics in mathematics. Teachers in our
study suggested that students struggle in class to solve arithmetic word problems, due
to a lack of comprehension in reading, understanding of the wording and identifying
the arithmetic operations to execute. In these tasks, students required process skills
such as arguing, communicating, representing, and problem-solving (Selter &
Zannetin, 2018). Moreover, based on the result of the national school monitoring
EpStan in mathematics and language, students with low reading skills are also those
who are low performing in mathematics (Sonnleitner et al., 2018). Similar to the
findings of LeBlanc and Weber-Russel (1996), there is a connection between well-
developed skills in reading and understanding of the mathematics course language and
mastering process skills. Therefore, many students need continuous assistants from a
teacher while learning to solve arithmetic word problems. In class, however, the group
of students is heterogeneous, and a close follow-up is challenging to realize.

In 2016, the Ministry of Education in Luxemburg developed, jointly with the Canadian
company Vretta, an educational technology software for mathematics learning in
elementary schools called MathemaTIC. A multidisciplinary team created a module
inside MathemaTIC with an automated tutoring system to foster process skills in
arithmetic word problems in grade 3 in order to create new learning possibilities and
to address the low performances. The instructional design of the module aimed for one-
to-one learning in class and at home for students without additional guidance from
teachers or parents. We carried out a quantitative study to obtain findings on the use of
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this arithmetic word problem module by addressing the following two research
questions:

RQ1: Are students who learn process skills in arithmetic word problems with MathemaTIC
likely to improve at the same degree compared to a traditional paper-and-pencil setting
with the guidance of the teachers?

RQ2: What are the limitations and opportunities of a one-to-one setting with
MathemaTIC?

Hence, we will present the design of the automated tutoring system and some results
of the quantitative study in which we examined 246 students with access to
MathemaTIC in a one-to-one learning setting without their teachers compared to a
control group (n=226), that had access to the same learning items using paper-and-
pencil, but worked with their teachers.

THEORETICAL FRAMEWORK

Figure 1: Main view of the module “arithmetic word problem”

The structure of the automated tutoring in the arithmetic word problem module was
based on the Competence-Learning-Intervention-Assessment model by De Corte et al.
(2004) and the Four-Component Instructional Design (4C-ID) model by van
Merriénboer& Kester (2005) for learning complex skills. Both models suggested that
students should learn through guided learning tasks and then apply the skills in tasks
that are gaining in complexity and lowering in guidance. Furthermore, students should
develop a cognitive structure applicable for these complex skills with meta-tools
(Trouche, 2004) in the new tasks. Hence, in the module arithmetic word problems
(compare figure 1), students started working on guided learning tasks (blue), followed
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by semi-guided tasks (red) and finally complex tasks without guidance (black). The
scaffolding system, based on the multimedia learning theory (Mayer, 2005), consisted
in listening to the wordings, interacting with the images and arithmetic operations, and
self-regulating their solving process through (non-adaptive) guidance from a fictitious
character (one for each of the four solving steps). The tasks were autocorrected, and
direct feedback was given to the student.

The different arithmetic tasks were addition and subtraction word problems as
recommended in the curriculum for grade 3 (MENFP, 2011), based on the criteria for
constructing and solving arithmetic word problems (Franke & Ruwisch, 2010) and
structured through the semantic classification of Vergnaud(1982) in transformative,
compositional and comparative problems. The tasks were related to situations and
places from the students’ living environment: “Luc does a bike tour from Luxembourg
to Echternach with his 3 friends. The odometer on his bike is at 125 km at the start of
his trip. The tour is 42 km long. What will the odometer show when they get to
Echternach?”.
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Figure 2: Guided use of a meta-tool: highlighting information and creating a scheme

The first part of the module was dedicated to learning process skills (first 14 “blue”
tasks after the key in figure 1). Students practised different process skills separately in
guided learning tasks. These tasks then lead to discovery and manipulation of meta-
tools supporting the different process skills (i.e. identifying relevant information in the
wording with a highlighter tool and creating a resolution scheme, compare figure 2) to
make it easier for students to solve the problem.
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Emily takes the tram in the morning to go to school.
She has to walk 15 minutes from her house to reach the
stop. The tram ride is another 18 minutes. To walk from

the tram stop to the school she needs 7 minutes.
Emily wants to arrive at school at 8am.
What time does she have to leave?

Answer —

Figure 3: “Black” item without guidance

The second part focused on using the learned process skills in the identified arithmetic
word problems (15 tasks organised as 3 ovals on the top of figure 1). Thus, students
solved the different typologies of arithmetic word problems (combination,
transformation and comparison) with the help of the learned meta-tools (compare menu
bar on the left of figure 3). Each typology was presented in a set of three levels from
guided tasks (blue), semi-guided tasks (red) to complex tasks (black). In the guided
tasks (blue) in each typology, students needed to follow four steps solving procedure
using the learned meta-tools: they analysed the wording, modulated the content into a
resolution plan, executed the arithmetic operations and verified their results. In the
semi-guided tasks (red), students were asked if they wanted to use the meta-tools, but
could choose not to utilise them. In the complex tasks (black), they solved tasks with
multiple arithmetic operations and no scaffolding was offered. They could use the
meta-tools, but without additional guidance.

METHODOLOGY

In this section, we describe the quantitative pre-/post-test approach we utilised to
measure if students in grade 3 (age 8 to 10) who learn arithmetic word problems with
MathemaTIC in a one-to-one setting are likely to improve at the same degree compared
to a traditional paper-and-pencil setting with teachers. The experimental group worked
with the arithmetic word problem module in MathemaTIC in a one-to-one setting,
without a specific teacher guidance. Their teachers did only ensure access to
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MathemaTIC and helped with technical issues. The control group did the same tasks
using paper-and-pencil, however with the guidance and assistance of their teachers.
Both groups worked for 20 hours (2 hours per week over a period of 10 weeks) on
process skills in arithmetic word problems. During the study, we observed three
different moments in the learning behaviour of the students within the experimental
and control groups. Besides, we interviewed their teachers on their perception of the
students’ learning with or without MathemaTIC based on the research questions RQ1
and RQ2.

Participants of this quantitative study were 48 randomly selected classes with 667
students in grade 3 (age 8 to 10) in elementary schools in Luxemburg. We used the
variables age, gender, and performance in mathematics of EpStan to identify matched
pairs and assigned classes to experimental and control groups. We allocated 278
students to the control group, working using paper-and-pencil, and 389 students to the
experimental group, working with the arithmetic word problems module in
MathemaTIC. At the end of the study, 34 classes with 472 (8 with a missing post-test)
students remained: 246 (2) students in the experimental group and 226 (6) students in
the control group. The dropout was due to local technical errors (low WiFi signal or
non-working hardware) while using MathemaTIC or simply because of a missing post-
test for the whole class. Students in both groups performed an identical pre-test and
post-test with 15 items based on the different typologies of arithmetic word problems
(combination, transformation and comparison) with one or two operations and one item
with a combinatorial problem. This combinatorial item allowed us to observe if
students would transfer their learned skills into another typology of problem. Both tests
have been created based on the experiences from author groups from the national
school monitoring and based on the skills from the curriculum.

RESULTS AND DISCUSSION

Results from the experiment suggest that the use of the module “arithmetic word
problem” in MathemaTIC is a promising approach to foster process skills in
mathematics in a one-to-one setting. The statistical analysis below was carried out
using the software R (R Core Team, 2020).

Cronbach’s alpha (Revelle, 2019) indicates a good reliability for the pre-test (a=0.774)
and the post-test (a=0.787). The detailed analysis shows that dropping one of the 16
items will only slightly increase the reliability for question 1 of the pre-test (a=0.777)
and that there are no reverse-scored items. Thus, from this point of view, all items are
to be kept in the tests. However, several questions in the pre-test (Q1: 0.16, Q3: 0.27,
Q11: 0.24) as well as in the post-test (Q1: 0.26, Q3: 0.26) have an item-rest correlation
below 0.3. Hence, they do not correlate very well with the scale overall. The success
rates are 81% vs. 76% for question 1 (low difficulty level), 18% vs. 38% for question
3 (high difficulty level) and 3% vs. 9% for question 11 (very high difficulty level).
Although extremely easy or difficult items only poorly allow to discriminate, they were
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needed to sample content and objectives adequately. Thus, we kept all items for further
analysis.
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Figure 4: Increase in score over time for the group

We used Ime4(Bates et al., 2015) to perform a linear mixed-effect analysis of the test
result score predicted by the fixed effects time (pre-/post-test), control/experimental
group and their interaction as well as the random effect student. Visual inspection of
residuals plots revealed minor deviations from homoscedasticity and normality, which
we accounted for by using bootstrapped confidence intervals. The main effect time has
an estimate of 1.14 points (95% CI [0.56, 1.72]) for the control group. Thus, post-test
scores of students from the control group were significantly higher than those in the
pre-test. The main effect group has an estimate of -0.29 points (95% CI [-0.89, 0.28])
in the pre-test. On the one hand, both groups were comparable at the beginning of the
study, because the confidence interval contains 0, and on the other hand, the
experimental group probably had, in the pre-test, slightly lower test results than in the
control group. Finally, the interaction effect time x group had an estimate of 0.90 points
(95% CI [0.15, 1.68]). This effect underscores the fact that the performance gains of
the experimental group, working with the educational software MathemaTIC, were
significantly larger than those in the control group, resulting in somewhat better post-
test performance although starting with a somewhat lower pre-test performance
(compare figure 4).

During the classroom observations and the interviews, we were able to collect data in
both groups on the motivation, participation and transfer of skills. Thus, in the
experimental group, teachers reported that students' motivations to solve and discuss
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arithmetic word problems were higher than during the regular course (without
MathemaTIC) and that they voluntarily exchanged on the tasks after the resolution.
Teachers attributed the increase of motivation to the gamification aspect of
MathemaTIC as well as the guidance and direct feedback given by the educational
technology. According to teachers’ reports, some students suggested in other teaching
hours (without MathemaTIC) to use the learned process skills to solve mathematical
tasks (i.e.: Calculating the area of the classroom floor). In the control group, teachers
stated that there was no change in motivation and some students had significant
difficulties (i.e. understanding wording or findings of the arithmetic operation) to solve
all the given tasks on paper.

CONCLUSION AND OUTLOOK

Our findings highlighted that students in the experimental group improved their
performances in arithmetic word problems significantly using the educational
technology software MathemaTIC in one-to-one setting. Students learned meta-tools
on process skills and successfully solved addition and subtraction word problems in all
topologies without the direct guidance of a teacher or a parent. Teachers reported a
high acceptance in class and an overall increase in motivation and participation of the
students in mathematics courses. Thus, the module on arithmetic word problems in the
educational technology software MathemaTIC is a viable alternative to the traditional
paper-and-pencil course. Over time it could be a valuable asset to support students
individually or in groups or even the entire class with MathemaTIC within traditional
courses.

We will perform further investigation on the fixed effects of gender, age, nationality,
spoken language (L.1) and the random effect school. Additionally, we will investigate
all process skills in detail by performing a qualitative comparison of the pre-test and
the post-test in our future analyses. Hopefully, we can further narrow the origin of the
observed significant performance gains of the experimental group and we will report
these analyses in future publications.
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