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Abstract—Programming problems enrich the environment of mathematics
learning, adding the flavor of technology to these problems. This is especially true
when this programming is Scratch based, where Scratch is being used to make stu-
dents’ learning of mathematics more meaningful. This role of programming in the
mathematics classroom points at the importance of preparing mathematics teach-
ers for designing mathematics-based programming problems activities. The pres-
ent research describes one attempt to prepare mathematics preservice teachers in
designing mathematics-based programming problems activities that could be used in
the classroom to teach both programming and mathematics concepts. Twenty-three
preservice teachers participated in the research, where they worked in eight groups
of 2-3 members in each group. Data were collected through observations based on
video recordings of the sessions in which the preservice teachers discussed with the
pedagogical supervisors the designed mathematics activities. The preparation model
comprises of five stages related to the educational environment and to the design
notions. The results show special importance for the concepts of struggle and devo-
lution in designing this kind of activities, in addition to the concept of equilibrium
between the creative and imitative thinking. The results also show the useful applica-
tion of metacognitive skills when designing the activities, especially when designing
the directions given to the students for solving each of the programming activities.

Keywords—activity design, metacognitive skills, Scratch environment,
algorithmic and creative processes, struggle and devolution processes

1 Introduction

Researchers have been interested in mathematics-based programming activities as it
could support students’ construction of mathematical ideas (e.g., [1]). More emphasis
has been put on solving mathematics-based programming activities than on designing
them. The present study intends to add to the research on designing programming activ-
ities based on mathematical ideas. It studies preservice teachers’ (PST) design of such
activities in the frame of their third-year preparation as mathematics teachers in a college
of education. Coming to design such activities, a key part of the PSTs was to facilitate
students’ metacognition. Further, the design processes were enabled emphasizing design
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concepts of algorithmic, creative, struggle and devolution processes. These concepts
are part of a theoretical framework suggested by Lithner [2-3]. Specifically, the present
paper is interested in the preparation phases of the PSTs to design mathematics-based
Scratch-programming activities that encourage the metacognitive processes of students.

1.1 Literature review

Researchers considered metacognition as knowledge about knowledge or cognition
about cognition [4-6]. According to Flavell [4], metacognition is the process of an
individual consciously aware of, considering, and controlling cognitive processes and
strategies. Various interpretations of the term have developed since then, according to
Du Toit and Kotze [7], where several definitions of metacognitive processes, including
Schoenfeld’s [8] definition, attribute importance to monitoring and regulating cogni-
tive processes. Metacognition was defined by Flavell [9] as knowledge that adapts the
cognitive processes implicated in an activity so that it promotes effective understand-
ing. Gavelek and Raphael [10] have argued that metacognition involves adjusting the
cognitive processes involved in the process to enhance understanding (p. 8). A study by
Panaoura et al. [5] says that metacognition affects several variables of students’ learn-
ing, especially cognition, so it impacts their academic success.

Mathematics education researchers have been studying metacognitive skills. In a
study by Barbacena and Sy [11], metacognition awareness, metacognition evaluation,
and metacognition regulation were found to be pathways between metacognitive skills in
university students’ problem solving. Daher et al. [ 12] found that metacognitive processes
help maintain a positive social and emotional climate in the mathematics classroom.

1.2 Scratch in problem solving

In Scratch, users program by sequencing code blocks to create programs, which are
identified by researchers as block-based visual programming languages. Scratch pro-
gramming activities can be effectively used for the consideration of mathematics when
using block-based programming as an educational tool [13—14]. In a study conducted
by Taylor et al. [15], when learning mathematics, students used Scratch to develop
strategies of cooperative learning and to establish goals, generate ideas, and test them.
According to Rodriguez-Martinez et al. [16], students in sixth grade can strengthen
their mathematical thinking and computational skills by using the Scratch programming
language. In addition, Calder [17] examined the emergence of mathematical thinking
among children who use Scratch, which demonstrated that Scratch positively affects
children’s motivation and engagement in learning mathematical concepts through
their use of the programming language. The ministry of education in Israel issued a
Scratch curriculum for computer science in the primary and in the middle schools [18].
The curriculum in the primary school is called ‘Computer science and robotics’, while
the curriculum in the middle school is called ‘Algorithmics with Scratch Environment’.

1.3 Theoretical framework

Davidson and Sternberg [19] suggested a framework that includes a sequence of
metacognitive skills: encoding, representation, decomposition, planning, selecting strat-
egy, monitoring, evaluating, and looking for other strategies. In the current research, we
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mainly considered design issues, by exploiting the aforementioned framework to describe
the metacognitive processes to mathematics PSTs. Exploiting Davidson and Sternberg
framework, we operationalized the metacognitive processes in the following manner:

Encoding: The main words and symbols in the problem should be identified and
written.

Representation of the givens: Representing the givens algebraically; through equa-
tions for example, or visually; through a graph for example.

Problem decomposition: Decomposing the problem into pieces and a series of
procedures.

Planning: Writing a series of actions for a solution method.

Strategy selection and implementation: Examining all possible solutions or sequences
of solutions to solve the problem.

Plan monitoring: Evaluating the progress of the solution process in terms of achiev-
ing the goal.

Solution evaluation: Assessing the correctness of each solution procedure.

Looking for other solutions: Evaluating whether other solutions are applicable to
the problem.

Assessing the used strategies: Evaluating whether the used strategies supported the
arrival at the solution in an effective way.

Looking for other strategies: Searching for other strategies that would improve
effectively the solution process.

A second theoretical framework on which the activity-design preparation depends is
that of algorithmic, creative, struggle and devolution processes. This theoretical frame-
work suggested to adopt the framework of creative reasoning and imitative reasoning
by Lithner [2-3], where Jonsson et al. [20] called the imitative reasoning by the algo-
rithmic reasoning. This framework allows for mathematical “struggle” in ad hoc situ-
ations (with no assistance from the teacher), where students construct their solutions
independently. In the present research, the PSTs are trained to design activities, which
present programming problems that students must “struggle”, in a productive sense,
with programming, mathematical knowledge and thinking while solving them, ... but
a delicate balance must be struck to prevent these struggles from becoming obstacles
rather than promoters of learning” [2]. The productive struggle requires active engage-
ment in non-routine programming problem solving rather than carrying out algorithmic
solution processes or imitating given solution templates.

According to Artigue ([21], p. 160), it’s critical to pay attention to the features of the
learning context in which the learners interact to allow autonomous action and produc-
tive feedback, which indicates that students’ autonomy is one of the factors we need to
consider when designing activities, where the decision making of the student is another
factor that we should manage. This autonomy is subject to the devolution level that the
designer considers when writing directions for the students in the activity. Learners take
responsibility for a portion of the process of problem-solving. Therefore, the directions
given in the activity should balance between systematic solution processes, and general
non-useful directions. Throughout the process of accepting the problem and producing
a solution, the directions are to support the students, but not to suggest a solution for
them. To achieve this balance, the PSTs were introduced to the metacognitive skills as
an outline for writing suitable directions in the activities to support the students in their
struggle for solving the programming problems with proper level of devolution.
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1.4  Research rationale and goals

Research on metacognition in Scratch has been limited. Cho et al. [22] described
a study in which Scratch was used successfully to develop a game that significantly
improved middle school students’ metacognition. Daher et al. [1] reported that PSTs
can develop meta-cognitive processes in learning and teaching using a programming
environment. Daher et al. [23] considered PSTs’ preparation in solving and designing
mathematical activities that emphasize metacognitive processes but without emphasis
on programming. They recommended that during this education, PSTs should solve
challenging problems emphasizing metacognitive skills, teach by using such problems,
and design them. Throughout the whole process, the PSTs should discuss their ways,
and consider the whole process of engaging in metacognition.

In addition to the above, students in the middle school study algorithmics with the
Scratch environment, which points at the need of PSTs to learn how to design program-
ming activities in this environment. In the present research, we attempt to investigate
the appropriate trajectory of developing the design processes of PSTs who are con-
cerned with metacognitive processes in mathematics-based programming problems by
using the Scratch language.

2 Methodology

2.1  Research context and participants

The study was performed in a teachers’ seminar among 23 third-year middle-school
PSTs majoring in mathematics and computers. All the PSTs were expected to participate
in the study in the frame of their B.Ed. study in the seminar. The learning context was
that of practical training in the frame of “class academy” project in a middle school,
where we utilized this context to prepare our PSTs in designing mathematics-based
programming problems activities that could be used in the classroom to teach both
programming and mathematics concepts. During each day of practical training in the
school, the authors were responsible for implementing the preparation process in a
workshop. These authors served as pedagogical supervisors for the PSTs in the middle
school. The PSTs had previous knowledge of the Scratch environment, as part of their
study in the second year, and they worked in eight groups of 2—3 members.

To elaborate, we asked each group of the PSTs to design an activity involving a
programming problem in Scratch, based on mathematical knowledge. The PSTs were
requested to explain their design considerations. They were asked to discuss these
considerations in Zoom meetings and upload the recorded meetings to the Moodle site
of the practical training course. Each group was requested to upload files which include
the following content: the final design of the activity, considerations of choosing the
programming problem, the mathematical knowledge needed to solve the problem and
the directions given to the students for performing the activity. The PST uploaded also
Zoom recording of the meetings, procedures and steps needed for solving the pro-
gramming problem, the code in Scratch suggested as a solution for the programming
problem and an evaluation of their consideration of the effectiveness in designing the
activity. The previous materials were the base for the workshop discussions in the five
preparation phases that are described in the results.
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2.2 Data collecting and analysis tools

Data were collected through observations based on video-recordings of the workshop
sessions in which the PSTs discussed with the pedagogical supervisors the designed
mathematics-based programming activities. We analyzed the data deductively and
inductively according to the design components. The design components are Scratch
programming, metacognitive skills, and design processes. The design processes are
algorithmic processes, creative processes, struggle processes and devolution processes.

3 Results

3.1  First stage: intuitive design

In the first stage, before designing the first activity, the pedagogical supervisors
(called supervisors below for abbreviation) concentrated on PSTs’ intuitive design of
the activities. Transcript 1 illustrates the discussion between the supervisors and the
PSTs in the first stage.

11 Supervisor 1: You are requested to design mathematics activities for the middle school. These
activities need to fit working in the Scratch environment. You can meet at the
beginning to discuss issues related to this design. You do not need, at the first
meeting, to decide upon the specifics of the activity.

12 PST1 Why do not we decide upon our design approach at the first meeting?

13 Supervisor 2:  You can. You decide for yourself how to go on designing the activities.

14 Supervisor 3: We are talking about imitative processes and creative ones. Creative processes need
an incubation process to evolve. This is according to a framework that describes the
development of creative processes.

15 PST2: 0.K. We will decide upon our design, taking into account this issue of the
incubation needed to develop our creative design processes.

Transcript 1. Discussing design processes

Supervisor 1 sets the stage for the intuitive design, where he reminds the PSTs that
they need not to decide on the specifics of the activity [R11]. Supervisor 2 supports
this way of thinking by emphasizing the freedom of the PST to decide upon the design
method [R13]. Supervisor 3 lessens somehow this intuitive design by talking about
design notions, i.e., imitative, and creative processes. Nonetheless, the PSTs understand
that they are the main players in this design [R15].

3.2 Second stage: struggle and devolution design

In the second stage, before designing the second activity, the supervisors introduced
the concepts of struggle and devolution while designing activities that promote algo-
rithmic/creative problem-solving processes. Transcript 2 illustrates the classroom dis-
cussion during this stage.
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112
113
114

115

116
117

Supervisor 1:

PST3
Supervisor 1
Supervisor 2:

Supervisor 3:

PST 4:
Supervisor 3:

The paper says that the activity should include struggle, which means that the
problem should be in some place between too straight forward and too hard. The
student shouldn’t struggle too much, as great struggle could make her or him lose
interest in solving the problem. She or he will also lose interest if she or he can
solve the problem without any struggle.

How can we do that?

You should decide when you meet as a group.

Coming to design the activity, you should take into consideration that the problem
should be a programming problem that requires mathematical knowledge to
develop the algorithmic solution of the problem. In addition, the problem should
not be a mathematical problem that would be solved on paper, and then validate
the solution by utilizing the Scratch environment.

Continuing what Supervisor 1 has described, we have also the notion of devolution
in which the teacher should give responsibilities for the students in solving the
problem. The directions should not get to the level of algorithmic step by step
instructions for the solution process. At the same time, the directions should not
be very general leaving all the solution process in the responsibility of the student.
One solution could be approached by using the metacognitive skills, but we need
to adjust them to the content of the problem.

Is devolution what we call investigative activities?

In a way yes, but it also includes giving the students power over their learning.

Transcript 2. Discussing the algorithmic/creative based design process

Supervisor 1 starts the introduction of the concepts of struggle and devolution, by
describing the concept of struggle [R111]. Supervisor [R113] 1 does not answer the
PST3’s question directly and thus emphasized this concept of struggle. Supervisor 3
introduces the notion of devolution, by emphasizing the responsibility of the student in
the solution process.

3.3

Third stage: metacognitive design

In the third stage before designing the third activity, the supervisors introduced
the PSTs to the metacognitive skills of Davidson and Steinberg [19], recommending
using them in giving directions to the students while solving the problems. Transcript 3
illustrates the beginning of the class discussion, where we will not describe all the dis-
cussion as it is very long.

216

217

218
219
220

76

Supervisor 2:

PST 5:

Supervisor 1
PST 5:
Supervisor 1

Here is the problem that we want to discuss its solution: A new teacher has been
appointed to a school in a neighbouring city. She wants to choose the best way to
arrive at the school. How could she decide upon that?

We need first to write down the givens of the problem: the city from which the
teacher will depart, the city to which the teacher will arrive, all roads connecting
the first city to the second, etc.

So, what do you suggest?

To write down the givens of the problem.

0.K. What is the next step?

Transcript 3. Discussing the integration of metacognitive skills in activity design
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Supervisor 2 starts introducing the metacognitive skills of Davidson and Steinberg [19],
by giving the PSTs a problem to solve, and asking about the procedure of solving it [R216].
This makes the PSTs to suggest the first metacognitive skill, i.e., writing the givens [R217].

3.4  Fourth stage: metacognitive and algorithmic/creative design

In the fourth stage, before designing the fourth activity, the supervisors discussed
the third activity and concentrated on the adjustment of the metacognitive skills to the
problem. While designing the directions given to the students, the supervisors and pro-
spective teachers discussed the balance between the algorithmic and creative aspects of
the given directions.

321 PSTé6: The problem that we wrote is about a Parking lot in a school, where the teachers
have a daily problem of parking their cars in the park. We requested the student to
write a program that computes the number of cars that the park could include.

322 Supervisor 2: Is the problem about a specific park?

323 PSTT7: No. It is about a general park.

324 Supervisor 2: What is the figure of the park.

325 PSTT7: It is a rectangle.

326 Supervisor 2:  Where is that written?

327 PST6: We suppose that this is known.

328 Supervisor 2: We cannot assume that. How does this problem encourage metacognitive
processes?

329 PST&: We, as teachers, do that orally.

330 Supervisor 2:  We need to do that through the instructions of the problem. Think about that before
you design your next problem.
331 Supervisor 1: How do you encourage the creativity of students in solving the problem?

332 PST7: We need to request them to approach the problem in different ways.

333 Supervisor 3:  What are you referring to? To the mathematical solution or to the programming
solution?

334 PSTS&: We did not consider that. [She directed her speech to her group’s members] We

also need to consider this issue when we design our next problem.

Transcript 4. Discussing the design of metacognitive skills and algorithmic/creative processes

Supervisor 2 emphasizes the metacognitive skill of considering the givens [R328].
Supervisor 3 discusses the creativity issue of the activity, asking about the way to do
that [R331]. In addition, supervisor 3 emphasized that the issue of creative solutions
could refer to the mathematical as well as the programming aspects [R333].

3.5  Fifth stage: reflection on design components

In the fifth stage after designing the fourth activity, the supervisors, together with
the PSTs, reflected on the different design components in the fourth activity, especially
students’ devolution and their struggle in solving the problem. Doing that, the PSTs
and supervisors reflected on the components of design. The supervisors emphasized the
need for balance in the algorithmic vs creative aspects, in the directions of the program-
ming activity using the metacognitive skills properly.
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Supervisor 2:
PST 11:

Supervisor 1:
Group:

PST 11

Supervisor 2
PST 11
Supervisor 2
PST 12
PST 11

Supervisor 3

PST 13

PST 11

Supervisor 2
PST 13

Supervisor 1

Can you please present your programming problem?
Of course. Here it is.

Write a Scratch program that receives the length of a segment, draws it
horizontally to the right starting with the point (0,0). Then, it receives the distance
of a point from the middle of the segment, and then draws a triangle whose points
are the vertices of the segment and the drawn point. Two sprites will then appear
at the point (0,0) and start to move keeping the same speed. The first sprite moves
along the segment, while the second sprite moves from one vertex of the segment
to the other through the drawn point. You need to run the program several times
and write mathematical conclusions. You can watch first the accompanying video
that demonstrates the required outcome.

Can you please show us the activity directions to the students?

[The group of PSTs shows the directions given to the students in the different
phases of metacognition].

Here are the directions to the students:

Encoding the givens:

1. What did you see when watching the video?

2. What are the givens, according to the video?

3. Consider whether there are incomplete or redundant givens in the problem.
[Talking to the class] What do you think about the encoding?

They are not many, nor few.

Why did you need the first direction?

Probably we can give it up.

Representation:

4. How can we represent the sprites’ movements?

5. What are the mathematical objects and processes needed in the representation?
[Talking to the class] What do you think about the representation?

We wrote two questions, one for the programming representation and one for the
mathematical representation.

Problem decomposition:

6. How can we program the appearances and movements of the different sprites?
[Talking to the class] What do you think about the decomposition?

Here, we thought that the difficulty might be a programming one, so we asked
about it.

You need to think about a mathematical difficulty in the decomposition.

Transcript 5. Discussing the devolution and struggle processes

The supervisors, along the transcript, ask the PSTs questions to verify metacogni-
tive skills in the activity directions and the struggle and devolution issues. The main
question there is “What do you think about the given directions?’. Here this question
is in terms of struggle and devolution. Supervisor 2 addresses the issue of redundancy
of the directions, where this redundancy could lead to less sufficient struggle [R424].
Supervisor 1 addresses the issue of required directions, where this issue could lead to
more than needed struggle [R432].
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4 Discussion

The present paper aimed to show a trajectory for PSTs’ preparation in designing
mathematics-based programming activities. It emphasizes the sequence of stages of
this preparation and the goals of each stage in this sequence. In the first stage before
designing the first activity, the concentration should be put on PSTs’ intuitive design
of activities, where researchers have put emphasis on intuitive thinking especially in
design (e.g., [24]). In the second stage, after designing the first activity and before
designing the second activity, discussion in the whole class should be held regarding
the components of design, especially the concepts of struggle and devolution while
designing activities that promote algorithmic/creative problem-solving processes.
Here, struggle should be introduced as the equilibrium between too hard and straight
forward problem solving, so the students would not find the struggle too easy and get
fed up or too hard and loose interest. This struggle needs to lead to equilibrium between
the algorithmic and the creative [2]. As the problem needs to fit the programming envi-
ronment, it should not be a mathematical problem that would be solved on paper, and
then just present the solution in the Scratch environment. In this stage, devolution needs
to be in students’ hands, where the design needs to give responsibilities for the students
in solving the problem. The directions should not get to the level of algorithmic step by
step instructions for the solution process and should not be very general leaving all the
solution process in the responsibility of the students [25].

In the third stage, after design the second activity, and before designing the third
activity, the concentration should be focused on the previous issues of struggle and
devolution, but also on the introduction of metacognitive concepts. Here, we utilized
the meta-cognitive skills of Davidson and Steinberg [19] and recommended using them
in the directions to the students. Other frameworks could be used as that of Wilson and
Clarke [26]. Emphasis should be put on scaffolding, self and other scaffolding, and
individual and collective scaffolding. This emphasis on scaffolding as design element
encourages the ability of learners to have control over their learning process to a certain
extent by relying on the support offered by teachers and the self [27].

In the fourth stage, after designing the third activity and before designing the fourth
activity, the concentration should be on the adjustment of the meta-cognitive skills to
the nature of the problem. Here, we need to address specifically the blending of meta-
cognitive processes and struggle and devolution processes. Teachers find this blending
difficult at the beginning, but with continuous experimentation and scaffolding, they
could proceed towards successful design [28].

In the fifth stage, concentration should be on how to consider the combination of all
the design issues. Special focus should be on the struggle and devolution processes and
how these issues are connected to the algorithmic and creative processes [4]. Appropri-
ate levels of struggle and devolution could lead to equilibrium between the algorithmic
and creative processes and lead to creative products.
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5 Conclusions recommendations and limitations

Researchers have been interested in digital learning since the advent of digital tools
since it influences positively students’ learning [29-32]. One such aspect of digital
learning is the use of Scratch-based programming in mathematics education. The pres-
ent research came to investigate how preservice teachers could be prepared for design-
ing mathematics-based activities using the Scratch programming, when the emphasis is
put on metacognitive activities. The findings suggest five stages of preparation. These
phases take care of the various components of the design, especially metacognitive
skills, Scratch programming and design processes, where the design processes were
mainly algorithmic/creative processes and struggle/devolution processes. It is recom-
mended that teacher colleges prepare curricula that prepares preservice and in-service
teachers for designing subject-based programming activities, not only for the mathe-
matics classroom but for other disciplines. The sequence of stages for the preparation
suggested in the present research could be an effective trajectory to begin with, but
modifications could be applied according to the discipline and programming language.

One limitation of the study is that it was implemented in one teacher college and one
group of students. Further implementations and accompanying studies are needed to
verify the fitness of the suggested trajectory and its stages.

Another limitation of the study is that it utilized specific models of metacognition
and design processes. Attempts could be done using other models.
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