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Abstract

This article is based on our work and experience developed within the
framework of a European project MC squared (MC2) (http://mc2-project.eu/).
We have studied the collaborative design of innovative digital resources. These
resources, called “c-books™ (¢ for creative), were produced within a socio-
technological environment under development by an education community
acting designer, viewed as a Community of Interest (Col), bringing together
mathematics teachers, computer scientists and researchers in mathematics and
in mathematics education. This article first discusses creativity and outlines the
conceptualization Creative Mathematical Thinking (CMT) adopted within the
MC2 project. Then, we present a case study: the design of the resource entitled
“Math for Biology” which includes many examples of mathematical modeling
in a biological context and discusses the design choices to provide as many
affordances as possible to promote CMT in its end users. The evaluation of the
CMT affordances of this resource has been possible through a conceptual tool;
the CMT assessment grid, based on an agreement Likert scale. The assessment
of the CMT affordances was done a priori by three designers who did not
participate in the design process. Finally, we bring to the fore design principles
which emerged during the design process in relation to the CMT affordances of
the resource produced.
Keywords

Mathematics Education, Community of Interest, Creativity, Creative
Mathematical Thinking, Socio-technological Environment, Biomathematics,
Mathematical Modeling.
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1. Introduction
Promoting innovation skills and creativity is a central purpose of P21’s
Partnership of the Framework for 21st Century Learning (2011, p. 3). Learning
and innovation skills are increasingly recognized as those needed for an
increasingly complex life and work environments in the 21st century. A focus
on creativity, critical thinking, communication, and collaboration is thus
essential to prepare students for the future. Likewise, the European Union (EU)
considers “creativity, innovation and risk-taking” as part of the key
competencies for lifelong learning aiming at personal and social empowerment
for EU citizens (EC, 2006).
In general, CMT is seen as an individual and collective construction of
mathematical meanings, norms and uses in novel and useful ways (Sternberg,
2003). Exploratory and expressive digital media provide students with access to
and potential for engagement with creative mathematical thinking (CMT) in
unprecedented ways (Hoyles & Noss, 2003). Yet, new designs are needed to
provide researchers and teachers with new ways of thinking about, teaching
mathematics and supporting students’ learning and engagement with creative
mathematical thinking across all levels of education.
In this article, we present the collaborative work of digital educational media
designers, for the design of a new kind of resources able to stimulate creative
ways of mathematical thinking. Our study took place within the European
Project called MC Squared (http://mc2-project.eu/). More specifically, within
this project, we studied the collaborative design process of innovative digital
resources, called c-book, aiming at developing the CMT of their end users.
Innovative in the sense that c-books produced are the result of a creative process
(Amabile, 1988; Cerne et al., 2013), perceived as social creativity in the
collective design action. This article has been driven by the purpose to highlight
design choices for the promotion of CMT during the design of a c-book named
“Math for Biology”.
This article starts by discussing context, concepts and theoretical background
emphasizing the concepts of c-book, creativity and CMT, refining our research
questions in Section 2. Section 3 describes the methodology and data collection.
Section 4 focuses on the design of “Math for Biology” c-book considering design
choices and promotion of CMT components. It also provides choices analysis
for CMT promotion. Section 5 reports on the a priori evaluation of CMT
affordances. It ends with concluding remarks bringing forward factors
influencing creativity during the collaborative design of digital resources in
Section 6.
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2. Context, Concepts, Theoretical Background, and Research

Questions
The European MC Squared (MC2) project brought together four communities of
designers of different nationalities (British, French, Greek and Spanish). The
four communities gathered designers with various and different professional
expertise, acting in a socio-technical environment under development. The goal
of each of the designer communities was to produce digital mathematical
resources, called c-books, aiming at developing the CMT of their users. The
premise was: the higher the social creativity among the designers, the greater the
potential of the c-books to develop the CMT of their users. Three cycles of c-
books’ production have been organized one after the other and the knowledge
produced in each cycle was reinvested in the following one.

2.1 c-books

The c-books (Fig. 1) are one of the products of the collaboration amongst the
designers with manifold professional expertise (e.g., mathematics, technical /
technological, pedagogical and / or didactics).
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Fig. 1: Examples of c-books
These are mathematical digital books that contain text, pictures, videos and many
interactive mathematical widgets including dynamic geometry software,
dynamic algebraic systems, numerical calculation software allowing the use of
multiple representations, to check some answers and/or to get feedback.
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2.2 Community of Practice and Community of Interest
On one hand, a Community of Practice (CoP) (Wenger, 1998) is characterized
by a common domain of knowledge and a common language with members who
share a common repertory of resources. On the other hand, a Community of
Interest (Col) "brings together stakeholders from different CoPs to solve a
particular (design) problem of common concern", (Fischer, 2001, p. 4). Its
members have various areas of expertise and are only together for the time of
solving the problem at stake, unlike a CoP. Furthermore, Fischer (2001)
considers a CoP less creative than a Col because a Col provides unique
opportunities to transcend individual perspectives. Therefore, the designers of
the c-books who belong to different CoPs, have different domains of expertise
and are together for designing collaboratively innovative resources are
considered to constitute a Col. Four Cols (French, Greek, Spanish and British)
have been involved in the creation of c-books (Essonnier, 2024).

2.3 Creativity and Creative Mathematical Thinking (CMT)
The c-books should enhance the creativity of their end users, in the p-creativity
perspective, i.e. psychological creativity, or little ¢ perspective (Boden, 1994;
Craft, 2000). It concerns ideas that are considered creative at least in the mind of
the person who proposed them. Therefore, it concerns not specifically gifted
students but any students.

Regarding creativity, Csikszentmihalyi (1996) brought to the fore two opposite
types of thinking: divergent thinking and convergent thinking. Divergent
thinking generates novelty, new conclusions, and is based on four components:
(1) fluency (the mental capacity to generate a large number of ideas); (2)
flexibility (ability to move from one perspective to another), (3) originality
(associations of unusual ideas), and (4) elaboration (the capacity to develop and
extend to a high degree an idea). Convergent thinking involves (and allows) the
evaluation of ideas and problem-solving processes by judging their relevance
and usefulness. Moreover, according to Hennessey and Amabile (1999), the
assessment of creativity can be carried out through creativity components and in
a consensual manner based on the middle c perspective of creativity (Moran,
2010).

Based on these considerations, we have defined CMT situated in the little-c
paradigm as follows. The CMT conceptualization is inspired by Guilford’s
(1950, 1967) and Torrance (1974) creative cognitive components (fluency,
flexibility, originality, elaboration) to which we added social and affective
aspects (Daskolia, 2016; Trgalova, 2016), applied to a mathematical problem or
situation. Fluency means the individual’s ability to pose or come up with many
mathematical ideas or configurations in a short time. Flexibility refers to the
individual’s ability to vary the approach or suggest a variety of different
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methods. Originality means the individual’s ability to try novel or unique
approaches. Elaboration is the individual’s ability to redefine a single
mathematical problem or situation to create others (EI-Demerdash, 2010), (EI-
Demerdash, et al., 2019), (Essonnier, et al., 2021). Social aspects are stimulated
by the user’s interactions with other users, by developing students’ mathematical
communicative skills, or by providing users with opportunities for competing.
Finally, affective aspects are based on the promotion of engagement by
generating a perception of mathematics’ usefulness, either in everyday life, or
inside the mathematical context, or a feeling of pleasure, fun, challenge
(narratives, games, etc.), or aesthetics.

2.4 Research Questions
Hence, we refine our research questions as follows.
RQ1: Which of the six components of CMT: fluency, flexibility, originality,
elaboration and, social and affective aspects have been better integrated and
promoted within the designed c-book by the designers?
RQ2: What is the priori potential of the designed c-book to develop CMT in
their users?
RQ3: How have the design choices of the Col members impacted the CMT
affordances of the c-book?

3. Methodology and Data Collection
Alongside the production of c-books, knowledge was produced and shared
within Cols. To take them into account, our evaluation and study methodology
was enriched after each cycle of production with this new knowledge. Therefore,
the methodology has therefore evolved throughout the c-books three cycles of
production and has been the more elaborated for the third cycle of the c-books
produced.
Data of the design process were collected from the c-book final version, the
official project reports (Mercat, 2014, 2015; Trgalova, 2016), meeting notes, part
of the emails exchanged by the designers, the access to shared documents used
for the design and the designed c-book

3.1 Methodology Highlighting Design Choices
From the information gathered into the c-book description in the appendix in
Trgalova (2016, pp. 19-38) and by reviewing the c-book produced, it is possible
to infer some design choices and to give an interpretation of the meaning of the
CMT components made by the designers, showing how the latter had
operationalized the CMT components during the design process of the c-book.

3.2 Evaluation of CMT
The methodology for evaluating CMT affordances of the c-book, is the one used
in the MC2 project (Daskolia, 2016). To measure CMT and to make comparisons
between the Col(s), explicit and common criteria were needed. Common
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features were decided and shared based on the literature review and many
discussions among the four Cols. So, a common grid based on a Likert
agreement scale and shared by the four communities of interest has been
elaborated for the third cycle of c-books production, called “CMT Affordances
Grid” (See Appendix I) (Trgalova, 2016). This grid consists of three sections.
The first 13 aim at evaluating the c-book affordances towards the development
of creative mathematical thinking in the end users. These items address the c-
book affordances such as nature of the activities or variety of representations of
mathematical concepts at stake and ask the evaluators to what extent these
affordances are likely to enhance the user’s cognitive processes (fluency,
flexibility, originality, elaboration). The second and third sections deal with
social and affective aspects of the c-book that are likely to impact the users’
intrinsic motivation and thus enhance their creative mathematical thinking. The
grid enables us to assess the CMT affordances of each c-book produced with
explicit and measurable criteria. It allows us to obtain a score for each
component between 1 and 4. For this respect, the responders were asked to
evaluate the items in relation to each one of the four cognitive components of
mathematical creativity on a scale from 1 (weak affordance) up to 4 (strong
affordance). There was an extra option called N/A in case the affordance was not
applicable for the specific item. In detail, the statements of evaluation for the
quantitative data could be described as follows:

e N/A means that the corresponding item is not present in the c-book;

e Value 1 means "no affordance", i.e., the corresponding item is present in
the c-book but it does not foster the given dimension of the CMT;

e Value 2 means "weak affordance", i.e., the corresponding item is present
in the c-book and might foster the given dimension of the CMT, but it is
rather unlikely;

e Value 3 means "good affordance", i.e., the corresponding item is present
in the c-book and might foster the given dimension of the CMT;

e Value 4 means "strong affordance:", i.e., the corresponding item is present
in the c-book and is likely to foster the given dimension of the CMT

The evaluation of the CMT affordances of this c-book was done by three
members of the French Col, who were not involved in its design. It was
organized in three steps. First, the evaluators had to use the c-book and be
acquainted with the affordances. Second, the evaluators had a teleconference
organized by the main designer of the c-book to address possible evaluators’
needs for clarification or understanding. Third, the evaluators evaluated the c-
book affordances based on the grid using an online form prepared for this

purpose (See Appendix II).
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4. Design Choices for the c-book “Math for Biology” and
Promotion of CMT Components

This c-book! aimed at introducing the concept of biomathematics as a scientific
terminology and its study fields such as biostatistics, mathematics of genetic
engineering, etc. All the activities are designed around real-life situations to
foster students’ motivation and engagement. The c-book was designed to allow
users to work in a non-linear manner according to their interests. It is structured
in four sections. Section 1 is the introduction, section 2 is about mathematical
approximation, section 3 about golden ratio and section 4 about spirals in nature.
These sections are interrelated to each other by a narrative featuring a group of
children visiting a Fauna and Flora Park, a context that ought to be familiar to
users to engage them in the activities. This c-book is intended to be used with
high school students (Grades 10-12).
Beforehand, it is important to point out that the designers are not biology majors,
they are mainly mathematicians, so the c-book was developed from a
mathematician's point of view. Biology was only the context chosen for
mathematization. The designers’ perspective was to model biological traits,
physical ones, using mathematical tools to help users to think of mathematics as
a modeling tool, to build meaning around mathematical concepts all the while
developing their CMT skills, for supporting engagement of students as well. The
students should choose a mathematical model after conducting some
observations and/or calculations from real data.
First, we note that four design principles were at stake for the elaboration of this
c-book. They are described in section 5.1 below. Second, we bring to the fore
that the c-book is designed to enhance users’ CMT through its components
(fluency, flexibility, originality, elaboration, and affective and social aspects).
The way the designers have interpreted these components through their design
choices is detailed in section 5.2. Alongside developing CMT in users, another
aim of the c-book “Maths for Biology” was to help students to build meaning in
mathematics through modeling, but also to enable them to think of what means
modeling, its limits, its power, and its usability. The designers have chosen
mathematics modeling to help students on the one hand to make connections
between mathematics and the real world, such as the biological world, and on
the other hand to reflect on the assumptions leading to the choice of a
mathematical model. We know that “Mathematical modeling raises fundamental
questions about the relationship between the real world and mathematics.”, as
stressed by Greer, Verschaffel, and De Corte. (2002, p. 273) who also were
quoting Freudenthal (1991, p. 32, in Greer & al., 2002, p. 273):

! Available online at: http://mc2-project.eu/
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“Mathematics has always been applied in nature and society, but for a
long time it was too tightly entangled with its applications for it to
stimulate thinking on the way it is applied and the reason why this works
. money changers, merchants and ointment mixtures behaved as if
proportionality were a self-evident feature of nature and society ...
... Modeling is a modern feature. Until modern times the application of
rigorous mathematics to fuzzy nature and environment boiled down to
consciously ignoring all of what had appeared to be inessential
perturbations spoiling the ideal case.”
Thus, depending on the mathematical model chosen, solutions to problems can
be very different.

4.1 Four Design Principles at Stake
During the third cycle of c-book productions within the French Col, four design
principles, described in the following sections, emerged.

1. Personalized Non-Linear Path and Narrative Affordances
First, the c-book consists of four sections interrelated through a narration about
children visiting a Fauna and Flora Park, in accordance with Laurillard et al
(2000, p.2) point of view about narrative and non-linear path:

“Narrative provides a macro-structure, which creates global coherence,
contributes to local coherence and aids recall through its network of
causal links and signposting. [...] Multimedia has a non-linear format,
which cedes control over both sequence and internal relationships to the
users. They decide on the order of the material, and they determine the
nature of the link between one section and the next. In this context, the
narrative line cannot be held entirely by the program. Instead, it results
from an interactive collaboration between the user and the program. The
learning activities linked to narrative in a linear medium are likely to be
different, therefore, from those in a non-linear medium such as
multimedia”.
The narrative is based on:
“a group of children visits the famous F2 Park (Fauna and Flora) with their
biology teacher. They go through various greenhouses, pathways, and
enclosed plots in which they explore the amazing diversity of life on earth:
from dinosaurs to massive mammals, from fossilized ferns to giant trees.”.
Section 1 introduces the meaning of the term biomathematics, its fields of study,
and ends up giving users the opportunity to pick and choose among different
activities bound to biomathematics. The biomathematics context has been
chosen for stimulating the users’ curiosity, motivation, for its familiarity to them
and for favoring mental manipulations. At the end of the introduction, page 3,
the storytelling starts, users are free to choose their path of learning thanks to
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embedded hyperlinks. The latter allows users to autonomously navigate
according to their interest in the other sections. Section 2: demonstrates the need
of mathematical approximation as a tool to model biological traits to estimate
magnitudes (length, thickness, weight), and it enables users to reflect on
magnitudes. In section 3, golden ratio is a pretext search for doing mathematics
by looking at its occurrences in nature, paintings, and architecture. The c-book
ends with section 4, where users are exposed to different kinds of spirals in
nature. Users can upload their spiral pictures and try out some formulas that fit
them, using different digital widgets based on algorithms, algebra and Fibonacci
numbers. Finally, they can build their own spiral-based artwork to stimulate new
1dea associations and originality. The activities in the c-book engage the users in
compelling problems, and the widgets set up orient, facilitate mathematical
exploration and/or allow creative ways to think about them, investigate and solve
them. Thus, the storytelling approach is supported by interactive widgets and
promotes the affective aspect component of CMT to encourage students’ own
exploration for meaningful learning. So, the designers have used a story, as a
guideline, to enable users to choose their own path throughout the c-book
activities and to keep them focused while they go through it according to their
interest, their curiosity, their mathematical and technological prior knowledge,
such as: digital tools, ratio and proportion, function, curve, usual solids, usual
volume formulas. We put forward that the story was a means for the designers
to encourage users to be active to stimulate their engagement, all the while
guaranteeing the unity of the c-book activities.
2. Technology Added Value to Promote CMT

The designers were eager to support the development of the CMT components
of users with relevant specific widgets and feedback. They seek to develop the
socio-technical environment to favor the CMT affordances. We present three
examples of designers’ use of the socio-technical environment which highlight
the technological added value provided by the development of this environment.
(1) The first example is the cross-widget communication between Cinderella
and EpsilonWriter, two mathematical educational software of the environment.
The idea behind cross-widget communication is to send measurements done
within Cinderella to EpsilonWriter where users can write text and mathematical
content, as well as calculations. The purpose of the designers was to facilitate
users' work, to lead them to compare the ratio values to enable them to make a
conjecture, i.e. whether the golden ratio models the dimensions of a bee or not
(Fig. 2). The designers aim at fostering flexibility in the users, for instance about
the way they look at a bee, i.e. to see it through its measurements for a
mathematically modeling purpose.
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Fig. 2: Cross-widget communication to allow sending information between Cinderella and
EpsilonWriter

(2) The second example shows a digital tool built on mathematical properties
to explore the real world looking for these mathematical properties. The digital
golden ratio compass tool (Fig. 3) is a DGS widget enabling users to discover
proportions seemingly like golden ratios in other contexts such as in insects, and
in plants, artwork, etc. Users are encouraged to make trials on many things to
boost fluency. They should look for a picture, upload it and check with the digital
compass whether its dimensions satisfy the golden ratio or not. They can share
their thoughts about this compass and their findings via EpsilonChat and
EpsilonWriter, two of the Epsilon tools. One of the designers’ purposes is to
obtain as many samples as possible, to make users reflect on proportions and
ratio bound to the golden ratio. The main added value here is meshing three
complementary widgets in the same educational environment. Nevertheless, we
can raise an issue. As the users are working on pictures or photos there might be
some distortions on lengths’ proportion. This is a mathematical question that can
emerge during this activity. Maybe the teacher ought to take the opportunity to
raise the subject through EpsilonChat if the users do not think about it.
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Fig. 3: Shows digital golden ratio compass GeoGebra tool

(3) The third example is about the socio-technical environment flexibility itself.
The socio-technical environment allows the use of external widgets, software
that couldn’t be provided by the environment but are reachable by external
hyperlinks. For instance, a 3D-GeoGebra widget that enables users to change the
dimensions of a cone and a cylinder to get the same. It enables users’ mental
comparison and manipulation of solids for mathematically modeling living
beings. This widget should help users to think of simpler shapes to model real
world living beings to compute volumes and make comparisons amongst
volumes of different living beings. It fosters an approximative approach and
highlights that the real world should be sometimes simplified to apply
mathematics formulas and reasonings. The interactive GeoGebra widget is
supposed to help users to make their conjectures about volumes of two solids,
1.e. the cylinder and the cone. The goal is to make users understand that the
choice of magnitude is important to make sense for comparing two creatures.

Fig. 4: Shows a GeoGebra widget of cylinder and cone
See (https://tube.geogebra.org/m/2552113)
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Section 4, page 5, the designers provide users with another GeoGebra widget,
embedding relevant construction tools (Polygon tool, arc tool), to help users to
construct a Fibonacci spiral.

Technology has been a means for designers to lead users towards
mathematization. This use of technology fosters flexibility to facilitate and to
support reasoning in users.

3. Socio-Constructivism Approach - a Cultural Approach to

Learning in French Didactics Tradition

The activities in sections 2, 3 and 4 have been developed based on the French
socio-constructivist learning approach (Blum, et al., 2019) and the use of socio-
constructivist principles to establish internal and explicit connections among
mathematics, biology, and technology (Toma, et al., 2024). The designers gave
preference to tasks that allow users to be active, to create their own experiences
and knowledge, to make connections with prior knowledge, by offering
opportunities for conjecturing, exploring, explaining, and communicating
mathematically. The French Col socio-constructivism tradition background in
mathematics education aligns with their CMT representations emphasize social
aspects of c-book users by integrating game-based widgets and mathematics
communication digital tools to foster motivation. In this concern, each section
ends with a meta-cognitive activity (detailed in the coming section) asking for
reflection and collaboration to enhance social aspects through mathematics
communications. Finally, a chat tool, called EpsilonChat, was implemented in
many pages of the c-book for allowing social interactions amongst users.
So, the socio constructivism tradition in mathematics education of French Col
has specifically fostered social aspects of CMT. For this purpose, the designers
enable social interactions through the implementation of EpsilonChat.

4. Meta-Cognition - Learning by Reflection on One’s Own

Work

To enable them to assess themselves the mathematical model chosen, its
appropriateness.

Sections 2,3 and 4 of the c-book are ended by a meta-cognitive activity which
has been designed to encourage the users to reflect in groups about their own
mathematical activities and their learning by writing a short description of their
work. The designers, through this task, try to stimulate users to make them active
learners and to enable them to further understand, analyze and assess their own
cognitive processes, such as reflecting on the appropriateness of tasks they have
performed into the c-book and the mathematical model chosen to study the
biological traits. This activity also allows users to develop their written
mathematical communication skills through EpsilonWriter and EpsilonChat
which are tools for communicating mathematically. This activity is also a way
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to enhance the social aspects of CMT. It is called: “Students’ collaborative
learning documentation” (Fig. 5). Nevertheless, there is a limitation because it is
not possible for the users to control their work, their answers from the feedback
of the environment.

In groups, write a short description about what you have learned through this section
Use Epsilonchat to discuss with your peers and Epsilonwriter to write the synthesis.

Edition Style Zoom Tableau Résultat Options LANG Aide
? [cai|Tracer| v = [ i~ [sin[ e[ v=]117= [ aB
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Fig. 5: Snapshot of section 3, last page, on the meta-cognitive activity

We observe that the design principles retained by the designers were bound to
four CMT components, fluency, flexibility, affective and social aspects, and to
their cultural background, socio-constructivism. In the following section, we are
interested in bringing to the fore some means used by the designers to foster
CMT in users.

4.2  Choices Analysis for the CMT Promotion

1. Affective Aspects
In the first section, “Introduction”, page 1, a game, a Tquiz puzzle (Fig. 6), is
proposed to check users’ understanding of what living and nonliving organisms’
concepts mean in biology. This game is supposed to support the affective aspects
of CMT among c-book end users.

~
Is it a living being or not ?

niveau 1/1 - Living being or not 2

water
Le bon choix It's not a living being

It’s a living being I don't know It’s not a living heing

Jeu
11 -5

e e- Score: 4

Meilleur: 0
Maxi: 16

“

4

Fig. 6: Snapshot of the Tquiz puzzle on living and nonliving organisms
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As noted in section 5.1, the storytelling also allows to enhance the development
of CMT affective aspects. Therefore, section 2, page 1, we observe that the
storyline started in the introduction continues: “An aquarium featuring a great
variety of marine creatures” is a part of the park. Users are attracted by the most
impressive exhibited species, amongst them is the blue whale, the largest animal
ever lived on Earth. The children then enter a pathway by going to page 2 in
section 2. In this page, the storyline continues: The “Giant Tree” pathway is
bordered with enormous trees among which one catches the eye of all visitors:
the “General Sherman” tree. Users can learn a lot about the blue whale and this
giant tree from the info panels provided by the designers (Fig. 7)”. The colored
panels created by the designers embed photos, maps, texts, and clickable links
for motivating users’ active behavior.
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In page 3, the designers used an argument between students to orient their
reflection toward the two creatures and their comparison by various magnitudes.
Here are the students’ argumentations in the follow up of the storyline:
“Impressed by the considerable dimensions of these two creatures”, the
children start comparing them:
Jack says: “The tree is bigger than a whale because it is taller than the
whale.”
Amy says: “I don’t think so. The whale is bigger because it is thicker than
the trunk of the tree even near the ground.”
Sean says: “Yes, | agree with Amy, the whale is bigger, but because it
doesn’t float while the whale does, it 1s heavier.”
Afterwards, we guide c-book users to decide on students' claims by the
question: “What do you think about the students’ claims? Which one is
bigger: the whale or the tree?

If you wish to know more about the whale, you can go to page 4, and if
the giant tree is intriguing you, go to page 5 to learn more about it.”
Pages 4 and 5 start with a text followed by a photo, and the possibility to watch
short videos by clicking on a link, to attract students’ attention and interests. The
first short video (1:01 min) shows the biggest mammal on the planet earth: The
blue whale and the second short video (3:05 min) takes users to California where
the biggest tree on earth is: The “General Sherman”. From the storytelling and
the impressive dimensions of the two very big creatures, we infer that the
designers aimed at motivating users to compare their magnitude and to feel the

need to use mathematical modeling to be able to make comparisons.

Section 3, page 1, the designers have chosen to keep on the story. In the latter,
students move to another area of the park called “temporary exposition” that
exhibits the evolution of the human being. Students are particularly interested
in the reconstituted fossil of Lucy (Fig. 8).
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Fig. 8: Snapshot of section 3, page 1
Here is the story:
“Marina asks:” Does the human being living now have the
proportion as Lucy, or than other of our ancestors?”

same

Ivan:” You know, I once saw a sketch of Leonardo Da Vinci, in my history
book. This picture was full of lines, because Leonardo Da Vinci has
worked on the human body proportions.”

The teacher interposed:” Do you know anything else about his work?””
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The designers also provide users with a hyperlink to learn more about Leonardo
Da Vinci artwork. Users could discover that the proportion highlighted by
Leonardo Da Vinci artwork is the Golden ratio. The designers put another
hyperlink to facilitate and to orient users' research, and to enable them to be more
active by choosing whether to use hyperlinks or not. It’s a way to leave them
some small responsibilities.

Section 4, page 1, we can observe that the story continues with a visit to the
museum of the park. The students of the story are in front of the fossil photo
(Fig. 9) from the London Museum. Their teacher explains that we can observe
many spirals in nature. These spirals have always inspired humans, because we
can find many sketches, sculptures, and pieces of artwork using this shape.

Fig. 9: Shows a fossil picture from London Museum

The designers seem to use the story to keep some coherence in the c-book, and
it enabled them to introduce the activity and motivate users. In addition, page 2,
the designers gathered three photos of artworks (Gustav Klimt “L’arbre de vie",
a Triskell and celtic art) with different kinds of spirals. The photos are used for
putting forward the aesthetic aspect of spirals highlighted by the artworks, to
incite interest towards spirals and enhance curiosity of users about these spirals.
This appears to be a means for the designers to lead the users to question how
the spirals were drawn, the relationship between these spirals and mathematical
modeling such as curves or functions to favor connections and generalizations.

Therefore, we note that games, storytelling, maps, hyperlinks, photos and short
videos in relation to the narrative seem to have been a way for the designers to
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trigger affective aspects of the users. They also relied on aesthetic features of
artwork, fossils, and nature.

2. Social Aspects

The designers embedded the EpsilonChat widget to mainly enable interactions
between users, as already stressed in section 4.1. More specifically, the concept
of “biomathematics™ as a scientific term and its study fields are introduced on
page 2 of the introduction. In this page, students are asked to look for many
different and varied examples of situations that show the integration between
mathematics and biology using Internet resources to build their knowledge
regarding the study fields of biomathematics and discuss these examples with
their peers through EpsilonChat. In section 3, users ought to investigate the
golden ratio on the Internet and share their findings using EpsilonChat. Through
all sections the designers explicitly asked users to discuss their observations,
conjectures, findings through the chat tool.

Section 2, page 3 proposes a practical activity where users can experience a
calculation of the golden ratio using the GeoGebra spreadsheet widget to find
out one of the golden ratios of human body dimensions. For this purpose, the
designers created tasks where users have to collaborate to gather real data from
their own bodies and do computation with these data (Fig. 10). They favored a
context close to the users to stimulate curiosity of the latter with the support of
digital technologies.

Complete the following table with your peers in the classroom, measure the forearm and hand length for each Student,
and calculate the ratio between the two lengths for each student

File Edit View Perspectives Options Tools Window Help

% Move
Drag or select objects (Esc)

A B & D E
1 Name Hand Lengthincm | Forearm Lengthin cm Ratio &
2

3
Fig. 10: Shows a GeoGebra spreadsheet to be used in the practical activity calculating
golden ratios in the human body

So, the chat tool has been a means for asking users to share either their findings

or conjectures, or to collaborate for data collection. Hence, the chat tool and the
collaboration were employed by the designers for allowing interactions and
fostering social aspects within a digital environment.
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3. Fluency
Throughout the c-book, there are many occurrences of activities to foster
fluency, as follows. In the golden ratio section 3, on page 1, users were asked to
collectively use EpsilonChat, and to look for many examples of golden ratio
related to art, architecture and nature in 10 minutes. In the spiral section, on page
2, users were asked to use the Internet to find more examples of spirals. In the
same section, on page 4, users were also asked to list as many Fibonacci
numbers as they can in 2 minutes using the EpsilonWriter mathematics
communication tool. So, for the development of fluency, the designers used the
words and expressions such as: “many”, “more examples”, “as many as”.

4. Elaboration

Section 2, last page, the designers proposed a problem posing activity to foster
the elaboration of the users based on other examples such as a vow, a crocodile.
This was the only task encouraging elaboration into the c-book. Furthermore, in
this c-book flexibility and originality components combined with another
component, such as detailed in the following section.

5. Interrelated Components
Fluency and Flexibility
Many tasks of the c-book combine the development of fluency and flexibility
together. From the very beginning of the c-book, in the introductory section,
page 2, users are invited through the EpsilonChat tool (Fig. 11) to come up with
many varied examples or situations that show the integration between
mathematics and biology. Likewise, in the spiral section, users are asked to come
up with as many and varied spirals as they can. Both above examples were
designed intentionally to develop both components together. In detail, the
designers ask users to use the Internet to look for more different and varied
examples of artworks which are based on the use of spirals. Section 4, on page
3, proposes many different and varied examples of spirals in nature which
inspire artists and mathematicians to look for models and formulas that make use
of these spirals. Users can play with the provided GeoGebra widget to model
these spirals and look for the nearest formulas to construct them. Evenly, section
4, page 4, users are asked to list as many Fibonacci numbers as they can and
write them down in a provided EpsilonWriter worksheet in 5 minutes after being
introduced to these numbers by question followed by a short video (6:24 min)
presenting the Fibonacci numbers in an elegant way and shows one geometric
representation of these numbers.
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What link can we find between Fibonacci number and a spiral 7

- '

What are the Fibonacci numbers?
Athur Benjamin (video on youtube): the magic of Fibonacci numbers.

Use epsilonwriter to list as many Fibonacci numbers as you can in 10 minutes.

Edit Style Zoom Table Settings LANG Help
u Cal | draw | + | {|sin| e v | [ of

@||@| 5| (x| ab Math auto

A 4 [&A[A=—=] Q] i

Reflect on how to build a spiral with Fibonacci numbers.
Look at this video from youtube.

Fig. 11: Shows an EpslionWriter widget to reflect on Fibonacci numbers
We saw that the designers formulate tasks using the words “different” or
“varied” to enhance flexibility, with the words “many”, or “as many” as to
refer to fluency, adding in between the preposition “and” to stimulate both
components in the users while performing these tasks.
Fluency and elaboration

The users were provided with three examples of pictures (an aloe polyphylla, the
half of a red cabbage and a snail) for developing fluency, and simple algebraic
formulas which “don’t quite fit” and need to be adjusted, hence the formulas
need to be elaborated to fit better. In this case, CMT 1is fostered mainly in the
direction of fluency and elaboration and depends on the personalized feedback
provided by the environment (here visualized feedback coming from the graph
of the edited formula).

Flexibility and Originality

As a means used by the designer to enhance creativity can be seen in section 4,
page 7, 8 and 9. Page 7, titled: “Other types of spirals”, we see a spiral realized
with a widget (Fig. 12) designed by the Greek community. The spiral was drawn
with an algorithm in logo programming language. The users are asked to modify
the algorithm and watch what happens then (visualized feedback from the
environment).
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Another ways to draw spirals
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Micro-

Now we observe another type of spirals on the next page.
A

Fig. 12: Using logo programming to draw a spiral

Page 8, titled: “Modeling spirals with squares”, the designers ask users to
observe another new type of spiral. It shows points with integer coordinates
placed on a plane, designed with Cinderella - dynamic geometry software. Users
are invited to write their conjecture about the mathematics behind it. Finally,
page 9 titled: “artwork”, the designers ask users to create their own artwork
based on what they have learnt about spirals in the previous tasks of this section.
So, the designers through many examples gave the opportunity to the users to
build a broad knowledge about spirals favoring flexibility. Then, by using the
word “own”, we deem that they try to foster users' originality. So, the designers
used flexibility to propose several perspectives and the word “own” as a lever
for originality.

So, the purpose of some of the designed tasks is not only to promote one
component but also another one.

5. CMT Affordances A Priori Evaluation Analyses

The chart, shown in Fig. 13 below, represents the evaluation of the cognitive
components of CMT from the evaluators’ point of view, considered as experts.
The height of the bars represents the distribution of the four components for each
item (fluency, flexibility, originality and elaboration), while the thickness
represents the meaning between the four aspects for each question.

Yov



Al sl aY e Yo gdgr () dmdl (YA) Alaall - cilualy )l iy ga 55 Al

1 2 3 4 5 B T B B 10 1 1213

My

Flusn

Cognitive Questions

Fig. 13: Evaluation of CMT cognitive components from the evaluator experts’ point of view
On the one hand, only the items 12 and 13 were assigned by the evaluators the
N/A value (no affordance) for the four cognitive components. It means that the
designers did not include any foreseen creative constructs in the c-book. That is,
this c-book does not include non-standard problems calling for mathematical
solutions (item 12) and does not include half-baked constructs (more specific to
the culture of the Greek Col) that call for intervention (item 13). On the other
hand, the evaluators considered that the c-book provides users with opportunities
to establish connections among different knowledge areas and mathematics
includes interdisciplinary, cross-disciplinary, and external connections (item 4),
stimulates or encourages exploratory activity and user experimentations (item 7)
and stimulates or encourages generalizing mathematical phenomena, going from
concrete cases to general ones or generalizing real world phenomena using
mathematics (item 11).

The results of the a priori evaluation of CMT affordances of the c-book are
summarized in Table 1 below. The quantitative data for each component
computing the mean from “No Affordance” (scored 1) to “Strong Affordance”
(scored 4), from the scale defined to evaluate the c-book.

Crealivity Categories
Flaxibsdily

Ebomiion  Onginality

Table 1. CMT Evaluation Summary

Parameters Fluency Flexibility  Originality Elaboration Social Affective

Mean 3.03 2.46 2.11 1.92 2.83 3.33

Except the elaboration component, all other components exist in the range of
“weak” to “good” affordances. The elaboration got a value of 1.92 which means
that this value is quite close to 2, i.e. “weak affordances”. The highest value for
this c-book in terms of cognitive aspects was fluency for which the value
achieved the rank of "good affordance". It means that, in general, the c-book is
judged to have potential to boost the students’ development of their ability to
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provide many responses or situations by changing one or more aspects of the
original situation. In section 4, we saw that the designers created many tasks to
develop fluency in the users but proposed very few tasks to favor elaboration. It
has been difficult for the designers to elaborate tasks by fostering elaboration for
this c-book. The tasks created for elaboration use relevant feedback from the
digital environment and problem posing principles. Flexibility and originality
are the cognitive components in between the two others, meaning that the
evaluators perceive a slight potential to foster students’ ability to come up with
diverse strategies to solve a mathematical problem or challenge (flexibility) or
to provide novel responses (originality). Concerning social and affective aspects,
this c-book has good affordances to enhance affective aspects and that could be
traced back to the nature of the c-book content as it deals with biological context
which seems to be good in enhancing and promoting it. The score for social
aspects is a little lower and bound to the chat tool as shown in section 4 above.
Table 2, below, collects the 13 items of the questionnaire to show correlations
among the four cognitive components of CMT.

Table 2. Correlation values of CMT components

Fluency Flexibility Originality Elaboration
Fluency 1.00 0.89 0.67 0.75
Flexibility 0.89 1.00 0.69 0.90
Originality 0.67 0.69 1.00 0.60
Elaboration 0.75 0.90 0.60 1.00

We can notice that the correlations range from moderate (considering a
significant value of r > 0.6 (p = 0.05)) - showing the relationship between
originality and elaboration to strong (considering a significant value of r > 0.89
(p = 0.05)) shows the relationship among the three other components each two
together (fluency, flexibility, and originality). Considering these correlation
values, we may conclude that fluency, flexibility, originality and elaboration can
be fostered at the same time. In line with findings reported in the literature
(Mann, 2006) and (Haylock, 1997) correlations among the four cognitive -each
two together- components of CMT are strong between some cognitive aspects.
It means that, considering the significant value of correlation coefficients, we
may conclude that the four cognitive components of CMT fluency, flexibility
and elaboration can be fostered at the same time. For example: In the section
entitled “Spirals in Nature", users were asked to browse the Internet and look for
as many varied and different examples of artworks that are based on the use of
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spirals. This example is intentionally designed to promote the development of
the “Fluency” component through asking users for many examples. At the same
time, it also literally promotes the “Flexibility” component by asking users that
these examples should be different and varied. In addition to the development of
fluency and flexibility, originality and elaboration could have been also
developed while the users try to figure out the formula for curves of these spirals
and interact via the chat tool to elaborate on that. In section 4 above, we also
brought to the fore that tasks created to foster originality are intended to develop
flexibility as well, in accordance with the score of correlation between originality
and flexibility (0,69).

The evaluators did not comment that much on their quantitative evaluation.
However, they raised the need for good orchestration to achieve the goals
intended by the c-book. They seemed to perceive the CMT affordances the
designers were aiming at because some significant results may be traced back by
the nature of the tasks in the designed activities. The c-book was well evaluated
in terms of fluency and affective aspects; these components seemed to be easier
to promote for the designers. Even though the c-book activities are designed to
call for students’ fluency (they are invited to come up with as many situations as
possible related to the original one), flexibility, originality and elaboration are
fostered by providing the students with a rich environment in which they can
come up with varied and novel situations.

6. Conclusion

To answer RQ1: Which of the six cognitive components of CMT: fluency,
flexibility, originality, elaboration, and social and affective aspects have been
better integrated and promoted within the designed c-book by the designers?

First, we have highlighted four design principles that were at stake during the
design process bound to cultural context and to technology: a nonlinear path, a
socio constructivist approach, added value of technology and meta-cognition of
users. Then, these principles enabled the designers to develop mainly fluency,
effective and social aspects of CMT, and flexibility in mathematization. While
proposing tasks to encourage mathematical flexibility and originality, the
designers used the word “own” in some following tasks to stimulate originality
of users. We have also noted that the way of formulating some tasks favors
fluency, flexibility and originality. So, the formulation has been used by the
designers to promote some components. Nevertheless, tasks to foster elaboration
and originality in the users seem to have been difficult to create for the designers
in this digital environment, especially relevant and personalized feedback
depending on the actions of the users. Only one task, based on problem posing,
allowing elaboration has been designed. As problem posing seems to be a good
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way to foster for instance elaboration, we raise the question of why the designers
did not implement more problem posing activities within this c-book.

To answer RQ2: What is the priori potential of the designed c-book to develop
CMT in their users?

From the priori evaluation, this c-book is supposed to well develop fluency and
affective aspects, social aspects depending mainly on the orchestration by the
teacher, to weakly develop flexibility, originality and to not really develop
elaboration.

To answer RQ3: How have the design choices impacted the CMT affordances
of the c-book?

Indeed, the results on the CMT affordances reflect the design principles and
choices of the members of the Col who designed this c-book. Hence the design
principles and choices have impacted on the potential to develop CMT in c-book
users. This impact has been more positive for the affective aspect and fluency
than for originality or elaboration. It would be interesting to reflect on design
choices, principles enabling designers to develop all the CMT components,
especially the weakest ones, within a digital environment, to enhance the CMT
affordances.

Moreover, the CMT affordances evaluation was limited to a priori evaluation
by field by Col members considered as experts. Whereas it could have been
beneficial if CMT affordances have also been evaluated from teachers and
students’ point of view to compare with the priori evaluation done by experts.
This might be evoked in further studies. Last and not least, the teacher’s role for
the implementation of these resources should be very important in organizing
and orchestrating the c-book utilization for achieving the goals envisioned by the
designers about CMT.

Finally, there was one issue that we did not raise in this paper but that it is
important to consider when designing technology. It is the sustainability of
technology. Indeed, when investing in creating digital resources, these resources
should be available and operational during a certain amount of time.
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