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1 Introduction

Science, technology, engineering and mathematics (STEM) are evolving structures
of knowledge which are symbiotically interconnected. On one hand, science is
based on hypotheses and models, leading to theories, which have a strong math-
ematical character as scientific reasoning, concepts, and laws are represented by
mathematical reasoning, entities, and relations. On the other hand, scientific
explanations and predictions must be consistent with the results of systematic and
reliable experiments, which depend on technological developments as much as
these depend on the progress of science and mathematics (see, e.g., Chalmers
1999; Crump 2002; Feynman 1967). The creation of STEM knowledge is a
dynamical cognition process, which involves a blend of individual and collective
reflexions where modelling occurs with a balance between theoretical, experi-
mental and computational elements (Blum et al. 2007; Neunzert and Siddiqi 2000;
Schwartz 2007; Slooten et al. 2006). In this research paradigm, computational
modelling plays a key role in the expansion of the STEM cognitive horizon
through enhanced calculation, exploration and visualization capabilities.

Although clearly related to real world phenomena, STEM knowledge is built
upon abstract and subtle conceptual and methodological frameworks, which have a
complex historical evolution. These epistemological and cognitive features make
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STEM difficult fields to learn and to teach. To develop an approach to STEM
education which aims to be effective and in phase with the rapid scientific and
technological development, it is of crucial importance to promote an early inte-
gration of computational modelling in learning environments which reflect the
exploratory and interactive nature of modern research (Ogborn 1994). However,
even in technologically advanced countries, computers, computational methods
and software, as well as exploratory and interactive learning environments, are still
not appropriately integrated in most STEM education curricula for the high school
and undergraduate university levels. As a consequence, these curricula are gen-
erally outdated and most tend to transmit to students a sense of detachment from
how science is currently made. These are contributing factors to the development
of negative views about the education process and to an increase in student failure.

Physics education is a good example to illustrate this problem. Consider the
general physics courses taken by first year university students. These are courses
which usually follow a traditional lecture plus laboratory instruction approach and
cover a large number of physics topics which students find particularly difficult.
Due to a lack of understanding of the necessary fundamental concepts in physics
and mathematics, the number of students that fail on the course examinations is
usually very high. What is worse is that many of those students that do actually
succeed also reveal several weaknesses in their understanding of elementary
physics (Halloun and Hestenes 1985; Hestenes 1987; McDermott 1991).

Research in physics education has shown that this situation can be improved
when students are involved in the learning activities as scientists are involved in
research (Beichner et al. 1999; Mazur 1997; McDermott 1997). This is not a
surprising result. Scientific research in physics is an interactive and exploratory
process of creation, testing and improvement of mathematical models that describe
observable physical phenomena. It is this cognitive process that leads to an
inspiring understanding of the rules of the physical universe. As a consequence,
physics should be expected to be more successfully taught in interactive and
exploratory environments where students are helped by teachers to work as sci-
entists do. In this kind of class environment knowledge performance is better
promoted and common sense beliefs as well as incorrect scientific ideas can be
more effectively fought.

The scientific research process is supported by a continuously evolving set of
analytical, computational and experimental techniques. The same should be true
for research inspired learning environments. Consequently, another important
aspect of these learning environments is the possibility to balance the role of
computational modelling methods and tools. This would set the learning process in
phase not only with modern scientific research where computation is as important
as theory and experiment, but also with the rapid parallel development of
technology.

Several attempts have already been made to introduce computational modelling
in research inspired learning environments. The starting emphasis was on pro-
fessional programming languages such as Fortran (Bork 1967) and Pascal (Redish
and Wilson 1993). Although more recently this approach has evolved to Python
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(Chabay and Sherwood 2008), it continues to require that students develop a
working knowledge of programming, a time-consuming task which hinders the
process of learning physics. The same happens with scientific computation soft-
ware such as Mathematica and Matlab. To avoid overloading students with such
programming notions or syntax, and focus the learning process on the relevant
physics and mathematics, several computer modelling systems were created, for
example, Dynamical Modelling System (Ogborn 1985), Stella (High Performance
Systems 1997), Easy Java Simulations (Christian and Esquembre 2007) and
Modellus (Neves et al. 2013; Teodoro and Neves 2011).

A proper and balanced integration of computational modelling methods and
tools in STEM learning environments is, thus, both a curricular and a technological
development problem. In this work, we discuss how Modellus (a freely available
software tool created in Java which is able to run in all operating systems, see the
software webpage a http://modellus.fct.unl.pt) can be used as a central element of
an approach to develop exploratory and interactive computational modelling
learning activities relevant for STEM education. These activities can be adopted
by high school and university curricula, and used as a valuable instrument for the
professional development of teachers. To illustrate, we consider computational
modelling with Modellus to teach physics, namely introductory mechanics, and
discuss its impact on the student learning process.

2 Modellus: Interactive and Exploratory Computational
Modelling for STEM Education

The construction of STEM knowledge requires unambiguously clear declarative,
operational and conditional specifications of abstract concepts and of the relations
among such concepts. Of crucial importance in the understanding of the resulting
models or theories is the interpretation process which involves operational
familiarization and connection with the relevant referents in the observable uni-
verse (Reif 2008). In education, as in research, computers, computational methods,
and software are cognitive artifacts (Teodoro 2005), which may amplify the
learning cognition horizon due to more powerful calculation, exploration and
visualization capabilities. As a consequence, these artifacts may play a key role in
enhancing the operational familiarization and the connection with the real world
referents, which must necessarily be involved in the STEM learning processes. To
be able to fulfill such a potential key role, computational methods and tools should
be used not only to display text, images or simulations but as mathematical
modelling tools integrated in learning environments which reflect the exploratory
and interactive nature of modern research. In addition, the modelling process
should be focused on the meaning of models and avoid learning opacity factors
such as too much programming and specific software knowledge.
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To meet this educational challenge, it is not enough to simply choose a subset
of programming languages and professional computational software. It is neces-
sary to develop computer software systems with computational modelling func-
tionalities, which contribute to nurture the progressive growth of solid STEM
cognitive competencies. Among those systems which have already been created,
Modellus stands out as a computational modelling tool for STEM education
because of the following main advantages: (1) an easy and intuitive creation of
mathematical modells using standard mathematical notation; (2) the possibility to
create animations with interactive objects that have mathematical properties
expressed in the model; (3) the simultaneous exploration of multiple representa-
tions such as images, tables, graphs and animations; and (4) the computation and
display of mathematical quantities obtained from the analysis of images and
graphs.

These are features that allow a deeper cognitive contact of models with the
relevant real world referents and a deeper operational exploration of models as
objects, which are simultaneously abstract, in the sense that they represent rela-
tions between mathematical entities, and concrete, in the sense that they may be
directly manipulated in the computer. In a word, Modellus allows a deeper reifi-
cation of abstract mathematical objects. Because of these characteristics, com-
putational modelling activities built with Modellus can be readily conceived as
exploratory and interactive modelling experiments performed by students in col-
laborative groups or individually. They can also be designed with an emphasis on
cognitive conflicts in the understanding of STEM concepts, on the manipulation of
multiple representations of mathematical models and on the interplay between the
analytical and numerical approaches applied to solve STEM problems.

As a domain general environment for modelling, Modellus can be used to
conceive STEM learning activities, which involve the exploration of existing
models and the development of new ones (Bliss and Ogborn 1989; Schwartz
2007). As much as possible, such modelling activities should consider realistic
problems to maximize the cognitive contact with the real world referents. This is a
challenge because more realistic problems are generally associated with more
complex analytic solutions, which are beyond the analytic capabilities of high
school or first to second year university students. With Modellus and numerical
methods, which are conceptually simpler and yet powerful, the interactive
exploration of models for more realistic problems can start at an earlier age,
allowing students a closer contact with the model referents, an essential cognitive
element to appreciate the relevancy and power of models, necessarily a partial
idealized representation of their referents.

Clearly, the development of the appropriate computational modelling activities
for STEM research inspired learning environments is bound to call for a richer set
of modelling functionalities, which are not yet available in Modellus. These events
are seeds for technological evolution, which should be accomplished by a Mod-
ellus enhancement program. Currently under development and set to appear in
forthcoming versions of Modellus is, for example, the following set of new
functionalities: spreadsheet, data logging and curve fitting capabilities, advanced
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animation objects like curves, waves and fields, 3D animations and graphs, cre-
ation of a physics engine for motion and collisions, video analysis, and cellular
automata models.

The simultaneous development of new functionalities to meet appropriate
teaching goals is important because it reduces the learning opacity factor associ-
ated to an unnecessary proliferation of tools. However, there is a learning stage
where it is advantageous to allow some diversity in the use of computer software
tools and complement Modellus with other available tools. Indeed, in a research-
based STEM learning environment one of the objectives is to make a progressive
introduction to professional STEM computation methods and software. For
example, Excel is a general purpose spreadsheet where modelling is focused on the
algorithms. In addition, it already allows data analysis from direct data logging. On
the other hand, Mathematica and Matlab (or wxMaxima, a similar but freely
available tool) have powerful symbolic computation capabilities. Using these
different tools to implement the same algorithm is an important step to learn the
meaning of the algorithm instead of the syntax of a particular tool. If more realistic
simulations are needed, Modellus animations can be complemented, for example,
with EJS.

3 Computational Modelling Learning Activities:
An Illustrative Example from Rotational Dynamics

Let us consider a computational modelling activity about rigid body rotational
dynamics and angular momentum, a topic in general physics which in a course
program for first year university students should be introduced after computational
modelling activities covering vectors, kinematics and Newton’s fundamental laws
of motion, including simple numerical and analytical solutions (Neves et al. 2009,
2011). A rigid body is a system of particles whose relative distance does not
change with time. When a rigid body rotates around a fixed axis, each one of its
particles has a circular motion around the axis, which is characterized by a rotation
angle, an angular velocity and an angular acceleration. The kinetic rotation energy
is the sum of the kinetic energies of all the particles of the body and is given in
terms of the moment of inertia of the body relative to the rotation axis. From a
dynamical point of view, the rotational motion of a rigid body around a fixed axis
is characterized by two vectors, the angular momentum of the rigid body and the
moment of the sum of all the forces acting on the body, the latter also called the net
applied torque. Newton’s laws of motion imply that the instantaneous rate of
change of the angular momentum is equal to the net applied torque.

A real world system, which may be considered as a rotating rigid body is a wind
turbine. With Modellus it is possible to model the action of the wind on the rotor
blades and analyze their motion using at the same time different representations
such as graphs, tables, and object animations. In this model, the fundamental
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equations of the rotational motion are written in the form of Euler iterations.
Students are thus taught to apply this numerical method in a new realistic context,
extending the applicability range of knowledge already acquired with a previous
analysis of analogous numerical solutions of Newton’s equations in translational
motion settings (Neves et al. 2009). In this new application, students can determine
the angular velocity and the rotation angle knowing the net applied torque, the
moment of inertia of the system and the motion initial conditions. The model
animation is constructed with three objects: a bar representing the rotor blade, a
vector representing the angular momentum and a vector representing the net wind
torque. Because the coordinates of the net torque are independent variables and the
model is iterative, students can manipulate this vector at will and in real time
control the motion of the rotor blade. With this activity students can confirm that
the choice of the time step is an important one to obtain a good simulation of the
motion and that this is the same as determining a good numerical solution of the
equations of motion. While exploring the model, students can determine, for
example, what are the values of the angular momentum, the angular velocity and
the rotational kinetic energy, 8 s after increasing the net wind torque to 2,000 Nm.
The possibility to change the mathematical model and immediately observe this
action on the animation, graphs and tables is a powerful cognitive element to
enhance the students learning process. Students can also change the model.
Introducing a vector to represent the wind force they can explore the effect of the
wind direction on the net applied torque and on the motion of the rotor blades.

4 Field Actions, Discussion and Outlook

In this chapter, we have shown how Modellus can be used as a key element of an
approach to develop exploratory and interactive computational modelling learning
activities for research inspired STEM education. As an example, we have dis-
cussed the modelling of the rotational dynamics of a wind turbine. This was one of
the activities which was tested on the field when we implemented computational
modelling activities in the general physics course offered in 2008 and 2009 to the
first year biomedical engineering students at the Faculty of Sciences and Tech-
nology of the New Lisbon University (Neves et al. 2008, 2009, 2011). More field
tested activities are discussed, e.g., in Neves et al. (2013) and Neves and Teodoro
(2012). For other earlier educational applications and evaluation tests of Modellus-
based computational modelling activities see, e.g., Araújo et al. (2008), Dorneles
et al. (2008) and Teodoro (2002).

The 2009 edition of the general physics course for biomedical engineering
involved a total of 115 students. Of these, 59 were taking the course for the first
time and only they were enrolled in the computational modelling classes. To build
an interactive collaborative learning environment, we organized the students in
groups of two or three, one group for each computer in the classroom. During each
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class, the student teams worked on a computational modelling activity set con-
ceived by us to be an interactive and exploratory learning experience with Mod-
ellus, built around a small number of problems in mechanics connected with easily
observed real world phenomena. The teams were instructed to analyze and discuss
the problems on their own using the physical, mathematical and computational
modelling guidelines provided by the activity set documentation, a set of PDF
documents with embedded video support. To ensure a good working pace with
appropriate conceptual, analytical and computational understanding, the students
were continuously monitored and helped during the exploration of the activities.
Whenever it was felt necessary, global class discussions were conducted to clarify
doubts on concepts, reasoning, or calculations. Online support in class and at home
was provided in the context of the Model platform where links to class and
homework documentation was provided.

The evaluation procedures associated with the computational modelling
activities with Modellus involved both group evaluation and individual evaluation.
For each computational modelling class, all student groups had to complete an
online test written in the Moodle platform answering the questions of the corre-
sponding activity PDF document. The individual evaluation was based on the
student solutions to two sets of homework activities and a final class test with
computational modelling problems to be solved with Modellus. All students took a
pre-instruction and post-instruction FCI test (Hestenes et al. 1992) which did not
count for their final course grade. At the end of the semester, the students answered
a questionnaire to evaluate Modellus and the new computational modelling
activities of the general physics course. As reflected by the student answers to the
2008 and 2009 questionnaires (Neves et al. 2008, 2011), the activities with
Modellus were helpful in the learning process of mathematical models in the
context of introductory physics. For students, Modellus was easy to learn and user-
friendly. Working in groups of two or three was also acknowledged to be more
advantageous than working individually. In addition, the PDF documents with
embedded video guidance were considered to be interesting and well designed.

During class and homework communications, it was clear that the computa-
tional modelling activities with Modellus were being successful in identifying and
resolving several student difficulties in key physical and mathematical concepts of
the course. The possibility to explore simultaneously several different represen-
tations like graphs, tables and animations was a key success factor, in particular
the possibility to have a real time visible correspondence between the animations
with interactive objects and the object’s mathematical properties defined in the
model. During the course, Modellus and simple numerical methods, such as the
Euler and Euler-Cromer methods, allowed the introduction and exploration of
advanced mathematical concepts such as integration in the context of real world
physics problems, prior to the introduction of the corresponding analytic tech-
niques. However, FCI test results for the whole general physics course lead to an
average FCI gain of 22 %, a typical traditional instruction performance (Hake
1998). Moreover, students manifested clearly that the new content load was too
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heavy and that the available time to spend working on the computational mod-
elling activities was insufficient. Improvement actions (Neves et al. 2011) are now
being implemented.
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