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Figure 3: A model of a damping oscillator done with a “system dynamics” tool 
(Stella) and with Modellus. 

 
 
Table 2: Classification of mathematical modelling tools for physics education 

Type of tool Example(s) 
Programming language C, NetLogo, StarLogo 
System Dynamics Stella, PowerSim 
Spreadsheet Excel 
General purpose tool with 
numerical and symbolic 
computation 

Mathematica, Mapple, 
MatLab, Octave 

Equation based Modellus, Easy Java 
Simulations 

Cellular automata WorldMaker 
Semi-quantitative VnR, Model-it 
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The subject of this paper is not the last two types of tool, cellular 
automata software and semi-quantitative modelling tools. I will just make 
a short comment on each type. Cellular automata software seems to have 
a place in moderns physics courses, as has been shown in the second 
volume of the Advancing Physics curriculum (Ogborn & Whitehouse, 
2001). In this course, phenomena such as percolation are for the first time 
treated with formal models in introductory physics. Semi-quantitative 
tools (also known as “qualitative modelling tools”) have been around for 
about twenty years but it is difficult to identify any impact in the 
curriculum. “Qualitative tools” have an important didactical problem: 
they use formal representations for mathematical quantities and relations 
(boxes, arrows, line graphs without scales, etc.) that need advance 
knowledge to make sense of them 
 and a “metrics” problem: to express 
any quantity, one needs to define measurement units, a concept that is not 
present in “qualitative tools”. 

Why is modelling not embedded in most physics curricula? Too many 
varieties of modelling? 
Looking carefully at general physics courses is difficult to find modelling 
approaches, using all the concepts listed on Table 1. The typical course 
still follows the approach of Physics, from Halliday & Resnick (2005), 
first published in 1960. There are exceptions, in many countries, but it is 
uncommon for example to find any introduction to differential equations 
and to numerical methods for solving equations, particularly motion 
equations (there is a well known exception, the classic Feynman’s 
Lectures in Physics (Feynman, Leighton, & Sands, 1963), where 
numerical solution of the equations of motion is explained in detail and is 
compared with analytical solutions. 
The spread of the use of computers now makes it possible to create 
curricula that have mathematical modelling approaches: most if not all 
students have personal computers and it is now time to start taking profit 
of this. But there is a problem for curriculum developers: which tools for 
modelling should be used? The fact that there are many varieties of tools 
for mathematical modelling makes it a difficult choice. Software like 
Easy Java Simulations (Esquembre & Zamarro, 2001) are very powerful 
but require familiarity with some high level programming concepts that 
cannot be expected from high school or undergraduate students. For the 
same reason, it doesn’t make sense to consider programming languages. 
And “system dynamics” software also doesn’t make sense, for different 
reasons, as described above.  
General purpose tools with numerical and symbolic capabilities can be a 
good choice, particularly for advanced students and, evidently, for 
symbolic computations. But they are generally not easy to use, even to 
build simple models. Figure 4 illustrates this issue with the same model 
presented in Mathematica and in Modellus. Mathematica syntax must be 
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carefully checked and is frequently difficult to understand and memorize. 
The Figure doesn’t show any simulation done with Mathematica (it can 
be done, but the syntax is really complex!). On the contrary, Modellus 
models are very close to or almost the same as “normal” written 
equations, and numerical integration can easily be done as can be seen in 
the Figure. Modellus simulations are created in the Animation Window, 
using objects like vectors, graphs and particles, which have properties 
described in the Model Window. 
In conclusion, it can be said that besides spreadsheets, a natural tool for 
mathematical modelling in physics education, as the example in Figure 1 
illustrates, there are places in the general physics curriculum for equation 
based modelling tools such as Modellus and general purpose tools, 
particularly for symbolic computations and for more advanced students. 
 

 

 
 

Figure 4: Modelling the bungee jumper with Mathematica and with Modellus. 
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The structure and content of a general physics course with embedded 
modelling 
Physics I (main themes are: particle and rigid body motion; linear, 
angular momentum and energy conservation; oscillations; gravitation) is 
a difficult subject with a high level of failure in the college where I teach. 
There are multiple reasons for this, ranging from underprepared students 
to the inefficiency of lecture classes. A new course is being designed to 
overcome the massive failure of students in the current course, 
substituting the format “lecture plus practical labs” with a “project and 
workshop” format based on a modelling approach. Some of the features 
of this new one semester course will be the following: 

1. the course is activity-based, with students working in groups of two 
with computers; 

2. the course will focus only on a few set of problems and phenomena 
that are easy to observe and for which it is easy to get real data 
from real contexts; 

3. data logging and modelling software (Excel, Modellus and 
Mathematica) will be used in all classes; 

4. all documents, student work, tests, etc., will be managed using a 
computer learning management system (Moodle). 

 

 
 
Figure 5: A typical Excel model expected as competence of students at the end of the 
Physics I course described on Table 3: the motion of the Moon using the Euler-
Cromer method. With this model students can, for example; “see” that the Moon falls 
1 mm for each 1000 m that goes “straight on”; test the value of escape velocity; 
analyze the conditions for different types of trajectories; etc.  
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Table 3: Content of a Physics I course, problem solving and project/workshop format, 
with embedded computer modelling activities 

Problem Some concepts and 
principles 

Examples of computer 
models 

Crossing a river and 
sailing in open sea 

Vector and scalar quantities.  

Velocity and position. 
Vector components. Vector 
addition and subtraction. 
Computing new position 
from velocity and time 
interval. Position as a result 
from integration of velocity. 

Figures 1 and 2 (velocity 
and change in position, in 
Excel and Modellus) show 
typical examples of 
computer models that 
students will build and 
analyze. 

From free fall to 
parachute fall, bungee-
jumping and oscillations 

Particles and rigid bodies. 
Force laws. Numerical and 
analytical solutions of the 
equations of motion 
(including Euler-Cromer 
method for solving second 
order integration). Terminal 
velocity and damping. 

Kinetic and potential energy. 
Energy conservation and 
dissipation. Natural 
frequency of oscillators. 
Forced oscillations and 
resonance. 

Figure 4 (Modellus bungee 
jumper model) is a typical 
example of a model that 
students will make. 

Other models include: 

Solving the equations of 
motion numerically in 
Excel (including parachute 
fall before and after 
opening the parachute, 
bungee-jumping and 
oscillations). 

Solving the equations of 
motion analytically with 
Mathematica (including 
parachute fall and 
oscillations, with and 
without damping). 

Rigid body motion: the 
case of the yo-yo 

Translation and rotation. 
Center of mass, torque and 
angular momentum. 
Rotational quantities as 
vector quantities.  

Modellus models of bars 
rotating with constant 
angular momentum but 
variable length. 

Billiard collisions and 
the meaning of 
conservation laws 

Conservation of energy, 
linear momentum, and 
angular momentum. 
Conservation laws and 
symmetries. 

Mathematica models for 
solving systems of 
equations expressing 
conservation laws 

The Moon, the apple and 
universal gravitation  

Universal gravitation and 
relation between free fall, 
projectiles and orbits. Energy 
and escape velocity. 

Figure 5 shows a typical 
example of an Excel 
model of an orbit that 
students are expected to 
build (in Excel but also 
and in Modellus). 
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Table 3 shows the content of the course. For each of the five problems, 
each student will write a short paper with the main concepts, principles 
and ideas, as well as create his own set of computer files with models and 
data. 
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