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 | Mathematica, Mapple,
numerical and symbolic MatLab, Octave
computation
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.

= | Clear[m, vterm, g, k, 7, t, tmax, resy]:

tmax = 20; (» time limit «)

¥0=60; h=50;

m=70; (» mass of the jumper =)

vterm = 60 (» terminal veloccity of the jumper «):
g=9.81;

mg
B

vterm
L=30;
k=120 (If[y[t] >=h-L, 0, (3[t]- (&-L))1}:

(« mumerical solution of the equation of motion)
dist = Evaluate[y[t] /. First[resy]]:

Plot[dist, {t, 0, tmax}, AxesLabel - {"t/s", "y/m"},
(«TableForm[Table[{t,dist,vel,accel}, {t,0, tuax, 0.2

€0

a0

a0

Cut23j= | - Graphics -

resy = WDSolve[{my"[t] ==-mg- by [t] -k, y[0] == y0, y'[0] == 0}, 7, {t, O, tmax}];

PlotRange » {Automatic, {0, h}}]
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Figure 4: Modelling the bungee jumper with Mathematica and with Modellus.



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).

A | B | e | D | E | F | G | H | I | 1 | K | L |
i
| 2 | The Law of Universal Gravitation and Moon's orbit, a numerical solution
<)
| 4 | G= 6.67E-11 gravitational constant 5 4 _2h
| 5 | mT= 5.97E+24 Earth mass, in kg 4, = *
| 6 | mL= 7.36E+22 Moon mass, in kg dv S dt
| 7 | 1 rol= 3.84E+08 radius, Moon orbit (m) Tg -a, Koode = X ¢ Vg px 0
| 8 | TL= 2.73E+01 orbital period, Moon (s) e Xoode = Xu.p +Vy pogex 0t (betterill)
9 1.00 vL= 1022,903591 Moon speed (m/s) il . s
| 10 | dt= 3600 time increment dE o
E
12 Moon accelleration Moon velocity Moon coordinates distance to Earth
| 13 | tindays tinsec ~gon the Mool a ax ay VX vy X ¥ r
[ 0 0| 1.98754E+20 0.0027, -0.0027 0 0 1022.904 384000000 0| 3.84E+08
| 15 | 0.041667 3600 1.98772E+20| 0.002701 -0.0027| -2.6E-05| -9.72165527 1022.904 383965002 3682453 2.84E+08
| 16 | 0.083333 7200| 1.98789E+20| 0.00270* T in s a2 Ak coor o .B4E+08
| 17 | 0.125 10800 1.98807E+20 0.00270 1 B.B4E+08
| 18 | 0.166667 14400 1.98824E+20 0.00270Q B.84E+08
| 19 | 0.208333 18000 1.9884E+20 0.00270 p.B4E+08
| 20 | 0.25 21600| 1.98857E+20 0.0027Q B.84E+08
| 21 | 0.291667 25200| 1.98873E+20 0.00270 B.B4E+08
| 22 | 0.333333 28800  1.98888E+20 0.0027Q 500000000 4 B.B4E+08
| 23 | 0.375 32400| 1.98903E+20 0.0027Q B.84E+08
| 24 | 0.416667 36000 1.98918E+20 0.00270 B.B4E+08
| 25 | 0.458333 39600 1.98933E+20 0.00270Q B.B4E+08
| 26 | 0.5 43200| 1.98947E+20 0.00270 p.B4E+08
27 | 0.541667 46800| 1.98961E+20 0.0027Q Y i1 1 B.84E+08
E 0.583333 50400| 1.98975E+20 0.00270 -1000000000 -500000000 500000000 1000000000 PB.84E+08
| 29 | 0.625 54000 1.98988E+20 0.00270 B.B4E+08
| 30 | 0.666667 57600| 1.99001E+20| 0.0027Q B.84E+08
| 31 | 0.708333 61200| 1.99013E+20 0.00270 B.B4E+08
32| 0.75 64800 1.99026E+20 0.00270 306060000 b.s4E+08
| 33 | 0.791667 68400 1.99037E+20 0.00270 p.B4E+08
| 34 | 0.833333 72000/ 1.99049E+20 0.0027Q B.84E+08
| 35 | 0.875 75600 1.9906E+20 0.00270 p.B4E+08
| 36 | 0.916667 79200| 1.99071E+20 0.0027Q 3 B.B4E+08
| 37 | 0.958333 82800 1.99081E+20 0.00270 B.B4E+08
| 38 | 1 86400| 1.99091E+20 0.00270 B.B4E+08
| 39 | 1.041667 90000 1.99101E+20 0.002705 -0.00262 -0.00064 -241.076378 995.0106 372670652 91189898  2.B4E+08
| 40 | 1.083333 93600, 1.9911E+20  0.002705 -0.00262 -0.00067| -250.535929 992.6959 371768722 94763603| 3.84E+08
41 1.125 97200| 1.99119E+20| 0.002705 -0.00262  -0.00069| -259.972249 990.2903| 370832819 98328648| 2.84E+08

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, eftc.

75



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.

Acknowledgements

I want to thank Jon Ogborn for commenting and reviewing this paper and
Filipa Silva for additional suggestions.

References

Atkin, J. K. (1975). The digital computer in physics education: a description of
achievements and trends in modern teaching. Unpublished Master Dissertation,
University of Sheffield.

Bais, S. (2005). The equations, icons of knowledge. Cambridge, Massachusetts:
Harvard University Press

Esquembre, F., & Zamarro, J. M. (2001). EJS: An Authoring Tool to Develop Java
Applications. In M. Ortega & J. Bravo (Eds.), Computers and Education: Towards
an Interconnected Society (pp. 143-148). Berlin: Kluwer.

Feynman, R., Leighton, R. L., & Sands, M. L. (1963). The Feynman lectures on
physics (Vol. I). Addison-Wesley: Reading, Mass.

Halliday, D., Resnick, R., & Walker, J. (2005). Fundamentals of physics (7th ed.).
Hoboken, NJ: Wiley.

Handelsman, J., Ebert-May, D., Beichner, R., Bruns, P., Chang, A., DeHaan, R., et al.
(2005). Scientific Teaching. Science, 304 521-522.

Hurley, J. (1985). Logo physics. N. Y.: CBS.

Ogborn, J. (1985). Dynamic modelling system. Harlow, Essex: Longman.

Ogborn, J., & Whitehouse, M. (Eds.). (2000). Advancing physics AS. Bristol: Institute
of Physics.

Ogborn, J., & Whitehouse, M. (Eds.). (2001). Advancing physics A2. Bristol: Institute
of Physics.

Redish, E. F., & Wilson, J. M. (1993). Student programming in the introductory
physics course: M.U.P.P.E.T. American Journal of Physics, 61, 222-232.

Teodoro, V. D. (2002). Modellus: Learning Physics with Mathematical Modelling.
Unpublished PhD Thesis, Universidade Nova de Lisboa, Lisboa.

Teodoro, V. D. (2004). Playing Newtonian Games with Modellus. Physics Education,
39(5), 421-428.

77



