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What? 
Book / website /  
educational concept 
/ new BPhO course 

Who? 
Dr Andy French.  
Physics teacher  
at Winchester  
College, UK. 

When? 
ASE International Day  
12/01/22 

How? 
A selection of example  
models and contexts 

https://www.worldscientific.com/
http://www.eclecticon.info/scibysim.htm
https://www.bpho.org.uk/
https://www.winchestercollege.org/
https://www.winchestercollege.org/
https://www.winchestercollege.org/


Why? 
 
• Many (perhaps most) future jobs will be 
performed by robots / artificial intelligence and 
not humans. I’d like my students to have a good 
chance to become the programmers. The 
alternative doesn’t sound nearly so interesting. 
 
• But we have a widening skills gap. For both 
students and teachers. Mathematical content of A-
Level Physics has been steadily removed (in the 
UK) in the past few decades. IT, and access to IT, is 
mostly pervasive, but creative IT, model building, 
experimental experience, data analysis, 
datalogging and numerical methods are often 
outside the scope of an increasingly exam-
focussed, paired down syllabus. 

And yet 
these skills 
are highly 
desirable 

to modern 
industry 



The power of  
context 

Learn to code 
dynamic 

computer 
simulations 

Learn to build 
mathematical 

models 

Science by  
storytelling! 
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1665. A bale of damp cloth is delivered to the 
Derbyshire village of Eyam... George Viccars, the tailor's 
assistant, dries the cloth and releases fleas infected 
with Yersinia Pestis bacteria – Plague 
 
 
 
 
Rector William Mompesson quarantines Eyam and 
records Infected, Susceptible and Dead populations 
as time progresses 

Can we develop a mathematical model to 
predict I,S,D vs time? What does this tell us 
about Epidemiology in general? 

Calculus methods, differential equations 
numerical methods, line of best fit, iteration, loops ... 

e.g Flu, Ebola 
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Euler numerical iterative 
solution scheme 

Leonhard Euler 
1707-1783 



We performed the Eyam analysis in Python, then in MATLAB.  
You can also construct an Euler model via a spreadsheet (Excel).  
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Euler Eyam solver implemented in MATLAB with a Graphical User Interface (GUI). 
Change the inputs via the sliders or edit boxes, and the curves are computed automatically.  





Black dashed lines 
are Euler model. 
Black circles are 
Mompesson’s data 

Solid lines are 
mean average of 
200 stochastic runs 
(underlaid as dots) 
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Probability map, computed 
from 50,000 iterations. Black 
circles are Mompesson data 
and black dashed lines 
correspond to the Euler 
model. 
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Find the gradient and 
scale by: 

-11
9.32

0.01 daysk  

( )D t

( )I t

Note: as per the ‘daily death rate’ 
graphs in World in Data, we also apply 
a seven-day moving average to 
smooth the numerical derivative. 

One can estimate the 
number of CV-19 
infectives from the 
cumulative deaths: 

From Oxford World in data 

Note mortality fraction k and disease 
time constant  may vary considerably within a population 
and indeed post-vaccination – so treat with caution! 

COVID-19 

https://github.com/owid/covid-19-data/tree/master/public/data


The logistic map and population modelling 

Robert May 
1936- 

 1 1n n nx rx x  

Assume an ecosystem can support a maximum number of rabbits.  

Let x be the fraction of this maximum at year n. 
 
To account for reproduction, next year’s population is  
proportional to the previous. 
 
To account for starvation, next year’s population is also proportional  
to the fraction of the maximum population as yet unfilled. 

I published this 
model in 1976 

Growth 
parameter 

The population next year is 
predicted using this iterative 
equation called a logistic map 

The pattern of x values with n 
is not always simple ..... 

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjQiN6syebVAhUBxxQKHWPfB_AQjRwIBw&url=http://www.pfma.org.uk/feeding-tips-for-rabbits&psig=AFQjCNFfbvSmk_4xqRLxyzyOX1HUpi1rLA&ust=1503344631142498
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjC_I7cyubVAhVEOxQKHd1wBWAQjRwIBw&url=http://findonvet.com.au/OurServicesBenefits/FindonRabbit,Bird,ReptileSmallMammalVet/RabbitCare.aspx&psig=AFQjCNFfbvSmk_4xqRLxyzyOX1HUpi1rLA&ust=1503344631142498
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiSluyDy-bVAhUK7xQKHW6lC_kQjRwIBw&url=http://www.yourvets.co.uk/news/rabbit-viral-haemorrhagic-disease-update/&psig=AFQjCNFfbvSmk_4xqRLxyzyOX1HUpi1rLA&ust=1503344631142498
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiV1aOdy-bVAhUJOxQKHR8jAWgQjRwIBw&url=http://www.petwebsite.co.uk/rabbits/rabbit-care/how-much-and-what-to-feed-rabbits&psig=AFQjCNFaBW5wz-bdt5sBgVRRB-u5PLke6Q&ust=1503345134990750


 11 1n n nr x rx x  

Population becomes extinct after about 
twenty iterations 



 12 1n n nr x rx x  

Population tends to an equilibrium value 



 13 1n n nr x rx x  

Population oscillates between two values 



 14 1n n nr x rx x  

Chaos! 



 1 1n n nx rx x  

A B C 

D E 

A B C D E 

One solution 

One solution Two solutions 

Next bifurcation 
Chaos 

Tracking the bifurcations maps the 
‘road to chaos’. The ratio of successive  
bifurcation intervals 
is a universal constant! 
 4.669201609...



For every growth parameter r 
 
1000 iterations are worked out  
 

then the x values of the next 1000 
iterations are plotted 

Extinction 

Stable 
equilibrium 

Bifircation 

Chaos! 

Model breaks down for r > 4 

 1 1n n nx rx x  



Zooming in reveals 
an ‘infinite tree of 
bifurcations’ 
during chaotic 
regions 

It turns out the ratio of successive 
bifurcation intervals 
is a universal constant! 

4.669201609...

 1 1n n nx rx x  





Lorenz and Rössler strange attractors 

Edward Lorenz 
1917-2008 

Edward Lorenz was using a Royal McBee LGP-30 computer in 1961 to model weather patterns. 
He accidentally fed in 3 digit precision numbers into the model from a printout rather than the 
6 digits used by the computer. These tiny errors created a hugely different weather forecast.... 
 
Lorenz’s weather model was very sensitive to initial conditions.  

8
3

10

28

s

r

b





 

 

dx
s y x

dt

dy
x r z y

dt

dz
xy bz

dt

 

  

 

His equations looked a bit like 
these: 

https://en.wikipedia.org/wiki/File:Edward_lorenz.jpg
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Although x,y,z trajectories 
are chaotic, they tend to 
gravitate towards a particular 
region. 
 
This region is called a strange 
attractor. 

Twenty trajectories 
overlaid from random 
starting positions 
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Based upon Shaw et al; 
“Chaos”, Scientific 
American 54:12 (1986) 
46-57  

Applying the Lorenz 
equations, a cluster 
of initial x,y,z values 
separated by a tiny 
random deviation 
will eventually 
spread out evenly 
throughout the 
strange attractor. 



The Mandlebrot Set has infinite 
complexity! 
... But a recursive fractal geometry 

Benoit Mandlebrot (1924-2010) 

Mandlebrot, complex 
numbers and iteration 



29 

Mandlebrot transformations of complex numbers 

2

1 0n n
z z z


 

0
0.5 0.3z i 

1
0.66 0.6z i 

2
0.58 1.1z i 

3
0.4 1.6z i  

4
1.8 0.8z i  

The Argand 
diagram 
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Diverges outside 
Mandelbrot set 



Gaston Julia 
(1893-1978) 
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Plot a surface with height 

h(x,y). This is the iteration 

number when |z| exceeds a 
certain value e.g. 4 

Plot a surface with  

height h(x,y)  

2 2-

Re( ), Im( )

( , )
x y

x z y z

h x y e


 



In this case colours indicate  

height h(x,y). It is a ‘colour-map’. 

julia.m  plot option abs diverge  

julia.m  plot option  plot z  



The Mandleplant slurping complexity 
from the Argand plane (!) 



Much scarier than the cyclops in the Odyssey! 



The light bulb 
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7 steps to enlightenment 
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The Mandlerocket!  1 2
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Micro mandlebeast 
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The profusion of power 
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Remember h(x,y) is a 
surface .... 
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Selection from Day of Julia.  
Mathematicon Exhibition, 2014 

http://www.eclecticon.info/mathematicon.htm
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7 steps to enlightenment 
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The Mandlerocket 





https://en.wikipedia.org/wiki/Rainbow


https://en.wikipedia.org/wiki/Rainbow 

https://en.wikipedia.org/wiki/Rainbow
https://en.wikipedia.org/wiki/Rainbow








We see an upright, distorted virtual 
image in a cylindrical mirror. 
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Virtual 
image from 
object 
coordinates 

i.e. the apparent source of 
(diverging) light rays from 
the mirror 



A MATLAB program anamorph.m  
fits any bitmap image into a unit 
circle, and then calculates an 
anamorphic  projection based upon 
a mapping of a rectangular grid 
inside the black circle to a circle 
sector beyond. 

If you load the image 
onto a flat tablet 
screen and zoom until 
a polished cylinder fits 
into the black circle, 
the virtual image 
is of the correct 
proportions! You also 
don’t have to print... 

A 2.5cm diameter 
curtain rail section 
works as a mirror. 



Sybil the cat was unperturbed by 
this anamorphic transformation. 



Eratosthenes of Cyrene 

https://en.wikipedia.org/wiki/Eratosthenes
https://en.wikipedia.org/wiki/Al-Biruni
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Solar system spirograph! 
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Image by Martin Vargic 
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Newton’s Law of Gravitation 
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In this simulation: 
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A possible explanation for common spiral galactic forms 
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