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Computational Scientific Thinking (Philosophy)

∆: Teach Physics as Physics Is Done

Solve + Compute in mind

Why: how do research

Not otherwise solvable

Higher realism, complexity,
precision

Ed: PH + CS + Math in
problem-solving context
(cut classes)
Using C teach P 6= CP

“OK for pedagogy” 6= life

Experiment 
        data

   Theory 
      Model

Evaluate & Explore

    Method
     analytic 
     numeric

        Implementation 
              program
               tool set 

       Assess
     visualize
        think

Scientific
“Truth”

Simulation
       data

Why we teach Math
Methods of Physics?
CS too important leave to
CS to teach
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Available Resources (Free and Not): HTMLHTMLHTML Open Now!

PDF Book          PC/Mobile Size        Local/Web Media

Applets     Movies   Codes

Flash/mp4 Lectures Lecture Slides  Sounds

http://www.science.oregonstate.edu/eBookWorking/

Princeton, 2008
Upper Level 

Princeton, 2006
Lower Level

Princeton, 2008
Upper Level 

Princeton, 2006
Lower Level

Survey’s CD

Animations Applet Libe

C Codes Fortran77/95

Java Codes MPI codes

OpenDX Python  DVD

Animations Applet Libe

C Codes Fortran77/95

Java Codes MPI codes

OpenDX

Paper Texts ($$)eText Book (go there now!)
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Free BMACC eTextBook (Python), Abstract, Feedback

HTMLHTMLHTML www.science.oregonstate.edu/eBookWorking/→ ComPADRE/Princeton

The medium is the medium, the message is the message.
Different learners learn differently; compute to learn computing!

©© Rubin Landau, CPUGRubin Landau, CPUG

 Web: as you like it

  Digital book (Linked pdf)

 Live/search  eqtns, figs 

 Present Technology
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How Incorporate Computation in Physics Courses?

Philosophy (Words of Wisdom)
Realistic/Classical Greek, correct math→ CS

Problem solving from basics now + computation

Particular Python programs, to follow, book (Java, C, Fort)

Coordinated Python exercises to build skills,
to follow, local politics

Survey of 3-D visualization techniques/vectors
Very important, 10-20→ 50%

Best tools common computation tasks
Best religion? Compiled samples, Mathematica-like
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Skills Expected of Graduates

AAPT Proposal

Plot functions and data

Numerical integration, diff

Visualization complex data

Limits of algorithms

Programming*, compiled
language

Several operating systems

ODEs, PDEs

Matrix operations

Fourier transforms, FFT

Statistics, data fitting

Computational thinking

Symbolic programming

LATEX

Not programming experts, professionals (CS)!
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Our Scientific Python KISS

Don’t Go Whole 11 Yards (5835 packages)

Doing science, not religion
≤ PhD CSE research
P = Scripting Language
No scripting

No OS interactions (hard)
No string manipulations
No list manipulations
Leave to CS

What To Use (Python 2.6) (CiSE M/A 2011, M/J 2007)

NumPy: ND arrays
matplotlib: 2D/3D ' Matlab
Visual = Vpython:
graphics, Vidle; 3D shapes

SciPy: wrappers to other
libes (LAPACK, FFT)

(Sage > Mathematica):
Symbols + py packages
(Symbolic): Sympx,
mpmath, Sage
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Organize Courses to Include Tools

Tools (Win Noble Prizes)

Basic Numeric Tools
(MathMeth)

Integration ⇒ Guassian

Differentiation

Floating Point Math [Errors]

Search Techniques

Linear Algebra [Libes]

ODEs Solutions (CM) ⇒ rk4

Golf Balls

Planets, 3-B Orbits*

Classical Chaotic Scattering

Tools for Analysis

Visualization (Math, Orient)

LATEX* (Math, Orient)

Fourier, DFT, FFT* (Lab)

Wavelets* (MathMthds)

Principal Components* (Math)

Sonifications* (Lab)
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Organize Courses to Include Applications

Application

Explore Nonlinear Dynamics

Bifurcations, phase space (CM)

Double & Chaotic Pendula (CM)

Fractals, Stat Growth (StatMech)

Integral Equations* (QM, CM)

Monte Carlo, Stochastic

Spontaneous Decay (QM)

Random Walk (Thermo)

Thermal Simulations (StatMech)

Molecular Dynamics* (6= MC)

Feynman Path Integrals* (QM)

PDEs (relax, t step, split t)

Laplace/Possion [space] (EM)

Heat [x-t diffusion] (Thermo)

Realistic Strings [waves] (CM)

Quantum Wave Packets (QM)

Fluid Dynamics

Fluid Flow (> freshman)

Shock Waves (CM)

Solitons (CM)
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Visualization Examples from Text

Codes/PythonCodes/Visualizations

EasyMatPlot.py Import, create numpy x & y arrays

GradesMat.py Two curves, one plots

MatPlot2figs.py Two plots

SurfacePlot.py Rotatable surface plot

HarmosAnimate.py 2-D animation

3Danimate.py 3-D animation

3Dshapes.py Rotatable shapes
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Monte-Carlo Random Walks Walk3D.py

7 Random Walks

Distance vs Steps

No virgins: Should be “seen” at least once in college

Stochastic processes & math: very interesting

Random, probability, experimental statistics ≤ taught
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Monte-Carlo Decay Simulation

Analytic = e−t/τ ' Simulation = Closer Nature

P =
∆N(t)/N(t)

∆t
= −λ (Law of Nature) (1)

⇒ ∆N(t)
∆t

= −λN(t) (Real Physics) (2)

; dN(t)
dt

=
dN
dt

(0)e−λt (Approximate Physics) (3)

Links: Hear Geiger , Hear Data , DecaySound.py

0 400 800 1200
t

0

2

4

100,00010,000
1,000
100

10

log[N(t)]
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Proper ODE Solve: Golf Balls & QM Binding
ProjectileAir.py (V-V) rk4.py QuantumEigen.py

EE  ttoooo  llooww EE  ttoooo  hhiigghh

Integrate out Integrate in
Match�� �� �� ��� ��

t = 0 t = T

V0y

R

H

x

with drag
0

0

q

A

B

C

Can Easily Solve Any V (r) ∼ Same Technique (r−3, r−2.001)

A, B: Euler’s rule O(h2):
yn+1 ' yn + hf (tn, yn)

Euler not good for life

rk4 O(h4) cancels errors

Velocity-Verlet in MD

Bound def
= confined ⇒ B.C.

C: Low O: OK pedagogy?

Low O: Error Accumulates

Error control in good science

Math: both e−κr , e+κr
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CM Chaotic Scattering; 3-Bodies; Just Write ODE

> Bound Orbits; Discovery, Creative, Stimulating, Personal

CM Scatt 3 Body

v

V(x,y)

x

y

b

v'

F = ma

F =−∇
(

x2y2e−x2−y2
)

m
d2x
dt2 = 2y2x(1− x2)e−(x2+y2)

m
d2y
dt2 = 2x2y(1− y2)e−(x2+y2)

dy/dt = f (t , y)

y = [y0, y1, y2, y3]
2nd order ODE→ 2 × 1st order ODEs

2 Simultaneous→ 4 × 1st order ODEs (↑ Dimension)
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Chaotic & Double Pendula

DoublePend.mpg

See AppletsSee Applets

f

m

l −mgl sin θ − β dθ
dt

+ τ0 cosωt = I
d2θ

dt2 (Single) (1)

(m1 + m2)l1θ̈1 + m2l2θ̈2 cos(θ1 − θ2) (2)

+m2l2θ̇2
2

sin(θ1 − θ2) + g(m1 + m2) sin θ1 = 0,

m2l2θ̈2 + m2l1θ̈1 cos(θ1 − θ2)−m2l1θ̇1
2

sin(θ1 − θ2) + mg sin θ2 = 0. (3)
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Bifurcations (NonLinear Analysis) Bugs.py LyapLog.py

µ

λ

x
Logistic
Map

0 1 2
0

2

force

|
(t)

|
θ Chaotic

Pendulum

Population x vs Growth Rate µ

xi+1 = µxi (1− xi ) Logistic

xi ∼ xi−1eλ i Lyapunov

Hear FM Bifurcations

f

m

l

⇒ Universal
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Fractal Growth & Stat Physics Column.py Fern3D.py

Column Height = hr =

hr + 1, if hr ≥ hr−1 hr > hr+1

max[hr−1, hr+1] if hr < hr−1 hr < hr+1

FractalGrowth.mpg

Jackson  Pollock # 8

See Animation
Ballistic Depostion

0 100 200
0

100

200

Length

thgie
H ecafr u

S
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Molecular Dynamics MD1D.py MD2D.py

Straightforward, Obvious, Ridiculously Effective

4

5

32

14

5

32

1 4

5

32

1

4

5

32

14

5

32

1 4

5

32

1

4

5

32

14

5

32

1 4

5

32

1

repulsive

attraction

u(r)

r

Lennard-Jones

Chem 101: walls ⇒ PV = nRT

MD: atom-atom interactions

QM: determines Veff (r)

Then Fi = mai

HS physics problem from hell
(108 particles 6= 1023)

Computers, boxes = finite

Deterministic 6= random, ∼ kT
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HS Problem ⇒ HPC, Lin Alg (Parallel = Action)
NewtonNDanimate.py

θ θ

θ

θ

Ti , θi = ?
9 nonlinear equations

L1 cos θ1 + L2 cos θ2 + L3 cos θ3 = L,

L1 sin θ1 + L2 sin θ2 − L3 sin θ3 = 0,

sin2 θ1 + cos2 θ1 = 1

sin2 θ2 + cos2 θ2 = 1

sin2 θ3 + cos2 θ3 = 1

Newton-Raphson search
Use matrix libes

T1 sin θ1 − T2 sin θ2 −W1 = 0

T1 cos θ1 − T2 cos θ2 = 0

T2 sin θ2 + T3 sin θ3 −W2 = 0

T2 cos θ2 − T3 cos θ3 = 0
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Realistic Waves: Catenary + Friction EqStringAnimate.py

PDE with Time Stepping (1 step at a time)

CatFrictionAnimate

X

i, j-1

i-1, j i, j i+1, j

i, j+1

t
c2 ∂

2y
∂x2 −

2κ
ρ

∂y
∂t

=
∂2y
∂t2 (with Friction) (1)

∂T (x)

∂x
∂y(x , t)
∂x

+ T (x)
∂2y(x , t)
∂x2 = ρ(x)

∂2y(x , t)
∂t2 (Variable ρ & T ) (2)
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Ignored Time-Dependent Schrödinger Equation
Wave Packets (Split Time Step PDE) HarmosAnimate.py

i
∂ψ(x , t)
∂t

= − 1
2m

∂2ψ(x , t)
∂x2 + V (x)ψ(x , t)

• Original SE; too hard

• Time stepping

• 2 interacting particles (x1, x2)

• HTMLHTMLHTML Packet-Packet (AJP 2000)

click for 2slits click for WavePacket2
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Laplace, Poisson, Maxwell Eqns Get Realistic

Math Formulas/Series 6= Algorithms LaplaceLine.py

Poisson: ∇2U(x) = − 4πρ(x) (1)

Soltn: Ui,j '
1
4

[Ui+1,j + Ui−1,j + Ui,j+1 + Ui,j−1] + πρi,j ∆
2 (2)

Finite difference solution via relaxation

E.G.: Gibb’s Overshoot; also jl recurrence

i, j+1

i-1, j

i, j-1

i, j i+1, j

y

x

50 Terms
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Laplace, Poisson as Rubber Sheet Over BCs

Charge on Realistic Capacitor? LaplaceLine.py

click for laplace

+ + + + + +++ +

− − − − − − − − −

+
+ +

− −

+

−

100V

-100V

0 10 20 30 40
0

10
20

30
40

–100

0

V(x, y)

x
y

ρ(x,y)

1. Solve + BC: ∇2U(x) = 0, 2. ⇒ ρ(x) = −∇2U(x)/4π
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Maxwell: Finite Difference Time Domain FDTD.py

Split Time and Space Steps

Ẽk,n+1/2
x = Ẽk,n−1/2

x + β
(

Hk−1/2,n
y − Hk+1/2,n

y

)
(1)

Hk+1/2,n+1
y = Hk+1/2,n

y + β
(

Ẽk,n+1/2
x − Ẽk+1,n+1/2

x

)
(2)

x

y

z

E
x H

y

E
x

H
y

t

t

n

n+1

n+1/2

n-1/2

k k+
1

k+
1
/2

k-
1
/2

H
y

E
x

z Propagation

Coupled Ex , Hy drive other

Ex filled, t/2; Hy open, x/2

Easy: Excell, FDTD.py 25 / 30
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Fluids Gone? Shock Waves AdvecLax

Singular Math ⇒ Better Algorithm (Lax); Singular Nature?

∂ρ(x , t)
∂t

+ c
∂ρ(x , t)
∂x

= 0 (Advection/Continuity) (1)

∂ρ(x , t)
∂t

+ ε ρ(x , t)
∂ρ(x , t)
∂x

= 0 (Burgers’ Eqn ⇒ Shock) (2)

0

10

20 0
4

8
12

-4

0

4

x
t

u(x,t)
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(Shock Waves) Dispersion, Solitons SolitonAnimate.py

KdeV Equation:Dispersion Balances Shock

∂ρ(x , t)
∂t

+ ε ρ(x , t)
∂ρ(x , t)
∂x

= 0 Burgers’ Equation (1)

∂ρ(x , t)
∂t

+ ε ρ(x , t)
∂ρ

∂x
+ µ

∂3ρ(x , t)
∂x3 = 0 Shock + Dispersion (2)
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Tools 2: Wavelet Analyses (jpeg) CWT.py FFT.py

0.0

–4 0 4
t

–1.0

–0.5

0.0

0.5

–6 –4 –2 0 2 4 6

t

Re Morlet Mexican Hat

Wavelet Analysis

Sample Wavelets

Y (s, τ) =
1√
s

∫ +∞

−∞
dt Ψ∗

(
t − τ

s

)
y(t) (Wavelet Transform)

28 / 30



CST eBook Charge .py TOC Viz MC ODE Scatt NL Anal MD HPC Waves E EM CFD Wvlet Conc

Tools 3: (Wavelet &) Principal Component Analyses

Principal Component Analysis

(See Animation)

Simplest eigenvector-based multivariate analysis
Orthogonal linear transformation
Multivariate data→ uncorrelated principal components
Matrix libes and powerful math (Animation)
≡ singular value decomposition of data matrix
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Take Home Lessons: Need for Change Physics Ed

Physics now done with computation

Physics now done with other sciences

Physics Ed now done with ' 50-100 year old stuff

American students now seriously behind

Agree: bad math means wrong science?

So bad computation means wrong science

Computation too important to leave to CS

www.science.oregonstate.edu˜rubin
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