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Fluid Mechanics

The LHC

Cosmology

Every physically reasonable process can be exactly simulated by a 
Universal Computing Device.



OBSERVE OUTCOME

PHYSICAL PROCESS

INFORMATION

PROCESSING

EXPERIMENTAL SETUP

INPUT INFORMATION OUTPUT INFORMATION



Can all properties on macroscopic 
systems be explained by laws on 
microscopic Particles?

- Famous Question Posed by
Nobel Laureate, Phillip Anderson, 1972



Even if you know the entire code to a 
program, It’s not always possible to 
logically deduce what it will do.

HALTING PROBLEM

Can all properties on macroscopic 
systems be explained by laws on 
microscopic Particles?

- Famous Question Posed by
Nobel Laureate, Phillip Anderson, 1972



Even if you know the entire code to a 
program, It’s not always possible to 
logically deduce what it will do.

HALTING PROBLEM

Even if you found a ‘Theory of Everything’ 
on fundamental particles, you cannot use 
it to derive all Macroscopic laws.

PHYSICAL EMERGENCE

Can all properties on macroscopic 
systems be explained by laws on 
microscopic Particles?

- Famous Question Posed by
Nobel Laureate, Phillip Anderson, 1972

Nature 459.7245 (2009): 332-334.New Scientist, 2676

Gu, Mile, et al. "More really is different." Physica D: 835-839.



What is 
Computational 

Mechanics?

A Simple 
Example

Occam’s Razor Statistical 
Complexity

Complexity in a 
Quantum World 

Can we better understand how systems we observe work by 
thinking of them as a computer simulation?





FUTURE BEHAVIOUR

PAST OBSERVATIONS

MODEL



…1011000101101010… …1011000101101010…

Statistically
Indistinguishable

Given a system that we have no idea about… how do we construct the best predictive 
model of the process?



…1011000101101010… …1011000101101010…

Statistically
Indistinguishable

Besides, there will be many different ways of modelling the same set of observations… how 
can we favor one over another?



What is Computational 
Mechanics?

A Simple Example Occam’s Razor Statistical Complexity

The probability that two consecutive 
bits differs is equal to  0.2



Two potential candidates:

Option A

Output State 
of Coin

Flip with 
probability 0.2

Option B
Output:
1 – The coins are the same
0 – The coins are different

Flip 1 coin at 
random with 
probability 0.2

Repeat

Repeat



Two potential candidates:

Option A

Output State 
of Coin

Flip with 
probability p

Option B

Repeat

Repeat

Output:
1 – The coins are the same
0 – The coins are different

Flip 1 coin at 
random with 
probability 0.2



Option A

Output State 
of Coin

Flip with 
probability 0.2

Repeat



“Plurality is not to be posited without necessity.”

William of Ockam

“We are to admit no more causes of natural 
things than such as are both true and sufficient 
to explain their appearances.” Isaac Newton
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Model Observed Behavior

)(ty

Initial Position

Initial Velocity



Fg

g
dt

yd


2

2

Model Observed Behavior

)(ty

Initial Position

Initial Velocity

Entire Past History



Fg

)(ty?

Initial Position

Initial Velocity

Location of The

Flying Spaghetti
Monster 

Observed BehaviorModel



Option A

Repeat

Option B
Statistically 
identical output

Repeat

Option A

Repeat
…..10110001011010……

Flip with 
probability 0.2

Flip 1 coin at 
random with 
probability 0.2



Option A

Repeat

Option B
Statistically 
identical output

Repeat

Option A

Repeat
…..10110001011010……

Flip with 
probability 0.2

Flip 1 coin at 
random with 
probability 0.2

“We are to admit no more 
causes of natural things than 
such as are both true and 
sufficient to explain their 
appearances.” -Newton



Option A

Repeat

Option B

Repeat

Option A

Repeat

Flip with 
probability 0.2

Flip 1 coin at 
random with 
probability 0.2

Statistically 
identical output

…..10110001011010……

“We are to admit no more 
causes of natural things than 
such as are both true and 
sufficient to explain their 
appearances.” -Newton



How many questions (on average) do we need to ask to learn the value of a random 
variable?

𝑝0 = 0.5 𝑝1 = 0.5

Yes No

Is X = 0?

Entropy = 1



How many questions (on average) do we need to ask to learn the value of a random 
variable?

1/41/4 1/41/4

Yes No

X Even?

Yes No

X = 0?

Yes No

X = 1?

Entropy = 2.0



How many questions (on average) do we need to ask to learn the value of a random 
variable?

1/4

1/2

1/81/8

Yes No

X = 0?

Yes No

X = 1?

Yes No

X = 2?

Entropy = 
1

2
× 1 +

1

4
× 2 +

1

8
× 3 +

1

8
× 3 = 1.75



How many questions (on average) do we need to ask to learn the value of a random 
variable?

1/4

1/2

1/81/8

Entropy = 
1

2
× 1 +

1

4
× 2 +

1

8
× 3 +

1

8
× 3 = 1.75

log
1

𝑝𝑥

𝑝𝑥

𝐻 𝑋 = −𝑝𝑥 log 𝑝𝑥



The Shannon Entropy of a variable X is defined by

𝐻 𝑋 = −𝑝𝑥 log 𝑝𝑥

Where 𝑝𝑥 = 𝑃 𝑋 = 𝑥 .

The Shannon Entropy quantifies the expected amount of memory (in bits) 
that is required record the value of X.

𝑝0
𝑝𝑛𝑝1



| ۧ0

| ۧ1

𝑍

𝑋

ENTROPY = 0

ENTROPY = 0

ENTROPY = 0

ENTROPY = 1

𝑝0 𝑝1

ENTROPY = −𝑝0 log 𝑝0 −𝑝1 log 𝑝1

𝑝1 → 0

𝑝1 → 1



Quantify Information using Shannon Entropy…

Option A
Flip with 
probability p

Repeat

Option B

Statistically identical 
output

Flip 1 coin at 
random

Repeat

Option A
Flip with 
probability p

Repeat
…..10110001011010……

Given a random variable X, its 
Shannon entropy is

𝐻 𝑋 = 𝑝𝑥 log 𝑝𝑥

Where 𝑝𝑥 = 𝑃(𝑋 = 𝑥)

If two models make 
statistically identical 
predictions, the model that 
requires the least input 
information (as measured by 
Shannon Entropy) is 
preferred.



𝑿

𝒀

Computable
Function 𝒇(𝑿, 𝒀)

Mathematical Model, 
Input with Entropy C

Physical 
implementation
of 𝒇

Input encoded within 
physical system

Output retrieved by 
appropriate measurement

Physical Simulator,
Initial Entropy C

If modelling the 
dynamics of a 
phenomena requires 
knowledge of ‘x’, then 
any system that 
simulates the 
phenomena must store 
x. 

That is, the system must 
have at least entropy

 xx pp log



Suppose you’re a programmer 
for the matrix

You are tasked to program an object to 
simulate a particular desired behaviour.  

How do you do this with the least
hard drive space? i.e. system of minimal 
internal entropy?



𝑷(𝑿,𝑿)

𝑿 = …𝑥−2𝑥−1 𝑥0

X = x1x2…

Task:

Construct a physical system with 
desired statistics such that its Shannon 
entropy

𝑆 𝑨 = −𝑝𝑎 log 𝑝𝑎

Is minimised,  where 𝑝𝑎 = 𝑃(𝐴 = 𝑎)

Initialize System 
initialized in state 
𝑨𝒙



The probability that two 
consecutive bits differs 
equal to  p

A system that outputs a single bit at each discrete point in time….. 

Future statistics only
depend on where the 
last bit is 0 or 1 



Set of All Pasts

1x


2x


Suppose two pasts have statistically identical futures

)|()|( 21 xXXPxXXP




The information needed to 
distinguish the two is irrelevant to 
the future of the process and can 
thus be discarded.



Partition the set of all pasts into 
equivalence classes, referred to as 
Causal states.

S1

S2

S3

Two different possible pasts belong to the same 

Causal state if they have coinciding futures.

1x


2x




Partition the set of all pasts into 
equivalence classes, referred to 
as Causal states.

S1

S2

S3

S2

S1

S3

An Epsilon Machine stores only 
which causal state the process is in.



S3

S1

S2

An Epsilon Machine stores only 

which causal state the process is 

in.

The Stochastic Process can then be 

completely defined by transition probabilities 

on the causal states. 

kj
rT ,

Probability a Stochastic process 

in Causal state Sj will emit 
output `r’ and transition to Sk



 ii ppC log

Probability the process
is in Causal State 𝑺𝒊

𝜀-machines are the provably
simplest classical models

C

Crutchfield, Young, Phys. Rev. Lett. 63, 105–108 (1989)

𝐶𝜇 Is a intrinsic property 

of a stochastic process 
that is a signature of 
complexity and structure.

Internal Entropy

(Amount of information needed 
to communicate the causal state)



Applied to wide range of systems.Neural Networks Ising Models

Dripping Faucets

Pseudo-random
Number generators.

𝜀-machines are the provably
simplest classical models

C

Crutchfield, Young, Phys. Rev. Lett. 63, 105–108 (1989)

𝐶𝜇 Is a intrinsic property 

of a stochastic process 
that is a signature of 
complexity and structure.



LOW COMPLEXITY LOW COMPLEXITY

PENDULUM
IDEAL GAS

ORDERED RANDOM

HIGH COMPLEXITY!

PENDULUMS IDEAL GASES



LOW COMPLEXITY HIGH COMPLEXITY LOW COMPLEXITY

Statistical 
Complexity = 0
for random sequence.

STATISTICAL

COMPLEXITY = 0
FOR UNIFORM PROCESS



P(X|     ) P(X|     )

We cannot discard information about the state of the coin. 

Set of all pasts



The probability that two 
consecutive bits differs 
equal to  p

Output State
of Coin

Flip

Repeat



…..012012012012012……

?

A) Find its Causal States
B) Show it has Statistical Complexity  𝑙𝑜𝑔2 3
C) Construct the Simplest Model for this Process

Shalizi, Cosma Rohilla, and James P. Crutchfield. 
"Computational mechanics: Pattern and prediction, structure and simplicity." 
Journal of statistical physics 104.3-4 (2001): 817-879.
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http://guardianlv.com/wp-content/uploads/2014/02/Double-Slit-Experiment.jpg








A particle can go through a 
superposition of both slits! 

| ۧ0

| ۧ1

| ۧ𝜑 = | ۧ0 + | ۧ1



Measuring the particle position causes
Its quantum state to collapse

| ۧ0 + | ۧ1 → | ۧ0



- Niels Bohr 

“Everything we call real is made of things that 
cannot be regarded as real. If quantum 
mechanics hasn’t profoundly shocked you, you 
haven’t understood it yet.”

Schrodinger’s Cat | ۧ𝑫𝒆𝒂𝒅 + | ۧ𝑨𝒍𝒊𝒗𝒆



PHYSICAL PROCESS

INFORMATION

PROCESSING

CLASSICAL

INFORMATION

CLASSUCAL

INFORMATION



QUANTUM
CLASSICAL

INFORMATION

CLASSUCAL

INFORMATION

http://www.quantumcomputingtechnologyaustralia.com/wp-content/uploads/2014/03/www.quantumcomputingtechnologyaustralia.com-026.jpg


| ۧ0

| ۧ1

𝑍

𝑋

ENTROPY = 0

ENTROPY = 0

ENTROPY = 0

ENTROPY = 1

𝑝0 𝑝1

ENTROPY = −𝑝0 log 𝑝0 −𝑝1 log 𝑝1

𝑝1 → 0

𝑝1 → 1



| ۧ0

| ۧ1

𝑍

𝑋
| ۧ− =

1

2
(| ۧ0 - ۧ1

| ۧ+ =
1

2
(| ۧ0 + ۧ1

𝑁𝑂𝑇

𝑁𝑂𝑇



𝑍

𝑋

ANY POINT ON SURFACE OF

SPHERE IS A QUANTUM STATE

WITH ZERO ENTROPY. 



M. Palsson

H. Wiseman G. Pryde

J. Ho

Science Advances
03 Feb 2017: Vol. 3, no. 2, e1601302



Science Advances
03 Feb 2017: Vol. 3, no. 2, e1601302

QUANTUM

CLASSICAL



INPUT 𝑋𝑡

OUTPUT 𝑌𝑡



𝐻 𝑋 = −𝑝𝑥 log 𝑝𝑥
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Nature Communications, 3, 762

New Scientist, 15/11/2014, pg 28-29
Science Advances, Vol. 3,  no. 2, e1601302


