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Presenter
Presentation Notes
My NRF Proposal combines these themes…. It aims to make novel connections between tools of Complexity science, and those of Quantum Information, and Complexity Science.



Without any understanding, every possible 
past is a potential cause of future events.

FUTUREPAST



The better we can isolate the causes of natural 
things, the greater our understanding.

FUTUREPAST



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

FUTUREPAST



Past

Time

How much information passes through the 
present?

Future



𝑿𝑿 = … 𝑥𝑥−2𝑥𝑥−1 𝑥𝑥0

X = x1x2 …

Task:

Find a systematic method to 
configure a system S into some 
state s for each past 𝑥⃐𝑥, such that its 
entropy is minimal, and
𝑃𝑃(𝑋𝑋|𝑋𝑋 = 𝑥⃐𝑥) = 𝑃𝑃(𝑋𝑋|𝑆⃐𝑆 = 𝑠𝑠)

System in State 𝒔𝒔𝒙𝒙

𝑷𝑷(𝑿𝑿,𝑿𝑿)



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.



| ��0
0 𝑥𝑥𝑡𝑡+10 𝑥𝑥𝑡𝑡

𝑇𝑇𝑗𝑗,𝑘𝑘
𝑟𝑟 𝑇𝑇𝑗𝑗,𝑘𝑘

𝑟𝑟

Blank tape

The dynamics of the process can be 
reproduced by transitions on the set 
of causal states.

𝑇𝑇𝑗𝑗,𝑘𝑘
𝑟𝑟 - the probability a machine 

in state 𝑠𝑠𝑗𝑗 will emit output `r’ 
and transition to 𝑠𝑠𝑘𝑘

Causal 
intermediary



To simulate a sequence of random coin flips….

We have a process with exactly 1 Causal State

No Information about the Past is required!

Information Content

∑−= ii ppC logµ

Probability the process
is in Causal State 𝑺𝑺𝒊𝒊

Internal Entropy

(Amount of information needed to 
communicate the causal state)



LOW COMPLEXITY LOW COMPLEXITY

PENDULUM
IDEAL GAS

ORDERED RANDOM

HIGH COMPLEXITY!

Shamelessly Ripped from Sean Carroll’s Slides

*

*

Presenter
Presentation Notes
Hi everyone

First of all, I’d like to thank the organizers. This has been a great workshop, and after living 2 years in Singapore, where 25 degrees is a very cold day, it nice experience a real winter. 

Anyway, what I’ll be talking about today involves quite a shift in perspective to what we’ve seen so far in the workshop. When we talk of quantum simulations, we generally think off the situation where we have some of quantum phonomena, and we wish to  contruct some quantum simulator that replicates its behavior.. That is, the system we’re attempting to simulate is usually quantum, because well,  it seems if the system classical, then classical simulators are just as good.

What I’ll to talk about is this general case. I’m going consider some rather general observable processes, who underlying mechanics may well be classical and show that in some sense the simplest way to generate, or simulate such processes, is quantum.



LOW COMPLEXITY HIGH COMPLEXITY LOW COMPLEXITY

LOW DISORDER HIGH DISORDER



Applications

Atmospherics

Condensed Matter

Molecular Dynamics

Financial Data

STATISTICAL
COMPLEXITY

Neural Networks

𝐶𝐶𝜇𝜇 Is a intrinsic property of a stochastic 
process that quantifies its complexity and 
structure

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



Distinguishing states of conscious arousal using statistical complexity. arXiv preprint 
arXiv:1905.13173 (To be presented by Naotsugu Tsuchiys tomorrow)

Conscious FlyUnconscious Fly

Used recently to detect consciousness.



X
 X



E = I(X, X) 

‘Time’s Barbed Arrow: Irreversibility, Crypticity, and Stored Information’ Phys. Rev. Lett 103, 094101, (2009) 

EC >µ

The optimal model generally require
Input of entropy 𝐶𝐶𝜇𝜇 > 𝐸𝐸!

Amount of information past contains about the 
future.



L repeated symbols occurs with 
frequency ~(1 − 𝑞𝑞)𝐿𝐿

Output:
State of Coin






0|𝑞𝑞

1 ∶ 1 − 𝑝𝑝

1 ∶ 𝑝𝑝

0 ∶ 1 − 𝑝𝑝

1 | 𝑞𝑞

1 ∶ 1 − 𝑝𝑝0 |1 − 𝑞𝑞 1 |1 − 𝑞𝑞Prediction requires
𝐶𝐶𝜇𝜇 =1 bit from the past





𝑋𝑋

ENTROPY < 1

𝑍𝑍

STORING THIS INFORMATION
REQUIRES LESS THAN 1 UNIT
OF ENTROPY!

Encode as | ��0 = 𝑞𝑞| ⟩0 + 1 − 𝑞𝑞 ⟩|1

Encode as | ��1 = 1 − 𝑞𝑞| ⟩0 + 𝑞𝑞 ⟩|1



Encode as | ��0 = 𝑞𝑞| ⟩0 + 1 − 𝑞𝑞 ⟩|1

Encode as | ��1 = 1 − 𝑞𝑞| ⟩0 + 𝑞𝑞 ⟩|1

X

𝑥𝑥𝑗𝑗+1
| ��0

| �𝑆𝑆(𝑡𝑡)

| ��0Blank Tape 𝑋𝑋𝑡𝑡+1 | ��0

X

𝑋𝑋𝑡𝑡+2

M.Palsson, M.Gu, J.Ho, H. Wiseman, G. Pryde. Science Advances , 3, 2, e1601302, 2017

Causal intermediary 
with entropy 𝐶𝐶𝑞𝑞 < 1



M. Palsson

H. Wiseman G. Pryde

J. Ho

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



Systematic simpler quantum model 
whenever 𝐶𝐶𝜇𝜇 < 𝐸𝐸

Gu, Mile, et al. "Quantum mechanics can reduce the complexity of classical models." Nat. Comm. 3, 762, 2012
Binder et. al. "Practical unitary simulator for non-markovian complex processes." Phys. Rev. Lett. 120.24, 240502, 2018

NON-ZERO CAUSAL WASTE 𝐶𝐶𝜇𝜇 > 𝐸𝐸

| ��0Blank tape

U U

𝑥𝑥𝑗𝑗+1 𝑥𝑥𝑗𝑗+2



W.Y.Suen, et al. "The classical-quantum divergence of complexity in the Ising spin chain.“ Quantum 1 25 (2017)
F. Ghafari et.al. "Observing the ambiguity of simplicity via quantum simulations of an Ising spin chain." (2017)

WHAT IS COMPLEX CAN
DEPEND FUNDAMENTALLY
ON THE NATURE OF THE
OBSERVER



General Adaptive Processes

Input Reaction?



𝑍𝑍−2

𝑋𝑋−2

𝑍𝑍−1

𝑋𝑋−1

𝑍𝑍0

𝑋𝑋1

𝑍𝑍−2

𝑋𝑋2

�𝑃𝑃 𝑋𝑋,𝑋𝑋
𝑍⃐𝑍,𝑍⃑𝑍

Formally described by a family of  
stochastic processes.

𝑍⃐𝑍𝑡𝑡 = …𝑍𝑍1𝑍𝑍0

𝑋⃐𝑋𝑡𝑡 = …𝑋𝑋1𝑋𝑋0

𝑍𝑍 = 𝑍𝑍1𝑍𝑍2 …

𝑋⃗𝑋 = 𝑋𝑋1𝑋𝑋2 …



𝑍𝑍−2

𝑋𝑋−2

𝑍𝑍−1

𝑋𝑋−1

𝑍𝑍0

𝑋𝑋1

𝑍𝑍−2

𝑋𝑋2

Statistically correct 
future predictions

𝑍⃐𝑍𝑡𝑡 = …𝑍𝑍1𝑍𝑍0

𝑋⃐𝑋𝑡𝑡 = …𝑋𝑋1𝑋𝑋0

Future Input: 𝑍𝑍 = 𝑍𝑍1𝑍𝑍2 …

𝑋𝑋 = 𝑋𝑋1𝑋𝑋2 …
Past Information



| ��0
𝑥𝑥𝑡𝑡+1𝑧𝑧𝑡𝑡 𝑥𝑥𝑡𝑡

𝑇𝑇𝑗𝑗,𝑘𝑘
𝑟𝑟 𝑇𝑇𝑗𝑗,𝑘𝑘

𝑟𝑟

𝑇𝑇𝑗𝑗,𝑘𝑘
𝑟𝑟|𝑧𝑧 - the probability a machine 

in state 𝑠𝑠𝑗𝑗 will emit output `r’ on 
input 𝑧𝑧 and transition to 𝑠𝑠𝑘𝑘

𝑧𝑧𝑡𝑡+1

𝑍⃐𝑍 = …𝑍𝑍1𝑍𝑍0
𝑋⃐𝑋 = …𝑋𝑋1𝑋𝑋0

Input

Output

Causal 
intermediary



𝒁𝒁𝒕𝒕 = 𝟎𝟎: Do you like electric sheep? 𝒁𝒁𝒕𝒕 = 𝟏𝟏 : Are you Human?

Observed Behaviour: 1. Answers must agree when asked the same 
question twice. 

2.  Otherwise, must answer randomly.



𝑧𝑧𝑡𝑡 = 0

𝑧𝑧𝑡𝑡 = 1

Last Question Asked: Electric Sheep?

Last Answer: Yes
Last Question Asked: Human?

Last Answer: Yes

Last Question Asked: Human?

Last Answer: No
Last Question Asked: Human?
Last Answer: No

𝑧𝑧𝑡𝑡 = 0



𝑧𝑧𝑡𝑡 = 0

𝑧𝑧𝑡𝑡 = 1

𝑧𝑧𝑡𝑡 = 0



Q1: Do you like electric sheep? Q2: Are you Human?

Required Behaviour: 1. Answers must agree with asked the same 
question twice. 

2.  Otherwise, must answer randomly.

Measure Z Measure X



X

𝑥𝑥𝑡𝑡

| �𝑆𝑆(𝑘𝑘+1)| �𝑆𝑆(𝑡𝑡)

| ⟩𝑍𝑍𝑡𝑡

Blank Tape

𝑋𝑋𝑡𝑡+1

| ��0

H H

X

𝑥𝑥𝑡𝑡+1

| �𝑆𝑆(𝑘𝑘+1)

| ⟩𝑍𝑍𝑡𝑡+1 | ��0

H H

Single Qubit



Quantum 
Model

Fixed interaction

Probe

Z-dependent 
measurement  

Whenever improving upon classical models does not 
violate the information processing inequality, it is 
possible to do so with a quantum model.

For scaling Results, see Thomas Elliot's Lightning 
Talk Tomorrow



• Statistical Complexity – aims to quantify structure by asking 
what the minimal past information an agents needs about a 
process to make statistically correct future predictions.

• Quantum Transducers – environments may look 
simpler to quantum versus classical agents.

• Qualitative Divergences  – qualitative behaviours in complexity may depend 
fundamentally on whether the observer processes classical or quantum information. 



�
𝑥⃗𝑥

𝑃𝑃(𝑋𝑋|𝑥⃐𝑥)| ⟩𝑥𝑥

Agents can generate quantum superpositions of futures

• Does this have operational advantage?
• Can this allow us to build a theory of 

complexity on quantum patterns?



MAXWELL’S DEMON

The thermodynamics of complexity and pattern manipulation, Phys Rev E 95, 042140
Thermodynamics of Modularity: Structural Costs Beyond the Landauer Bound, Phys. Rev. X 8, 031036

Optimal causal machine dissipates 
heat of at least 𝑪𝑪𝝁𝝁 − 𝑰𝑰(𝑿𝑿,𝑿𝑿) beyond 
Landaur’s bound



𝐶𝐶𝑞𝑞+ = 𝐶𝐶𝑞𝑞−

C
-

C
+

Looks simple

Looks complex!

Emergence of Asymmetry in Prediction/Retrodiction from Classicization 
(Talk Sunday 9:30am), Physical Review X, 8(3), 031013.



• Information Processing in Complex Systems 
www.quantumcomplexity.org/information-processing-in-complex-systems

• Nonequilibrium Thermodynamics of Complex Agents
www.quantumcomplexity.org/thermolife

Two Relevant Satellite Workshops:

http://www.quantumcomplexity.org/information-processing-in-complex-systems
http://www.quantumcomplexity.org/information-processing-in-complex-systems


Hotel Fort Canning, January 13th to 17th , 2020
(Contact me if interested!)



• Research Positions Available.
(tax salary 40k – 59k per annum)

NANGYANG TECHNOLOGICAL UNIVERSITY

SINGAPORE



• Quantum Mechanics and reduce the complexity of classical models
- Nature Communications, 3, 762 

Experimental Quantum Processing Enhancement in modelling 
stochastic processes
- Science Advances 3.2, e1601302, 2017 

• Using quantum theory to simplify input–output processes. npj
Quantum Information 3.1, 6, 2017

• Unbounded memory advantage in stochastic simulation using 
quantum mechanics." New Journal of Physics 19 (10), 103009, 
2017

• Superior Memory Efficiency of quantum devices for the 
simulation of continuous time processes. npj: quantum 
information, 4 , 18 2018

• A practical, unitary simulator for non-Markovian complex 
processes, Phys. Rev. Lett. 120, 240502, 2018

• Causal asymmetry in a quantum world. Physical Review X, 
8(3), 031013.
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