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Dymaxion: house, car, map projection

Dymaxion: "maximum gain of
advantage from minimal energy input”:

DYnamic, MAXimum and tensION

(Buckminster Fuller)
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Outline

» Thermal vs thermodynamic efficiency
» Criticality and phase transitions
» Fisher information: information theory and thermodynamics

» Case studies:

» collective / swarming motion (Physical Review E, 2018)
urban dynamics (Royal Society Open Science, 2018)
epidemic dynamics (Royal Society Interface Focus, 2018)
Curie-Weiss Ising model (Entropy, 2021)
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Thermal efficiency

SyStem an — |Wout| |Q0ut|
Ein process Eout
_______________ benefit
. Mth =
""""" cost
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v N = ‘Woutl
t _
Qin

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



THE UNIVERSITY OF

SYDNEY

Information and entropy

S=k log W
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Thermal efficiency
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Thermodynamic efficiency

increase

in order

—dS/dp
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anisotropic
“coherent”
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Phase transitions and order parameters

Magnetization from mean field approximation
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Derivative of order parameter (divergence)

K Binder (1987)

¢ A
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¢ o« (1-TIT,)P




Fisher Information and sensitivity

A way of measuring the amount of information that an observable
random variable X has about an unknown parameter 6

Fo) = [ (3 lptel®) >2p(wl9)daf
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Fisher Information and sensitivity

A way of measuring the amount of information that an observable
random variable X has about an unknown parameter 6
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Fisher Information and order parameters

G(1,6;)=U(S,¢;) — TS — ¢;0

Fisher information matrix Rate of change of the
order parameter

M. Prokopenko, J. T. Lizier, O. Obst, X. R. Wang, Relating Fisher information to order parameters,
Physical Review E, 84, 041116, 2011.
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Fisher Information and generalised work

» A way of measuring the amount of information that an observable
random variable X has about an unknown parameter 6

O 1n(p(x|0)) "

F6) = 06

p(x|0)dx

xr

» Fisher information is proportional to the curvature of the work in quasi-

static processes
d* (BWgen)
d6?

F(f) =

E. Crosato, R. Spinney, R. Nigmatullin, J. T. Lizier, M. Prokopenko, Thermodynamics of collective
motion near criticality, Physical Review E, 97, 012120, 2018.
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Thermodynamic efficiency

The reduction in uncertainty (the increase in order) from an expenditure of work
for a given value of control parameter

 —dS/db
1T A(BWen) /0

In thermodynamic
terms

E. Crosato, R. Spinney, R. Nigmatullin, J. T. Lizier, M. Prokopenko, Thermodynamics of collective
motion near criticality, Physical Review E, 97, 012120, 2018.
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Thermodynamic efficiency

—dS/d9 | _—dS/df
1 =
d(BWoen) /6~ [T F(6)dor

/

In thermodynamic In computational
terms terms

E. Crosato, R. Spinney, R. Nigmatullin, J. T. Lizier, M. Prokopenko, Thermodynamics of collective
motion near criticality, Physical Review E, 97, 012120, 2018.



Thermodynamic efficiency

increase

in order
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n

—dS/df
d(BW gen) /O

5
]



Thermodynamic efficiency

increase

in order

—dS/dp

n

~dS/do
[ F(6)do’

N



THE UNIVERSITY OF

SYDNEY

1. A dynamical model of collective motion

week endin
VOLUME 92, NUMBER 2 PHYSICAL REVIEW LETTERS 16JANUAR\1(§OO4

Onset of Collective and Cohesive Motion

Guillaume Grégoire and Hugues Chaté

CEA-Service de Physique de I’Etat Condensé, CEN Saclay, 91191 Gif-sur-Yvette, France

Pole Matiere et Systemes Complexes, CNRS FRE 2348, Université de Paris VII, Paris, France
(Received 12 August 2003; published 15 January 2004)

Xi(t -+ 1) = Xi(t) -+ Vi(t)

vi(t+ 1) =10 a,ZvJ +beU+ncnl

jEng JEng

alignment cohesion perturbation



Swarming (collective) motion
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J =0.001, n. = 20

(a)

E. Crosato, R. Spinney, R. Nigmatullin, J. T. Lizier, M. Prokopenko, Thermodynamics of collective

motion near criticality,

, 012120, 2018.
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Varying control parameters

a kinetic phase
transition driven by

™+ nearest neighbours
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The two kinetic phases
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Thermodynamic efficiency of swarming behaviour

n =
d{BWgen)/dJ
800 | | ‘ ‘ ‘ 00
a3 < d(BUgen)/dJ
600 |- : d{BWoen) /dJ I
« dS(J,n.=20)/dJ

0.4
400 |
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200 + S .

0.2

0 \'\ _

0.1} v
-200 - 1 0 _
-400 ‘ ‘ ‘ ‘ | ‘ | -0.1 x x x x x x x

0 002 005 0075 01 0125 015 0175 0.2 0 0025 005 0075 01 0125 015 0175 0.2
J J

E. Crosato, R. Spinney, R. Nigmatullin, J. T. Lizier, M. Prokopenko, Thermodynamics of collective
motion near criticality, Physical Review E, 97, 012120, 2018.
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2. “Thermodynamics” and “evolution” of the city

ADVANCES IN SPATIAL SCIENCE

Aura Reggiani
Peter Nijkamp
Editors

Complexity. &
and Spatial Networ

In Search of Simplicity

%) Springer

Chapter 2
The “Thermodynamics” of the City

Evolution and Complexity Science in Urban Modelling

Alan Wilson

2009
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Maximum Entropy (MaxEnt) Principle

Reprinted from THE PrysicaL Review, Vol. 106, No. 4, 620-630, May 15, 1957
Printed in U. S. A.

Information Theory and Statistical Mechanics

E. T. JAYNES
Department of Physics, Stanford University, Stanford, California

{Received September 4, 1956; revised manuscript received March 4, 1957)

What is Maximum Entropy (MaxEnt) Principle

1.  MaxEnt is a technique for automatically acquiring probabilistic knowledge from incomplete
information without making any unsubstantiated assumptions. Entropy is a mathematical measure of
uncertainty or ignorance: greater entropy corresponds to greater ignorance. Hence, the MaxEnt
solution is the least biased possible solution given whatever is experimentally known, but assuming
nothing else.

https://www.igi-global.com/dictionary/maximum-entropy-maxent-principle/35365
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Applying MaxEnt Principle: urban wealth

What is the least biased distribution M,;; (to be compared with the
data distribution M;;) that maximises the “entropy”

H = —ZZMU log M;; (1)
ey

subject to the following constraints:

S Mi; = M. )
g

S My - 4y = A, 3)
b

)

Z Z Mij $Cij = ) (4)
"

E. Crosato, R. Nigmatullin, M. Prokopenko, On critical dynamics and thermodynamic efficiency
of urban transformations, Royal Society Open Science, 5: 180863, 2018.
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Applying MaxEnt Principle: urban wealth

MaxEnt solution:
MeexAi—Bcij
L 7

Mi; = 7 ;
(

where Z; is the partition function for location 1:
Z?. _ § eOcAj—ﬂCij .
J

v is the social disposition (preference) to living in a residential area, and
3 is the travel impedance (reluctance to meet the cost of travel).

E. Crosato, R. Nigmatullin, M. Prokopenko, On critical dynamics and thermodynamic efficiency
of urban transformations, Royal Society Open Science, 5: 180863, 2018.
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Adding Lotka-Volterra urban dynamics

a5
U = (ML~ R;Pj] - KS)

» control parameters:
» social disposition
» Impedance to travel

» order parameter: number of large suburbs

E. Crosato, R. Nigmatullin, M. Prokopenko, On critical dynamics and thermodynamic efficiency
of urban transformations, Royal Society Open Science, 5: 180863, 2018.
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Phase transition in the number of large suburbs

Sydney, 2011-2016
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Greater Sydney: monocentric

Low efficiency (@) a=0.09
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National Park
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National Park
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Greater Sydney: (2011-2016)

Medium efficiency (b) a=043
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Greater Sydney: possible

Higher efficiency (c) o=0.51
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Greater Sydney: polycentric

Medium to high d) a=0.71
efficiency

Yengo
National Park

Blue Mountains
National Park

Blue Mountains
National Park
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Nattai National Park

National Park
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Greater Sydney: thermodynamic efficiency?
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0.05
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E. Crosato, R. Nigmatullin, M. Prokopenko, On critical dynamics and thermodynamic efficiency
of urban transformations, Royal Society Open Science, 5: 180863, 2018.
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Ebola:
R-Naught of 2

SARS
R-Naught of 4

ds

dr

dI

dr

vl — BIS

BIS — v,

‘ Patient Zero
‘ Infected

— B/v=Ro

3. Epidemic modelling

SIS: Susceptible - Infectious - Susceptible
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Epidemic threshold: reproductive number R,

0.4 —

0.3 -

0.2+

0.1- 2

Attack Rate (pop. fraction ill)

0.0 4—=— | | | | |
10 1.2 14 16 18 20 2.2

RARPW

C. Zachreson, K. M. Fair, N. Harding, M. Prokopenko, Interfering with influenza: nonlinear coupling
of reactive and static mitigation strategies, J. Royal Society Interface, 17(165), 20190728, 2020.
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Epidemics on networks

Px)=1-(1—-v)

ds )
==l - BIS . .
— B/v=Ro ¢« ’,' \ "
‘ “ g bs
QZBIS_,},L \\ ./ b > }
dr _ (')
\ Ny
| N
. ‘.-
kv W WY 4
RO p— , ) &
V40— 1o .

N. Harding, R. Nigmatullin, M. Prokopenko, Thermodynamic efficiency of contagions: a statistical
mechanical analysis of the SIS epidemic model, Interface Focus, 8 20180036, 2018.
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Epidemics as thermodynamic phenomena
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probability of transmission v

» Intervention: reducing the transmission probability, expending the work
» pathogen emergence: increasing the transmission probability, extracting the work

N. Harding, R. Nigmatullin, M. Prokopenko, Thermodynamic efficiency of contagions: a statistical
mechanical analysis of the SIS epidemic model, Interface Focus, 8 20180036, 2018.
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4. Back to magnets...
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[ 1

300 Ferromagnetic phase :i Paramagnetic phase
(0,08) = L2 /O
_. 200} 5 N kg 0B/ OB
% L
= 150} —é%t_l fort <0,
. —
oof « B=0 ot 1 for t > 0.
+ B =0.0001 |
50f —« B =0.0005 |
] e P S T
0.90 0.95 1.00 1.05 1.10
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R. Nigmatullin, M. Prokopenko, Thermodynamic efficiency of interactions in self-organizing
systems, Entropy, 23(6): 757, 2021.
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Summary (1/2)
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Summary (2/2)

» Critical regime: balance between order and chaos

» Thermodynamic and computational perspectives:

»  rate of work carried out to change control parameter =
accumulated sensitivity of distributed computation
(integral of Fisher information)

» Thermodynamic efficiency:

» the reduction in uncertainty (the increase in order) from an
expenditure of work for a given value of control parameter

» diverges at critical point for model systems (e.g., Ising model)

1L B
X,0X) = —
17( ) kB‘T_Tc|

» Principle of Super-efficiency: efficiency of self-organisation is
maximal at critical points in dynamical systems



...an example of super-efficiency?
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