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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
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Thermal efficiency
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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)
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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 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)) "

F(9) = 00

p(x|0)dx

» 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
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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.
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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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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
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The two kinetic phases
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Thermodynamic efficiency of swarming behaviour
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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. Urban dynamics: MaxEnt + Lotka Volterra

services income rent population
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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: thermodynamic efficiency?

020 L _ —dH(QYj)/da
T d{BWgen)/de

0.15 |

0.10 |

0.05 1

0 01 02 03 04 05 06 0.7
(04

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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Greater Sydney: monocentric / sprawling

Low efficiency (@) a=0.09
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Greater Sydney: polycentric

Medium to high d) a=0.71
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" Greater Sydney: (2011-2016)

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

Higher efficiency (c) o=0.51
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3. Epidemic dynamics

ds n
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3. Epidemic dynamics (on networks)

Px)=1-(1—-v)
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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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» 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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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



THE UNIVERSITY OF

e SYDNEY

*

References

K. Binder, Theory of first-order phase transitions, Reports on Progress in Physics, 50(7): 783, 1987.

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

G. Grégoire, H. Chaté, Onset of Collective and Cohesive Motion, Physical Review Letters, 92,
025702, 2004.

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

A. Wilson and J. Dearden. Phase transitions and path dependence in urban evolution, Journal of
Geographical Systems, 13(1):1-16, 2011.

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

R. Pastor-Satorras and A. Vespignani. Epidemic dynamics and endemic states in complex networks.
Physical Review E, 63(6):066117, 2001.

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

M. Kochmanski, T. Paszkiewicz, S. Wolski. Curie—~Weiss magnet — a simple model of phase transition,
European Journal of Physics, 34(6):1555, 2013.

R. Nigmatullin, M. Prokopenko, Thermodynamic efficiency of interactions in self-organizing systems,
Entropy, 23(6): 757, 2021.



	Slide 1: Principle of the “super-efficiency”: Thermodynamic efficiency of       self-organisation
	Slide 2: Outline 
	Slide 3: Thermal efficiency
	Slide 4: Thermal efficiency
	Slide 5: Thermodynamic efficiency
	Slide 6: Phase transitions and order parameters
	Slide 7: Derivative of order parameter (divergence)
	Slide 8: Fisher Information and sensitivity
	Slide 9: Fisher Information and sensitivity
	Slide 10: Fisher Information and order parameters
	Slide 11: Fisher Information and generalised work
	Slide 12: Thermodynamic efficiency
	Slide 13: Thermodynamic efficiency
	Slide 14: Thermodynamic efficiency
	Slide 15: Thermodynamic efficiency
	Slide 16: 1. A dynamical model of collective motion
	Slide 17: Swarming (collective) motion
	Slide 18: Varying control parameters
	Slide 19: The two kinetic phases
	Slide 20: Thermodynamic efficiency of swarming behaviour
	Slide 21: 2. Urban dynamics: MaxEnt + Lotka Volterra
	Slide 22: Phase transition in the number of large suburbs
	Slide 23: Greater Sydney: thermodynamic efficiency?
	Slide 24: Greater Sydney: monocentric / sprawling
	Slide 25: Greater Sydney: polycentric
	Slide 26: Greater Sydney: (2011-2016) 
	Slide 27: Greater Sydney: possible (critical regime)  
	Slide 28: 3. Epidemic dynamics
	Slide 29: 3. Epidemic dynamics (on networks)
	Slide 30: Epidemics as thermodynamic phenomena
	Slide 31: 4. Back to magnets…
	Slide 32: Summary (1/2)
	Slide 33: Summary (2/2)
	Slide 34: References

