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Abstract
For the lion's share of its history, physics analyzed the inanimate world. 
Or, that is the view it has of itself. Careful reflection, though, shows 
that physics regularly invoked an expressly extra-physical agency—
intelligence—in its efforts to understand even the most basic physical 
phenomena. I will survey this curious proclivity, noting that similar 
appeals to intelligent “demons” go back to Laplace's theory of chance, 
Poincaré’s discovery of deterministic chaos in the solar system, and 
Darwin’s explanation of the origin of biological organisms in terms of 
natural selection. Today, we are on the verge of a new physics of 
information that will transform problematic “demonology” to a 
constructive, perhaps even an engineering, paradigm that explains 
information processing embedded in the natural world. To illustrate I 
will show how deterministic chaos arises in the operation of Maxwell’s 
Demon and outline nanoscale experimental implementations ongoing 
at Caltech's Kavli Nanoscience Institute.



Intelligence & Agency



A Gaggle of Demons
• Laplace’s Demon 

• Poincare’s Demon 

• Maxwell’s Demon 

• Darwin’s Demon



• Agency? 

• Intelligence? 

• Information? 

• Computation?
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Actual topic: 
Classical and Quantum Intrinsic Computation



Physics of Information?
Physics of Computation?



• Information Age! 

• How can information be harnessed? 

• What does it mean for a physical system to compute? 

• Fundamental physical limits of information processing?

Physics of Information?



Physics of Computation Meeting (MIT, 1981)
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Physics of Computation Meeting (MIT, 1981)

Dyson
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Landauer



Physics of Computation Meeting (MIT, 1981)

Chaitin



Physics of Computation Meeting (MIT, 1981)

Me



Physics of Computation Meeting (MIT, 1981)

Photo: Charlie Bennett



• Feynman introduces quantum computing

Physics of Computation Meeting (MIT, 1981)



• Feynman introduces quantum computing

Physics of Computation Meeting (MIT, 1981)

Intrinsic computation there, too!



• Moore’s law stalled for some time now 

• Ever more pressing scientific & engineering issue

Physics of Computation

M. Roukes, Caltech



• Physical limits on information processing 

• Landauer’s Principle (1961): 
  Logically irreversible computing forces energy dissipation. 
  Erase one bit (Landauer-Bennett):

Rolf Landauer
(1927-1999)

Thermodynamics of Computation

hQerasei � kBT ln 2

(1993)



Intrinsic Computation

How do physical systems compute?



Computational Mechanics: 
Find the Hidden mechanism

 ε-Machine: Unique, minimal, & optimal predictor
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Computational Mechanics: 
Find the Hidden mechanism

 ε-Machine: Unique, minimal, & optimal predictor
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Computational Mechanics: 
Find the Hidden mechanism

 ε-Machine: Unique, minimal, & optimal predictor
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J.P. Crutchfield, “Between Order and Chaos”, 
Nature Physics 8 (January 2012) 7-24.

Intrinsic Computation: 
   1. How much historical information does a process store? 
   2. In what architecture is it stored? 
   3. How is it used to produce future behavior? 
J.P. Crutchfield & K. Young, “Inferring Statistical Complexity”, Physical Review Letters 63 (1989) 105-108.
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A system is unpredictable
      if it has positive entropy rate:

A system is complex
      if it has positive structural complexity:

A system is emergent
      if its structural complexity increases over time:

A system is hidden
     if its crypticity is positive:

hµ > 0

Cµ > 0

Cµ(t
0) > Cµ(t), if t0 > t

� = Cµ �E > 0

Intrinsic Computation:
Consequences



Summary (classical)
• Randomness = Unpredictability (incompressibility) 
• How Nature is structured is how Nature computes 
• Intelligence ~ Memory and organization 
• Information engines (demons): 

• Information Processing Second Law 
• Modularity dissipation: Architecture costs! 

• Deterministic chaos drives heat engine functioning 

• See: 
• http://csc.ucdavis.edu/~cmg/ 
• http://informationengines.org/





https://sinews.siam.org/Details-Page/dynamics-information-and-organization-the-origins-of-computational-mechanics

https://sinews.siam.org/Details-Page/computational-mechanics-three-decades-of-applications-and-extensions



Quantum Computational Mechanics
• Quantum Computational Complexity: 

• Quantum Automata and Quantum Grammars, C. Moore & JPC, Theoretical Computer Science 237 (2000) 275-306. 

• Quantum Compression of Classical Processes: 
• Occam's Quantum Strop: Synchronizing and Compressing Classical Cryptic Processes via a Quantum Channel, J. R. 

Mahoney, C. Aghamohammadi, & JPC, Scientific Reports 6 (2016) 20495. 
• Minimized State-Complexity of Quantum-Encoded Cryptic Processes, P. M. Riechers, J. R. Mahoney, C. 

Aghamohammadi, & JPC, Physical Review A 93:5 (2016) 052317. 
• Strong and Weak Optimizations in Classical and Quantum Models of Stochastic Processes, S. Loomis & JPC, Journal 

of Statistical Physics 176:6 (2019) 1317-1342. 
• Optimizing Quantum Models of Classical Channels: The reverse Holevo problem, S. Loomis, C. Aghamohammadi, J. R. 

Mahoney, & JPC; arxiv.org:1709.08101. 
• Thermal Efficiency of Quantum Memory Compression, S. Loomis & JPC; arxiv.org:1911.00998. 

• Quantum Advantage: 
• The Ambiguity of Simplicity, C. Aghamohammadi, J. R. Mahoney, & JPC, Physics Letters A 381:14 (2017) 1223-1227. 
• Extreme Quantum Advantage when Simulating Strongly Coupled Classical Systems, C. Aghamohammadi, J. R. 

Mahoney, & JPC, Scientific Reports 7 (2017) 6735. 
• Extreme Quantum Memory Advantage for Rare-Event Sampling, C. Aghamohammadi, S. P. Loomis, J. R. Mahoney, & 

JPC, Physical Review X 8 (2018) 011025. 

• Quantum Measurement: 
• Measurement-Induced Randomness and Structure in Controlled Qubit Processes, A. Venegas-Li, A. Jurgens, & JPC; 

arxiv.org:1908.09053. 

• Classical and Quantum Causal Irreversibility: 
• Causal Asymmetry in a Quantum World, J. Thompson, A. J. P. Garner, J. R. Mahoney, JPC, V. Vedral, & M. Gu; 

Physical Review X 8 (2018) 031013.



Follow-on Talks?
• Sam Loomis: Quantum compression 

• Ariadna Venegas-Li: Quantum measurement 

• David Gier: Information for quantum processes 

• Fabio Anza: Dynamics of many-body localization



Graduate Courses: 
Physics of Information & Computation 

Physics 256 A & B 
Winter and Spring 2020 

http://csc.ucdavis.edu/~chaos/courses/ncaso/

• Dynamical Systems & Measurement (aka Symbolic Dynamics)

• Information and Computation Theories

• Classical Computational Mechanics

• Quantum Computational Mechanics

• Nonequilibrium Thermodynamics

• Systems:

• Chaotic Dynamical Systems, Spin Systems, Cellular Automata, Hidden 
Markov Models, Chaotic Crystals, Quantum Dynamics, Information Engines





Thanks!


