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Abstract
The paradigm of thermodynamic computing has arrived, driven by recent theoretical and 
experimental progress, pitched to circumvent the end of Moore’s multi-decadal 
exponential progress in computing speed and density, and offered as a complement to 
quantum computing. I will review a recent planning effort (Computing Community 
Consortium, January 2019, Honolulu) aimed to accelerate reducing our recent progress to 
practice. As part of this I will also give a rather synoptic and optimistic survey of that 
progress, somewhat biased to the outputs from our multiyear Information Engines 
workshop series. Looking forward, I will address several open challenges. The first is to 
understand how the recent progress was built out of a calculus of limitations from 
deterministic unpredictability, quantum uncertainty, undecidability, and uncomputability to 
our current inability to track the flow of information, identify causal mechanisms, define 
structural complexity, and converge on unique explanatory models. What new limitations 
and innovations can we anticipate? The second challenge is to unpack what Landauer 
meant by “information-bearing degrees of freedom”. Explicitly addressing this is key to an 
objective theory of physical computing. The final challenge is what I call Landauer’s Stack: 
What are the actual thermodynamic costs of information processing? If we add up 
currently-identified thermodynamic costs–Landauer erasure, Information Processing 
Second Law, synchronization and error correction, implementation modularity, high 
reliability, and the like–can we accurately predict the energetics of contemporary and 
future computing? If not, how far are we from doing so and what might we be missing? 



• 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?
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• Feynman introduces quantum computing

Physics of Computation Meeting (MIT, 1981)



• Feynman introduces quantum computing

Physics of Computation Meeting (MIT, 1981)

Intrinsic computation there, too!



(2012-202X)



Information Engines 
PIs

•Gavin Crooks (Berkeley): 
Thermodynamics of molecular machines, modeling and 
theoretical predictions, and search for basic thermodynamic 
and information-theoretic principles of nanoscale systems.

•Jim Crutchfield (Davis) (Lead): 
Theoretical methods to analyze the intrinsic computational 
properties of nanoscale systems and devices; algorithms to 
analyze experimental data.

•Mike DeWeese (Berkeley): 
Optimal control protocols with the goal of 
efficient control of nanoscale system behaviors. 
devices and systems.

•P. S. “Krishna” Krishnaprasad (Maryland): 
Extending control theory to apply to nanoscale devices and systems.

•Chris Jarzynski (Maryland): 
Adapt nonequilibrium thermodynamics to predict and 
control nanoscale system behavior and information 
processing.

•Michael Roukes (Caltech): 
Nanoscale devices, Mesoscale physics, BRAIN 
Initiative

Photo credit: S. Still



Visioning workshop on thermodynamic computing 
3-5 January 2019 
Honolulu, Hawaii
https://cra.org/ccc/events/thermodynamic-computing/ 
https://cra.org/ccc/wp-content/uploads/sites/2/2019/10/CCC-Thermodynamic-Computing-Reportv3.pdf

https://cra.org/ccc/events/thermodynamic-computing/
https://cra.org/ccc/wp-content/uploads/sites/2/2019/10/CCC-Thermodynamic-Computing-Reportv3.pdf
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Intrinsic Computation
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Foundations: Computational Mechanics

 ε-Machine: Unique, minimal, & optimal predictor

0
1

1

1 0

...001011101000...

0
0
0

0
0
1

0
1
0

0
1
1

1
0
0

1
0
1

1
1
0

1
1
1

Pr
(s

 )3

AgentEnvironment

A

B

C

Sensory Data

Model

B C

A

1|2/3 0|1/3

0|1/2

1|1/2
1|1

Stored     versus     Generated Information

versus

Causal Equivalence:

 �x ⇠  �x 0 , Pr(
�!
X | �x ) = Pr(

�!
X | �x 0

)

Cµ = �
X

�2S
Pr(�) log2 Pr(�) hµ = �

X

�2S
Pr(�)

X

�02S
Pr(�0|�) log2 Pr(�0|�)



Foundations: Computational Mechanics

 ε-Machine: Unique, minimal, & optimal predictor

0
1

1

1 0

...001011101000...

0
0
0

0
0
1

0
1
0

0
1
1

1
0
0

1
0
1

1
1
0

1
1
1

Pr
(s

 )3

AgentEnvironment

A

B

C

Sensory Data

Model

B C

A

1|2/3 0|1/3

0|1/2

1|1/2
1|1

Structure     versus      Randomness

Stored     versus     Generated Information

versus

Causal Equivalence:

 �x ⇠  �x 0 , Pr(
�!
X | �x ) = Pr(

�!
X | �x 0

)

Cµ = �
X

�2S
Pr(�) log2 Pr(�) hµ = �

X

�2S
Pr(�)

X

�02S
Pr(�0|�) log2 Pr(�0|�)



Foundations: Computational Mechanics

 ε-Machine: Unique, minimal, & optimal predictor

0
1

1

1 0

...001011101000...

0
0
0

0
0
1

0
1
0

0
1
1

1
0
0

1
0
1

1
1
0

1
1
1

Pr
(s

 )3

AgentEnvironment

A

B

C

Sensory Data

Model

B C

A

1|2/3 0|1/3

0|1/2

1|1/2
1|1

Stored     versus     Generated Information

versus

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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• ε-Machine:

• Dynamic:
T (x)

�,�� = Pr(��|�, x)

Computational 
Mechanics
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Varieties of 
  -Machine

Denumerable
Causal States

Fractal

Continuous
J. P. Crutchfield, Calculi of Emergence: Computation, 
Dynamics, and Induction, Physica D 75 (1994) 11-54.

ε



Varieties of 
  -Machine

Continuous-Time
   Discrete-Event Processes

ε-Machine = Unifilar Hidden
Semi-Markov Processes

S. E. Marzen and J. P. Crutchfield, Structure and Randomness of Continuous-Time Discrete-Event 
Processes, Journal of Statistical Physics 169:2 (2017) 303-315.

ε



A system is unpredictable
      if it has positive entropy rate:

A system is complex
      if it has positive structural complexity measures:

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



Thermodynamics of Organization: 
Information Processing Second Law of 

Thermodynamics (IPSL)



Information Ratchets

A. Boyd, D. Mandal, and JPC, “Identifying Functional Thermodynamics in Autonomous Maxwellian Ratchets”.
New Journal of Physics 18 (2016) 023149.
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Information Processing 
Second Law of thermodynamics
• Asymptotic IPSL:

• Information is fuel:
 (Ordered inputs—correlations—are a thermodynamic resource.) 

• Generalizes Landauer Principle; cf.:

A. B. Boyd, D. Mandal, and JPC, Identifying Functional Thermodynamics in 
Autonomous Maxwellian Ratchets, New Journal of Physics 18 (2016) 023149.

Qerase � kBT ln 2

hW i  kBT ln 2
�
hµ

0 � hµ

�

(hµ
0 = 0; hµ = 1)

inputoutput



• IPSL constrains information processing done by 
any thermodynamic system.

• Upper bound on the maximum average work 
extracted per cycle. 

• Lower bounds the amount           of input work 
required for a physical system to support a 
given rate of intrinsic computation.

Information Processing 
Second Law of thermodynamics

hW i

�hW i



Information Processing 
Second Law of thermodynamics

IPSL determines
Thermodynamic Functionality

hW i  kBT ln 2
�
hµ
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Fluctuations in 
                Thermodynamic Function

Information Ratchet
+ Fluctuation Spectroscopy
+ Informational Second Law (IPSL)

hµ

hµ

h0
µ

Informational Second Law
      ⇒ Thermodynamic Function

hW i  kBT ln 2
�
hµ

0 � hµ

�



Requisite Complexity 

• Lessons: Information processing thermodynamic systems should 
match the complexity of their inputs/environment:

• Memoryless ratchets optimal for uncorrelated environments.
• Memoryful ratchets optimal for correlated environments.

W. Ross Asbhy, An Introduction to Cybernetics, John Wiley and Sons, New York, second edition, 1960.

A. B. Boyd, D. Mandal, and JPC, Leveraging Environmental Correlations: The Thermodynamics of 
Requisite Variety, Journal of Statistical Physics 167:6 (2017) 1555-1585. .
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Erasing a Bit
Erasure Protocol
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Shortcuts via Counterdiabatic Control



Equilibrium
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<latexit sha1_base64="1PGiON2p4gZK1Sai8e6xvTlbeyU=">AAACHHicbVDLSgNBEOz1GeMj8XHzMhiEeEl2RdCLEBTBYwSjgSSE2UlHB2cfzPQGwhJ/RPCkf+JNvAr+iGcnmxx8FQxUV3UxTfmxkoZc98OZmZ2bX1jMLeWXV1bXCsX1jSsTJVpgQ0Qq0k2fG1QyxAZJUtiMNfLAV3jt352O/esBaiOj8JKGMXYCfhPKvhScrNQtFspne4zdM2LHrE086RZLbsXNwP4Sb0pKtS3IUO8WP9u9SCQBhiQUN6bluTF1Uq5JCoWjfDsxGHNxx2+wZWnIAzSdNDt8xHat0mP9SNsXEsvU74mUB8YMA99uBpxuzW9vLP7ntRLqH3VSGcYJYSgmH/UTxShi4xZYT2oUpIaWcKGlvZWJW665INtVvp0F02rD2KlqjchUjRZVEaAdfF/jYGSL8n7X8pdc7Vc8t+JdHJRqJ5PGIAfbsANl8OAQanAOdWiAgAQe4AmenUfnxXl13iarM840swk/4Lx/AZr4oJI=</latexit><latexit sha1_base64="1PGiON2p4gZK1Sai8e6xvTlbeyU=">AAACHHicbVDLSgNBEOz1GeMj8XHzMhiEeEl2RdCLEBTBYwSjgSSE2UlHB2cfzPQGwhJ/RPCkf+JNvAr+iGcnmxx8FQxUV3UxTfmxkoZc98OZmZ2bX1jMLeWXV1bXCsX1jSsTJVpgQ0Qq0k2fG1QyxAZJUtiMNfLAV3jt352O/esBaiOj8JKGMXYCfhPKvhScrNQtFspne4zdM2LHrE086RZLbsXNwP4Sb0pKtS3IUO8WP9u9SCQBhiQUN6bluTF1Uq5JCoWjfDsxGHNxx2+wZWnIAzSdNDt8xHat0mP9SNsXEsvU74mUB8YMA99uBpxuzW9vLP7ntRLqH3VSGcYJYSgmH/UTxShi4xZYT2oUpIaWcKGlvZWJW665INtVvp0F02rD2KlqjchUjRZVEaAdfF/jYGSL8n7X8pdc7Vc8t+JdHJRqJ5PGIAfbsANl8OAQanAOdWiAgAQe4AmenUfnxXl13iarM840swk/4Lx/AZr4oJI=</latexit><latexit sha1_base64="1PGiON2p4gZK1Sai8e6xvTlbeyU=">AAACHHicbVDLSgNBEOz1GeMj8XHzMhiEeEl2RdCLEBTBYwSjgSSE2UlHB2cfzPQGwhJ/RPCkf+JNvAr+iGcnmxx8FQxUV3UxTfmxkoZc98OZmZ2bX1jMLeWXV1bXCsX1jSsTJVpgQ0Qq0k2fG1QyxAZJUtiMNfLAV3jt352O/esBaiOj8JKGMXYCfhPKvhScrNQtFspne4zdM2LHrE086RZLbsXNwP4Sb0pKtS3IUO8WP9u9SCQBhiQUN6bluTF1Uq5JCoWjfDsxGHNxx2+wZWnIAzSdNDt8xHat0mP9SNsXEsvU74mUB8YMA99uBpxuzW9vLP7ntRLqH3VSGcYJYSgmH/UTxShi4xZYT2oUpIaWcKGlvZWJW665INtVvp0F02rD2KlqjchUjRZVEaAdfF/jYGSL8n7X8pdc7Vc8t+JdHJRqJ5PGIAfbsANl8OAQanAOdWiAgAQe4AmenUfnxXl13iarM840swk/4Lx/AZr4oJI=</latexit><latexit sha1_base64="4uakB5/NhaNUiBPUTL1pztlNNQ0=">AAACHHicbVBNS0JBFJ3Xp9mHVss2QxLYRt+LoDaBFEFLg54KKjJvvOrgvA9m7hPkYX8kaFX/pF20DfojrRv1LUo7MHDuOfcwl+NFUmi07S9rZXVtfWMzs5Xd3tndy+X3D2o6jBUHl4cyVA2PaZAiABcFSmhECpjvSah7w5upXx+B0iIMHnAcQdtn/UD0BGdopE4+V7w9pfSRIr2iLWRxJ1+wS/YMdJk4KSmQFNVO/rvVDXnsQ4BcMq2bjh1hO2EKBZcwybZiDRHjQ9aHpqEB80G3k9nhE3pilC7thcq8AOlM/Z1ImK/12PfMps9woBe9qfif14yxd9lORBDFCAGff9SLJcWQTlugXaGAoxwbwrgS5lbKB0wxjqarbGsWTMquNlPZGKEua8XL3AczeJ6C0cQU5SzWskxqZyXHLjn354XKdVpZhhyRY1IkDrkgFXJHqsQlnMTkibyQV+vZerPerY/56oqVZg7JH1ifPx0MoD4=</latexit>

(B) t = 0+
<latexit sha1_base64="YVZDwkFNYykdF5xLlfmzDb4ldyo=">AAACGHicbVDLSgNBEOyN7/iKj5uXwSAoQrIrgl6EoBePEdwkkKwyO+nVwdmHM7NCWOJvCJ70T7yJV2/+iGcnmxw0sWCguqqLacpPBFfatr+swtT0zOzc/EJxcWl5ZbW0tt5QcSoZuiwWsWz5VKHgEbqaa4GtRCINfYFN/+5s4DcfUCoeR5e6l6AX0puIB5xRbSRv93SPPBJNToh9tX9dKtsVOweZJM6IlGubkKN+XfrudGOWhhhpJqhSbcdOtJdRqTkT2C92UoUJZXf0BtuGRjRE5WX50X2yY5QuCWJpXqRJrv5OZDRUqhf6ZjOk+laNewPxP6+d6uDYy3iUpBojNvwoSAXRMRk0QLpcItOiZwhlkptbCbulkjJteip28mBWdZWZqsaIVVVJVmUhmsH3JT70TVHOeC2TpHFQceyKc3FYrp0OG4N52IJt2AUHjqAG51AHFxjcwxO8wKv1bL1Z79bHcLVgjTIb8AfW5w8MDJ89</latexit><latexit sha1_base64="YVZDwkFNYykdF5xLlfmzDb4ldyo=">AAACGHicbVDLSgNBEOyN7/iKj5uXwSAoQrIrgl6EoBePEdwkkKwyO+nVwdmHM7NCWOJvCJ70T7yJV2/+iGcnmxw0sWCguqqLacpPBFfatr+swtT0zOzc/EJxcWl5ZbW0tt5QcSoZuiwWsWz5VKHgEbqaa4GtRCINfYFN/+5s4DcfUCoeR5e6l6AX0puIB5xRbSRv93SPPBJNToh9tX9dKtsVOweZJM6IlGubkKN+XfrudGOWhhhpJqhSbcdOtJdRqTkT2C92UoUJZXf0BtuGRjRE5WX50X2yY5QuCWJpXqRJrv5OZDRUqhf6ZjOk+laNewPxP6+d6uDYy3iUpBojNvwoSAXRMRk0QLpcItOiZwhlkptbCbulkjJteip28mBWdZWZqsaIVVVJVmUhmsH3JT70TVHOeC2TpHFQceyKc3FYrp0OG4N52IJt2AUHjqAG51AHFxjcwxO8wKv1bL1Z79bHcLVgjTIb8AfW5w8MDJ89</latexit><latexit sha1_base64="YVZDwkFNYykdF5xLlfmzDb4ldyo=">AAACGHicbVDLSgNBEOyN7/iKj5uXwSAoQrIrgl6EoBePEdwkkKwyO+nVwdmHM7NCWOJvCJ70T7yJV2/+iGcnmxw0sWCguqqLacpPBFfatr+swtT0zOzc/EJxcWl5ZbW0tt5QcSoZuiwWsWz5VKHgEbqaa4GtRCINfYFN/+5s4DcfUCoeR5e6l6AX0puIB5xRbSRv93SPPBJNToh9tX9dKtsVOweZJM6IlGubkKN+XfrudGOWhhhpJqhSbcdOtJdRqTkT2C92UoUJZXf0BtuGRjRE5WX50X2yY5QuCWJpXqRJrv5OZDRUqhf6ZjOk+laNewPxP6+d6uDYy3iUpBojNvwoSAXRMRk0QLpcItOiZwhlkptbCbulkjJteip28mBWdZWZqsaIVVVJVmUhmsH3JT70TVHOeC2TpHFQceyKc3FYrp0OG4N52IJt2AUHjqAG51AHFxjcwxO8wKv1bL1Z79bHcLVgjTIb8AfW5w8MDJ89</latexit><latexit sha1_base64="7hhcuoR3QngwS1/Zn9mc+jCtZ0U=">AAACGHicbVDLSgMxFM34rPVVdekmWISK0M6IoBuh1I3LCk5baMeSSe+0oZmHSaZQhvobgiv9E3fi1p0/4tp0OgttPRA495x7yOW4EWdSmeaXsbS8srq2ntvIb25t7+wW9vYbMowFBZuGPBQtl0jgLABbMcWhFQkgvsuh6Q6vp35zBEKyMLhT4wgcn/QD5jFKlJacUu0EP2KFr7B5f9otFM2ymQIvEisjRZSh3i18d3ohjX0IFOVEyrZlRspJiFCMcpjkO7GEiNAh6UNb04D4IJ0kPXqCj7XSw14o9AsUTtXfiYT4Uo59V2/6RA3kvDcV//PasfIunYQFUawgoLOPvJhjFeJpA7jHBFDFx5oQKpi+FdMBEYQq3VO+kwaTii31VNFGKCtS0Ar1QQ+uK2A00UVZ87UsksZZ2TLL1u15sVrLKsuhQ3SESshCF6iKblAd2YiiB/SEXtCr8Wy8Ge/Gx2x1ycgyB+gPjM8fjhGe6Q==</latexit>

(D) t = ⌧�
<latexit sha1_base64="jYEcsy8KeMW2wl4bg2B3if73SeA=">AAACHXicbVDLSgNBEOz1bXytj5uXwSDowWRXBL0IQT14jGBUSGKYnXR0cPbBTG8gLPFLBE/6J97Eq/gjnp1scvBVMFBd1cU0FSRKGvK8D2dsfGJyanpmtjA3v7C45C6vXJg41QJrIlaxvgq4QSUjrJEkhVeJRh4GCi+Du+OBf9lFbWQcnVMvwWbIbyLZkYKTlVquu3Wyze4ZsUPWIJ5e77TcolfycrC/xB+RYmUNclRb7mejHYs0xIiE4sbUfS+hZsY1SaGwX2ikBhMu7vgN1i2NeIimmeWX99mmVdqsE2v7ImK5+j2R8dCYXhjYzZDTrfntDcT/vHpKnYNmJqMkJYzE8KNOqhjFbFADa0uNglTPEi60tLcyccs1F2TLKjTyYFauGTuVrRGbstGiLEK0QxBo7PZtUf7vWv6Si92S75X8s71i5WjYGMzAOmzAFviwDxU4hSrUQEAXHuAJnp1H58V5dd6Gq2POKLMKP+C8fwF2CqEG</latexit><latexit sha1_base64="jYEcsy8KeMW2wl4bg2B3if73SeA=">AAACHXicbVDLSgNBEOz1bXytj5uXwSDowWRXBL0IQT14jGBUSGKYnXR0cPbBTG8gLPFLBE/6J97Eq/gjnp1scvBVMFBd1cU0FSRKGvK8D2dsfGJyanpmtjA3v7C45C6vXJg41QJrIlaxvgq4QSUjrJEkhVeJRh4GCi+Du+OBf9lFbWQcnVMvwWbIbyLZkYKTlVquu3Wyze4ZsUPWIJ5e77TcolfycrC/xB+RYmUNclRb7mejHYs0xIiE4sbUfS+hZsY1SaGwX2ikBhMu7vgN1i2NeIimmeWX99mmVdqsE2v7ImK5+j2R8dCYXhjYzZDTrfntDcT/vHpKnYNmJqMkJYzE8KNOqhjFbFADa0uNglTPEi60tLcyccs1F2TLKjTyYFauGTuVrRGbstGiLEK0QxBo7PZtUf7vWv6Si92S75X8s71i5WjYGMzAOmzAFviwDxU4hSrUQEAXHuAJnp1H58V5dd6Gq2POKLMKP+C8fwF2CqEG</latexit><latexit sha1_base64="jYEcsy8KeMW2wl4bg2B3if73SeA=">AAACHXicbVDLSgNBEOz1bXytj5uXwSDowWRXBL0IQT14jGBUSGKYnXR0cPbBTG8gLPFLBE/6J97Eq/gjnp1scvBVMFBd1cU0FSRKGvK8D2dsfGJyanpmtjA3v7C45C6vXJg41QJrIlaxvgq4QSUjrJEkhVeJRh4GCi+Du+OBf9lFbWQcnVMvwWbIbyLZkYKTlVquu3Wyze4ZsUPWIJ5e77TcolfycrC/xB+RYmUNclRb7mejHYs0xIiE4sbUfS+hZsY1SaGwX2ikBhMu7vgN1i2NeIimmeWX99mmVdqsE2v7ImK5+j2R8dCYXhjYzZDTrfntDcT/vHpKnYNmJqMkJYzE8KNOqhjFbFADa0uNglTPEi60tLcyccs1F2TLKjTyYFauGTuVrRGbstGiLEK0QxBo7PZtUf7vWv6Si92S75X8s71i5WjYGMzAOmzAFviwDxU4hSrUQEAXHuAJnp1H58V5dd6Gq2POKLMKP+C8fwF2CqEG</latexit><latexit sha1_base64="NXlORDEhiVJ7lk2S/ZvS6aRor4I=">AAACHXicbVDJSgNBFOyJW4zbqEcvjUGIB5MZEfQiBPXgMYJZIImhp/OSNOlZ6H4TCEP8EsGT/ok38Sr+iGc7y0ETCxrqVb2iH+VFUmh0nC8rtbS8srqWXs9sbG5t79i7exUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1+tdjvzoApUUY3OMwgqbPuoHoCM7QSC3bzt0c00eK9JI2kMUPJy076+SdCegicWckS2YotezvRjvksQ8Bcsm0rrtOhM2EKRRcwijTiDVEjPdZF+qGBswH3Uwml4/okVHatBMq8wKkE/V3ImG+1kPfM5s+w56e98bif149xs5FMxFBFCMEfPpRJ5YUQzqugbaFAo5yaAjjSphbKe8xxTiasjKNSTAplLWZCsYIdUErXuA+mMHzFAxGpih3vpZFUjnNu07evTvLFq9mlaXJATkkOeKSc1Ikt6REyoSTAXkiL+TVerberHfrY7qasmaZffIH1ucP+A+gsg==</latexit>

Counterdiabatic
<latexit sha1_base64="++3Cga3DOp6NGdw7mdnwfcGf808=">AAACI3icbVBNS8NAEJ3U7/oVP/DiJVgET20igh6LXjwqGCu0pWy2U1262Q27m2KJ/TOCJ/0n3sSLB/+GZzdpD2odWHjz3rzZ4UUJZ9r4/odTmpmdm19YXCovr6yurbsbm9dapopiSCWX6iYiGjkTGBpmON4kCkkccWxE/bNcbwxQaSbFlRkm2I7JrWA9RomxVMfdaRm8N9mZTIVB1WUksgIdddyKX/WL8qZBMAGV+jYUddFxv1pdSdMYhaGcaN0M/MS0M6LsNo6jcivVmBDaJ7fYtFCQGHU7K+4fefuW6Xo9qewTxivYn46MxFoP48hOxsTc6b9aTv6nNVPTO2lnTCSpQUHHH/VS7hnp5WF4XaaQGj60gFDF7K0evSOKUJuF3VQYs1qobVezgtQ1rWiNxmibKFI4yIMK/sYyDa4Pq4FfDS6PKvXTcWKwCLuwBwcQwDHU4RwuIAQKD/AIz/DiPDmvzpvzPh4tORPPFvwq5/MbZHul9w==</latexit><latexit sha1_base64="++3Cga3DOp6NGdw7mdnwfcGf808=">AAACI3icbVBNS8NAEJ3U7/oVP/DiJVgET20igh6LXjwqGCu0pWy2U1262Q27m2KJ/TOCJ/0n3sSLB/+GZzdpD2odWHjz3rzZ4UUJZ9r4/odTmpmdm19YXCovr6yurbsbm9dapopiSCWX6iYiGjkTGBpmON4kCkkccWxE/bNcbwxQaSbFlRkm2I7JrWA9RomxVMfdaRm8N9mZTIVB1WUksgIdddyKX/WL8qZBMAGV+jYUddFxv1pdSdMYhaGcaN0M/MS0M6LsNo6jcivVmBDaJ7fYtFCQGHU7K+4fefuW6Xo9qewTxivYn46MxFoP48hOxsTc6b9aTv6nNVPTO2lnTCSpQUHHH/VS7hnp5WF4XaaQGj60gFDF7K0evSOKUJuF3VQYs1qobVezgtQ1rWiNxmibKFI4yIMK/sYyDa4Pq4FfDS6PKvXTcWKwCLuwBwcQwDHU4RwuIAQKD/AIz/DiPDmvzpvzPh4tORPPFvwq5/MbZHul9w==</latexit><latexit sha1_base64="++3Cga3DOp6NGdw7mdnwfcGf808=">AAACI3icbVBNS8NAEJ3U7/oVP/DiJVgET20igh6LXjwqGCu0pWy2U1262Q27m2KJ/TOCJ/0n3sSLB/+GZzdpD2odWHjz3rzZ4UUJZ9r4/odTmpmdm19YXCovr6yurbsbm9dapopiSCWX6iYiGjkTGBpmON4kCkkccWxE/bNcbwxQaSbFlRkm2I7JrWA9RomxVMfdaRm8N9mZTIVB1WUksgIdddyKX/WL8qZBMAGV+jYUddFxv1pdSdMYhaGcaN0M/MS0M6LsNo6jcivVmBDaJ7fYtFCQGHU7K+4fefuW6Xo9qewTxivYn46MxFoP48hOxsTc6b9aTv6nNVPTO2lnTCSpQUHHH/VS7hnp5WF4XaaQGj60gFDF7K0evSOKUJuF3VQYs1qobVezgtQ1rWiNxmibKFI4yIMK/sYyDa4Pq4FfDS6PKvXTcWKwCLuwBwcQwDHU4RwuIAQKD/AIz/DiPDmvzpvzPh4tORPPFvwq5/MbZHul9w==</latexit><latexit sha1_base64="ob2ivwt2uOAFrsb5wG6T1G6a66M=">AAACI3icbVBNS8NAEN34WetXVPDiJVgET00igh6LvXisYNpCW8pmO22XbnbD7qZYYv+M4En/iTfx4sG/4dlN2oO2Diy8eW/e7PDCmFGlPe/TWlldW9/YLGwVt3d29/btg8O6EokkEBDBhGyGWAGjHAJNNYNmLAFHIYNGOKpmemMMUlHB7/Ukhk6EB5z2KcHaUF37uK3hQadVkXANskdxaAQy7dolr+zl5SwDfw5KaF61rv3d7gmSRMA1YViplu/FupNiabYxmBbbiYIYkxEeQMtAjiNQnTS/f+qcGabn9IU0j2snZ387UhwpNYlCMxlhPVSLWkb+p7US3b/upJTHiQZOZh/1E+Zo4WRhOD0qgWg2MQATSc2tDhliiYnJwmzKjakbKNO5RhDKVZK4JALThKGEcRaUvxjLMqhflH2v7N9dlio388gK6ASdonPkoytUQbeohgJE0CN6Qi/o1Xq23qx362M2umLNPUfoT1lfP+aApaM=</latexit>

Q
u
en
ch

<latexit sha1_base64="afqkzktkTpuywByUUDqybCqJq+Q=">AAACGHicbVDJSgNBEK1xN25xuXkZDIKnZEYEPQa9eDTgRCEzSE+nJmnSs9hdEwxDvkPwpH/iTbx680c825l4cCtoePVePar6hZkUmhzn3ZqZnZtfWFxarqysrq1vVDe32jrNFUePpzJV1yHTKEWCHgmSeJ0pZHEo8SocnE30qyEqLdLkkkYZBjHrJSISnJGhAp/wjopWjgnvj2+qNafulGX/Be4XqDV3oKyLm+qH3015HmNCXDKtO66TUVAwRYJLHFf8XGPG+ID1sGNgwmLUQVEePbb3DdO1o1SZl5Bdst8dBYu1HsWhmYwZ9fVvbUL+p3Vyik6CQiRZTuZb00VRLm1K7UkCdlco5CRHBjCuhLnV5n2mGCeTU8UvjUXD06ZrGCHVDa14g8domjBUOJwE5f6O5S9oH9Zdp+62jmrN02lisAS7sAcH4MIxNOEcLsADDrdwD4/wZD1Yz9aL9TodnbG+PNvwo6y3T0Kcob8=</latexit><latexit sha1_base64="afqkzktkTpuywByUUDqybCqJq+Q=">AAACGHicbVDJSgNBEK1xN25xuXkZDIKnZEYEPQa9eDTgRCEzSE+nJmnSs9hdEwxDvkPwpH/iTbx680c825l4cCtoePVePar6hZkUmhzn3ZqZnZtfWFxarqysrq1vVDe32jrNFUePpzJV1yHTKEWCHgmSeJ0pZHEo8SocnE30qyEqLdLkkkYZBjHrJSISnJGhAp/wjopWjgnvj2+qNafulGX/Be4XqDV3oKyLm+qH3015HmNCXDKtO66TUVAwRYJLHFf8XGPG+ID1sGNgwmLUQVEePbb3DdO1o1SZl5Bdst8dBYu1HsWhmYwZ9fVvbUL+p3Vyik6CQiRZTuZb00VRLm1K7UkCdlco5CRHBjCuhLnV5n2mGCeTU8UvjUXD06ZrGCHVDa14g8domjBUOJwE5f6O5S9oH9Zdp+62jmrN02lisAS7sAcH4MIxNOEcLsADDrdwD4/wZD1Yz9aL9TodnbG+PNvwo6y3T0Kcob8=</latexit><latexit sha1_base64="afqkzktkTpuywByUUDqybCqJq+Q=">AAACGHicbVDJSgNBEK1xN25xuXkZDIKnZEYEPQa9eDTgRCEzSE+nJmnSs9hdEwxDvkPwpH/iTbx680c825l4cCtoePVePar6hZkUmhzn3ZqZnZtfWFxarqysrq1vVDe32jrNFUePpzJV1yHTKEWCHgmSeJ0pZHEo8SocnE30qyEqLdLkkkYZBjHrJSISnJGhAp/wjopWjgnvj2+qNafulGX/Be4XqDV3oKyLm+qH3015HmNCXDKtO66TUVAwRYJLHFf8XGPG+ID1sGNgwmLUQVEePbb3DdO1o1SZl5Bdst8dBYu1HsWhmYwZ9fVvbUL+p3Vyik6CQiRZTuZb00VRLm1K7UkCdlco5CRHBjCuhLnV5n2mGCeTU8UvjUXD06ZrGCHVDa14g8domjBUOJwE5f6O5S9oH9Zdp+62jmrN02lisAS7sAcH4MIxNOEcLsADDrdwD4/wZD1Yz9aL9TodnbG+PNvwo6y3T0Kcob8=</latexit><latexit sha1_base64="lCMLGAXzUgTkOiT2+vd7F57aig0=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4ahIRdFl047IF+4A2lMn0ph06eThzUyyh3yG40j9xJ27d+SOunaZZaOuFgXPPuYd753ix4Apt+8sorK1vbG4Vt0s7u3v7B+XDo5aKEsmgySIRyY5HFQgeQhM5CujEEmjgCWh749u53p6AVDwK73EagxvQYch9zihqyu0hPGLaSCBko1m/XLGrdlbmKnByUCF51fvl794gYkkAITJBleo6doxuSiVyJmBW6iUKYsrGdAhdDUMagHLT7OiZeaaZgelHUr8QzYz97UhpoNQ08PRkQHGklrU5+Z/WTdC/dlMexgnqby0W+YkwMTLnCZgDLoGhmGpAmeT6VpONqKQMdU6lXmZMrabSnaWFSFlKMosFoBvPkzCZB+Usx7IKWhdVx646jctK7SaPrEhOyCk5Jw65IjVyR+qkSRh5IE/khbwaz8ab8W58LEYLRu45Jn/K+PwBxKGhaw==</latexit>

Q
u
en
ch
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⇡2 :

bi = 0.5bi = 0.25bi = 0.0

⌧hWCDi
L2F1[p(·)]

= F2[b(·)]:

Perfect erasure 
in finite time 

at finite cost!

Dissipated work v. initial bi & final bit bias bf 



• Performance scaling: 

• Trade-offs: work, speed, size of the information-bearing 
degrees of freedom, fidelity, and storage robustness

hW i = kBT ln 2(H[Y0]�H[Y⌧ ]) +
L
2

⌧
F1[p(·)]F2[b(·)]

<latexit sha1_base64="0fY+n+j3JTRBPhpKgpzdiJWwnFo="></latexit><latexit sha1_base64="0fY+n+j3JTRBPhpKgpzdiJWwnFo="></latexit><latexit sha1_base64="0fY+n+j3JTRBPhpKgpzdiJWwnFo="></latexit><latexit sha1_base64="fQbqDAGjX+DxNS2fTKka/IJRF5c="></latexit>

Independent 
of τ & L

Bit biasBarrier

Counterdiabatic 
WorkGeneral Landauer

Shortcuts via Counterdiabatic Control



Thermodynamic Computing
• Theory 
• Design 
• Diagnosis  
• Experiment



Fluctuation Theorems

Gavin E. Crooks, Entropy production fluctuation theorem and the nonequilibrium work relation for free energy differences, 
Physical Review E 60:3 (1999) 2721-2726.

PrF(+�W )

PrR(��W )
= e�F e+�W

<latexit sha1_base64="qw1Aey+V0v2uFYaaVmOAfuOADuc="></latexit><latexit sha1_base64="qw1Aey+V0v2uFYaaVmOAfuOADuc="></latexit><latexit sha1_base64="qw1Aey+V0v2uFYaaVmOAfuOADuc="></latexit><latexit sha1_base64="8nd706jyGhFP3I4gGwa/cDpbYGs="></latexit>



• Work distribution during erasure: Complex!

Fluctuation Theorems



• Work distributions as a diagnostic 

• Track microscopic information processing with only 
mesoscopic thermodynamics 

• TCFTs for trajectory class C: 

• TCFTs interpolate btw integral and detailed FTs.

Trajectory-Class 
Fluctuation Theorems

PrR(CR)

Pr(C)
= he��W iC
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G. Wimsatt, O-P. Saira, A. B. Boyd, M. H. Matheny, S. Han, M. L. Roukes, and J. P. Crutchfield, 
Harnessing Fluctuations in Thermodynamic Computing via Time-Reversal Symmetries, arxiv.org:1906.11973.

http://arxiv.org/abs/1906.11973


Trajectory-Class 
Fluctuation Theorems

Blue distribution is Pre-Untilt Success trajectories 
Orange is that of Pre-Untilt Fail trajectories 
Green remaining Untilt Active trajectories. 
Black curve is their sum, reconstructs the total work distribution. 

Untilting trajectory 
partition



Thermodynamic Computing
• Theory 
• Design 
• Diagnosis  
• Experiment (Sorry, not today: Roukes@Caltech)
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Principles of 
Thermodynamic 

Computing

THERMODYNAMIC COMPUTING
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Principle Meaning

Information Destruction 
 Logically irreversible operations dissipate energy 

(Landauer, 1961)

Reciprocity 
 Logically nonreciprocal operations dissipate energy

Information Creation 
 
 

Creating information dissipates heat 
(Aghamohammdi & Crutchfield, 2017)

Information Process Second Law

 
Work to drive (or energy dissipated) during computation (Boyd, 
Mandal, & Crutchfield, 2016a)

Requisite Complexity
Advantage maximized when controller matches environment 
(Boyd, Mandal, & Crutchfield, 2016b)

Synchronization & Error Correction

 
Work to correct errors or synchronize to environment (Boyd, 
Mandal, & Crutchfield, 2017)

Modularity

 
Controller modularity is thermodynamically expensive 
(Boyd, Mandal, & Crutchfield, 2018)

Information Dynamics Maxwellian demons are chaotic dynamical systems  
(Boyd & Crutchfield, 2016)

Steady-State Transitions Work to drive transitions between information storage states 
(Riechers & Crutchfield, 2017)

Functional Fluctuations

Engine functionality fluctuates in small systems, short times 
(Crutchfield & Aghamohammdi, 2016)

Control tradeoffs Counterdiabatic control dissipation design (Campbell & De, 2017) 
(Boyd, Patra, Jarzynski, & Crutchfield, 2018)

Reliability
Dissipation costs of high-reliability information processing

Trajectory-class fluctuations Success and failure have thermodynamic signatures (Wimsatt, et 
al., 2019)

Table 2: Nonequilbrium thermodynamics of information processing in classical physical systems. For notation, refer to the cited works.
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 #Ô \X P /\�

�
�

��F�F3KAC= �A?B Q '7 �	`�a ��F�F3K�
�

+ R ��
��`!>G��a���`P!>G� P�a Q $6$I;MN �

�
�

�(Q*P�P�&,�*P*P��
��+��`(a Q `*41 P �a&JY�IZ P *41�
��Y+]IZ�

�_ Q %`� -� � �2a�
�
�

)�_ Q %`P�	`.a�a�
�

�$4; @L:� �8 Q �`��a �`�a� �$459 @L:� �
�

�

�
��

�
�
����

�
�!� T '7 ��	�`�a�

�
�

�!A?B
F4EHA� Q '7 ��� P �!��

�
�

�_ T '7 ��	�`�aY&J P &J\ �[� Z�
�
�

�!� T '7 �Y&J\ P &JZ�
�

�!� S '7 ��	�`�a��	U��1� �&JV�
��FD<B�A?B T '7 �	`�a �W"0
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 #Ô \X P /\�

�
�

��F�F3KAC= �A?B Q '7 �	`�a ��F�F3K�
�

+ R ��
��`!>G��a���`P!>G� P�a Q $6$I;MN �

�
�

�(Q*P�P�&,�*P*P��
��+��`(a Q `*41 P �a&JY�IZ P *41�
��Y+]IZ�

�_ Q %`� -� � �2a�
�
�

)�_ Q %`P�	`.a�a�
�

�$4; @L:� �8 Q �`��a �`�a� �$459 @L:� �
�

�

�
��

�
�
����

�
�!� T '7 ��	�`�a�

�
�

�!A?B
F4EHA� Q '7 ��� P �!��

�
�

�_ T '7 ��	�`�aY&J P &J\ �[� Z�
�
�

�!� T '7 �Y&J\ P &JZ�
�

�!� S '7 ��	�`�a��	U��1� �&JV�
��FD<B�A?B T '7 �	`�a �W"0
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<latexit sha1_base64="AKYwziR8qNxTFkGZi8Nra3p8HbQ=">AAACEXicbVDLSsNAFL2pr1pf9bFzEyyCqyYRQZdFNy4rmFpoQplMb9qxkwczk0IJ/QfBlf6JO3HrF/gjrp2mXWjrhYFzz7mHe+cEKWdS2faXUVpZXVvfKG9WtrZ3dveq+wctmWSCoksTnoh2QCRyFqOrmOLYTgWSKOD4EAxvpvrDCIVkSXyvxin6EenHLGSUKE21HMtTJOtWa3bdLspcBs4c1BpHUFSzW/32egnNIowV5UTKjmOnys+JUIxynFS8TGJK6JD0saNhTCKUfl5cOzFPNdMzw0ToFyuzYH87chJJOY4CPRkRNZCL2pT8T+tkKrzycxanmcKYzhaFGTdVYk6/bvaYQKr4WANCBdO3mnRABKFKB1TxCmNuuVJ3lhYSaUlBLRqhboJA4Giig3IWY1kGrfO6Y9edu4ta43qWGJThGE7gDBy4hAbcQhNcoPAIT/ACr8az8Wa8Gx+z0ZIx9xzCnzI+fwBk054C</latexit><latexit sha1_base64="AKYwziR8qNxTFkGZi8Nra3p8HbQ=">AAACEXicbVDLSsNAFL2pr1pf9bFzEyyCqyYRQZdFNy4rmFpoQplMb9qxkwczk0IJ/QfBlf6JO3HrF/gjrp2mXWjrhYFzz7mHe+cEKWdS2faXUVpZXVvfKG9WtrZ3dveq+wctmWSCoksTnoh2QCRyFqOrmOLYTgWSKOD4EAxvpvrDCIVkSXyvxin6EenHLGSUKE21HMtTJOtWa3bdLspcBs4c1BpHUFSzW/32egnNIowV5UTKjmOnys+JUIxynFS8TGJK6JD0saNhTCKUfl5cOzFPNdMzw0ToFyuzYH87chJJOY4CPRkRNZCL2pT8T+tkKrzycxanmcKYzhaFGTdVYk6/bvaYQKr4WANCBdO3mnRABKFKB1TxCmNuuVJ3lhYSaUlBLRqhboJA4Giig3IWY1kGrfO6Y9edu4ta43qWGJThGE7gDBy4hAbcQhNcoPAIT/ACr8az8Wa8Gx+z0ZIx9xzCnzI+fwBk054C</latexit><latexit sha1_base64="AKYwziR8qNxTFkGZi8Nra3p8HbQ=">AAACEXicbVDLSsNAFL2pr1pf9bFzEyyCqyYRQZdFNy4rmFpoQplMb9qxkwczk0IJ/QfBlf6JO3HrF/gjrp2mXWjrhYFzz7mHe+cEKWdS2faXUVpZXVvfKG9WtrZ3dveq+wctmWSCoksTnoh2QCRyFqOrmOLYTgWSKOD4EAxvpvrDCIVkSXyvxin6EenHLGSUKE21HMtTJOtWa3bdLspcBs4c1BpHUFSzW/32egnNIowV5UTKjmOnys+JUIxynFS8TGJK6JD0saNhTCKUfl5cOzFPNdMzw0ToFyuzYH87chJJOY4CPRkRNZCL2pT8T+tkKrzycxanmcKYzhaFGTdVYk6/bvaYQKr4WANCBdO3mnRABKFKB1TxCmNuuVJ3lhYSaUlBLRqhboJA4Giig3IWY1kGrfO6Y9edu4ta43qWGJThGE7gDBy4hAbcQhNcoPAIT/ACr8az8Wa8Gx+z0ZIx9xzCnzI+fwBk054C</latexit><latexit sha1_base64="1pSJPuiAnvuD/lmk61w4ANiPm8Q=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4ahIRdFl047KCaQttKJPpTTt2MhNmJoUS+g+CK/0Td+LWL/BHXDtNs9DWCwPnnnMP984JE0aVdt0vq7S2vrG5Vd6u7Ozu7R9UD49aSqSSgE8EE7ITYgWMcvA11Qw6iQQchwza4fh2rrcnIBUV/EFPEwhiPOQ0ogRrQ7U8p6dx2q/W3Lqbl70KvALUUFHNfvW7NxAkjYFrwrBSXc9NdJBhqSlhMKv0UgUJJmM8hK6BHMeggiy/dmafGWZgR0Kax7Wds78dGY6VmsahmYyxHqllbU7+p3VTHV0HGeVJqoGTxaIoZbYW9vzr9oBKIJpNDcBEUnOrTUZYYqJNQJVebswcX5nOMYJQjpLEITGYJgwlTGYmKG85llXQuqh7bt27v6w1borIyugEnaJz5KEr1EB3qIl8RNAjekIv6NV6tt6sd+tjMVqyCs8x+lPW5w/m2J2u</latexit>

L2
<latexit sha1_base64="PNQEixLKjLG3wJeI2d4u3PjQYZQ=">AAACDnicbVDLTgJBEOzFF+ILHzcvG4mJJ9glJnokevHgAaMLJLCS2aEXJsw+MjNLQjZ8gokn/RNvxqu/4I94dlg4KNjJJNVVXeme8mLOpLKsLyO3srq2vpHfLGxt7+zuFfcPGjJKBEWHRjwSLY9I5CxERzHFsRULJIHHsekNr6d6c4RCsih8UOMY3YD0Q+YzSpSm7m8fq91iySpbWZnLwJ6DUu0Isqp3i9+dXkSTAENFOZGybVuxclMiFKMcJ4VOIjEmdEj62NYwJAFKN81OnZinmumZfiT0C5WZsb8dKQmkHAeengyIGshFbUr+p7UT5V+6KQvjRGFIZ4v8hJsqMqf/NntMIFV8rAGhgulbTTogglCl0yl0MmNacaTuKlqIZEUKWqEB6sbzBI4mOih7MZZl0KiWbats352XalezxCAPx3ACZ2DDBdTgBurgAIU+PMELvBrPxpvxbnzMRnPG3HMIf8r4/AEE45y6</latexit><latexit sha1_base64="PNQEixLKjLG3wJeI2d4u3PjQYZQ=">AAACDnicbVDLTgJBEOzFF+ILHzcvG4mJJ9glJnokevHgAaMLJLCS2aEXJsw+MjNLQjZ8gokn/RNvxqu/4I94dlg4KNjJJNVVXeme8mLOpLKsLyO3srq2vpHfLGxt7+zuFfcPGjJKBEWHRjwSLY9I5CxERzHFsRULJIHHsekNr6d6c4RCsih8UOMY3YD0Q+YzSpSm7m8fq91iySpbWZnLwJ6DUu0Isqp3i9+dXkSTAENFOZGybVuxclMiFKMcJ4VOIjEmdEj62NYwJAFKN81OnZinmumZfiT0C5WZsb8dKQmkHAeengyIGshFbUr+p7UT5V+6KQvjRGFIZ4v8hJsqMqf/NntMIFV8rAGhgulbTTogglCl0yl0MmNacaTuKlqIZEUKWqEB6sbzBI4mOih7MZZl0KiWbats352XalezxCAPx3ACZ2DDBdTgBurgAIU+PMELvBrPxpvxbnzMRnPG3HMIf8r4/AEE45y6</latexit><latexit sha1_base64="PNQEixLKjLG3wJeI2d4u3PjQYZQ=">AAACDnicbVDLTgJBEOzFF+ILHzcvG4mJJ9glJnokevHgAaMLJLCS2aEXJsw+MjNLQjZ8gokn/RNvxqu/4I94dlg4KNjJJNVVXeme8mLOpLKsLyO3srq2vpHfLGxt7+zuFfcPGjJKBEWHRjwSLY9I5CxERzHFsRULJIHHsekNr6d6c4RCsih8UOMY3YD0Q+YzSpSm7m8fq91iySpbWZnLwJ6DUu0Isqp3i9+dXkSTAENFOZGybVuxclMiFKMcJ4VOIjEmdEj62NYwJAFKN81OnZinmumZfiT0C5WZsb8dKQmkHAeengyIGshFbUr+p7UT5V+6KQvjRGFIZ4v8hJsqMqf/NntMIFV8rAGhgulbTTogglCl0yl0MmNacaTuKlqIZEUKWqEB6sbzBI4mOih7MZZl0KiWbats352XalezxCAPx3ACZ2DDBdTgBurgAIU+PMELvBrPxpvxbnzMRnPG3HMIf8r4/AEE45y6</latexit><latexit sha1_base64="t2XdHxr2UyKKRSB/J3QU7/BmCBo=">AAACDnicbVDLTsJAFJ36RHyhLt1MJCauaEtMdEl048IFRgskUMl0uMCE6bSZmZKQhk8wcaV/4s649Rf8EdcOpQsFbzLJuefck3vnBDFnSjvOl7Wyura+sVnYKm7v7O7tlw4OGypKJAWPRjySrYAo4EyAp5nm0IolkDDg0AxG1zO9OQapWCQe9CQGPyQDwfqMEm2o+9vHardUdipOVngZuDkoo7zq3dJ3pxfRJAShKSdKtV0n1n5KpGaUw7TYSRTEhI7IANoGChKC8tPs1Ck+NUwP9yNpntA4Y387UhIqNQkDMxkSPVSL2oz8T2snun/pp0zEiQZB54v6Ccc6wrN/4x6TQDWfGECoZOZWTIdEEqpNOsVOZkxtT5nONkKkbCWpTUMwTRBIGE9NUO5iLMugUa24TsW9Oy/XrvLICugYnaAz5KILVEM3qI48RNEAPaEX9Go9W2/Wu/UxH12xcs8R+lPW5w+G6Jxm</latexit>

� ln ✏
<latexit sha1_base64="ZUzINp7YykwXd8h6Msxw58LFK2s=">AAACGXicbVDLSgMxFL1TX7W+6mPnJlgEN7YzIuiy6MalglWhM0omva3BTDIkmUIZ+h+CK/0Td+LWlT/i2nTahVYPBM495x5yOXEquLG+/+mVZmbn5hfKi5Wl5ZXVter6xpVRmWbYYkoofRNTg4JLbFluBd6kGmkSC7yOH05H/nUfteFKXtpBilFCe5J3OaPWSbf7JBSShJgaLpS8q9b8ul+A/CXBhNSaW1Dg/K76FXYUyxKUlglqTDvwUxvlVFvOBA4rYWYwpeyB9rDtqKQJmigvrh6SXad0SFdp96QlhfozkdPEmEESu82E2nsz7Y3E/7x2ZrvHUc5lmlmUbPxRNxPEKjKqgHS4RmbFwBHKNHe3EnZPNWXWFVUJi2DeaBk3NZyhTMNo1mAJuiGONfaHrqhgupa/5OqgHvj14OKw1jwZNwZl2IYd2IMAjqAJZ3AOLWCg4RGe4cV78l69N+99vFryJplN+AXv4xuIkqFF</latexit><latexit sha1_base64="ZUzINp7YykwXd8h6Msxw58LFK2s=">AAACGXicbVDLSgMxFL1TX7W+6mPnJlgEN7YzIuiy6MalglWhM0omva3BTDIkmUIZ+h+CK/0Td+LWlT/i2nTahVYPBM495x5yOXEquLG+/+mVZmbn5hfKi5Wl5ZXVter6xpVRmWbYYkoofRNTg4JLbFluBd6kGmkSC7yOH05H/nUfteFKXtpBilFCe5J3OaPWSbf7JBSShJgaLpS8q9b8ul+A/CXBhNSaW1Dg/K76FXYUyxKUlglqTDvwUxvlVFvOBA4rYWYwpeyB9rDtqKQJmigvrh6SXad0SFdp96QlhfozkdPEmEESu82E2nsz7Y3E/7x2ZrvHUc5lmlmUbPxRNxPEKjKqgHS4RmbFwBHKNHe3EnZPNWXWFVUJi2DeaBk3NZyhTMNo1mAJuiGONfaHrqhgupa/5OqgHvj14OKw1jwZNwZl2IYd2IMAjqAJZ3AOLWCg4RGe4cV78l69N+99vFryJplN+AXv4xuIkqFF</latexit><latexit sha1_base64="ZUzINp7YykwXd8h6Msxw58LFK2s=">AAACGXicbVDLSgMxFL1TX7W+6mPnJlgEN7YzIuiy6MalglWhM0omva3BTDIkmUIZ+h+CK/0Td+LWlT/i2nTahVYPBM495x5yOXEquLG+/+mVZmbn5hfKi5Wl5ZXVter6xpVRmWbYYkoofRNTg4JLbFluBd6kGmkSC7yOH05H/nUfteFKXtpBilFCe5J3OaPWSbf7JBSShJgaLpS8q9b8ul+A/CXBhNSaW1Dg/K76FXYUyxKUlglqTDvwUxvlVFvOBA4rYWYwpeyB9rDtqKQJmigvrh6SXad0SFdp96QlhfozkdPEmEESu82E2nsz7Y3E/7x2ZrvHUc5lmlmUbPxRNxPEKjKqgHS4RmbFwBHKNHe3EnZPNWXWFVUJi2DeaBk3NZyhTMNo1mAJuiGONfaHrqhgupa/5OqgHvj14OKw1jwZNwZl2IYd2IMAjqAJZ3AOLWCg4RGe4cV78l69N+99vFryJplN+AXv4xuIkqFF</latexit><latexit sha1_base64="7yCCcwoBq60xedr0SAy4b3lR+m8=">AAACGXicbVDLSgMxFM34rPVVdekmWAQ3tjMi6LLoxmUF+4DOWDLpbRuaSYYkUyhD/0NwpX/iTty68kdcm05noa0HAueecw+5nDDmTBvX/XJWVtfWNzYLW8Xtnd29/dLBYVPLRFFoUMmlaodEA2cCGoYZDu1YAYlCDq1wdDvzW2NQmknxYCYxBBEZCNZnlBgrPZ5jnwvsQ6wZl6JbKrsVNwNeJl5OyihHvVv69nuSJhEIQznRuuO5sQlSogyjHKZFP9EQEzoiA+hYKkgEOkizq6f41Co93JfKPmFwpv5OpCTSehKFdjMiZqgXvZn4n9dJTP86SJmIEwOCzj/qJxwbiWcV4B5TQA2fWEKoYvZWTIdEEWpsUUU/C6bVhrZT1RpSV7WiVRqBHcJQwXhqi/IWa1kmzYuK51a8+8ty7SavrICO0Qk6Qx66QjV0h+qogShS6Am9oFfn2Xlz3p2P+eqKk2eO0B84nz8KpqDx</latexit>
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Landauer’s Stack
• Fundamental costs of information processing? 

• Account for all currently-identified thermodynamic costs: 
     Landauer irreversibility, nonreciprocity, IPSL, requisite complexity, 
randomness creation, prediction, functional fluctuations, sensing, 
synchronization, error correction, modularity, high reliability, … 

• Predict total stack cost—energetics of extant computing 

• If not, how far are we from doing so? 

• What might we be missing?



Thermodynamic Computing 
Futures



• Design
• Comparative optimality: Many ways (now) to design control 

protocols (geometric control, counterdiabatic, …) 
• Trade-offs: Speed v. energy v. accuracy v. … 

• Diagnosis
• Mesoscopics (e.g., work distributions) to diagnose success & failure 

• Experiment
• Flux qubits: an attractive platform 
• Thermodynamics of bit reset via a continuously-monitored flux cbit 
• Test current predictions 
• Work distributions display universal features of functional 

microscopic trajectories

Thermodynamic Computing 
Roadmap To Date



Thermodynamic Computing 
Challenges

• Beyond overdamped: Fully underdamped dynamics 
• Beyond detailed balance 

• Beyond linear response 

• Beyond Markovian: Hidden Markov dynamics, long-range correlations 

• Beyond memoryless: Memoryful information processing, transducers 
• Multivariate information theory: Beyond single bit, two-point mutual information, 

transfer entropy, … 

• Information-bearing degrees of freedom? 

• Strong system+environment & system+system coupling 
• Nonlinear dynamics of information processing: Beyond NESS 

• New analytics: Nonnormal, nondiagonalizable, … 

• Information-engine circuits and lattices



Thanks!


