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physics of computing


computational performance constraints


dissipation in reversible computing (RC)


super-adiabatic RC?


parallelism & concurrency in RC
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Thermodynamics of Computing

Figure — Mike Frank



Sandia National Laboratories August 2022

Maxwell's Daemon
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Szilard Engine
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Szilard Engine



Sandia National Laboratories August 2022

Maxwell's Daemon
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Landauer Limit

<latexit sha1_base64="oP41m9giXmos8PsdjclwacxfgIE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWRoi5LdaG7ivYBTQiT6U07dPJgZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvff4CWdSWda3UVhaXlldK66XNja3tnfM3b2WjFNBoUljHouOTyRwFkFTMcWhkwggoc+h7Q8vJ377AYRkcXSvRgm4IelHLGCUKC155oFzBVwRfIedPuChV8e5cOOZZatiTYEXiZ2TMsrR8MwvpxfTNIRIUU6k7NpWotyMCMUoh3HJSSUkhA5JH7qaRiQE6WbTF8b4WCs9HMRCV6TwVP09kZFQylHo686QqIGc9ybif143VcGFm7EoSRVEdLYoSDlWMZ7kgXtMAFV8pAmhgulbMR0QQajSqZV0CPb8y4ukdVqxzyrV22q5Vs/jKKJDdIROkI3OUQ1dowZqIooe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8AoDGVqg==</latexit>
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<latexit sha1_base64="JJkTBWTu4tLH6MH72ekfqh9Dofg=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KUoi5LdeGyhb6gCWEyvWmHTh7MTIQS6sZfceNCEbf+hTv/xmmbhbYeuHA4517uvcdPOJPKsr6NtfWNza3twk5xd2//4NA8Ou7IOBUU2jTmsej5RAJnEbQVUxx6iQAS+hy6/vh25ncfQEgWRy01ScANyTBiAaNEackzT5074IrgJnaGgMdevYUdHg9xxTNLVtmaA68SOycllKPhmV/OIKZpCJGinEjZt61EuRkRilEO06KTSkgIHZMh9DWNSAjSzeYfTPGFVgY4iIWuSOG5+nsiI6GUk9DXnSFRI7nszcT/vH6qghs3Y1GSKojoYlGQcqxiPIsDD5gAqvhEE0IF07diOiKCUKVDK+oQ7OWXV0mnUravytVmtVSr53EU0Bk6R5fIRteohu5RA7URRY/oGb2iN+PJeDHejY9F65qRz5ygPzA+fwDOMJUz</latexit>

�Q � kBT log 2

Landauer, Rolf. "Irreversibility and heat generation in the computing process." IBM journal of research and development 5.3 (1961): 183-191. 
Frank, Michael P., and Karpur Shukla. "Quantum foundations of classical reversible computing." Entropy 23.6 (2021): 701.
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Landauer Limit
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Landauer, Rolf. "Irreversibility and heat generation in the computing process." IBM journal of research and development 5.3 (1961): 183-191. 
Frank, Michael P., and Karpur Shukla. "Quantum foundations of classical reversible computing." Entropy 23.6 (2021): 701.
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Consequences for Computing

mov AL, 314

jne loop

void swap(int *a, int *b) {

  int tmp = *b;

  *b = *a;

  *a = tmp;

}

int i = 5;

while (i--) {

  printf("%d\n", i);

}
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Reversible Computing

Bennett, Charles H. "Logical reversibility of computation." IBM journal of Research and Development 17.6 (1973): 525-532. 
Yokoyama, Tetsuo, and Robert Glück. "A reversible programming language and its invertible self-interpreter." Proceedings of the 2007 ACM 
    SIGPLAN symposium on Partial evaluation and semantics-based program manipulation. 2007.
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Setup

- mass-energy available 
for computation


- prop to volume


- heat/free energy flux


- prop to convex 
boundary
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Conventional Computers

- Landauer Limit lower bound


- P/A constrained
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Ballistic Computing

- RC not subject to Landauer limit


- Computing for free(...?)


- Not P-limited...


- ...but M-limited

Margolus, Norman, and Lev B. Levitin. "The maximum speed of dynamical evolution." Physica D: Nonlinear Phenomena 120.1-2 (1998): 188-195.

<latexit sha1_base64="yQ/PCrkOrjBSUBZymZidwmCoDdw=">AAACBHicbVDLTgIxFL2DL8TXqEs2jUTjCmYIUZdEQ+ISE3kkzIR0SoGGTmfSdkwIYeHGX3HjQmPc+hHu/BsLzELBk9zk9Jx703tPEHOmtON8W5m19Y3Nrex2bmd3b//APjxqqiiRhDZIxCPZDrCinAna0Exz2o4lxWHAaSsY3cz81gOVikXiXo9j6od4IFifEayN1LXznkjQmccpKtdKQ+R5i0et5MWsaxecojMHWiVuSgqQot61v7xeRJKQCk04VqrjOrH2J1hqRjid5rxE0RiTER7QjqECh1T5k/kRU3RqlB7qR9KU0Giu/p6Y4FCpcRiYzhDroVr2ZuJ/XifR/St/wkScaCrI4qN+wpGO0CwR1GOSEs3HhmAimdkVkSGWmGiTW86E4C6fvEqa5aJ7UazcVQrV6zSOLOThBM7BhUuowi3UoQEEHuEZXuHNerJerHfrY9GasdKZY/gD6/MH4/eVtg==</latexit>

⌫  2E/h

 E/⇡
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net rate of computation

architecture

? ?

?
?

?

?
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physics of computing


computational performance constraints


dissipation in reversible computing (RC)


super-adiabatic RC?


parallelism & concurrency in RC
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Ballistic Computing?

<latexit sha1_base64="/NWOyRbSR6nATJQn7xMwVTHpgE0=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY2+wlS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmA8kjTglYqeeWu7csAs0HQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/vHp2d1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w87JJN6</latexit>,

Fredkin, Edward, and Tommaso Toffoli. "Conservative logic." International Journal of theoretical physics 21.3 (1982): 219-253.
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–Charles Bennett

“Even if classical balls could be shot with perfect 
accuracy into a perfect apparatus, fluctuating tidal 

forces from turbulence in the atmospheres of nearby 
stars would be enough to randomize their motion within 
a few hundred collisions. Needless to say, the trajectory 
would be spoiled much sooner if stronger nearby noise 
sources (e.g., thermal radiation and conduction) were 

not eliminated.” 

Bennett, Charles H. "The thermodynamics of computation—a review." International Journal of Theoretical Physics 21.12 (1982): 905-940.

Ballistic Computing?
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Dissipation in RC

- thermo coupling


- signal/state 
restoration


- superconductivity? 
only DC...

net rate of computation

architecture

?
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Adiabatic RC

- asymptotically vanishing (but non-zero) dissipation


- realizable! adiabatic CMOS, ...

<latexit sha1_base64="sR9bSGfmmumxHteNAC2gSGb5740=">AAACFXicbVBNSwMxEM36bf2qevQSLIoHKbtS1ItQ1INHRauFbinZdKqh2WRJZsWy9E948a948aCIV8Gb/8a07kGrD0Je3pthMi9KpLDo+5/e2PjE5NT0zGxhbn5hcam4vHJpdWo41LiW2tQjZkEKBTUUKKGeGGBxJOEq6h4N/KtbMFZodYG9BJoxu1aiIzhDJ7WK2+ExSGT0nIa8rZHmzxBZSjcP3A13mHGtLJb7tFUs+WV/CPqXBDkpkRynreJH2NY8jUEhl8zaRuAn2MyYQcEl9AthaiFhvMuuoeGoYjHYZjbcqk83nNKmHW3cUUiH6s+OjMXW9uLIVcYMb+yoNxD/8xopdvabmVBJiqD496BOKilqOoiItoUBjrLnCONGuL9SfsMM4+iCLLgQgtGV/5LLnXKwW66cVUrVwzyOGbJG1skWCcgeqZITckpqhJN78kieyYv34D15r97bd+mYl/eskl/w3r8AQeedqA==</latexit>

�S ·�⌧ = const.
<latexit sha1_base64="b67ecmiA6zbJnamHr0EjLbMbcGY=">AAAB/3icbVDLSgMxFM34rONrVHDjJlgUV2VGiros6sJlRfuAzlAyaaYNzSQhyQilduGvuHGhiFt/w51/Y9rOQlsPXDiccy/33hNLRrXx/W9nYXFpeWW1sOaub2xubXs7u3UtMoVJDQsmVDNGmjDKSc1Qw0hTKoLSmJFG3L8a+40HojQV/N4MJIlS1OU0oRgZK7W9fTe8JswgeAePQ6mENAKGPGt7Rb/kTwDnSZCTIshRbXtfYUfgLCXcYIa0bgW+NNEQKUMxIyM3zDSRCPdRl7Qs5SglOhpO7h/BI6t0YCKULW7gRP09MUSp1oM0tp0pMj09643F/7xWZpKLaEi5zAzheLooyRi0T47DgB2qCDZsYAnCitpbIe4hhbCxkbk2hGD25XlSPy0FZ6XybblYuczjKIADcAhOQADOQQXcgCqoAQwewTN4BW/Ok/PivDsf09YFJ5/ZA3/gfP4ANlGU+A==</latexit>

�S / ⌫
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Adiabatic RC

net rate of computation

architecture
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Adiabatic RC

net rate of computation

architecture
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physics of computing


computational performance constraints


dissipation in reversible computing (RC)


super-adiabatic RC?


parallelism & concurrency in RC



Sandia National Laboratories August 2022

Generic RC Model

<latexit sha1_base64="6nbQMIfG6dZ5SpmHNGlwC22ayqc=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBalIpREinoRil56rGDaQhvCZrttl24+2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JEcAW2/W0U1tY3NreK2+bO7t7+gXV41FRxKilzaSxi2Q6IYoJHzAUOgrUTyUgYCNYKRg8zvzVmUvE4eoJJwryQDCLe55SAlnzLMuv4/A7XfRtfYrcMF75Vsiv2HHiVODkpoRwN3/rq9mKahiwCKohSHcdOwMuIBE4Fm5rdVLGE0BEZsI6mEQmZ8rL55VN8ppUe7sdSVwR4rv6eyEio1CQMdGdIYKiWvZn4n9dJoX/rZTxKUmARXSzqpwJDjGcx4B6XjIKYaEKo5PpWTIdEEgo6LFOH4Cy/vEqaVxXnulJ9rJZq93kcRXSCTlEZOegG1VAdNZCLKBqjZ/SK3ozMeDHejY9Fa8HIZ47RHxifP/LtkKU=</latexit>

H = H0 + U(t)

<latexit sha1_base64="haQn8v5bYp6SF3onFN7sJJIomC8=">AAACEHicbVDLSsNAFJ3UV42vqEs3g8UHKCWRom6EopsuXFSwD0hCmUyn7dDJJMxMhBL6CW78FTcuFHHr0p1/46TNQlsPDBzOuffOvSeIGZXKtr+NwsLi0vJKcdVcW9/Y3LK2d5oySgQmDRyxSLQDJAmjnDQUVYy0Y0FQGDDSCoY3md96IELSiN+rUUz8EPU57VGMlJY61pHpdSPliUEED68gdTN2WvPhCfRCpAYYMXibaR2rZJftCeA8cXJSAjnqHetLD8ZJSLjCDEnpOnas/BQJRTEjY9NLJIkRHqI+cTXlKCTSTycHjeGBVrqwFwn9uIIT9XdHikIpR2GgK7Mt5ayXif95bqJ6l35KeZwowvH0o17CoIpglg7sUkGwYiNNEBZU7wrxAAmElc7Q1CE4syfPk+ZZ2TkvV+4qpep1HkcR7IF9cAwccAGqoAbqoAEweATP4BW8GU/Gi/FufExLC0beswv+wPj8AaHLmxs=</latexit>

⇢̇ = i[⇢, H] + L⇢

<latexit sha1_base64="uM5IxOF6Q30EV4Xs0JcnIwi/jwU="></latexit>

L⇢ =
X

i

�i(Li⇢L
†
i � 1

2{L
†
iLi, ⇢})
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Generic RC Model
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H = H0 + U(t)
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⇢̇ = i[⇢, H] + L⇢

<latexit sha1_base64="uM5IxOF6Q30EV4Xs0JcnIwi/jwU="></latexit>

L⇢ =
X

i

�i(Li⇢L
†
i � 1

2{L
†
iLi, ⇢})

ballistic internal 
temp

external env

jump ops

strength
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Generic RC Model

'subcomputers'

'bit' base

(e.g. g=2)

state

size

thermal dofs 
per 'bit'

#'bits'
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Error States

- projectors


- probability of error


- after small time

<latexit sha1_base64="maAHeLCSpiJQ7a3kXb2AYW582Yk="></latexit>

�p = tr[P?(⇢+ �t⇢̇+ 1
2�t

2
⇢̈)] +O(�t3)

= tr[P?(�tL⇢+ �t
2(H⇢H + 1

2 i[L⇢, H] + 1
2

d
dtL⇢))]
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�p

<latexit sha1_base64="5GAnHPdKrzhIXNuYi1lJIxLD5pE=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczO9iZDZh/M9ArLkqM/4FX/wJt49UP8Ab/DSbIHk1jQUFR1093lJVJotO1vq7S2vrG5Vd6u7Ozu7R9UD4/aOk4VhxaPZay6HtMgRQQtFCihmyhgoSeh443vpn7nCZQWcfSIWQJuyIaRCARnaKRu3weJjOKgWrPr9gx0lTgFqZECzUH1p+/HPA0hQi6Z1j3HTtDNmULBJUwq/VRDwviYDaFnaMRC0G4+u3dCz4zi0yBWpiKkM/XvRM5CrbPQM50hw5Fe9qbif14vxeDGzUWUpAgRny8KUkkxptPnqS8UcJSZIYwrYW6lfMQU42giWtiSjDItuJ6YYJzlGFZJ+6LuXNUvHy5rjdsiojI5IafknDjkmjTIPWmSFuFEkhfySt6sZ+vd+rA+560lq5g5Jguwvn4BTVGYtQ==</latexit>

�t

<latexit sha1_base64="k5bc8rKXw01Qpko38cLINGPOztE=">AAAB/HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5ct2Ae0g2TSO21oJjMkGaEM9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc87l3pwgEVwb1/12CmvrG5tbxe3Szu7e/kH58Kil41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g9Hd1G8/odI8lg9mnKAf0YHkIWfUWKlRfyxX3Ko7A1klXk4qkMPmf3r9mKURSsME1brruYnxM6oMZwInpV6qMaFsRAfYtVTSCLWfzQ6dkDOr9EkYK/ukITP170RGI63HUWCTETVDvexNxf+8bmrCGz/jMkkNSjZfFKaCmJhMf036XCEzYmwJZYrbWwkbUkWZsd0sbEmGY82ZnthivOUaVknroupdVS8bl5XabV5REU7gFM7Bg2uowT3UoQkMEF7gFd6cZ+fd+XA+59GCk88cwwKcr18AYZXF</latexit>

P
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P?
<latexit sha1_base64="k5bc8rKXw01Qpko38cLINGPOztE=">AAAB/HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5ct2Ae0g2TSO21oJjMkGaEM9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc87l3pwgEVwb1/12CmvrG5tbxe3Szu7e/kH58Kil41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g9Hd1G8/odI8lg9mnKAf0YHkIWfUWKlRfyxX3Ko7A1klXk4qkMPmf3r9mKURSsME1brruYnxM6oMZwInpV6qMaFsRAfYtVTSCLWfzQ6dkDOr9EkYK/ukITP170RGI63HUWCTETVDvexNxf+8bmrCGz/jMkkNSjZfFKaCmJhMf036XCEzYmwJZYrbWwkbUkWZsd0sbEmGY82ZnthivOUaVknroupdVS8bl5XabV5REU7gFM7Bg2uowT3UoQkMEF7gFd6cZ+fd+XA+59GCk88cwwKcr18AYZXF</latexit>

P

<latexit sha1_base64="5oI3/3NKoYRZThynxov8tAA2Ox4=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOSNcxOZpMxszPLTK+wLDn5A171D7yJV7/EH/A7nCR7MIkFDUVVN91dQSy4Adf9dgorq2vrG8XN0tb2zu5eef+gaVSiKWtQJZRuB8QwwSVrAAfB2rFmJAoEawWjm4nfemLacCXvIY2ZH5GB5CGnBKzUrD90AwW9csWtulPgZeLlpIJy1Hvln25f0SRiEqggxnQ8NwY/Ixo4FWxc6iaGxYSOyIB1LJUkYsbPpteO8YlV+jhU2pYEPFX/TmQkMiaNAtsZERiaRW8i/ud1Egiv/IzLOAEm6WxRmAgMCk9ex32uGQWRWkKo5vZWTIdEEwo2oLkt8TA1nJqxDcZbjGGZNM+q3kX1/O68UrvOIyqiI3SMTpGHLlEN3aI6aiCKHtELekVvzrPz7nw4n7PWgpPPHKI5OF+/7TGX9g==</latexit>

P?

<latexit sha1_base64="KSyD25CmI+XzVnehPFUxKrVT4lk=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkXoqiRS1GXRjcsW7APaUCbTm3boZBJmJkII9Qfc6h+4E7f+iz/gdzhts9DWAxcO59zLvff4MWdKO86XVdjY3NreKe6W9vYPDo/KxycdFSWSYptGPJI9nyjkTGBbM82xF0skoc+x60/v5n73EaVikXjQaYxeSMaCBYwSbaRWdViuODVnAXuduDmpQI7msPw9GEU0CVFoyolSfdeJtZcRqRnlOCsNEoUxoVMyxr6hgoSovGxx6My+MMrIDiJpSmh7of6eyEioVBr6pjMkeqJWvbn4n9dPdHDjZUzEiUZBl4uChNs6sudf2yMmkWqeGkKoZOZWm06IJFSbbP5siSepYlTNTDDuagzrpHNZc69q9Va90rjNIyrCGZxDFVy4hgbcQxPaQAHhGV7g1Xqy3qx362PZWrDymVP4A+vzB8CSlZ0=</latexit>

(
<latexit sha1_base64="KSyD25CmI+XzVnehPFUxKrVT4lk=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkXoqiRS1GXRjcsW7APaUCbTm3boZBJmJkII9Qfc6h+4E7f+iz/gdzhts9DWAxcO59zLvff4MWdKO86XVdjY3NreKe6W9vYPDo/KxycdFSWSYptGPJI9nyjkTGBbM82xF0skoc+x60/v5n73EaVikXjQaYxeSMaCBYwSbaRWdViuODVnAXuduDmpQI7msPw9GEU0CVFoyolSfdeJtZcRqRnlOCsNEoUxoVMyxr6hgoSovGxx6My+MMrIDiJpSmh7of6eyEioVBr6pjMkeqJWvbn4n9dPdHDjZUzEiUZBl4uChNs6sudf2yMmkWqeGkKoZOZWm06IJFSbbP5siSepYlTNTDDuagzrpHNZc69q9Va90rjNIyrCGZxDFVy4hgbcQxPaQAHhGV7g1Xqy3qx362PZWrDymVP4A+vzB8CSlZ0=</latexit>

(
<latexit sha1_base64="I8pGwFprR+TLDqZbuKHazGxrcxg=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdVl047KCfUAbymQyaYdOJsPMjRBCl/6AW/0Dd+LWD/EH/A6nbRa29cCFwzn3cu89gRLcgOt+O6W19Y3NrfJ2ZWd3b/+genjUNkmqKWvRRCS6GxDDBJesBRwE6yrNSBwI1gnGd1O/88S04Yl8hEwxPyZDySNOCVip2w+ZAILVoFpz6+4MeJV4BamhAs1B9acfJjSNmQQqiDE9z1Xg50QDp4JNKv3UMEXomAxZz1JJYmb8fHbvBJ9ZJcRRom1JwDP170ROYmOyOLCdMYGRWfam4n9eL4Xoxs+5VCkwSeeLolRgSPD0eRxyzSiIzBJCNbe3YjoimlCwES1sUaPMcGomNhhvOYZV0r6oe1f1y4fLWuO2iKiMTtApOkceukYNdI+aqIUoEugFvaI359l5dz6cz3lrySlmjtECnK9fRvGYsQ==</latexit>

�p
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Entropy Production
- pre-error


- post-error


- entropy production

<latexit sha1_base64="k0SHLP3MC9i1JSCiQK8tz156c0M=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIviqsxIUTdC0Y3LCvYB7SiZNNOGZpIhyShl6H+4caGIW//FnX9jOp2Fth4IOZxzLrk5QcyZNq777RSWlldW14rrpY3Nre2d8u5eS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYXU/99iNVmklxZ8Yx9SM8ECxkBBsr3ffUUKLjS5TdjYdyxa26GdAi8XJSgRw2/9XrS5JEVBjCsdZdz42Nn2JlGOF0UuolmsaYjPCAdi0VOKLaT7OtJ+jIKn0USmWPMChTf0+kONJ6HAU2GWEz1PPeVPzP6yYmvPBTJuLEUEFmD4UJR0aiaQWozxQlho8twUQxuysiQ6wwMbaoki3Bm//yImmdVr2zau22Vqlf5XUU4QAO4QQ8OIc63EADmkBAwTO8wpvz5Lw4787HLFpw8pl9+APn8wfOOpFs</latexit>

⇢ = ⇢P
<latexit sha1_base64="MriUgtvVFOBbDQvE4szRpqUxOQM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbFU9mVol6EohePldoPaJeSTbNtaJJdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG6nfuuJKs0i+WDGMfUFHkgWMoKNldp1dHqN6j23Vyy5ZXcGtEy8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6KXQTTWNMRnhAO5ZKLKj209m9E3RilT4KI2VLGjRTf0+kWGg9FoHtFNgM9aI3Ff/zOokJr/yUyTgxVJL5ojDhyERo+jzqM0WJ4WNLMFHM3orIECtMjI2oYEPwFl9eJs3zsndRrtxXStWbLI48HMExnIEHl1CFO6hBAwhweIZXeHMenRfn3fmYt+acbOYQ/sD5/AEHZY6r</latexit>

S = S0

<latexit sha1_base64="m5IJDn3R9wED8B3tV7oQgr5uXOc=">AAAB/XicbVDLSgMxFM34rPU1PnZugkWpiGVGiroRim7cCJXaB7TDkEnTNjSTDElGqEPxV9y4UMSt/+HOvzFtZ6GtBy4czrmXe+8JIkaVdpxva25+YXFpObOSXV1b39i0t7ZrSsQSkyoWTMhGgBRhlJOqppqRRiQJCgNG6kH/euTXH4hUVPB7PYiIF6Iupx2KkTaSb+9W4OElrPgOPIYtJrr52xP3yLdzTsEZA84SNyU5kKLs21+ttsBxSLjGDCnVdJ1IewmSmmJGhtlWrEiEcB91SdNQjkKivGR8/RAeGKUNO0Ka4hqO1d8TCQqVGoSB6QyR7qlpbyT+5zVj3bnwEsqjWBOOJ4s6MYNawFEUsE0lwZoNDEFYUnMrxD0kEdYmsKwJwZ1+eZbUTgvuWaF4V8yVrtI4MmAP7IM8cME5KIEbUAZVgMEjeAav4M16sl6sd+tj0jpnpTM74A+szx/2UJJZ</latexit>

S = S0 + log(M � 1)

<latexit sha1_base64="NU6Km/cqU4YrV1byOgDUyRIZgbU="></latexit>

�⌃ = [��p log �p� (1� �p) log(1� �p) +

�p(S0 + log(M � 1)) + (1� �p)S0]� [S0]

= �p(1 + log(M � 1)� log(�p)) +O(�p2)

� �p logM

<latexit sha1_base64="k5bc8rKXw01Qpko38cLINGPOztE=">AAAB/HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5ct2Ae0g2TSO21oJjMkGaEM9Qfc6h+4E7f+iz/gd5i2s7CtBwKHc87l3pwgEVwb1/12CmvrG5tbxe3Szu7e/kH58Kil41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g9Hd1G8/odI8lg9mnKAf0YHkIWfUWKlRfyxX3Ko7A1klXk4qkMPmf3r9mKURSsME1brruYnxM6oMZwInpV6qMaFsRAfYtVTSCLWfzQ6dkDOr9EkYK/ukITP170RGI63HUWCTETVDvexNxf+8bmrCGz/jMkkNSjZfFKaCmJhMf036XCEzYmwJZYrbWwkbUkWZsd0sbEmGY82ZnthivOUaVknroupdVS8bl5XabV5REU7gFM7Bg2uowT3UoQkMEF7gFd6cZ+fd+XA+59GCk88cwwKcr18AYZXF</latexit>

P

<latexit sha1_base64="5oI3/3NKoYRZThynxov8tAA2Ox4=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOSNcxOZpMxszPLTK+wLDn5A171D7yJV7/EH/A7nCR7MIkFDUVVN91dQSy4Adf9dgorq2vrG8XN0tb2zu5eef+gaVSiKWtQJZRuB8QwwSVrAAfB2rFmJAoEawWjm4nfemLacCXvIY2ZH5GB5CGnBKzUrD90AwW9csWtulPgZeLlpIJy1Hvln25f0SRiEqggxnQ8NwY/Ixo4FWxc6iaGxYSOyIB1LJUkYsbPpteO8YlV+jhU2pYEPFX/TmQkMiaNAtsZERiaRW8i/ud1Egiv/IzLOAEm6WxRmAgMCk9ex32uGQWRWkKo5vZWTIdEEwo2oLkt8TA1nJqxDcZbjGGZNM+q3kX1/O68UrvOIyqiI3SMTpGHLlEN3aI6aiCKHtELekVvzrPz7nw4n7PWgpPPHKI5OF+/7TGX9g==</latexit>

P?

<latexit sha1_base64="KSyD25CmI+XzVnehPFUxKrVT4lk=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkXoqiRS1GXRjcsW7APaUCbTm3boZBJmJkII9Qfc6h+4E7f+iz/gdzhts9DWAxcO59zLvff4MWdKO86XVdjY3NreKe6W9vYPDo/KxycdFSWSYptGPJI9nyjkTGBbM82xF0skoc+x60/v5n73EaVikXjQaYxeSMaCBYwSbaRWdViuODVnAXuduDmpQI7msPw9GEU0CVFoyolSfdeJtZcRqRnlOCsNEoUxoVMyxr6hgoSovGxx6My+MMrIDiJpSmh7of6eyEioVBr6pjMkeqJWvbn4n9dPdHDjZUzEiUZBl4uChNs6sudf2yMmkWqeGkKoZOZWm06IJFSbbP5siSepYlTNTDDuagzrpHNZc69q9Va90rjNIyrCGZxDFVy4hgbcQxPaQAHhGV7g1Xqy3qx362PZWrDymVP4A+vzB8CSlZ0=</latexit>

(
<latexit sha1_base64="KSyD25CmI+XzVnehPFUxKrVT4lk=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkXoqiRS1GXRjcsW7APaUCbTm3boZBJmJkII9Qfc6h+4E7f+iz/gdzhts9DWAxcO59zLvff4MWdKO86XVdjY3NreKe6W9vYPDo/KxycdFSWSYptGPJI9nyjkTGBbM82xF0skoc+x60/v5n73EaVikXjQaYxeSMaCBYwSbaRWdViuODVnAXuduDmpQI7msPw9GEU0CVFoyolSfdeJtZcRqRnlOCsNEoUxoVMyxr6hgoSovGxx6My+MMrIDiJpSmh7of6eyEioVBr6pjMkeqJWvbn4n9dPdHDjZUzEiUZBl4uChNs6sudf2yMmkWqeGkKoZOZWm06IJFSbbP5siSepYlTNTDDuagzrpHNZc69q9Va90rjNIyrCGZxDFVy4hgbcQxPaQAHhGV7g1Xqy3qx362PZWrDymVP4A+vzB8CSlZ0=</latexit>

(
<latexit sha1_base64="kuvqsFNbjEvULVMnkk4XIG+iKgw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2f+M+w==</latexit>n

<latexit sha1_base64="YgghhDlfidysAfmAT8CXVmuLta4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahHiy7UtRj0YsXoYL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aWiSK0QSSXqh1gTTkTtGGY4bQdK4qjgNNWMLqZ+q0nqjST4sGMY+pHeCBYyAg2VmqW7868U9ErltyKOwNaJl5GSpCh3it+dfuSJBEVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSwWOqPbT2bUTdGKVPgqlsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa88lMm4sRQQeaLwoQjI9H0ddRnihLDx5Zgopi9FZEhVpgYG1DBhuAtvrxMmucV76JSva+WatdZHHk4gmMogweXUINbqEMDCDzCM7zCmyOdF+fd+Zi35pxs5hD+wPn8AROyjik=</latexit>

(M � 1)n
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- weak Lindbladian


- error probability


- QZE

Quantum Zeno RC

<latexit sha1_base64="Ra6PdPTMl4H8+DmXqhwQCzge+hw="></latexit>

�p = �t
2 tr[⇢(HP

?
H +

P
i(�i/�t)L

†
iP

?
Li)] +O(�t3)

= �t
2 tr[⇢00(U01U

†
01 +

P
i(�i/�t)L

†
i,01Li,01)]

= �t
2
⌦
U

0
U

0†↵

<latexit sha1_base64="lWc/RDVTeGiu0C4+scqxatDn7lY=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEq8hF0J6lH04s0IRoVsCL2TTjJkZneZ6RVCyB/4G/6AV/0Db+LFg1e/w8njoNGChqKqm+6uKFXSku9/eDOzc/MLi0vLuZXVtfWN/ObWjU0yI7AqEpWYuwgsKhljlSQpvEsNgo4U3kbd86F/e4/GyiS+pl6KdQ3tWLakAHJSI78ftkFraEgeKrTWSs1DDdQRoPhlMWyiIuB00MgX/JI/Av9LggkpsAkqjfxX2ExEpjEmocDaWuCnVO+DISkUDnJhZjEF0YU21hyNQaOt90f/DPieU5q8lRhXMfGR+nOiD9rano5c5/BWO+0Nxf+8Wkatk3pfxmlGGIvxolamOCV8GA5vSoOCVM8REEa6W7nogAFBLsJfW9JOz0phBy6YYDqGv+TmsBQclcpX5cLp2SSiJbbDdlmRBeyYnbILVmFVJtgDe2LP7MV79F69N+993DrjTWa22S94n984sqTL</latexit>

�i . O(�t)

<latexit sha1_base64="bzMZ3Bf9yVCQPSYbnf2Fhpa+TAA=">AAACIXicbVDLSgNBEJyNrxhfqx69DEYhXsJuCOox6MWbEcwDsmuYnUySIbMPZnqFZckP+Bv+gFf9A2/iTbz7HU6SPZjEgoaiqpvuLi8SXIFlfRm5ldW19Y38ZmFre2d3z9w/aKowlpQ1aChC2faIYoIHrAEcBGtHkhHfE6zlja4nfuuRScXD4B6SiLk+GQS8zykBLXXNE6fHBBAcYUdxHzs+gSElAt+WMgMeKmdds2iVrSnwMrEzUkQZ6l3zx+mFNPZZAFQQpTq2FYGbEgmcCjYuOLFiEaEjMmAdTQPiM+Wm02/G+FQrPdwPpa4A8FT9O5ESX6nE93Tn5Fq16E3E/7xODP1LN+VBFAML6GxRPxYYQjyJBve4ZBREogmhkutbMR0SSSjoAOe2RMNEcarGOhh7MYZl0qyU7fNy9a5arF1lEeXRETpGJWSjC1RDN6iOGoiiJ/SCXtGb8Wy8Gx/G56w1Z2Qzh2gOxvcvomCjXw==</latexit>

�p ⇠ O(�t2)

effective thermal 
potential
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- entropy production rate


- effective potential couples to each thermal dof


- coupling uncorrelated


Quantum Zeno RC

<latexit sha1_base64="b+1KF6hcXt0xll1apNLresJDTS0="></latexit>

⌃̇ � �t
⌦
U 0U 0†↵m log g

<latexit sha1_base64="0Jcu1u9VWb8Eq0JdzYgS0jLR0jU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx6jmAckS5idzCZDZmaXmVlhWYI/4FX/wJt49Vv8Ab/DSbIHk1jQUFR1090VxJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJQoQpsk4pHqBFhTziRtGmY47cSKYhFw2g7Gt1O//USVZpF8NGlMfYGHkoWMYGOlByn65YpbdWdAq8TLSQVyNPrln94gIomg0hCOte56bmz8DCvDCKeTUi/RNMZkjIe0a6nEgmo/m106QWdWGaAwUrakQTP170SGhdapCGynwGakl72p+J/XTUx47WdMxomhkswXhQlHJkLTt9GAKUoMTy3BRDF7KyIjrDAxNpyFLfEo1YzoiQ3GW45hlbQuqt5ltXZfq9Rv8oiKcAKncA4eXEEd7qABTSAQwgu8wpvz7Lw7H87nvLXg5DPHsADn6xcDXpZa</latexit>nm
<latexit sha1_base64="M/9XhzIJcto6ga8wK0CkUBsTsQk=">AAACG3icbVDLSgNBEJz1GeMr6lGQwSDxFHZDUI+iF48R3ETIJmF20kkGZ2eHmVkxLHvzN/wBr/oH3sSrB3/A73AS92DUgoaiqpvurlBypo3rfjhz8wuLS8uFleLq2vrGZmlru6njRFHwacxjdR0SDZwJ8A0zHK6lAhKFHFrhzfnEb92C0iwWV2YsoRORoWADRomxUq+0F8Bt6lf8Sjfok+EQVBYQKVV8h0V01a31SmW36k6B/xIvJ2WUo9ErfQb9mCYRCEM50brtudJ0UqIMoxyyYpBokITekCG0LRUkAt1Jp39k+MAqfTyIlS1h8FT9OZGSSOtxFNrOiJiR/u1NxP+8dmIGJ52UCZkYEPR70SDh2MR4EgruMwXU8LElhCpmb8V0RBShxkY3s0WOxppRndlgvN8x/CXNWtU7qtYv6+XTszyiAtpF++gQeegYnaIL1EA+ougePaIn9Ow8OC/Oq/P23Trn5DM7aAbO+xeNf6Ho</latexit>⌦
U 0U 0†↵ ⇡ nmT 2

<latexit sha1_base64="Yk0I7EWq7Kui5rSP33CF/OdEVNg=">AAACJ3icbVDLSgMxFM34tr6qLt0EiyIiZaaIuhTduKzYh9CpJZPeToNJZkjuCKX0H/wNf8Ct/oE70aUbv8P0sfB14MLhnHtzc0+USmHR99+9qemZ2bn5hcXc0vLK6lp+faNmk8xwqPJEJuY6Yhak0FBFgRKuUwNMRRLq0e350K/fgbEi0RXspdBULNaiIzhDJ7Xy+2E7wfBKxIrR3TAGGrZBIqNIwwOq1U2JVm5KoUxiGrfyBb/oj0D/kmBCCmSCciv/6R7nmQKNXDJrG4GfYrPPDAouYZALMwsp47cshoajmimwzf7opgHdcUqbdhLjSiMdqd8n+kxZ21OR61QMu/a3NxT/8xoZdk6afaHTDEHz8aJOJikmdBgQbQsDHGXPEcaNcH+lvMsM4+hi/LEl7fas4Hbgggl+x/CX1ErF4Kh4eHlYOD2bRLRAtsg22SMBOSan5IKUSZVwck8eyRN59h68F+/Vexu3TnmTmU3yA97HFyIApRQ=</latexit>

⌃̇ � �t nm2T 2 log g

effective 
temperature
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- Zeno and computation rates (M–L)


 

- entropy generation rate // computation rate


 

- adiabatic bound!


Quantum Zeno RC

<latexit sha1_base64="Er06Tn9qeYdQBE/NVvgHP7aJMKk=">AAACH3icbVDLTgIxFO3gC/GFunTTQExc4Ywh6saEiAuXGOWRMJNJpxRo6HQm7R0TQtj7G/6AW/0Dd8YtP+B3WGAWAp6kyek599GeIBZcg21PrMza+sbmVnY7t7O7t3+QPzxq6ChRlNVpJCLVCohmgktWBw6CtWLFSBgI1gwG1anffGZK80g+wTBmXkh6knc5JWAkP19w75gAgt1H3gsJvsFuJ4L0co5dmfhVP1+0S/YMeJU4KSmiFDU//2OG0CRkEqggWrcdOwZvRBRwKtg45yaaxYQOSI+1DZUkZNobzf4yxqdG6eBupMyRgGfq344RCbUehoGpDAn09bI3Ff/z2gl0r70Rl3ECTNL5om4iMER4GgzucMUoiKEhhCpu3oppnyhCwcS3sCXuDzWnemyCcZZjWCWNi5JzWSo/lIuV2zSiLDpBBXSGHHSFKuge1VAdUfSC3tA7+rBerU/ry/qel2astOcYLcCa/ALAjaJg</latexit>

�⌃ = ⌃̇/⌫C(                            )

<latexit sha1_base64="r2Ol7NGnAiDP1mMt0HKNlraKSc0="></latexit>

�⌃ = ⌫C(⌘/⌫Z) / ⌫C

<latexit sha1_base64="4o10FKeoHHrWdQxd37sIabi2INE="></latexit>

⌃̇ � ⌫2C
⌫Z

n⇡2T 2

"2
log g

| {z }
⌘

<latexit sha1_base64="NjRQ5Lu7U215rztlaDNBFYOVMEI="></latexit>

⌫c 
q

1
⇡⌘ ⌃̇E

<latexit sha1_base64="ZVmK2TGzPTwrPAndECnPMOKXB4I="></latexit>

⌫C  EC/⇡n

= nm"/⇡n

<latexit sha1_base64="OHni5eIeiuHXpiHa0h6ZTkyUpRk=">AAACIXicbVDLSgNBEJz1GeNr1aOXwah4irsi6kUQRfAYwRhJNiyzk44ZMju7zPQKIeQH/A1/wKv+gTfxJt79DiePg4kWNBRV3XR3RakUBj3v05manpmdm88t5BeXlldW3bX1W5NkmkOZJzLRdxEzIIWCMgqUcJdqYHEkoRK1L/p+5QG0EYm6wU4K9ZjdK9EUnKGVQnc7UFlYpbun1N8PGiCRUaRBQHcDCZRehtX9IBWhW/CK3gD0L/FHpEBGKIXud9BIeBaDQi6ZMTXfS7HeZRoFl9DLB5mBlPE2u4eapYrFYOrdwTc9umOVBm0m2pZCOlB/T3RZbEwnjmxnzLBlJr2++J9Xy7B5Uu8KlWYIig8XNTNJMaH9aGhDaOAoO5YwroW9lfIW04yjDXBsS9rqGMFNzwbjT8bwl9weFP2j4uH1YeHsfBRRjmySLbJHfHJMzsgVKZEy4eSRPJMX8uo8OW/Ou/MxbJ1yRjMbZAzO1w8nuqHm</latexit>

⌫Z = 1/�t

 EZ/⇡
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Strong Lindbladian RC

- strong Lindbladian


- lose QZE


- retain adiabaticity


- BUT lose geometric scaling??


-  subdivide


- (individually slow)

<latexit sha1_base64="FW9HxuVQOpB7mGmPAzNKdJOk9nY=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUV+4A0lMl00gydZMLMRAmhe3/Arf6BO3Hrb/gDfofTNgvbeuDC4Zx7ufceP+FMadv+tkorq2vrG+XNytb2zu5edf+grUQqCW0RwYXs+lhRzmLa0kxz2k0kxZHPaccf3Uz8ziOVion4QWcJ9SI8jFnACNZGcnv3bBhqLKV46ldrdt2eAi0TpyA1KNDsV396A0HSiMaacKyU69iJ9nIsNSOcjiu9VNEEkxEeUtfQGEdUefn05DE6McoABUKaijWaqn8nchwplUW+6YywDtWiNxH/89xUB1dezuIk1TQms0VBypEWaPI/GjBJieaZIZhIZm5FJMQSE21SmtuShJliRI1NMM5iDMukfVZ3Lurnd+e1xnURURmO4BhOwYFLaMAtNKEFBAS8wCu8Wc/Wu/Vhfc5aS1YxcwhzsL5+ATzPml4=</latexit>)

<latexit sha1_base64="i0gAfl1WZP7CXUXSyCVt9bPy9Bk="></latexit>

�p = �t tr[⇢
P

i �iL
†
iP

?Li]

<latexit sha1_base64="7lDC8Zm4+LmcyVB1F3eJqw3BU0E="></latexit>

⌃̇ � nm2T 2 log g = ⌘⌫2C
<latexit sha1_base64="ppDKMqPtCX/kxn3TcxvWy3ea4nM=">AAACJHicbZA9TgMxEIW94f9/gZLGIkJQRbsoAkoEDSUIQiJlo8jrOIkV27t4ZpGiVY7ANbgALdyADlHQUHIOnJCCEEay9PS9GY/94lRJwCD48Aozs3PzC4tLyyura+sb/ubWLSSZ5aLCE5XYWsxAKGlEBSUqUUutYDpWohr3zod+9V5YkIm5wX4qGpp1jGxLztChpr8fmax5TiMlAEBqGsGdxTxqJRhdy45mA0cctk2/GJSCUdFpEY5FkYzrsul/uUt4poVBrhhAPQxSbOTMouRKDJajDETKeI91RN1Jw7SARj760IDuOdKi7cS6Y5CO6O+JnGmAvo5dp2bYhb/eEP7n1TNsnzRyadIMheE/i9qZopjQYTq0Ja3gqPpOMG6leyvlXWYZR5fhxJa02wfJYeCCCf/GMC1uD0vhUal8VS6eno0jWiQ7ZJcckJAck1NyQS5JhXDyQJ7IM3nxHr1X7817/2kteOOZbTJR3uc3VVymBA==</latexit>

⌫C .
p

⌃̇ ⇠ r

<latexit sha1_base64="RDcmzUOl97/O+TOxlFDrOMp2bdM=">AAACGHicbVDLSsNAFJ3UV62vqMtuBotQNyWRoi6LbtxZwT6gKeVmOmmHziRhZiKU0IW/4Q+41T9wJ27d+QN+h9M2C9t64MLhnHu59x4/5kxpx/m2cmvrG5tb+e3Czu7e/oF9eNRUUSIJbZCIR7Ltg6KchbShmea0HUsKwue05Y9upn7rkUrFovBBj2PaFTAIWcAIaCP17KI3ACGgx7CnmMCeAD0kwPFd2T3r2SWn4syAV4mbkRLKUO/ZP14/IomgoSYclOq4Tqy7KUjNCKeTgpcoGgMZwYB2DA1BUNVNZ09M8KlR+jiIpKlQ45n6dyIFodRY+KZzeqRa9qbif14n0cFVN2VhnGgakvmiIOFYR3iaCO4zSYnmY0OASGZuxWQIEog2uS1siYdjxYiamGDc5RhWSfO84l5UqvfVUu06iyiPiugElZGLLlEN3aI6aiCCntALekVv1rP1bn1Yn/PWnJXNHKMFWF+/68Wf3Q==</latexit>

�i ⇠ O(1)

<latexit sha1_base64="acOfIniNl4l7VShxc3ZmR9xXMMg="></latexit>

⌫C .
p
N ⌃̇ ⇠ r5/2

<latexit sha1_base64="pty8LPJtkfIY+fCZ5KkLDhXaiWg=">AAACGHicbVDLSsNAFJ3UV62vqMtuBovgQmtSirosduOygn1AE8NkOmmHTiZhZiKEkIW/4Q+41T9wJ27d+QN+h0mbha0euHA4517uvccNGZXKML600srq2vpGebOytb2zu6fvH/RkEAlMujhggRi4SBJGOekqqhgZhIIg32Wk707bud9/IELSgN+pOCS2j8acehQjlUmOXrV45CTtUzOFFiNSSupDcZ+cmeeN1NFrRt2YAf4lZkFqoEDH0b+tUYAjn3CFGZJyaBqhshMkFMWMpBUrkiREeIrGZJhRjnwi7WT2RAqPM2UEvUBkxRWcqb8nEuRLGftu1ukjNZHLXi7+5w0j5V3ZCeVhpAjH80VexKAKYJ4IHFFBsGJxRhAWNLsV4gkSCKsst4Ut4SSWFMs8GHM5hr+k16ibF/XmbbPWui4iKoMqOAInwASXoAVuQAd0AQaP4Bm8gFftSXvT3rWPeWtJK2YOwQK0zx8lD6AD</latexit>

⌫C,1 . r�1/2
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Strong Lindbladian RC

- strong Lindbladian


- lose QZE


- retain adiabaticity


- BUT lose geometric scaling??


-  subdivide


- (individually slow)

<latexit sha1_base64="FW9HxuVQOpB7mGmPAzNKdJOk9nY=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUV+4A0lMl00gydZMLMRAmhe3/Arf6BO3Hrb/gDfofTNgvbeuDC4Zx7ufceP+FMadv+tkorq2vrG+XNytb2zu5edf+grUQqCW0RwYXs+lhRzmLa0kxz2k0kxZHPaccf3Uz8ziOVion4QWcJ9SI8jFnACNZGcnv3bBhqLKV46ldrdt2eAi0TpyA1KNDsV396A0HSiMaacKyU69iJ9nIsNSOcjiu9VNEEkxEeUtfQGEdUefn05DE6McoABUKaijWaqn8nchwplUW+6YywDtWiNxH/89xUB1dezuIk1TQms0VBypEWaPI/GjBJieaZIZhIZm5FJMQSE21SmtuShJliRI1NMM5iDMukfVZ3Lurnd+e1xnURURmO4BhOwYFLaMAtNKEFBAS8wCu8Wc/Wu/Vhfc5aS1YxcwhzsL5+ATzPml4=</latexit>)

<latexit sha1_base64="i0gAfl1WZP7CXUXSyCVt9bPy9Bk="></latexit>

�p = �t tr[⇢
P

i �iL
†
iP

?Li]

<latexit sha1_base64="7lDC8Zm4+LmcyVB1F3eJqw3BU0E="></latexit>

⌃̇ � nm2T 2 log g = ⌘⌫2C
<latexit sha1_base64="ppDKMqPtCX/kxn3TcxvWy3ea4nM=">AAACJHicbZA9TgMxEIW94f9/gZLGIkJQRbsoAkoEDSUIQiJlo8jrOIkV27t4ZpGiVY7ANbgALdyADlHQUHIOnJCCEEay9PS9GY/94lRJwCD48Aozs3PzC4tLyyura+sb/ubWLSSZ5aLCE5XYWsxAKGlEBSUqUUutYDpWohr3zod+9V5YkIm5wX4qGpp1jGxLztChpr8fmax5TiMlAEBqGsGdxTxqJRhdy45mA0cctk2/GJSCUdFpEY5FkYzrsul/uUt4poVBrhhAPQxSbOTMouRKDJajDETKeI91RN1Jw7SARj760IDuOdKi7cS6Y5CO6O+JnGmAvo5dp2bYhb/eEP7n1TNsnzRyadIMheE/i9qZopjQYTq0Ja3gqPpOMG6leyvlXWYZR5fhxJa02wfJYeCCCf/GMC1uD0vhUal8VS6eno0jWiQ7ZJcckJAck1NyQS5JhXDyQJ7IM3nxHr1X7817/2kteOOZbTJR3uc3VVymBA==</latexit>

⌫C .
p

⌃̇ ⇠ r

<latexit sha1_base64="RDcmzUOl97/O+TOxlFDrOMp2bdM=">AAACGHicbVDLSsNAFJ3UV62vqMtuBotQNyWRoi6LbtxZwT6gKeVmOmmHziRhZiKU0IW/4Q+41T9wJ27d+QN+h9M2C9t64MLhnHu59x4/5kxpx/m2cmvrG5tb+e3Czu7e/oF9eNRUUSIJbZCIR7Ltg6KchbShmea0HUsKwue05Y9upn7rkUrFovBBj2PaFTAIWcAIaCP17KI3ACGgx7CnmMCeAD0kwPFd2T3r2SWn4syAV4mbkRLKUO/ZP14/IomgoSYclOq4Tqy7KUjNCKeTgpcoGgMZwYB2DA1BUNVNZ09M8KlR+jiIpKlQ45n6dyIFodRY+KZzeqRa9qbif14n0cFVN2VhnGgakvmiIOFYR3iaCO4zSYnmY0OASGZuxWQIEog2uS1siYdjxYiamGDc5RhWSfO84l5UqvfVUu06iyiPiugElZGLLlEN3aI6aiCCntALekVv1rP1bn1Yn/PWnJXNHKMFWF+/68Wf3Q==</latexit>

�i ⇠ O(1)

<latexit sha1_base64="acOfIniNl4l7VShxc3ZmR9xXMMg="></latexit>

⌫C .
p
N ⌃̇ ⇠ r5/2

<latexit sha1_base64="pty8LPJtkfIY+fCZ5KkLDhXaiWg=">AAACGHicbVDLSsNAFJ3UV62vqMtuBovgQmtSirosduOygn1AE8NkOmmHTiZhZiKEkIW/4Q+41T9wJ27d+QN+h0mbha0euHA4517uvccNGZXKML600srq2vpGebOytb2zu6fvH/RkEAlMujhggRi4SBJGOekqqhgZhIIg32Wk707bud9/IELSgN+pOCS2j8acehQjlUmOXrV45CTtUzOFFiNSSupDcZ+cmeeN1NFrRt2YAf4lZkFqoEDH0b+tUYAjn3CFGZJyaBqhshMkFMWMpBUrkiREeIrGZJhRjnwi7WT2RAqPM2UEvUBkxRWcqb8nEuRLGftu1ukjNZHLXi7+5w0j5V3ZCeVhpAjH80VexKAKYJ4IHFFBsGJxRhAWNLsV4gkSCKsst4Ut4SSWFMs8GHM5hr+k16ibF/XmbbPWui4iKoMqOAInwASXoAVuQAd0AQaP4Bm8gFftSXvT3rWPeWtJK2YOwQK0zx8lD6AD</latexit>

⌫C,1 . r�1/2
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Strong Lindbladian RC

- strong Lindbladian


- lose QZE


- retain adiabaticity


- BUT lose geometric scaling??


-  subdivide


- (individually slow)

<latexit sha1_base64="FW9HxuVQOpB7mGmPAzNKdJOk9nY=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUV+4A0lMl00gydZMLMRAmhe3/Arf6BO3Hrb/gDfofTNgvbeuDC4Zx7ufceP+FMadv+tkorq2vrG+XNytb2zu5edf+grUQqCW0RwYXs+lhRzmLa0kxz2k0kxZHPaccf3Uz8ziOVion4QWcJ9SI8jFnACNZGcnv3bBhqLKV46ldrdt2eAi0TpyA1KNDsV396A0HSiMaacKyU69iJ9nIsNSOcjiu9VNEEkxEeUtfQGEdUefn05DE6McoABUKaijWaqn8nchwplUW+6YywDtWiNxH/89xUB1dezuIk1TQms0VBypEWaPI/GjBJieaZIZhIZm5FJMQSE21SmtuShJliRI1NMM5iDMukfVZ3Lurnd+e1xnURURmO4BhOwYFLaMAtNKEFBAS8wCu8Wc/Wu/Vhfc5aS1YxcwhzsL5+ATzPml4=</latexit>)

<latexit sha1_base64="i0gAfl1WZP7CXUXSyCVt9bPy9Bk="></latexit>

�p = �t tr[⇢
P

i �iL
†
iP

?Li]

<latexit sha1_base64="7lDC8Zm4+LmcyVB1F3eJqw3BU0E="></latexit>

⌃̇ � nm2T 2 log g = ⌘⌫2C
<latexit sha1_base64="ppDKMqPtCX/kxn3TcxvWy3ea4nM=">AAACJHicbZA9TgMxEIW94f9/gZLGIkJQRbsoAkoEDSUIQiJlo8jrOIkV27t4ZpGiVY7ANbgALdyADlHQUHIOnJCCEEay9PS9GY/94lRJwCD48Aozs3PzC4tLyyura+sb/ubWLSSZ5aLCE5XYWsxAKGlEBSUqUUutYDpWohr3zod+9V5YkIm5wX4qGpp1jGxLztChpr8fmax5TiMlAEBqGsGdxTxqJRhdy45mA0cctk2/GJSCUdFpEY5FkYzrsul/uUt4poVBrhhAPQxSbOTMouRKDJajDETKeI91RN1Jw7SARj760IDuOdKi7cS6Y5CO6O+JnGmAvo5dp2bYhb/eEP7n1TNsnzRyadIMheE/i9qZopjQYTq0Ja3gqPpOMG6leyvlXWYZR5fhxJa02wfJYeCCCf/GMC1uD0vhUal8VS6eno0jWiQ7ZJcckJAck1NyQS5JhXDyQJ7IM3nxHr1X7817/2kteOOZbTJR3uc3VVymBA==</latexit>

⌫C .
p

⌃̇ ⇠ r

<latexit sha1_base64="RDcmzUOl97/O+TOxlFDrOMp2bdM=">AAACGHicbVDLSsNAFJ3UV62vqMtuBotQNyWRoi6LbtxZwT6gKeVmOmmHziRhZiKU0IW/4Q+41T9wJ27d+QN+h9M2C9t64MLhnHu59x4/5kxpx/m2cmvrG5tb+e3Czu7e/oF9eNRUUSIJbZCIR7Ltg6KchbShmea0HUsKwue05Y9upn7rkUrFovBBj2PaFTAIWcAIaCP17KI3ACGgx7CnmMCeAD0kwPFd2T3r2SWn4syAV4mbkRLKUO/ZP14/IomgoSYclOq4Tqy7KUjNCKeTgpcoGgMZwYB2DA1BUNVNZ09M8KlR+jiIpKlQ45n6dyIFodRY+KZzeqRa9qbif14n0cFVN2VhnGgakvmiIOFYR3iaCO4zSYnmY0OASGZuxWQIEog2uS1siYdjxYiamGDc5RhWSfO84l5UqvfVUu06iyiPiugElZGLLlEN3aI6aiCCntALekVv1rP1bn1Yn/PWnJXNHKMFWF+/68Wf3Q==</latexit>

�i ⇠ O(1)

<latexit sha1_base64="acOfIniNl4l7VShxc3ZmR9xXMMg="></latexit>

⌫C .
p
N ⌃̇ ⇠ r5/2

<latexit sha1_base64="pty8LPJtkfIY+fCZ5KkLDhXaiWg=">AAACGHicbVDLSsNAFJ3UV62vqMtuBovgQmtSirosduOygn1AE8NkOmmHTiZhZiKEkIW/4Q+41T9wJ27d+QN+h0mbha0euHA4517uvccNGZXKML600srq2vpGebOytb2zu6fvH/RkEAlMujhggRi4SBJGOekqqhgZhIIg32Wk707bud9/IELSgN+pOCS2j8acehQjlUmOXrV45CTtUzOFFiNSSupDcZ+cmeeN1NFrRt2YAf4lZkFqoEDH0b+tUYAjn3CFGZJyaBqhshMkFMWMpBUrkiREeIrGZJhRjnwi7WT2RAqPM2UEvUBkxRWcqb8nEuRLGftu1ukjNZHLXi7+5w0j5V3ZCeVhpAjH80VexKAKYJ4IHFFBsGJxRhAWNLsV4gkSCKsst4Ut4SSWFMs8GHM5hr+k16ibF/XmbbPWui4iKoMqOAInwASXoAVuQAd0AQaP4Bm8gFftSXvT3rWPeWtJK2YOwQK0zx8lD6AD</latexit>

⌫C,1 . r�1/2
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physics of computing


computational performance constraints


dissipation in reversible computing (RC)


super-adiabatic RC?


parallelism & concurrency in RC
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Synchronization

parallelism
concurrency

synchronization
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Synchronization

parallelism
concurrency

synchronization

desync
async/rev

path length
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Async/Markovian RC

- realizes the adiabatic bound
<latexit sha1_base64="9dkQgMQ8dww/EpI9hf6thvndeKA=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMJalKYazowlgk+pCaUDmu01q1nch2kKooH8DCr7AwgBArH8DG3+C0GaDlSJbOPedeXd/jR4wqbdvf1srq2vrGZmGruL2zu7dfOjjsqDCWmLRxyELZ85EijArS1lQz0oskQdxnpOtPmpnffSBS0VDc6WlEPI5GggYUI22kQansinjQhC4jSinKobxPLs6rKXSzopMV9dR02RV7BrhMnJyUQY7WoPTlDkMccyI0ZkipvmNH2kuQ1BQzkhbdWJEI4Qkakb6hAnGivGR2TApPjTKEQSjNExrO1N8TCeJKTblvOjnSY7XoZeJ/Xj/WwZWXUBHFmgg8XxTEDOoQZsnAIZUEazY1BGFJzV8hHiOJsDb5FU0IzuLJy6RTrTj1Su22Vm5c53EUwDE4AWfAAZegAW5AC7QBBo/gGbyCN+vJerHerY9564qVzxyBP7A+fwCmX5oY</latexit>

⌫C . r5/2 ⇠ V 5/6
<latexit sha1_base64="k15qNhSGJwVY0EpQTGuF2R9/wkI=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgKWpNSqstiNy4r2Ae0NUymk3boZBJmJkIJ+QY3/oobF4q4deXOv3GSZqGtBwbOPede7tzjhoxKZVnfxtLyyuraemGjuLm1vbNr7u23ZRAJTFo4YIHoukgSRjlpKaoY6YaCIN9lpONOGqnfeSBC0oDfqWlIBj4acepRjJSWHPO0zyMnbpzZCewzIqWkPhT38bl9UdFKWrWzqpY4ZskqWxngIrFzUgI5mo751R8GOPIJV5ghKXu2FapBjISimJGk2I8kCRGeoBHpacqRT+Qgzk5K4LFWhtALhH5cwUz9PREjX8qp7+pOH6mxnPdS8T+vFynvahBTHkaKcDxb5EUMqgCm+cAhFQQrNtUEYUH1XyEeI4Gw0ikWdQj2/MmLpF0p27Vy9bZaql/ncRTAITgCJ8AGl6AObkATtAAGj+AZvII348l4Md6Nj1nrkpHPHIA/MD5/AFEam/s=</latexit>

⌫C,1 . r�1/2 ⇠ V �1/6
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Asynchronous Sync
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Asynchronous Sync
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Asynchronous Sync
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Asynchronous Sync



Sandia National Laboratories August 2022

Asynchronous Sync
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Asynchronous Sync
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Asynchronous Sync
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Asynchronous Sync
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Asynchronous Sync

bottleneck

prob. distr.
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Asynchronous Sync

bottleneck
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Asynchronous Sync

bottleneck
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Asynchronous Sync

- info erasure model

<latexit sha1_base64="s8/qbN7E6idaeuA1LPI1k9/guPk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4ZONAA==</latexit>s

<latexit sha1_base64="G4NrL4+FchmdNAyoq1HYtt9oFXI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZlZDCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOejjQQ=</latexit>w

<latexit sha1_base64="AX8KhWJdUo4GTyIjI3ftSkLwzvk=">AAACGnicbVDLSsNAFJ34rPVVdelmsAguJCZS1KWoC91VsFVoSphMb+vgZBJmbsQS+h1u/BU3LhRxJ278G6dtFr4ODBzOOZc790SpFAY979OZmJyanpktzZXnFxaXlisrq02TZJpDgycy0VcRMyCFggYKlHCVamBxJOEyujke+pe3oI1I1AX2U2jHrKdEV3CGVgorfnACEhlFGvTQxmJaCGd0hwYqC/MA4Q5zoTXcuoNtfxBWqp7rjUD/Er8gVVKgHlbeg07CsxgUcsmMafleiu2caRRcwqAcZAZSxm9YD1qWKhaDaeej0wZ00yod2k20fQrpSP0+kbPYmH4c2WTM8Nr89obif14rw+5BOxcqzRAUHy/qZpJiQoc90Y7QwFH2LWFcC/tXyq+ZZhxtm2Vbgv/75L+kuev6e27tvFY9PCrqKJF1skG2iE/2ySE5JXXSIJzck0fyTF6cB+fJeXXextEJp5hZIz/gfHwB2jigKg==</latexit>

�t & �I/⌫irrev.,1

<latexit sha1_base64="kfiH6OBetDPK+Fd0LOaD6P0LXp0=">AAACCnicbVA9SwNBEN2L3/Hr1NJmNQgWGu5E1FK0sYxgYiAXw95mEhf39o7dOTEcV9v4V2wsFLH1F9j5b9zEK9T4YODx3gwz88JECoOe9+mUJianpmdm58rzC4tLy+7KasPEqeZQ57GMdTNkBqRQUEeBEpqJBhaFEi7Dm9Ohf3kL2ohYXeAggXbE+kr0BGdopY67Eai0kwUId5gJreG2mu/4OQ2MiKi+ynb9vONWvKo3Ah0nfkEqpECt434E3ZinESjkkhnT8r0E2xnTKLiEvBykBhLGb1gfWpYqFoFpZ6NXcrpllS7txdqWQjpSf05kLDJmEIW2M2J4bf56Q/E/r5Vi76idCZWkCIp/L+qlkmJMh7nQrtDAUQ4sYVwLeyvl10wzjja9sg3B//vyOGnsVf2D6v75fuX4pIhjlqyTTbJNfHJIjskZqZE64eSePJJn8uI8OE/Oq/P23Vpyipk18gvO+xf2D5pr</latexit>

⌫irrev.,1 ⇠ r�1

<latexit sha1_base64="cwDfE6EYLy7+6mVUWTRHXf1D9fk=">AAACCnicbVA9SwNBEN3zM8avU0ub1SBYaLwTUcugjWUEo0Iuhr3NJFmyt3fszgXDcbWNf8XGQhFbf4Gd/8ZNTOHXg4HHezPMzAsTKQx63oczMTk1PTNbmCvOLywuLbsrq5cmTjWHGo9lrK9DZkAKBTUUKOE60cCiUMJV2Dsd+ld90EbE6gIHCTQi1lGiLThDKzXdjUClzSxAuMVMQ7+c7/g5DYyIqL7Jdv29/bzplryyNwL9S/wxKZExqk33PWjFPI1AIZfMmLrvJdjImEbBJeTFIDWQMN5jHahbqlgEppGNXsnpllVatB1rWwrpSP0+kbHImEEU2s6IYdf89obif149xfZxIxMqSREU/1rUTiXFmA5zoS2hgaMcWMK4FvZWyrtMM442vaINwf/98l9yuV/2D8sH5welysk4jgJZJ5tkm/jkiFTIGamSGuHkjjyQJ/Ls3DuPzovz+tU64Yxn1sgPOG+fOPKZ8Q==</latexit>

⌫rev.,1 ⇠ r�1/2
<latexit sha1_base64="TElBDB+2Mz1N71PUDaYN4xY7ySk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgCWF2MpsMmZ1dZnqVsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7/FgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/upn6zUeujYjUA45j3g3pQIlAMIpWujdnT71iyS27M5Bl4mWkBBlqveJXpx+xJOQKmaTGtD03xm5KNQom+aTQSQyPKRvRAW9bqmjITTednTohJ1bpkyDSthSSmfp7IqWhMePQt50hxaFZ9Kbif147weCqmwoVJ8gVmy8KEkkwItO/SV9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52Xvoly5q5Sq11kceTiCYzgFDy6hCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBIhSNtg==</latexit>s+
w

<latexit sha1_base64="h7/GPnp+JACEDFSxuSmUSjOQ8eE=">AAACFXicbVDLSgNBEJz1GeNr1aOXwSAIStiVoB5FPegtgolCNoTZSW8cnN1ZZnqNYclPePFXvHhQxKvgzb9x8jj4Kmgoqrrp7gpTKQx63qczMTk1PTNbmCvOLywuLbsrq3WjMs2hxpVU+ipkBqRIoIYCJVylGlgcSrgMb44H/uUtaCNUcoG9FJox6yQiEpyhlVruTnACEhk9owFLU63uaCBVJ0C4Q4M9CUGkGc/Ndrefd/stt+SVvSHoX+KPSYmMUW25H0Fb8SyGBLlkxjR8L8VmzjQKLqFfDDIDKeM3rAMNSxMWg2nmw6/6dNMqbRopbStBOlS/T+QsNqYXh7YzZnhtfnsD8T+vkWF00MxFkmYICR8tijJJUdFBRLQtNHCUPUsY18LeSvk1szmgDbJoQ/B/v/yX1HfL/l65cl4pHR6N4yiQdbJBtohP9skhOSVVUiOc3JNH8kxenAfnyXl13katE854Zo38gPP+BXxvn7U=</latexit>

�I ⇡ log s+w
w
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Asynchronous Sync

- numerical sim


- UB and LB from MFPT 
and discrete MC


- LB ~ info theory
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Asynchronous Sync

- expensive, ~equivalent to entropy erasure


- significant parallelism/concurrency in async RC 
 comp rate falls to ~irrev


- constrains algorithms to minimise sync or constrains net 
comp rate

<latexit sha1_base64="FW9HxuVQOpB7mGmPAzNKdJOk9nY=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUV+4A0lMl00gydZMLMRAmhe3/Arf6BO3Hrb/gDfofTNgvbeuDC4Zx7ufceP+FMadv+tkorq2vrG+XNytb2zu5edf+grUQqCW0RwYXs+lhRzmLa0kxz2k0kxZHPaccf3Uz8ziOVion4QWcJ9SI8jFnACNZGcnv3bBhqLKV46ldrdt2eAi0TpyA1KNDsV396A0HSiMaacKyU69iJ9nIsNSOcjiu9VNEEkxEeUtfQGEdUefn05DE6McoABUKaijWaqn8nchwplUW+6YywDtWiNxH/89xUB1dezuIk1TQms0VBypEWaPI/GjBJieaZIZhIZm5FJMQSE21SmtuShJliRI1NMM5iDMukfVZ3Lurnd+e1xnURURmO4BhOwYFLaMAtNKEFBAS8wCu8Wc/Wu/Vhfc5aS1YxcwhzsL5+ATzPml4=</latexit>)
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Conclusions & Future Work
- RC > irrevC; adiabatic 

upper bound


- for large & sustained 
comp


- concrete const factors?


- super-adiabatic special 
cases? (e.g. 
Pidaparthi+Lent)


- async sync expensive


- sync sync performance?


- preliminary results 
suggest cheap


- algorithm design? 
mitigations for 
algorithmic desync?
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Thank you!

Hannah Earley — 2016–2021 — 'Modelling approaches to molecular computation' — EPSRC Project Reference 1781682 
Hannah Earley — 2020/2022 — 'The ℵ-Calculus' — arXiv/Proceedings of RC22
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