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What is a p-bit?
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-1 +1
0

0.5

<latexit sha1_base64="EoR2bJluiRSS9vQLo6+XATAfNRQ=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUAbymQ6aYdOZsLMjRBCf8EfcKt/4E7c+g/+gN/htM3Cth64cDjnXs7lhIngBjzv21lb39jc2i7tlHf39g8q7uFRy6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g7Hd1O//cS04Uo+QpawICZDySNOCVip71Z6JsINrUIScsEh67tVr+bNgFeJX5AqKtDouz+9gaJpzCRQQYzp+l4CQU40cCrYpNxLDUsIHZMh61oqScxMkM8en+AzqwxwpLQdCXim/r3ISWxMFod2MyYwMsveVPzP66YQ3QQ5l0kKTNJ5UJQKDApPW8ADrhkFkVlCqOb2V0xHRBMKtquFlFCTMYNJ2RbjL9ewSloXNf+y5j1cVeu3RUUldIJO0Tny0TWqo3vUQE1EUYpe0Ct6c56dd+fD+ZyvrjnFzTFagPP1CzNIm4E=</latexit>
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<latexit sha1_base64="bAoiOaeZ8vb0rCLLlF3SEIpE//M=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymQyaYdOJmHmRighv+APuNU/cCdu/Qd/wO9w2mZhWw9cOJxzL+dyglRwDY7zba2tb2xubVd2qrt7+wc1+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY30397hNTmifyESYp82MylDzilICRBnbN0xH28pAPORDhFQO77jScGfAqcUtSRyVaA/vHCxOaxUwCFUTrvuuk4OdEAaeCFVUv0ywldEyGrG+oJDHTfj57vMBnRglxlCgzEvBM/XuRk1jrSRyYzZjASC97U/E/r59BdOPnXKYZMEnnQVEmMCR42gIOuWIUxMQQQhU3v2I6IopQMF0tpASKjBkUVVOMu1zDKulcNNzLhvNwVW/elhVV0Ak6RefIRdeoie5RC7URRRl6Qa/ozXq23q0P63O+umaVN8doAdbXL0jim44=</latexit>

<latexit sha1_base64="GFaQciaUykBMMfhxlXW2nMVQDNE=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSqKCLotuXFawD2hiuZlO2qGTmTAzEUrIF/gDbvUP3Ilbv8If8DuctlnY1gMXDufcy7mcMOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tUEdokkkvVCUFTzgRtGmY47SSKQhxy2g5HtxO//USVZlI8mHFCgxgGgkWMgLHSo68j7GcggMuBn/cqVbfmToGXiVeQKirQ6FV+/L4kaUyFIRy07npuYoIMlGGE07zsp5omQEYwoF1LBcRUB9n06xyfWqWPI6nsCIOn6t+LDGKtx3FoN2MwQ73oTcT/vG5qousgYyJJDRVkFhSlHBuJJxXgPlOUGD62BIhi9ldMhqCAGFvUXEqoYERNXrbFeIs1LJPWec27qLn3l9X6TVFRCR2jE3SGPHSF6ugONVATEaTQC3pFb86z8+58OJ+z1RWnuDlCc3C+fgH375rn</latexit>



Architecture of a p-computer
<latexit sha1_base64="bAoiOaeZ8vb0rCLLlF3SEIpE//M=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymQyaYdOJmHmRighv+APuNU/cCdu/Qd/wO9w2mZhWw9cOJxzL+dyglRwDY7zba2tb2xubVd2qrt7+wc1+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY30397hNTmifyESYp82MylDzilICRBnbN0xH28pAPORDhFQO77jScGfAqcUtSRyVaA/vHCxOaxUwCFUTrvuuk4OdEAaeCFVUv0ywldEyGrG+oJDHTfj57vMBnRglxlCgzEvBM/XuRk1jrSRyYzZjASC97U/E/r59BdOPnXKYZMEnnQVEmMCR42gIOuWIUxMQQQhU3v2I6IopQMF0tpASKjBkUVVOMu1zDKulcNNzLhvNwVW/elhVV0Ak6RefIRdeoie5RC7URRRl6Qa/ozXq23q0P63O+umaVN8doAdbXL0jim44=</latexit>

<latexit sha1_base64="GFaQciaUykBMMfhxlXW2nMVQDNE=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSqKCLotuXFawD2hiuZlO2qGTmTAzEUrIF/gDbvUP3Ilbv8If8DuctlnY1gMXDufcy7mcMOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tUEdokkkvVCUFTzgRtGmY47SSKQhxy2g5HtxO//USVZlI8mHFCgxgGgkWMgLHSo68j7GcggMuBn/cqVbfmToGXiVeQKirQ6FV+/L4kaUyFIRy07npuYoIMlGGE07zsp5omQEYwoF1LBcRUB9n06xyfWqWPI6nsCIOn6t+LDGKtx3FoN2MwQ73oTcT/vG5qousgYyJJDRVkFhSlHBuJJxXgPlOUGD62BIhi9ldMhqCAGFvUXEqoYERNXrbFeIs1LJPWec27qLn3l9X6TVFRCR2jE3SGPHSF6ugONVATEaTQC3pFb86z8+58OJ+z1RWnuDlCc3C+fgH375rn</latexit>

Ii
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<latexit sha1_base64="N2RzouGfesnSKte09ybGQA0m9uM="></latexit>

<latexit sha1_base64="BuJ8gQ18XaLWdENWaoTLWkUcgQk=">AAACEXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KooMuiG91VsA9oQplMJ+3QySTM3Cg19Cv8Abf6B+7ErV/gD/gdTtssbOuBC4dz7uVcTpAIrsFxvq3C0vLK6lpxvbSxubW9Y+/uNXScKsrqNBaxagVEM8ElqwMHwVqJYiQKBGsGg+ux33xgSvNY3sMwYX5EepKHnBIwUsc+8HSII+wp3usDUSp+xLe4Y5edijMBXiRuTsooR61j/3jdmKYRk0AF0brtOgn4GVHAqWCjkpdqlhA6ID3WNlSSiGk/m3w/wsdG6eIwVmYk4In69yIjkdbDKDCbEYG+nvfG4n9eO4Xw0s+4TFJgkk6DwlRgiPG4CtzlilEQQ0MIVdz8immfKELBFDaTEigyYDAqmWLc+RoWSeO04p5VnLvzcvUqr6iIDtEROkEuukBVdINqqI4oekIv6BW9Wc/Wu/VhfU5XC1Z+s49mYH39AgAqnO0=</latexit>

<latexit sha1_base64="SqwgELNpYCxpKG07OhmOFJ7EfTs=">AAACEXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KooMuiG91VsA9oQplMJ+3QySTM3Cg19Cv8Abf6B+7ErV/gD/gdTtssbOuBC4dz7uVcTpAIrsFxvq3C0vLK6lpxvbSxubW9Y+/uNXScKsrqNBaxagVEM8ElqwMHwVqJYiQKBGsGg+ux33xgSvNY3sMwYX5EepKHnBIwUsc+8HSIb7GneK8PRKn4EUe4Y5edijMBXiRuTsooR61j/3jdmKYRk0AF0brtOgn4GVHAqWCjkpdqlhA6ID3WNlSSiGk/m3w/wsdG6eIwVmYk4In69yIjkdbDKDCbEYG+nvfG4n9eO4Xw0s+4TFJgkk6DwlRgiPG4CtzlilEQQ0MIVdz8immfKELBFDaTEigyYDAqmWLc+RoWSeO04p5VnLvzcvUqr6iIDtEROkEuukBVdINqqI4oekIv6BW9Wc/Wu/VhfU5XC1Z+s49mYH39Av4jnO0=</latexit>

<latexit sha1_base64="QjfzxENXiX3MStoFv0tm3f3ol5w=">AAACH3icbVDLSgNBEJz1GeMr6tHLkCB4Crsq6DHoxWME84AkhNlJbzJkdnaZ6RXDsnd/wx/wqn/gTbzmB/wOJ4+DSSxouqjqpmfKj6Uw6LpjZ219Y3NrO7eT393bPzgsHB3XTZRoDjUeyUg3fWZACgU1FCihGWtgoS+h4Q/vJn7jCbQRkXrEUQydkPWVCARnaKVuodg2AcVu2kZ4RhPMusDUjBSLDWRZRruFklt2p6CrxJuTEpmj2i38tHsRT0JQyCUzpuW5MXZSplFwCVm+nRiIGR+yPrQsVSwE00mnf8nomVV6NIi0LYV0qv7dSFlozCj07WTIcGCWvYn4n9dKMLjppELFCYLis0NBIilGdBIM7QkNHOXIEsa1sG+lfMA042jjW7jiazYEzPI2GG85hlVSvyh7l2X34apUuZ1HlCOnpEjOiUeuSYXckyqpEU5eyBt5Jx/Oq/PpfDnfs9E1Z75zQhbgjH8B/4aklA==</latexit>

<latexit sha1_base64="j+QaV++b/8+1W+Nfb8+ZB6y9NUs=">AAACG3icbVDJSgNBEO1xjXGLehSkMQiewowKegx68RjBLJAMQ0+nJmnSs9BdI4Zhbv6GP+BV/8CbePXgD/gddpaDSXxQ1OO9Kqr7+YkUGm3721paXlldWy9sFDe3tnd2S3v7DR2nikOdxzJWLZ9pkCKCOgqU0EoUsNCX0PQHNyO/+QBKizi6x2ECbsh6kQgEZ2gkr3TU0QFFL+sgPKIOJl1glvgC8zz3SmW7Yo9BF4kzJWUyRc0r/XS6MU9DiJBLpnXbsRN0M6ZQcAl5sZNqSBgfsB60DY1YCNrNxv/I6YlRujSIlakI6Vj9u5GxUOth6JvJkGFfz3sj8T+vnWJw5WYiSlKEiE8OBamkGNNRKLQrFHCUQ0MYV8K8lfI+U4yjiW7miq/YADAvmmCc+RgWSeOs4pxX7LuLcvV6GlGBHJJjckocckmq5JbUSJ1w8kReyCt5s56td+vD+pyMLlnTnQMyA+vrF+Ovovg=</latexit>

<latexit sha1_base64="QjfzxENXiX3MStoFv0tm3f3ol5w=">AAACH3icbVDLSgNBEJz1GeMr6tHLkCB4Crsq6DHoxWME84AkhNlJbzJkdnaZ6RXDsnd/wx/wqn/gTbzmB/wOJ4+DSSxouqjqpmfKj6Uw6LpjZ219Y3NrO7eT393bPzgsHB3XTZRoDjUeyUg3fWZACgU1FCihGWtgoS+h4Q/vJn7jCbQRkXrEUQydkPWVCARnaKVuodg2AcVu2kZ4RhPMusDUjBSLDWRZRruFklt2p6CrxJuTEpmj2i38tHsRT0JQyCUzpuW5MXZSplFwCVm+nRiIGR+yPrQsVSwE00mnf8nomVV6NIi0LYV0qv7dSFlozCj07WTIcGCWvYn4n9dKMLjppELFCYLis0NBIilGdBIM7QkNHOXIEsa1sG+lfMA042jjW7jiazYEzPI2GG85hlVSvyh7l2X34apUuZ1HlCOnpEjOiUeuSYXckyqpEU5eyBt5Jx/Oq/PpfDnfs9E1Z75zQhbgjH8B/4aklA==</latexit>

<latexit sha1_base64="j+QaV++b/8+1W+Nfb8+ZB6y9NUs=">AAACG3icbVDJSgNBEO1xjXGLehSkMQiewowKegx68RjBLJAMQ0+nJmnSs9BdI4Zhbv6GP+BV/8CbePXgD/gddpaDSXxQ1OO9Kqr7+YkUGm3721paXlldWy9sFDe3tnd2S3v7DR2nikOdxzJWLZ9pkCKCOgqU0EoUsNCX0PQHNyO/+QBKizi6x2ECbsh6kQgEZ2gkr3TU0QFFL+sgPKIOJl1glvgC8zz3SmW7Yo9BF4kzJWUyRc0r/XS6MU9DiJBLpnXbsRN0M6ZQcAl5sZNqSBgfsB60DY1YCNrNxv/I6YlRujSIlakI6Vj9u5GxUOth6JvJkGFfz3sj8T+vnWJw5WYiSlKEiE8OBamkGNNRKLQrFHCUQ0MYV8K8lfI+U4yjiW7miq/YADAvmmCc+RgWSeOs4pxX7LuLcvV6GlGBHJJjckocckmq5JbUSJ1w8kReyCt5s56td+vD+pyMLlnTnQMyA+vrF+Ovovg=</latexit>

<latexit sha1_base64="j+QaV++b/8+1W+Nfb8+ZB6y9NUs=">AAACG3icbVDJSgNBEO1xjXGLehSkMQiewowKegx68RjBLJAMQ0+nJmnSs9BdI4Zhbv6GP+BV/8CbePXgD/gddpaDSXxQ1OO9Kqr7+YkUGm3721paXlldWy9sFDe3tnd2S3v7DR2nikOdxzJWLZ9pkCKCOgqU0EoUsNCX0PQHNyO/+QBKizi6x2ECbsh6kQgEZ2gkr3TU0QFFL+sgPKIOJl1glvgC8zz3SmW7Yo9BF4kzJWUyRc0r/XS6MU9DiJBLpnXbsRN0M6ZQcAl5sZNqSBgfsB60DY1YCNrNxv/I6YlRujSIlakI6Vj9u5GxUOth6JvJkGFfz3sj8T+vnWJw5WYiSlKEiE8OBamkGNNRKLQrFHCUQ0MYV8K8lfI+U4yjiW7miq/YADAvmmCc+RgWSeOs4pxX7LuLcvV6GlGBHJJjckocckmq5JbUSJ1w8kReyCt5s56td+vD+pyMLlnTnQMyA+vrF+Ovovg=</latexit>
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A wide application space for p-computers

Combinatorial 
Optimization (e.g. TSP)

Sutton et al.,  Sci. Rep., (2017)

Quantum Computing 
inspired 

Machine Learning inspired

Quantum systems emulated with p-bits

Camsari et al.,  Physical Review Applied (2019)

Bayesian Networks

Faria et al.,  AIP Advances (2018)

inference

Adder             Subtractor  

(1) Subset Sum Problem  

Multiplier          Divider  

(2) Prime Factorization
 Camsari et al.,  Phys. Rev. X, (2017) 

Invertible Logic 

Kaiser et al.,  Frontiers in Comp.
                         Neuroscience (2020)

 Boltzmann Machine
in-situ
learning
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Outline



⌧0 ⇡ ps� ns
<latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit>

How to build a p-bit?

∆ = 0 kT
τ ≈ ps− ns

∆ = 0 kT

� = 40� 60 kT
<latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit>

MTJ Resistance 

time

(ps — ns) depending on magnet 
design

Unstable
free layer

RAP > RP
<latexit sha1_base64="/F0kPbip3OrcyWeyNShicDUbiNs=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSEXQlVTcuo9gLtCFMppN26OTCzEQsIa/ixoUibn0Rd76NkzYLbf1h4OM/53DO/H7CmVSW9W1UVlbX1jeqm7Wt7Z3dPXO/3pFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3JT1LuPVEgWRw9qmlA3xKOIBYxgpS3PrA9kgO697MrJ0WUBTu6ZDatpzYSWwS6hAaUcz/waDGOShjRShGMp+7aVKDfDQjHCaV4bpJImmEzwiPY1Rjik0s1mt+foWDtDFMRCv0ihmft7IsOhlNPQ150hVmO5WCvM/2r9VAUXbsaiJFU0IvNFQcqRilERBBoyQYniUw2YCKZvRWSMBSZKx1XTIdiLX16GzmnTtpr23VmjdV3GUYVDOIITsOEcWnALDrSBwBM8wyu8GbnxYrwbH/PWilHOHMAfGZ8/cTmTZQ==</latexit><latexit sha1_base64="/F0kPbip3OrcyWeyNShicDUbiNs=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSEXQlVTcuo9gLtCFMppN26OTCzEQsIa/ixoUibn0Rd76NkzYLbf1h4OM/53DO/H7CmVSW9W1UVlbX1jeqm7Wt7Z3dPXO/3pFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3JT1LuPVEgWRw9qmlA3xKOIBYxgpS3PrA9kgO697MrJ0WUBTu6ZDatpzYSWwS6hAaUcz/waDGOShjRShGMp+7aVKDfDQjHCaV4bpJImmEzwiPY1Rjik0s1mt+foWDtDFMRCv0ihmft7IsOhlNPQ150hVmO5WCvM/2r9VAUXbsaiJFU0IvNFQcqRilERBBoyQYniUw2YCKZvRWSMBSZKx1XTIdiLX16GzmnTtpr23VmjdV3GUYVDOIITsOEcWnALDrSBwBM8wyu8GbnxYrwbH/PWilHOHMAfGZ8/cTmTZQ==</latexit><latexit sha1_base64="/F0kPbip3OrcyWeyNShicDUbiNs=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSEXQlVTcuo9gLtCFMppN26OTCzEQsIa/ixoUibn0Rd76NkzYLbf1h4OM/53DO/H7CmVSW9W1UVlbX1jeqm7Wt7Z3dPXO/3pFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3JT1LuPVEgWRw9qmlA3xKOIBYxgpS3PrA9kgO697MrJ0WUBTu6ZDatpzYSWwS6hAaUcz/waDGOShjRShGMp+7aVKDfDQjHCaV4bpJImmEzwiPY1Rjik0s1mt+foWDtDFMRCv0ihmft7IsOhlNPQ150hVmO5WCvM/2r9VAUXbsaiJFU0IvNFQcqRilERBBoyQYniUw2YCKZvRWSMBSZKx1XTIdiLX16GzmnTtpr23VmjdV3GUYVDOIITsOEcWnALDrSBwBM8wyu8GbnxYrwbH/PWilHOHMAfGZ8/cTmTZQ==</latexit><latexit sha1_base64="/F0kPbip3OrcyWeyNShicDUbiNs=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSEXQlVTcuo9gLtCFMppN26OTCzEQsIa/ixoUibn0Rd76NkzYLbf1h4OM/53DO/H7CmVSW9W1UVlbX1jeqm7Wt7Z3dPXO/3pFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3JT1LuPVEgWRw9qmlA3xKOIBYxgpS3PrA9kgO697MrJ0WUBTu6ZDatpzYSWwS6hAaUcz/waDGOShjRShGMp+7aVKDfDQjHCaV4bpJImmEzwiPY1Rjik0s1mt+foWDtDFMRCv0ihmft7IsOhlNPQ150hVmO5WCvM/2r9VAUXbsaiJFU0IvNFQcqRilERBBoyQYniUw2YCKZvRWSMBSZKx1XTIdiLX16GzmnTtpr23VmjdV3GUYVDOIITsOEcWnALDrSBwBM8wyu8GbnxYrwbH/PWilHOHMAfGZ8/cTmTZQ==</latexit>

Magnetic Tunnel Junction (MTJ)  

Fixed layer

Free layer

<latexit sha1_base64="vaiUg4v9egNrmSJhmQEPc5o2E+A=">AAACHnicbZC7TsMwFIadcivlFmBkMVRILJSkrQRjEQtjQfQiNVHkuE5r1Uks20FUUWdegxdghTdgQ6zwAjwHTpuBFo5k+dP/n6Nj/z5nVCrL+jIKS8srq2vF9dLG5tb2jrm715ZxIjBp4ZjFousjSRiNSEtRxUiXC4JCn5GOP7rK/M49EZLG0Z0ac+KGaBDRgGKktOSZh44M4K2XXjYn8CwDfTuIcxE/wCo8hTXomWWrYk0L/gU7hzLIq+mZ304/xklIIoUZkrJnW1y5KRKKYkYmJSeRhCM8QgPS0xihkEg3nX5lAo+10odBLPSJFJyqvydSFEo5Dn3dGSI1lIteJv7n9RIVXLgpjXiiSIRni4KEQRXDLBfYp4JgxcYaEBZUvxXiIRIIK53e3BZfoBFRk5IOxl6M4S+0qxW7VrFu6uVGPY+oCA7AETgBNjgHDXANmqAFMHgEz+AFvBpPxpvxbnzMWgtGPrMP5sr4/AEqJqBw</latexit>
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<latexit sha1_base64="bAoiOaeZ8vb0rCLLlF3SEIpE//M=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymQyaYdOJmHmRighv+APuNU/cCdu/Qd/wO9w2mZhWw9cOJxzL+dyglRwDY7zba2tb2xubVd2qrt7+wc1+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY30397hNTmifyESYp82MylDzilICRBnbN0xH28pAPORDhFQO77jScGfAqcUtSRyVaA/vHCxOaxUwCFUTrvuuk4OdEAaeCFVUv0ywldEyGrG+oJDHTfj57vMBnRglxlCgzEvBM/XuRk1jrSRyYzZjASC97U/E/r59BdOPnXKYZMEnnQVEmMCR42gIOuWIUxMQQQhU3v2I6IopQMF0tpASKjBkUVVOMu1zDKulcNNzLhvNwVW/elhVV0Ak6RefIRdeoie5RC7URRRl6Qa/ozXq23q0P63O+umaVN8doAdbXL0jim44=</latexit>

<latexit sha1_base64="GFaQciaUykBMMfhxlXW2nMVQDNE=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSqKCLotuXFawD2hiuZlO2qGTmTAzEUrIF/gDbvUP3Ilbv8If8DuctlnY1gMXDufcy7mcMOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tUEdokkkvVCUFTzgRtGmY47SSKQhxy2g5HtxO//USVZlI8mHFCgxgGgkWMgLHSo68j7GcggMuBn/cqVbfmToGXiVeQKirQ6FV+/L4kaUyFIRy07npuYoIMlGGE07zsp5omQEYwoF1LBcRUB9n06xyfWqWPI6nsCIOn6t+LDGKtx3FoN2MwQ73oTcT/vG5qousgYyJJDRVkFhSlHBuJJxXgPlOUGD62BIhi9ldMhqCAGFvUXEqoYERNXrbFeIs1LJPWec27qLn3l9X6TVFRCR2jE3SGPHSF6ugONVATEaTQC3pFb86z8+58OJ+z1RWnuDlCc3C+fgH375rn</latexit>

Ii
<latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit>



⌧0 ⇡ ps� ns
<latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit><latexit sha1_base64="EQYdcs5nFKReU8NRtBEQYFB2f8Y=">AAACGHicbZDLSgMxFIYz3q23qstugkVwo8yIoEvRjcsK9gKdoZxJMxqayYTkjFhKF76GL+BW38CduHXnC/gcpu0stPWHwMd/zuGc/LGWwqLvf3lz8wuLS8srq6W19Y3NrfL2TsNmuWG8zjKZmVYMlkuheB0FSt7ShkMaS96Me5ejevOeGysydYN9zaMUbpVIBAN0VqdcCW1CQ4S849MQtDbZA9WWHlJlaadc9Y/8segsBAVUSaFap/wddjOWp1whk2BtO/A1RgMwKJjkw1KYW66B9eCWtx0qSLmNBuNPDOm+c7o0yYx7CunY/T0xgNTafhq7zhTwzk7XRuZ/tXaOyVk0EErnyBWbLEpySTGjo0RoVxjOUPYdADPC3UrZHRhg6HL7syU20OM4LLlggukYZqFxfBQ4vj6pnl8UEa2QCtkjByQgp+ScXJEaqRNGHskzeSGv3pP35r17H5PWOa+Y2SV/5H3+AGy3nzI=</latexit>

How to build a p-bit?

∆ = 0 kT
τ ≈ ps− ns

∆ = 0 kT

� = 40� 60 kT
<latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit><latexit sha1_base64="LRBvsCPbUIzJjYAe5S+iMkp/ieE=">AAACF3icbZDJSgNBEIZ7XGPcRr3ppTEIXgwzEtSLENSDxwjZIBNCT6cmadKz0F0jhBDwNXwBr/oG3sSrR1/A57CzHEziDw0ff1VR1b+fSKHRcb6tpeWV1bX1zEZ2c2t7Z9fe26/qOFUcKjyWsar7TIMUEVRQoIR6ooCFvoSa37sd1WuPoLSIozL2E2iGrBOJQHCGxmrZh54OqHcHEhm9pgWHntELh3q0V6YtO+fknbHoIrhTyJGpSi37x2vHPA0hQi6Z1g3XSbA5YAoFlzDMeqmGhPEe60DDYMRC0M3B+A9DemKcNg1iZV6EdOz+nRiwUOt+6JvOkGFXz9dG5n+1RorBVXMgoiRFiPhkUZBKijEdBULbQgFH2TfAuBLmVsq7TDGOJraZLb5iPcBh1gTjzsewCNXzvGv4oZAr3kwjypAjckxOiUsuSZHckxKpEE6eyAt5JW/Ws/VufVifk9YlazpzQGZkff0CiWOc4Q==</latexit>

Unstable
free layer 12

<latexit sha1_base64="bAoiOaeZ8vb0rCLLlF3SEIpE//M=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymQyaYdOJmHmRighv+APuNU/cCdu/Qd/wO9w2mZhWw9cOJxzL+dyglRwDY7zba2tb2xubVd2qrt7+wc1+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY30397hNTmifyESYp82MylDzilICRBnbN0xH28pAPORDhFQO77jScGfAqcUtSRyVaA/vHCxOaxUwCFUTrvuuk4OdEAaeCFVUv0ywldEyGrG+oJDHTfj57vMBnRglxlCgzEvBM/XuRk1jrSRyYzZjASC97U/E/r59BdOPnXKYZMEnnQVEmMCR42gIOuWIUxMQQQhU3v2I6IopQMF0tpASKjBkUVVOMu1zDKulcNNzLhvNwVW/elhVV0Ak6RefIRdeoie5RC7URRRl6Qa/ozXq23q0P63O+umaVN8doAdbXL0jim44=</latexit>

<latexit sha1_base64="GFaQciaUykBMMfhxlXW2nMVQDNE=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSqKCLotuXFawD2hiuZlO2qGTmTAzEUrIF/gDbvUP3Ilbv8If8DuctlnY1gMXDufcy7mcMOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tUEdokkkvVCUFTzgRtGmY47SSKQhxy2g5HtxO//USVZlI8mHFCgxgGgkWMgLHSo68j7GcggMuBn/cqVbfmToGXiVeQKirQ6FV+/L4kaUyFIRy07npuYoIMlGGE07zsp5omQEYwoF1LBcRUB9n06xyfWqWPI6nsCIOn6t+LDGKtx3FoN2MwQ73oTcT/vG5qousgYyJJDRVkFhSlHBuJJxXgPlOUGD62BIhi9ldMhqCAGFvUXEqoYERNXrbFeIs1LJPWec27qLn3l9X6TVFRCR2jE3SGPHSF6ugONVATEaTQC3pFb86z8+58OJ+z1RWnuDlCc3C+fgH375rn</latexit>

Ii
<latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="xIGf5D/K72mqrc6Jvw5vFZhCY9I=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AW0omc6cNzWSG5I5Qxr6AW9/AnfhEvoDPYfqzsNYDgY9zEu7NiXIlLQXBl1fZ2d3bP6ge+kc1//jktF7r2KwwAtsiU5npRdyikhrbJElhLzfI00hhN5reL/LuMxorM/1EsxyHKR9rmUjByVmtUb0RNIOl2DaEa2jAWqP69yDORJGiJqG4tf0wyGlYckNSKJz7g8JizsWUj7HvUPMU7bBcrjlnl86JWZIZdzSxpfv7RclTa2dp5G6mnCb2b7Yw/8v6BSW3w1LqvCDUYjUoKRSjjC3+zGJpUJCaOeDCSLcrExNuuCDXzMaUyPAp0tx3vYR/W9iGznUzdPwYQBXO4QKuIIQbuIMHaEEbBMTwCm/ei/fufaz6q3jrIs9gQ97nD9OMkow=</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="fVQCTxDaTUGCitfOf5QXvO2/8x8=">AAAB93icbZDLSgMxFIbP1FutVatbN8EiuCozbnQpuNFdBXuBdiiZ9EwbJnMhOSOUoTtfwK2+gTvxaXwBn8P0srCtPwQ+/j/hnPxBpqQh1/12SlvbO7t75f3KQfXw6Lh2Um2bNNcCWyJVqe4G3KCSCbZIksJuppHHgcJOEN3N8s4zaiPT5IkmGfoxHyUylIKTtTp9E7KHgRzU6m7DnYttgreEOizVHNR++sNU5DEmJBQ3pue5GfkF1ySFwmmlnxvMuIj4CHsWEx6j8Yv5ulN2YZ0hC1NtT0Js7v59UfDYmEkc2Jsxp7FZz2bmf1kvp/DGL2SS5YSJWAwKc8UoZbO/s6HUKEhNLHChpd2ViTHXXJBtaGVKoHmENK3YYrz1GjahfdXwLD+6UIYzOIdL8OAabuEemtACARG8whu8Oy/Oh/O5qLDkLLs8hRU5X79uwpYh</latexit><latexit sha1_base64="G/OISnIExDwPZP7fQD+Ek3Ku6mA=">AAACAnicbZDPSsNAEMYn9V+t/6oevSwWwVNJvOix6EVvFWwrtKFstpN2yWYTdjdCCb35Al71DbyJV1/EF/A53LY52NYPFn58M8PMfkEquDau++2U1tY3NrfK25Wd3b39g+rhUVsnmWLYYolI1GNANQousWW4EfiYKqRxILATRDfTeucJleaJfDDjFP2YDiUPOaPGWp2eDsldn/erNbfuzkRWwSugBoWa/epPb5CwLEZpmKBadz03NX5OleFM4KTSyzSmlEV0iF2Lksao/Xx27oScWWdAwkTZJw2ZuX8nchprPY4D2xlTM9LLtan5X62bmfDKz7lMM4OSzReFmSAmIdO/kwFXyIwYW6BMcXsrYSOqKDM2oYUtgaIRmknFBuMtx7AK7Yu6Z/nerTWui4jKcAKncA4eXEIDbqEJLWAQwQu8wpvz7Lw7H87nvLXkFDPHsCDn6xf0kpeK</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit><latexit sha1_base64="3VNhJXr67a7Efx2C/tO1w8+Ah1M=">AAACAnicbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6EZ3EcwDkiH0dHqSJj09Q3eNEIbsvIBbvYE7cetFvIDnsJPMwiT+0PDxVxVV/QeJFAZd99sprK1vbG4Vt0s7u3v7B+XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQ7rbeeuDYiVo84Trgf0YESoWAUrdXqmpDc90SvXHGr7kxkFbwcKpCr3iv/dPsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHoqIRN342O3dCzqzTJ2Gs7VNIZu7fiYxGxoyjwHZGFIdmuTY1/6t1Ugyv/UyoJEWu2HxRmEqCMZn+nfSF5gzl2AJlWthbCRtSTRnahBa2BJqOOE5KNhhvOYZVaF5UPcsPl5XaTR5REU7gFM7BgyuowR3UoQEMRvACr/DmPDvvzofzOW8tOPnMMSzI+foF9dKXjg==</latexit>

Experimental 
PMA-MTJs

(Tohoku 
University)



Embedded MTJ based p-bit
Stable fixed layer

Unstable free
layer

<latexit sha1_base64="O1+ogaC0C2/LeQM9mHK6DAQ5TAg=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiRa0GXBjTsrNG0hDWUynbRDJ5kwMxFKyN4fcKt/4E7c+hv+gN/htM3Cth64cDjnXu69J0g4U9q2v63SxubW9k55t7K3f3B4VD0+6SiRSkJdIriQvQAryllMXc00p71EUhwFnHaDyd3M7z5RqZiI23qaUD/Co5iFjGBtJK+vQtQZZA9uOx9Ua3bdngOtE6cgNSjQGlR/+kNB0ojGmnCslOfYifYzLDUjnOaVfqpogskEj6hnaIwjqvxsfnKOLowyRKGQpmKN5urfiQxHSk2jwHRGWI/VqjcT//O8VIe3fsbiJNU0JotFYcqRFmj2PxoySYnmU0MwkczcisgYS0y0SWlpSyDxhOq8YoJxVmNYJ52runNdtx8btWajiKgMZ3AOl+DADTThHlrgAgEBL/AKb9az9W59WJ+L1pJVzJzCEqyvXxaVmT4=</latexit>

<latexit sha1_base64="vhGo0+Of0UT5tNaYq7/htHuSfzA=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwY01qQZcFu3BZwT6gDWUynbRDJ5M4cyOUkB/wB9zqH7gTt/6FP+B3OG2zsK0HLhzOuZdzOV4kuAbb/rZya+sbm1v57cLO7t7+QfHwqKXDWFHWpKEIVccjmgkuWRM4CNaJFCOBJ1jbG99O/fYTU5qH8gEmEXMDMpTc55SAkdye9vFFq5/U6+llpV8s2WV7BrxKnIyUUIZGv/jTG4Q0DpgEKojWXceOwE2IAk4FSwu9WLOI0DEZsq6hkgRMu8ns6RSfGWWA/VCZkYBn6t+LhARaTwLPbAYERnrZm4r/ed0Y/Bs34TKKgUk6D/JjgSHE0wbwgCtGQUwMIVRx8yumI6IIBdPTQoqnyJhBWjDFOMs1rJJWpexcle37aqlWzSrKoxN0is6Rg65RDd2hBmoiih7RC3pFb9az9W59WJ/z1ZyV3RyjBVhfv5bbmXA=</latexit>

<latexit sha1_base64="t8Srm3cisHswA54pn35B5qzIDh8=">AAACBXicbVDLSgNBEJz1GeMr6tHLYBA8hV0N6DHgRS8SwTwwCWF20psMmZ1dZnqFsOTsD3jVP/AmXv0Of8DvcJLswSQWNBRV3XR3+bEUBl3321lZXVvf2Mxt5bd3dvf2CweHdRMlmkONRzLSTZ8ZkEJBDQVKaMYaWOhLaPjD64nfeAJtRKQecBRDJ2R9JQLBGVrpsW0CWu+mt3fjbqHoltwp6DLxMlIkGardwk+7F/EkBIVcMmNanhtjJ2UaBZcwzrcTAzHjQ9aHlqWKhWA66fTiMT21So8GkbalkE7VvxMpC40Zhb7tDBkOzKI3Ef/zWgkGV51UqDhBUHy2KEgkxYhO3qc9oYGjHFnCuBb2VsoHTDOONqS5Lb5mQ8Bx3gbjLcawTOrnJe+i5N6Xi5VyFlGOHJMTckY8ckkq5IZUSY1wosgLeSVvzrPz7nw4n7PWFSebOSJzcL5+AVNUmNM=</latexit>

<latexit sha1_base64="3zWVWzsiGyvVxFfmdyrUZorYCFk=">AAACCHicbVDLSsNAFJ3UV62vqks3g0UQhJrUgi4LduGygn1AG8pkOmmHTiZx5kYoIT/gD7jVP3Anbv0Lf8DvcNpmYVsPXDiccy/ncrxIcA22/W3l1tY3Nrfy24Wd3b39g+LhUUuHsaKsSUMRqo5HNBNcsiZwEKwTKUYCT7C2N76d+u0npjQP5QNMIuYGZCi5zykBI7k97eOLVj+p19PLSr9Yssv2DHiVOBkpoQyNfvGnNwhpHDAJVBCtu44dgZsQBZwKlhZ6sWYRoWMyZF1DJQmYdpPZ0yk+M8oA+6EyIwHP1L8XCQm0ngSe2QwIjPSyNxX/87ox+DduwmUUA5N0HuTHAkOIpw3gAVeMgpgYQqji5ldMR0QRCqanhRRPkTGDtGCKcZZrWCWtStm5Ktv31VKtmlWURyfoFJ0jB12jGrpDDdREFD2iF/SK3qxn6936sD7nqzkruzlGC7C+fgGTm5lu</latexit>

Ideal: Behavioral
equations

 Camsari  et al., Phys. Rev. X (2017)

Ii
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1T/1MTJ
1Gb  MRAM

STT-MRAM

-Everspin
-Samsung

-GlobalFoundries

SPICE: PTM/BSIM  
Models + Stochastic LLG

 Camsari  et al., IEEE EDL (2017) 13



Prototype p-computer (8 p-bits)

 Borders  et al., Nature (2019)
14



Non-magnetic p-computers
FPGA implementations

Thresholding

mi

m1

m2

m15

Su
m

En (Enable) C (Clamp)
S (Select)

Weight Matrix

h

6

Activation 
Function
(LUT) 32 bit

Comp

LFSR 32

Tunable RNG

12

+
_

M
U

X

x

Ji1

x

Ji2
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+
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14
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-8.00

+
_

1 2 22 32

32

32

1234

• Synchronous (Clocked & Sequenced) 

p-circuits up to ~500 p-bits

Pervaiz et al., IEEE Transactions on Neural
Networks and Learning Systems (2018)

• Autonomous (Emulated)  
p-circuits up to ~8,000 p-bits

Sutton et al., arXiv: 1907.09664  (2019)

Arduino  emulation

VOUT

VIN

p-transistor

V

⌘

• Autonomous (No global clocks) 

p-circuits up to ~50 p-bits

 Pervaiz et al., Sci. Rep. (2017)

p-bit

15
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Correlated p-bits: p-circuits
(Outputs)

(Inputs)
G0 = 0

01 111000

01

11
10

00

0.
25

time

0.
25

G0 > 0

time

01 111000 01 111000
0.
25

time
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Correlated p-bits: p-circuits

0.00
0.02
0.04

0.08
0.10
0.12

0.00
0.01
0.02
0.03
0.04
0.05

0.000

0.005

0.015

pi ∝ exp(−Ei)

E =
∑

i,j

−Jijmimj −
∑

i

himi

pi ∝ exp(−Ei)

E = −
∑

i,j

Jijmimj −
∑

i

himi

18

Feynman 1982 :



uncorrelated
 Borders  et al., 
Nature (2019)

 Factorization as energy minimization  
X =

PX

p=0

2pxp , Y =
QX

q=0

2qyq
<latexit sha1_base64="uV1pKTmDvxjxQ97DR4EKAZlb5fs="></latexit><latexit sha1_base64="uV1pKTmDvxjxQ97DR4EKAZlb5fs="></latexit><latexit sha1_base64="uV1pKTmDvxjxQ97DR4EKAZlb5fs="></latexit><latexit sha1_base64="uV1pKTmDvxjxQ97DR4EKAZlb5fs="></latexit>

correlated
8 p-bit computer

19



 Factorization as Inverse Multiplication  

(143 in binary) 143 = 11 x 13 

 Electrical annealing  
(Classical Annealing)

20



 Factorization as Inverse Multiplication  

IEEE TCAS-I  (2019)

65 nm CMOS chip

21
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Adiabatic Quantum Computing (AQC) 

<latexit sha1_base64="Yq/WwiWijLHboiVuAMizia6G5QQ=">AAACDnicbVDLSsNAFL2pr1pfqS7dDBbBjSWpgi6LblxWsA9oQ5lMJ+3QySTMTJQS+g/+gFv9A3fi1l/wB/wOJ20WtvXAwOGcc+dejh9zprTjfFuFtfWNza3idmlnd2//wC4ftlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj28zv/1IpWKReNCTmHohHgoWMIK1kfp2uacCVDsfsJCKLIR53644VWcGtErcnFQgR6Nv//QGEUnMB5pwrFTXdWLtpVhqRjidlnqJojEmYzykXUMFDqny0tnpU3RqlAEKImme0Gim/p1IcajUJPRNMsR6pJa9TPzP6yY6uPZSJuJEU0Hmi4KEIx2hrAc0YJISzSeGYCKZuRWREZaYaNPWwhZf4jHV05Ipxl2uYZW0alX3ourcX1bqN3lFRTiGEzgDF66gDnfQgCYQeIIXeIU369l6tz6sz3m0YOUzR7AA6+sXOeecBg==</latexit>

23

<latexit sha1_base64="EK3oWnWWGaGSxjEUu6zn34ylip0=">AAACDnicbVDLSsNAFJ3UV62vVJduBovgxpJYQZdFNy4r2Ae0oUymk3boZBJmbpQS+g/+gFv9A3fi1l/wB/wOJ20WtvXAwOGcc+dejh8LrsFxvq3C2vrG5lZxu7Szu7d/YJcPWzpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX98W3mtx+Z0jySDzCJmReSoeQBpwSM1LfLPR3g2vmAh0xmISL6dsWpOjPgVeLmpIJyNPr2T28Q0cR8AFQQrbuuE4OXEgWcCjYt9RLNYkLHZMi6hkoSMu2ls9On+NQoAxxEyjwJeKb+nUhJqPUk9E0yJDDSy14m/ud1EwiuvZTLOAEm6XxRkAgMEc56wAOuGAUxMYRQxc2tmI6IIhRMWwtbfEXGDKYlU4y7XMMqaV1U3VrVub+s1G/yioroGJ2gM+SiK1RHd6iBmoiiJ/SCXtGb9Wy9Wx/W5zxasPKZI7QA6+sXO4ucBw==</latexit>

J? = � 1

2�
log tanh(��/n)

<latexit sha1_base64="8viHgtuC3al1B84gKomW7KRe0jU="></latexit><latexit sha1_base64="8viHgtuC3al1B84gKomW7KRe0jU="></latexit><latexit sha1_base64="8viHgtuC3al1B84gKomW7KRe0jU="></latexit><latexit sha1_base64="8viHgtuC3al1B84gKomW7KRe0jU="></latexit>

Jk = J/n
<latexit sha1_base64="tw1+suG6XQY6CAnJB4zsaSPuCY0=">AAACF3icbZDLSsNAFIYnXmu9Vd3pZrAIrmoigm6EohvpqoK9QBPCZHrSDp1MwsxEKCHga/gCbvUN3Ilbl76Az+H0srCtPwz8/OcczpkvSDhT2ra/raXlldW19cJGcXNre2e3tLffVHEqKTRozGPZDogCzgQ0NNMc2okEEgUcWsHgdlRvPYJULBYPepiAF5GeYCGjRJvILx26KsQ1P3MTIgnnwHN8jWtnAmPsl8p2xR4LLxpnaspoqrpf+nG7MU0jEJpyolTHsRPtZURqRjnkRTdVkBA6ID3oGCtIBMrLxn/I8YlJujiMpXlC43H6dyIjkVLDKDCdEdF9NV8bhf/VOqkOr7yMiSTVIOhkUZhyrGM8AoK7TALVfGgMoZKZWzHtGxhUG2wzWwJJBqDzogHjzGNYNM3zimNXnPuLcvVmiqiAjtAxOkUOukRVdIfqqIEoekIv6BW9Wc/Wu/VhfU5al6zpzAGakfX1Cyumnno=</latexit><latexit sha1_base64="tw1+suG6XQY6CAnJB4zsaSPuCY0=">AAACF3icbZDLSsNAFIYnXmu9Vd3pZrAIrmoigm6EohvpqoK9QBPCZHrSDp1MwsxEKCHga/gCbvUN3Ilbl76Az+H0srCtPwz8/OcczpkvSDhT2ra/raXlldW19cJGcXNre2e3tLffVHEqKTRozGPZDogCzgQ0NNMc2okEEgUcWsHgdlRvPYJULBYPepiAF5GeYCGjRJvILx26KsQ1P3MTIgnnwHN8jWtnAmPsl8p2xR4LLxpnaspoqrpf+nG7MU0jEJpyolTHsRPtZURqRjnkRTdVkBA6ID3oGCtIBMrLxn/I8YlJujiMpXlC43H6dyIjkVLDKDCdEdF9NV8bhf/VOqkOr7yMiSTVIOhkUZhyrGM8AoK7TALVfGgMoZKZWzHtGxhUG2wzWwJJBqDzogHjzGNYNM3zimNXnPuLcvVmiqiAjtAxOkUOukRVdIfqqIEoekIv6BW9Wc/Wu/VhfU5al6zpzAGakfX1Cyumnno=</latexit><latexit sha1_base64="tw1+suG6XQY6CAnJB4zsaSPuCY0=">AAACF3icbZDLSsNAFIYnXmu9Vd3pZrAIrmoigm6EohvpqoK9QBPCZHrSDp1MwsxEKCHga/gCbvUN3Ilbl76Az+H0srCtPwz8/OcczpkvSDhT2ra/raXlldW19cJGcXNre2e3tLffVHEqKTRozGPZDogCzgQ0NNMc2okEEgUcWsHgdlRvPYJULBYPepiAF5GeYCGjRJvILx26KsQ1P3MTIgnnwHN8jWtnAmPsl8p2xR4LLxpnaspoqrpf+nG7MU0jEJpyolTHsRPtZURqRjnkRTdVkBA6ID3oGCtIBMrLxn/I8YlJujiMpXlC43H6dyIjkVLDKDCdEdF9NV8bhf/VOqkOr7yMiSTVIOhkUZhyrGM8AoK7TALVfGgMoZKZWzHtGxhUG2wzWwJJBqDzogHjzGNYNM3zimNXnPuLcvVmiqiAjtAxOkUOukRVdIfqqIEoekIv6BW9Wc/Wu/VhfU5al6zpzAGakfX1Cyumnno=</latexit><latexit sha1_base64="tw1+suG6XQY6CAnJB4zsaSPuCY0=">AAACF3icbZDLSsNAFIYnXmu9Vd3pZrAIrmoigm6EohvpqoK9QBPCZHrSDp1MwsxEKCHga/gCbvUN3Ilbl76Az+H0srCtPwz8/OcczpkvSDhT2ra/raXlldW19cJGcXNre2e3tLffVHEqKTRozGPZDogCzgQ0NNMc2okEEgUcWsHgdlRvPYJULBYPepiAF5GeYCGjRJvILx26KsQ1P3MTIgnnwHN8jWtnAmPsl8p2xR4LLxpnaspoqrpf+nG7MU0jEJpyolTHsRPtZURqRjnkRTdVkBA6ID3oGCtIBMrLxn/I8YlJujiMpXlC43H6dyIjkVLDKDCdEdF9NV8bhf/VOqkOr7yMiSTVIOhkUZhyrGM8AoK7TALVfGgMoZKZWzHtGxhUG2wzWwJJBqDzogHjzGNYNM3zimNXnPuLcvVmiqiAjtAxOkUOukRVdIfqqIEoekIv6BW9Wc/Wu/VhfU5al6zpzAGakfX1Cyumnno=</latexit>

 Camsari et al., Physical Review Applied (2019)



250 replicas 

24

N=8 q-bits (J=+1, FM )

Mapping quantum systems to p-bits

<latexit sha1_base64="oIr9EKVx61TrHcJK9LbmlIwYGsc="></latexit>
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Device-level comparison
MTJ-based CMOS-based 

<latexit sha1_base64="bAoiOaeZ8vb0rCLLlF3SEIpE//M=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymQyaYdOJmHmRighv+APuNU/cCdu/Qd/wO9w2mZhWw9cOJxzL+dyglRwDY7zba2tb2xubVd2qrt7+wc1+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY30397hNTmifyESYp82MylDzilICRBnbN0xH28pAPORDhFQO77jScGfAqcUtSRyVaA/vHCxOaxUwCFUTrvuuk4OdEAaeCFVUv0ywldEyGrG+oJDHTfj57vMBnRglxlCgzEvBM/XuRk1jrSRyYzZjASC97U/E/r59BdOPnXKYZMEnnQVEmMCR42gIOuWIUxMQQQhU3v2I6IopQMF0tpASKjBkUVVOMu1zDKulcNNzLhvNwVW/elhVV0Ak6RefIRdeoie5RC7URRRl6Qa/ozXq23q0P63O+umaVN8doAdbXL0jim44=</latexit>

<latexit sha1_base64="GFaQciaUykBMMfhxlXW2nMVQDNE=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSqKCLotuXFawD2hiuZlO2qGTmTAzEUrIF/gDbvUP3Ilbv8If8DuctlnY1gMXDufcy7mcMOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tUEdokkkvVCUFTzgRtGmY47SSKQhxy2g5HtxO//USVZlI8mHFCgxgGgkWMgLHSo68j7GcggMuBn/cqVbfmToGXiVeQKirQ6FV+/L4kaUyFIRy07npuYoIMlGGE07zsp5omQEYwoF1LBcRUB9n06xyfWqWPI6nsCIOn6t+LDGKtx3FoN2MwQ73oTcT/vG5qousgYyJJDRVkFhSlHBuJJxXgPlOUGD62BIhi9ldMhqCAGFvUXEqoYERNXrbFeIs1LJPWec27qLn3l9X6TVFRCR2jE3SGPHSF6ugONVATEaTQC3pFb86z8+58OJ+z1RWnuDlCc3C+fgH375rn</latexit>
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Architecture-level comparison

1Gb  MRAM

tpbit = 100 ps

N = 106 p-bits

(Projected)

f ≥ 1016 flips/second

27
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Future Directions: Materials / Devices

Antiferromagnets
(Synthetic / Natural)

Valley-Hall Effect 

Spin-Transfer-Torque RRAM / Memristors

SkyrmionsSTT-Oscillators

Ferroelectrics

Domain wall
motion

Cauldron of emerging 
phenomena

Spin-Hall Materials 

Voltage-control 
of magnetism

(VCM)
2D Magnetism

TMDs
MultiferroicsGraphene

Topological 
Insulators

Phase-change 
materialsSpin-Orbit-Torque
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Future Directions: Materials / Devices
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Future Directions: Circuits / Systems / Algorithms

1Gb  MRAM
(manufacture-ready)



bits, p-bits, q-bits

Closing the loop

32



bits, p-bits, q-bits

33



Summary

Invertible Logic 

Machine Learning & Quantum Computing

Adder             Subtractor  

(1) Subset Sum Problem  

Multiplier          Divider  

(2) Prime Factorization

Quantum Annealing

Learning & Inference

FPGA — Digital CMOS — eMRAM — Emerging Devices ? 

34

8 p-bit computer <latexit sha1_base64="oUBYS0vy4v6sfSh44zVqZaQnKPQ=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwVRIVdFl047KCfUATymR60w6ZTMLMRCihv+APuNU/cCdu/Qd/wO9w0mZhWw9cOJxzL+dygpQzpR3n21pb39jc2q7sVHf39g9q9uFRRyWZpNCmCU9kLyAKOBPQ1kxz6KUSSBxw6AbRXeF3n0AqlohHPUnBj8lIsJBRoo00sGueCrFHx0CjmMioOrDrTsOZAa8StyR1VKI1sH+8YUKzGISmnCjVd51U+zmRmlEO06qXKUgJjcgI+oYKEoPy89njU3xmlCEOE2lGaDxT/17kJFZqEgdmMyZ6rJa9QvzP62c6vPFzJtJMg6DzoDDjWCe4aAEPmQSq+cQQQiUzv2I6JpJQbbpaSAkkiUBPi2Lc5RpWSeei4V42nIerevO2rKiCTtApOkcuukZNdI9aqI0oytALekVv1rP1bn1Yn/PVNau8OUYLsL5+AX2Imw8=</latexit>
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