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bits, p-bits and q-bits

digital circuits

bits

“0” or “1”
Deterministic
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transistors / Stable 
magnets
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p-bits

Stochastic
“0” or “1”

p-circuits

Unstable magnets
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Stable  
magnets

p-computer

Single
Spin

q-bits
Superposition 

of
“0” and “1”

q-circuits
q-computer

Feynman 
1982 

Digital electronics .. notion of a “bit” , charge on a capacitor 

Experimental data by Debashis / Chen 

I will make a concrete p-bit to q-bit connection 



Application space for p-bits
Quantum Computing 

inspired 

Adder             Subtractor 

(1) Subset Sum Problem 

Multiplier          Divider 

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

DBN’s using p-bits

    Zand et al.,  
GLSVLSI (2018)

Combinatorial 
Optimization (e.g. TSP)

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

Machine Learning inspired

Quantum circuits emulated with p-bits

Camsari et al.,  arXiv:1810.XXXX

Bayesian Networks

Faria et al.,  AIP Advances (2018)
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• How to build a p-bit? 

• Quantum Computing-inspired 
(Reciprocal Networks) 

• Machine Learning-inspired (Reciprocal 
and Non-reciprocal Networks)



 **update order of p-bits: 
needs to be

 sequential or asynchronous

p-bit is a binary stochastic neuron

Synapse:  Linear weighted sum

(2)

Basic Equations

p-bit: Stochastic binary neuron

(1)

 ***speed of synapse:  
-needs to be much faster 

than p-bit

p-bit

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>

Need for hardware 
p-bits

Hardware-specific
features

 * Hardware p-bit is a three-
terminal device  

so that it can be 
interconnected

as a transistor-like building 
block

<latexit sha1_base64="GtjB3dnX872H/4UoenQdrMbH6u4=">AAACBXicbZBLSgNBEIZ74ivGV9Slm8YguAozIugyaBYuI5gHJiH0dGqSJj09Q3eNEIasvYBbvYE7ces5vIDnsJPMwiT+0PDxVxVV/fuxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6ZbPDEihoI4CJbRiDSz0JTT90e203nwCbUSkHnAcQzdkAyUCwRla67FjAtropdXqpFcsuWV3JroKXgYlkqnWK/50+hFPQlDIJTOm7bkxdlOmUXAJk0InMRAzPmIDaFtULATTTWcXT+iZdfo0iLR9CunM/TuRstCYcejbzpDh0CzXpuZ/tXaCwXU3FSpOEBSfLwoSSTGi0+/TvtDAUY4tMK6FvZXyIdOMow1pYYuv2QhwUrDBeMsxrELjouxZvr8sVW6yiPLkhJySc+KRK1Ihd6RG6oQTRV7IK3lznp1358P5nLfmnGzmmCzI+foFPuaY0A==</latexit>

<latexit sha1_base64="hHotlj5izf3DjEUKWtc6hOSYcDk=">AAACA3icbZBLSgNBEIZ74ivGV9Slm8YguAozIugyqKAriWAekAyhp1OTNOl50F0jhCFLL+BWb+BO3HoQL+A57ElmYRJ/aPj4q4qq/r1YCo22/W0VVlbX1jeKm6Wt7Z3dvfL+QVNHieLQ4JGMVNtjGqQIoYECJbRjBSzwJLS80XVWbz2B0iIKH3EcgxuwQSh8wRkaq93VPr29vyn1yhW7ak9Fl8HJoUJy1Xvln24/4kkAIXLJtO44doxuyhQKLmFS6iYaYsZHbAAdgyELQLvp9N4JPTFOn/qRMi9EOnX/TqQs0HoceKYzYDjUi7XM/K/WSdC/dFMRxglCyGeL/ERSjGj2edoXCjjKsQHGlTC3Uj5kinE0Ec1t8RQbAU6yYJzFGJaheVZ1DD+cV2pXeURFckSOySlxyAWpkTtSJw3CiSQv5JW8Wc/Wu/Vhfc5aC1Y+c0jmZH39AtOfl2o=</latexit>

*** Update order: RBM qualification



FWHM  
~ 170 ps 

• Circular low  
barrier magnets 

can be fast

⌧�1 / ↵�HD
<latexit sha1_base64="EereAcVbC0smNquP8AH5qpyWIlI=">AAACJnicbZDLSgMxFIYzXmu9VV26CRZBF8qMCLos6qLLCrYKnVrOpJk2NJkJyRmhDH0GX8MXcKtv4E7EnSufw/Sy8PZD4OM/53By/khLYdH3372Z2bn5hcXCUnF5ZXVtvbSx2bBpZhivs1Sm5iYCy6VIeB0FSn6jDQcVSX4d9c9H9es7bqxIkyscaN5S0E1ELBigs9ql/dDGNETIbvODYEhDbVKNKQ1B6h5QGnZBKaDV9gVtl8r+oT8W/QvBFMpkqlq79Bl2UpYpniCTYG0z8DW2cjAomOTDYphZroH1ocubDhNQ3Lby8UlDuuucDo1T416CdOx+n8hBWTtQketUgD37uzYy/6s1M4xPW7lIdIY8YZNFcSapO3qUD+0IwxnKgQNgRri/UtYDAwxdij+2RAb6HIdFF0zwO4a/0Dg6DBxfHpcrZ9OICmSb7JA9EpATUiFVUiN1wsg9eSRP5Nl78F68V+9t0jrjTWe2yA95H18qf6TI</latexit><latexit sha1_base64="EereAcVbC0smNquP8AH5qpyWIlI=">AAACJnicbZDLSgMxFIYzXmu9VV26CRZBF8qMCLos6qLLCrYKnVrOpJk2NJkJyRmhDH0GX8MXcKtv4E7EnSufw/Sy8PZD4OM/53By/khLYdH3372Z2bn5hcXCUnF5ZXVtvbSx2bBpZhivs1Sm5iYCy6VIeB0FSn6jDQcVSX4d9c9H9es7bqxIkyscaN5S0E1ELBigs9ql/dDGNETIbvODYEhDbVKNKQ1B6h5QGnZBKaDV9gVtl8r+oT8W/QvBFMpkqlq79Bl2UpYpniCTYG0z8DW2cjAomOTDYphZroH1ocubDhNQ3Lby8UlDuuucDo1T416CdOx+n8hBWTtQketUgD37uzYy/6s1M4xPW7lIdIY8YZNFcSapO3qUD+0IwxnKgQNgRri/UtYDAwxdij+2RAb6HIdFF0zwO4a/0Dg6DBxfHpcrZ9OICmSb7JA9EpATUiFVUiN1wsg9eSRP5Nl78F68V+9t0jrjTWe2yA95H18qf6TI</latexit><latexit sha1_base64="EereAcVbC0smNquP8AH5qpyWIlI=">AAACJnicbZDLSgMxFIYzXmu9VV26CRZBF8qMCLos6qLLCrYKnVrOpJk2NJkJyRmhDH0GX8MXcKtv4E7EnSufw/Sy8PZD4OM/53By/khLYdH3372Z2bn5hcXCUnF5ZXVtvbSx2bBpZhivs1Sm5iYCy6VIeB0FSn6jDQcVSX4d9c9H9es7bqxIkyscaN5S0E1ELBigs9ql/dDGNETIbvODYEhDbVKNKQ1B6h5QGnZBKaDV9gVtl8r+oT8W/QvBFMpkqlq79Bl2UpYpniCTYG0z8DW2cjAomOTDYphZroH1ocubDhNQ3Lby8UlDuuucDo1T416CdOx+n8hBWTtQketUgD37uzYy/6s1M4xPW7lIdIY8YZNFcSapO3qUD+0IwxnKgQNgRri/UtYDAwxdij+2RAb6HIdFF0zwO4a/0Dg6DBxfHpcrZ9OICmSb7JA9EpATUiFVUiN1wsg9eSRP5Nl78F68V+9t0jrjTWe2yA95H18qf6TI</latexit><latexit sha1_base64="EereAcVbC0smNquP8AH5qpyWIlI=">AAACJnicbZDLSgMxFIYzXmu9VV26CRZBF8qMCLos6qLLCrYKnVrOpJk2NJkJyRmhDH0GX8MXcKtv4E7EnSufw/Sy8PZD4OM/53By/khLYdH3372Z2bn5hcXCUnF5ZXVtvbSx2bBpZhivs1Sm5iYCy6VIeB0FSn6jDQcVSX4d9c9H9es7bqxIkyscaN5S0E1ELBigs9ql/dDGNETIbvODYEhDbVKNKQ1B6h5QGnZBKaDV9gVtl8r+oT8W/QvBFMpkqlq79Bl2UpYpniCTYG0z8DW2cjAomOTDYphZroH1ocubDhNQ3Lby8UlDuuucDo1T416CdOx+n8hBWTtQketUgD37uzYy/6s1M4xPW7lIdIY8YZNFcSapO3qUD+0IwxnKgQNgRri/UtYDAwxdij+2RAb6HIdFF0zwO4a/0Dg6DBxfHpcrZ9OICmSb7JA9EpATUiFVUiN1wsg9eSRP5Nl78F68V+9t0jrjTWe2yA95H18qf6TI</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>

Low-barrier magnets (LBM)  are natural p-bits

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>
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<latexit sha1_base64="iChxGrVCmMy/naxWxONiPODvLsA=">AAACJXicbZBLSgNBEIZ7fMb4irp00xiEuAkzIugyqIuACBHMAzJh6OnUaJOe6aG7RgghV/AaXsCt3sCdCK7ceQ47j4WJFjR8/H8V1fWHqRQGXffTWVhcWl5Zza3l1zc2t7YLO7sNozLNoc6VVLoVMgNSJFBHgRJaqQYWhxKaYe9i5DcfQBuhklvsp9CJ2V0iIsEZWikolHwTUf8SJDLqp1qlqGg1uKI+LdHrwNCR3VCyfBQUim7ZHRf9C94UimRataDw7XcVz2JIkEtmTNtzU+wMmEbBJQzzfmYgZbzH7qBtMWExmM5gfNGQHlqlSyOl7UuQjtXfEwMWG9OPQ9sZM7w3895I/M9rZxiddQYiSTOEhE8WRZmk9uxRPLQrNHCUfQuMa2H/Svk904yjDXFmS6hZD3CYt8F48zH8hcZx2bN8c1KsnE8jypF9ckBKxCOnpEKqpEbqhJNH8kxeyKvz5Lw5787HpHXBmc7skZlyvn4A0TWjcA==</latexit><latexit sha1_base64="iChxGrVCmMy/naxWxONiPODvLsA=">AAACJXicbZBLSgNBEIZ7fMb4irp00xiEuAkzIugyqIuACBHMAzJh6OnUaJOe6aG7RgghV/AaXsCt3sCdCK7ceQ47j4WJFjR8/H8V1fWHqRQGXffTWVhcWl5Zza3l1zc2t7YLO7sNozLNoc6VVLoVMgNSJFBHgRJaqQYWhxKaYe9i5DcfQBuhklvsp9CJ2V0iIsEZWikolHwTUf8SJDLqp1qlqGg1uKI+LdHrwNCR3VCyfBQUim7ZHRf9C94UimRataDw7XcVz2JIkEtmTNtzU+wMmEbBJQzzfmYgZbzH7qBtMWExmM5gfNGQHlqlSyOl7UuQjtXfEwMWG9OPQ9sZM7w3895I/M9rZxiddQYiSTOEhE8WRZmk9uxRPLQrNHCUfQuMa2H/Svk904yjDXFmS6hZD3CYt8F48zH8hcZx2bN8c1KsnE8jypF9ckBKxCOnpEKqpEbqhJNH8kxeyKvz5Lw5787HpHXBmc7skZlyvn4A0TWjcA==</latexit><latexit sha1_base64="iChxGrVCmMy/naxWxONiPODvLsA=">AAACJXicbZBLSgNBEIZ7fMb4irp00xiEuAkzIugyqIuACBHMAzJh6OnUaJOe6aG7RgghV/AaXsCt3sCdCK7ceQ47j4WJFjR8/H8V1fWHqRQGXffTWVhcWl5Zza3l1zc2t7YLO7sNozLNoc6VVLoVMgNSJFBHgRJaqQYWhxKaYe9i5DcfQBuhklvsp9CJ2V0iIsEZWikolHwTUf8SJDLqp1qlqGg1uKI+LdHrwNCR3VCyfBQUim7ZHRf9C94UimRataDw7XcVz2JIkEtmTNtzU+wMmEbBJQzzfmYgZbzH7qBtMWExmM5gfNGQHlqlSyOl7UuQjtXfEwMWG9OPQ9sZM7w3895I/M9rZxiddQYiSTOEhE8WRZmk9uxRPLQrNHCUfQuMa2H/Svk904yjDXFmS6hZD3CYt8F48zH8hcZx2bN8c1KsnE8jypF9ckBKxCOnpEKqpEbqhJNH8kxeyKvz5Lw5787HpHXBmc7skZlyvn4A0TWjcA==</latexit><latexit sha1_base64="iChxGrVCmMy/naxWxONiPODvLsA=">AAACJXicbZBLSgNBEIZ7fMb4irp00xiEuAkzIugyqIuACBHMAzJh6OnUaJOe6aG7RgghV/AaXsCt3sCdCK7ceQ47j4WJFjR8/H8V1fWHqRQGXffTWVhcWl5Zza3l1zc2t7YLO7sNozLNoc6VVLoVMgNSJFBHgRJaqQYWhxKaYe9i5DcfQBuhklvsp9CJ2V0iIsEZWikolHwTUf8SJDLqp1qlqGg1uKI+LdHrwNCR3VCyfBQUim7ZHRf9C94UimRataDw7XcVz2JIkEtmTNtzU+wMmEbBJQzzfmYgZbzH7qBtMWExmM5gfNGQHlqlSyOl7UuQjtXfEwMWG9OPQ9sZM7w3895I/M9rZxiddQYiSTOEhE8WRZmk9uxRPLQrNHCUfQuMa2H/Svk904yjDXFmS6hZD3CYt8F48zH8hcZx2bN8c1KsnE8jypF9ckBKxCOnpEKqpEbqhJNH8kxeyKvz5Lw5787HpHXBmc7skZlyvn4A0TWjcA==</latexit>

� = 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>



1T/1MTJ 
MRAM

1� 100 K⌦
<latexit sha1_base64="6RLWgeL+ChNd64+ThT+j8YiFHVA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5ZEBF0W3QgurGAf0BlKJs20oUlmSDJCGQr+ihsXirj1O9z5N6aPhbYeuHA4517uvSdKBTcWoW+vsLS8srpWXC9tbG5t7/i7ew2TZJqyOk1EolsRMUxwxeqWW8FaqWZERoI1o8H12G8+Mm14oh7sMGWhJD3FY06JdVLHPwhMDPEpRggGEN4Gd5L1COz4ZVRBE8BFgmekDGaodfyvoJvQTDJlqSDGtDFKbZgTbTkVbFQKMsNSQgekx9qOKiKZCfPJ+SN47JQujBPtSlk4UX9P5EQaM5SR65TE9s28Nxb/89qZjS/DnKs0s0zR6aI4E9AmcJwF7HLNqBVDRwjV3N0KaZ9oQq1LrORCwPMvL5LGWQWjCr4/L1evZnEUwSE4AicAgwtQBTegBuqAghw8g1fw5j15L9679zFtLXizmX3wB97nD2KIky0=</latexit><latexit sha1_base64="6RLWgeL+ChNd64+ThT+j8YiFHVA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5ZEBF0W3QgurGAf0BlKJs20oUlmSDJCGQr+ihsXirj1O9z5N6aPhbYeuHA4517uvSdKBTcWoW+vsLS8srpWXC9tbG5t7/i7ew2TZJqyOk1EolsRMUxwxeqWW8FaqWZERoI1o8H12G8+Mm14oh7sMGWhJD3FY06JdVLHPwhMDPEpRggGEN4Gd5L1COz4ZVRBE8BFgmekDGaodfyvoJvQTDJlqSDGtDFKbZgTbTkVbFQKMsNSQgekx9qOKiKZCfPJ+SN47JQujBPtSlk4UX9P5EQaM5SR65TE9s28Nxb/89qZjS/DnKs0s0zR6aI4E9AmcJwF7HLNqBVDRwjV3N0KaZ9oQq1LrORCwPMvL5LGWQWjCr4/L1evZnEUwSE4AicAgwtQBTegBuqAghw8g1fw5j15L9679zFtLXizmX3wB97nD2KIky0=</latexit><latexit sha1_base64="6RLWgeL+ChNd64+ThT+j8YiFHVA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5ZEBF0W3QgurGAf0BlKJs20oUlmSDJCGQr+ihsXirj1O9z5N6aPhbYeuHA4517uvSdKBTcWoW+vsLS8srpWXC9tbG5t7/i7ew2TZJqyOk1EolsRMUxwxeqWW8FaqWZERoI1o8H12G8+Mm14oh7sMGWhJD3FY06JdVLHPwhMDPEpRggGEN4Gd5L1COz4ZVRBE8BFgmekDGaodfyvoJvQTDJlqSDGtDFKbZgTbTkVbFQKMsNSQgekx9qOKiKZCfPJ+SN47JQujBPtSlk4UX9P5EQaM5SR65TE9s28Nxb/89qZjS/DnKs0s0zR6aI4E9AmcJwF7HLNqBVDRwjV3N0KaZ9oQq1LrORCwPMvL5LGWQWjCr4/L1evZnEUwSE4AicAgwtQBTegBuqAghw8g1fw5j15L9679zFtLXizmX3wB97nD2KIky0=</latexit><latexit sha1_base64="6RLWgeL+ChNd64+ThT+j8YiFHVA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5ZEBF0W3QgurGAf0BlKJs20oUlmSDJCGQr+ihsXirj1O9z5N6aPhbYeuHA4517uvSdKBTcWoW+vsLS8srpWXC9tbG5t7/i7ew2TZJqyOk1EolsRMUxwxeqWW8FaqWZERoI1o8H12G8+Mm14oh7sMGWhJD3FY06JdVLHPwhMDPEpRggGEN4Gd5L1COz4ZVRBE8BFgmekDGaodfyvoJvQTDJlqSDGtDFKbZgTbTkVbFQKMsNSQgekx9qOKiKZCfPJ+SN47JQujBPtSlk4UX9P5EQaM5SR65TE9s28Nxb/89qZjS/DnKs0s0zR6aI4E9AmcJwF7HLNqBVDRwjV3N0KaZ9oQq1LrORCwPMvL5LGWQWjCr4/L1evZnEUwSE4AicAgwtQBTegBuqAghw8g1fw5j15L9679zFtLXizmX3wB97nD2KIky0=</latexit>

⇠ 10 K⌦
<latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit>

Hardware mapping for p-bit

time (ns) 

MTJ Resistance 

⇠ 10 K⌦
<latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit><latexit sha1_base64="YTGCVUA8y5kQ19SChCDdMaelmOc=">AAAB/3icbVA9SwNBEJ2LXzF+nQo2NotBsAp3ImgZtBEsjGA+IHeEvc1esmR379jdE0JM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjnTxvO+ncLS8srqWnG9tLG5tb3j7u41dJIpQusk4YlqRVhTziStG2Y4baWKYhFx2owGVxO/+UCVZom8N8OUhgL3JIsZwcZKHfcg0EwEOka+hwKEboJbQXsYddyyV/GmQIvEz0kZctQ67lfQTUgmqDSEY63bvpeacISVYYTTcSnINE0xGeAebVsqsaA6HE3vH6Njq3RRnChb0qCp+ntihIXWQxHZToFNX897E/E/r52Z+CIcMZlmhkoyWxRnHJkETcJAXaYoMXxoCSaK2VsR6WOFibGRlWwI/vzLi6RxWvG9in93Vq5e5nEU4RCO4AR8OIcqXEMN6kDgEZ7hFd6cJ+fFeXc+Zq0FJ5/Zhz9wPn8AQleUTg==</latexit>

1. Replace stable
Free Layer with LBM

2. Add inverter to DRAIN 
(1 PMOS/1NMOS)

sLLG+PTM
(SPICE)

LBM

 Camsari  et al., IEEE EDL (2017)

Ii
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<latexit sha1_base64="JqXSu8NQK77wCPSf6l1Y0U5gMno=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNF0GXRje4q2Ad0ypBJM23aZBKSjFCG+QB/wx9wq3/gTlzqB/gdpu0sbOuBC4dz7uXee0LJqDau++UU1tY3NreK26Wd3b39g/LhUUuLRGHSxIIJ1QmRJozGpGmoYaQjFUE8ZKQdjm+mfvuRKE1F/GAmkvQ4GsQ0ohgZKwXliq8jeBeMoC+VkEZAHni2atCH7SCteXAEM9vlVt0Z4CrxclIBORpB+cfvC5xwEhvMkNZdz5WmlyJlKGYkK/mJJhLhMRqQrqUx4kT30tkzGTyzSh9GQtmKDZypfydSxLWe8NB2cmSGetmbiv953cREV72UxjIxJMbzRVHCoH16mgzsU0WwYRNLEFbU3grxECmEjc1vYUuo0JiYrGSD8ZZjWCWtWtWz/P6iUr/OIyqCE3AKzoEHLkEd3IIGaAIMnsALeAVvzrPz7nw4n/PWgpPPHIMFON+/H2Ohig==</latexit><latexit sha1_base64="JqXSu8NQK77wCPSf6l1Y0U5gMno=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNF0GXRje4q2Ad0ypBJM23aZBKSjFCG+QB/wx9wq3/gTlzqB/gdpu0sbOuBC4dz7uXee0LJqDau++UU1tY3NreK26Wd3b39g/LhUUuLRGHSxIIJ1QmRJozGpGmoYaQjFUE8ZKQdjm+mfvuRKE1F/GAmkvQ4GsQ0ohgZKwXliq8jeBeMoC+VkEZAHni2atCH7SCteXAEM9vlVt0Z4CrxclIBORpB+cfvC5xwEhvMkNZdz5WmlyJlKGYkK/mJJhLhMRqQrqUx4kT30tkzGTyzSh9GQtmKDZypfydSxLWe8NB2cmSGetmbiv953cREV72UxjIxJMbzRVHCoH16mgzsU0WwYRNLEFbU3grxECmEjc1vYUuo0JiYrGSD8ZZjWCWtWtWz/P6iUr/OIyqCE3AKzoEHLkEd3IIGaAIMnsALeAVvzrPz7nw4n/PWgpPPHIMFON+/H2Ohig==</latexit><latexit sha1_base64="JqXSu8NQK77wCPSf6l1Y0U5gMno=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNF0GXRje4q2Ad0ypBJM23aZBKSjFCG+QB/wx9wq3/gTlzqB/gdpu0sbOuBC4dz7uXee0LJqDau++UU1tY3NreK26Wd3b39g/LhUUuLRGHSxIIJ1QmRJozGpGmoYaQjFUE8ZKQdjm+mfvuRKE1F/GAmkvQ4GsQ0ohgZKwXliq8jeBeMoC+VkEZAHni2atCH7SCteXAEM9vlVt0Z4CrxclIBORpB+cfvC5xwEhvMkNZdz5WmlyJlKGYkK/mJJhLhMRqQrqUx4kT30tkzGTyzSh9GQtmKDZypfydSxLWe8NB2cmSGetmbiv953cREV72UxjIxJMbzRVHCoH16mgzsU0WwYRNLEFbU3grxECmEjc1vYUuo0JiYrGSD8ZZjWCWtWtWz/P6iUr/OIyqCE3AKzoEHLkEd3IIGaAIMnsALeAVvzrPz7nw4n/PWgpPPHIMFON+/H2Ohig==</latexit><latexit sha1_base64="JqXSu8NQK77wCPSf6l1Y0U5gMno=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNF0GXRje4q2Ad0ypBJM23aZBKSjFCG+QB/wx9wq3/gTlzqB/gdpu0sbOuBC4dz7uXee0LJqDau++UU1tY3NreK26Wd3b39g/LhUUuLRGHSxIIJ1QmRJozGpGmoYaQjFUE8ZKQdjm+mfvuRKE1F/GAmkvQ4GsQ0ohgZKwXliq8jeBeMoC+VkEZAHni2atCH7SCteXAEM9vlVt0Z4CrxclIBORpB+cfvC5xwEhvMkNZdz5WmlyJlKGYkK/mJJhLhMRqQrqUx4kT30tkzGTyzSh9GQtmKDZypfydSxLWe8NB2cmSGetmbiv953cREV72UxjIxJMbzRVHCoH16mgzsU0WwYRNLEFbU3grxECmEjc1vYUuo0JiYrGSD8ZZjWCWtWtWz/P6iUr/OIyqCE3AKzoEHLkEd3IIGaAIMnsALeAVvzrPz7nw4n/PWgpPPHIMFON+/H2Ohig==</latexit>

CMOS 
circuits 

Ii(m1, . . . ,mN)
<latexit sha1_base64="mCSKrhpxUUXIl0Yt0oIpNFzoMtA=">AAACF3icbZDLSsNAFIYnXmu9Rd3pZrAIFUpJRNBl0Y1upIK9QFPCZDpph84kYeZEKKXga/gCbvUN3Ilbl76Az+G0zcK2/jDw8Z9zOGf+IBFcg+N8W0vLK6tr67mN/ObW9s6uvbdf13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0r8f1xiNTmsfRAwwS1pakG/GQUwLG8u1DT4f41ue4KH23hD3RiUGXsPTvTn274JSdifAiuBkUUKaqb/94nZimkkVABdG65ToJtIdEAaeCjfJeqllCaJ90WctgRCTT7eHkDyN8YpwODmNlXgR44v6dGBKp9UAGplMS6On52tj8r9ZKIbxsD3mUpMAiOl0UpgJDjMeB4A5XjIIYGCBUcXMrpj2iCAUT28yWQJE+g1HeBOPOx7AI9bOya/j+vFC5yiLKoSN0jIrIRReogm5QFdUQRU/oBb2iN+vZerc+rM9p65KVzRygGVlfv4rXnh8=</latexit><latexit sha1_base64="mCSKrhpxUUXIl0Yt0oIpNFzoMtA=">AAACF3icbZDLSsNAFIYnXmu9Rd3pZrAIFUpJRNBl0Y1upIK9QFPCZDpph84kYeZEKKXga/gCbvUN3Ilbl76Az+G0zcK2/jDw8Z9zOGf+IBFcg+N8W0vLK6tr67mN/ObW9s6uvbdf13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0r8f1xiNTmsfRAwwS1pakG/GQUwLG8u1DT4f41ue4KH23hD3RiUGXsPTvTn274JSdifAiuBkUUKaqb/94nZimkkVABdG65ToJtIdEAaeCjfJeqllCaJ90WctgRCTT7eHkDyN8YpwODmNlXgR44v6dGBKp9UAGplMS6On52tj8r9ZKIbxsD3mUpMAiOl0UpgJDjMeB4A5XjIIYGCBUcXMrpj2iCAUT28yWQJE+g1HeBOPOx7AI9bOya/j+vFC5yiLKoSN0jIrIRReogm5QFdUQRU/oBb2iN+vZerc+rM9p65KVzRygGVlfv4rXnh8=</latexit><latexit sha1_base64="mCSKrhpxUUXIl0Yt0oIpNFzoMtA=">AAACF3icbZDLSsNAFIYnXmu9Rd3pZrAIFUpJRNBl0Y1upIK9QFPCZDpph84kYeZEKKXga/gCbvUN3Ilbl76Az+G0zcK2/jDw8Z9zOGf+IBFcg+N8W0vLK6tr67mN/ObW9s6uvbdf13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0r8f1xiNTmsfRAwwS1pakG/GQUwLG8u1DT4f41ue4KH23hD3RiUGXsPTvTn274JSdifAiuBkUUKaqb/94nZimkkVABdG65ToJtIdEAaeCjfJeqllCaJ90WctgRCTT7eHkDyN8YpwODmNlXgR44v6dGBKp9UAGplMS6On52tj8r9ZKIbxsD3mUpMAiOl0UpgJDjMeB4A5XjIIYGCBUcXMrpj2iCAUT28yWQJE+g1HeBOPOx7AI9bOya/j+vFC5yiLKoSN0jIrIRReogm5QFdUQRU/oBb2iN+vZerc+rM9p65KVzRygGVlfv4rXnh8=</latexit><latexit sha1_base64="mCSKrhpxUUXIl0Yt0oIpNFzoMtA=">AAACF3icbZDLSsNAFIYnXmu9Rd3pZrAIFUpJRNBl0Y1upIK9QFPCZDpph84kYeZEKKXga/gCbvUN3Ilbl76Az+G0zcK2/jDw8Z9zOGf+IBFcg+N8W0vLK6tr67mN/ObW9s6uvbdf13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0r8f1xiNTmsfRAwwS1pakG/GQUwLG8u1DT4f41ue4KH23hD3RiUGXsPTvTn274JSdifAiuBkUUKaqb/94nZimkkVABdG65ToJtIdEAaeCjfJeqllCaJ90WctgRCTT7eHkDyN8YpwODmNlXgR44v6dGBKp9UAGplMS6On52tj8r9ZKIbxsD3mUpMAiOl0UpgJDjMeB4A5XjIIYGCBUcXMrpj2iCAUT28yWQJE+g1HeBOPOx7AI9bOya/j+vFC5yiLKoSN0jIrIRReogm5QFdUQRU/oBb2iN+vZerc+rM9p65KVzRygGVlfv4rXnh8=</latexit>

mj
<latexit sha1_base64="D43EeVYtUEpxG78u4UsPCuKbxxU=">AAACA3icbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6MZlBPOAZAg9nZ6kTU/P0F0jhCFLL+BWb+BO3HoQL+A57CSzMIk/NHz8VUVV/0EihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7W7JiRR75H0yhW36s5EVsHLoQK56r3yT7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3sn5Mw6fRLG2j6FZOb+nchoZMw4CmxnRHFolmtT879aJ8Xw2s+ESlLkis0XhakkGJPp50lfaM5Qji1QpoW9lbAh1ZShjWhhS6DpiOOkZIPxlmNYheZF1bN8f1mp3eQRFeEETuEcPLiCGtxBHRrAQMILvMKb8+y8Ox/O57y14OQzx7Ag5+sXi7CX3Q==</latexit><latexit sha1_base64="D43EeVYtUEpxG78u4UsPCuKbxxU=">AAACA3icbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6MZlBPOAZAg9nZ6kTU/P0F0jhCFLL+BWb+BO3HoQL+A57CSzMIk/NHz8VUVV/0EihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7W7JiRR75H0yhW36s5EVsHLoQK56r3yT7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3sn5Mw6fRLG2j6FZOb+nchoZMw4CmxnRHFolmtT879aJ8Xw2s+ESlLkis0XhakkGJPp50lfaM5Qji1QpoW9lbAh1ZShjWhhS6DpiOOkZIPxlmNYheZF1bN8f1mp3eQRFeEETuEcPLiCGtxBHRrAQMILvMKb8+y8Ox/O57y14OQzx7Ag5+sXi7CX3Q==</latexit><latexit sha1_base64="D43EeVYtUEpxG78u4UsPCuKbxxU=">AAACA3icbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6MZlBPOAZAg9nZ6kTU/P0F0jhCFLL+BWb+BO3HoQL+A57CSzMIk/NHz8VUVV/0EihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7W7JiRR75H0yhW36s5EVsHLoQK56r3yT7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3sn5Mw6fRLG2j6FZOb+nchoZMw4CmxnRHFolmtT879aJ8Xw2s+ESlLkis0XhakkGJPp50lfaM5Qji1QpoW9lbAh1ZShjWhhS6DpiOOkZIPxlmNYheZF1bN8f1mp3eQRFeEETuEcPLiCGtxBHRrAQMILvMKb8+y8Ox/O57y14OQzx7Ag5+sXi7CX3Q==</latexit><latexit sha1_base64="D43EeVYtUEpxG78u4UsPCuKbxxU=">AAACA3icbZBLSgNBEIZr4ivGV9Slm8YguAozIugy6MZlBPOAZAg9nZ6kTU/P0F0jhCFLL+BWb+BO3HoQL+A57CSzMIk/NHz8VUVV/0EihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7W7JiRR75H0yhW36s5EVsHLoQK56r3yT7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3sn5Mw6fRLG2j6FZOb+nchoZMw4CmxnRHFolmtT879aJ8Xw2s+ESlLkis0XhakkGJPp50lfaM5Qji1QpoW9lbAh1ZShjWhhS6DpiOOkZIPxlmNYheZF1bN8f1mp3eQRFeEETuEcPLiCGtxBHRrAQMILvMKb8+y8Ox/O57y14OQzx7Ag5+sXi7CX3Q==</latexit>

Ij
<latexit sha1_base64="Yy6l27BfFo1q26fQ8ZWl1QPXPhw=">AAACA3icbZBLSgNBEIZrfMb4irp00xgEV2FGBF0G3egugnlAMoSeTk3Spqdn6O4RwpClF3CrN3Anbj2IF/AcdpJZmMQfGj7+qqKq/yARXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5tJvfmESvNYPphRgn5E+5KHnFFjrVZHh+Su+0i6pbJbcaciy+DlUIZctW7pp9OLWRqhNExQrduemxg/o8pwJnBc7KQaE8qGtI9ti5JGqP1seu+YnFqnR8JY2ScNmbp/JzIaaT2KAtsZUTPQi7WJ+V+tnZrwys+4TFKDks0WhakgJiaTz5MeV8iMGFmgTHF7K2EDqigzNqK5LYGiQzTjog3GW4xhGRrnFc/y/UW5ep1HVIBjOIEz8OASqnALNagDAwEv8ApvzrPz7nw4n7PWFSefOYI5OV+/UeSXuQ==</latexit><latexit sha1_base64="Yy6l27BfFo1q26fQ8ZWl1QPXPhw=">AAACA3icbZBLSgNBEIZrfMb4irp00xgEV2FGBF0G3egugnlAMoSeTk3Spqdn6O4RwpClF3CrN3Anbj2IF/AcdpJZmMQfGj7+qqKq/yARXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5tJvfmESvNYPphRgn5E+5KHnFFjrVZHh+Su+0i6pbJbcaciy+DlUIZctW7pp9OLWRqhNExQrduemxg/o8pwJnBc7KQaE8qGtI9ti5JGqP1seu+YnFqnR8JY2ScNmbp/JzIaaT2KAtsZUTPQi7WJ+V+tnZrwys+4TFKDks0WhakgJiaTz5MeV8iMGFmgTHF7K2EDqigzNqK5LYGiQzTjog3GW4xhGRrnFc/y/UW5ep1HVIBjOIEz8OASqnALNagDAwEv8ApvzrPz7nw4n7PWFSefOYI5OV+/UeSXuQ==</latexit><latexit sha1_base64="Yy6l27BfFo1q26fQ8ZWl1QPXPhw=">AAACA3icbZBLSgNBEIZrfMb4irp00xgEV2FGBF0G3egugnlAMoSeTk3Spqdn6O4RwpClF3CrN3Anbj2IF/AcdpJZmMQfGj7+qqKq/yARXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5tJvfmESvNYPphRgn5E+5KHnFFjrVZHh+Su+0i6pbJbcaciy+DlUIZctW7pp9OLWRqhNExQrduemxg/o8pwJnBc7KQaE8qGtI9ti5JGqP1seu+YnFqnR8JY2ScNmbp/JzIaaT2KAtsZUTPQi7WJ+V+tnZrwys+4TFKDks0WhakgJiaTz5MeV8iMGFmgTHF7K2EDqigzNqK5LYGiQzTjog3GW4xhGRrnFc/y/UW5ep1HVIBjOIEz8OASqnALNagDAwEv8ApvzrPz7nw4n7PWFSefOYI5OV+/UeSXuQ==</latexit><latexit sha1_base64="Yy6l27BfFo1q26fQ8ZWl1QPXPhw=">AAACA3icbZBLSgNBEIZrfMb4irp00xgEV2FGBF0G3egugnlAMoSeTk3Spqdn6O4RwpClF3CrN3Anbj2IF/AcdpJZmMQfGj7+qqKq/yARXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5tJvfmESvNYPphRgn5E+5KHnFFjrVZHh+Su+0i6pbJbcaciy+DlUIZctW7pp9OLWRqhNExQrduemxg/o8pwJnBc7KQaE8qGtI9ti5JGqP1seu+YnFqnR8JY2ScNmbp/JzIaaT2KAtsZUTPQi7WJ+V+tnZrwys+4TFKDks0WhakgJiaTz5MeV8iMGFmgTHF7K2EDqigzNqK5LYGiQzTjog3GW4xhGRrnFc/y/UW5ep1HVIBjOIEz8OASqnALNagDAwEv8ApvzrPz7nw4n7PWFSefOYI5OV+/UeSXuQ==</latexit>

...
<latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit>

...
<latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit><latexit sha1_base64="Q70wAv11+4wFy4JpztuqtdLfTag=">AAACBXicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuiy6MZlBduKnaFkMpk2NJMMyZ1CGbr2BdzqG7gTtz6HL+BzmLazsK0HAh/n3su9OWEquAHX/XZKa+sbm1vl7crO7t7+QfXwqG1UpilrUSWUfgyJYYJL1gIOgj2mmpEkFKwTDm+n9c6IacOVfIBxyoKE9CWPOSVgrSffxNgfRQpMr1pz6+5MeBW8AmqoULNX/fEjRbOESaCCGNP13BSCnGjgVLBJxc8MSwkdkj7rWpQkYSbIZxdP8Jl1IhwrbZ8EPHP/TuQkMWachLYzITAwy7Wp+V+tm0F8HeRcphkwSeeL4kxgUHj6fRxxzSiIsQVCNbe3YjogmlCwIS1sCTUZMphUbDDecgyr0L6oe5bvL2uNmyKiMjpBp+gceegKNdAdaqIWokiiF/SK3pxn5935cD7nrSWnmDlGC3K+fgHKSZkn</latexit>

-> 



Non-magnetic p-bits/p-circuits

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
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+
_
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X

x

Ji1
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Ji2
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JiN

hC
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-8.00

+
_

1 2 22 32

32

32

1234

FPGA implementation

• Demonstrated p-circuits up to ~500 p-

bits: Solved a 16 bit Subset Sum Problem

Pervaiz et al., IEEE TNNLS (2018)

Micro-controller  Implementation

VOUT

VIN

p-transistor

V

⌘

• Demonstrated  invertible p-circuits up to 

~50 p-bits: 4-bit Integer Factorization

 Pervaiz et al., Sci. Rep. (2017) 

p-bit

To appear in TNNLS 
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• How to build a p-bit? 

• Quantum Computing-inspired 
(Reciprocal Networks) 

• Machine Learning-inspired (Reciprocal 
and Non-reciprocal Networks)



COPY

Correlated p-bits: p-circuits
(Outputs)

(Inputs)
G0 = 0

01 111000

01

11
10

00

0.
25

time

G0 > 0

01 111000

0.
25

time

NOT

0.
25

G0 > 0

time

01 111000



Correlated p-bits: p-circuits

Boltzmann Law

Truth Table 

Basic equations

time
A \ B = C

[A B C] [A B C]

time



Invertible Boolean Logic

[A B C]

and outputs!

[A B C]

 {h}  used as a handle to  
“clamp” inputs



Factorization as Inverse Multiplication 

FA FAFA

time (ns)
<latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit>

FA FAFA

VOUT

VIN

p-transistor

V

⌘
p-bit

D-Wave reference here



• Searches the  phase 
space at GHz rates

time (ns)  

Combinatorial Optimization 

<latexit sha1_base64="WnT/mSrkhLstUfOfXhLtnmfMn/I="></latexit>

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

10 -1 10 0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

<latexit sha1_base64="EG3r7k777RbvrJnuQA27nMLC5vs=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vQLqyJCLoRilJwWaEvbEKZTCd16GQSZiZiCdm78VfcuFDErT/gzr9x2mahrQcuHM65l3vv8SJGpbKsbyO3tLyyupZfL2xsbm3vmLt7bRnGApMWDlkouh6ShFFOWooqRrqRICjwGOl4o6uJ37knQtKQN9U4Im6Ahpz6FCOlpb5ZdKQPG+V6BV5AxxcIJ3aa3KbQIQ9R+ah+PGpW+mbJqlpTwEViZ6QEMjT65pczCHEcEK4wQ1L2bCtSboKEopiRtODEkkQIj9CQ9DTlKCDSTaa/pPBQKwPoh0IXV3Cq/p5IUCDlOPB0Z4DUnZz3JuJ/Xi9W/rmbUB7FinA8W+THDKoQToKBAyoIVmysCcKC6lshvkM6EaXjK+gQ7PmXF0n7pGpbVfvmtFS7zOLIgwNQBGVggzNQA9egAVoAg0fwDF7Bm/FkvBjvxsesNWdkM/vgD4zPH0EqmKQ=</latexit>

• Needs sparse, 
quantized J

(100 city)Istanbul

… 
z

…
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An exact mapping of q-bits to p-bits

• Trotter-Suzuki Decomposition 

• Efficient for “stoquastic”  
Hamiltonians

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>
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Quantum Annealing with p-bits

<latexit sha1_base64="oIr9EKVx61TrHcJK9LbmlIwYGsc="></latexit>

• “Quantum” Boltzmann Law
• Replicated p-bits vs Exact 

solution: Averages  and 
correlations match

n =250 replicas 

1D spin-chain with M=8 q-bits (J=+1)

<latexit sha1_base64="pjrDpgJ+6xH4I9HTiCtetRUjgx0=">AAACG3icbZDLSsNAFIYnXmu9RV0KMlgEVyUpgi6LbrqSCvYCTSyT6aQdOsmEmROhlO58DV/Arb6BO3HrwhfwOZymWdjWAwMf/zmHf84fJIJrcJxva2V1bX1js7BV3N7Z3du3Dw6bWqaKsgaVQqp2QDQTPGYN4CBYO1GMRIFgrWB4M+23HpnSXMb3MEqYH5F+zENOCRipa594OsQ1jL1EyQQkrjzcYg94xHSGXbvklJ2s8DK4OZRQXvWu/eP1JE0jFgMVROuO6yTgj4kCTgWbFL1Us4TQIemzjsGYGCd/nN0xwWdG6eFQKvNiwJn6d2NMIq1HUWAmIwIDvdibiv/1OimEV/6Yx0kKLKYzozAV2Bw8DQX3uGIUxMgAoYqbv2I6IIpQMNHNuQSKDBlMiiYYdzGGZWhWyq7hu4tS9TqPqICO0Sk6Ry66RFVUQ3XUQBQ9oRf0it6sZ+vd+rA+Z6MrVr5zhObK+voFxJOf1g==</latexit>

Comment: SPICE simulation

Comment: Size of matrix 2^N by 2^N 
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• How to build a p-bit? 

• Quantum Computing-inspired 
(Reciprocal Networks) 

• Machine Learning-inspired (Reciprocal 
and Non-reciprocal Networks)

Bigger outline showing previous parts



Inherently probabilistic circuits: Bayesian Networks

hC1⇥ C2i
<latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit>

=
1

T

Z
C1(t) C2(t)dt

<latexit sha1_base64="6ugNrqE//1vF16YQl1LBllD8P94=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1Wom5IUQTdCsRuXFfqCJpTJZNIOnTyYuRFK6A+48VfcuFDErXt3/o3TNgttPTDM4Zx7ufceLxFcgWV9G4W19Y3NreJ2aWd3b//APDzqqDiVlLVpLGLZ84higkesDRwE6yWSkdATrOuNGzO/+8Ck4nHUgknC3JAMIx5wSkBLA/PsBjuBJDSzp1lr6vAIcMPGFbhwMG7U9I99wAOzbFWtOfAqsXNSRjmaA/PL8WOahiwCKohSfdtKwM2IBE4Fm5acVLGE0DEZsr6mEQmZcrP5NVN8rhUfB7HUT68zV393ZCRUahJ6ujIkMFLL3kz8z+unEFy7GY+SFFhEF4OCVGCI8Swa7HPJKIiJJoRKrnfFdER0OKADLOkQ7OWTV0mnVrWtqn1/Wa7f5nEU0Qk6RRVkoytUR3eoidqIokf0jF7Rm/FkvBjvxseitGDkPcfoD4zPH/m0mOs=</latexit><latexit sha1_base64="6ugNrqE//1vF16YQl1LBllD8P94=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1Wom5IUQTdCsRuXFfqCJpTJZNIOnTyYuRFK6A+48VfcuFDErXt3/o3TNgttPTDM4Zx7ufceLxFcgWV9G4W19Y3NreJ2aWd3b//APDzqqDiVlLVpLGLZ84higkesDRwE6yWSkdATrOuNGzO/+8Ck4nHUgknC3JAMIx5wSkBLA/PsBjuBJDSzp1lr6vAIcMPGFbhwMG7U9I99wAOzbFWtOfAqsXNSRjmaA/PL8WOahiwCKohSfdtKwM2IBE4Fm5acVLGE0DEZsr6mEQmZcrP5NVN8rhUfB7HUT68zV393ZCRUahJ6ujIkMFLL3kz8z+unEFy7GY+SFFhEF4OCVGCI8Swa7HPJKIiJJoRKrnfFdER0OKADLOkQ7OWTV0mnVrWtqn1/Wa7f5nEU0Qk6RRVkoytUR3eoidqIokf0jF7Rm/FkvBjvxseitGDkPcfoD4zPH/m0mOs=</latexit><latexit sha1_base64="6ugNrqE//1vF16YQl1LBllD8P94=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1Wom5IUQTdCsRuXFfqCJpTJZNIOnTyYuRFK6A+48VfcuFDErXt3/o3TNgttPTDM4Zx7ufceLxFcgWV9G4W19Y3NreJ2aWd3b//APDzqqDiVlLVpLGLZ84higkesDRwE6yWSkdATrOuNGzO/+8Ck4nHUgknC3JAMIx5wSkBLA/PsBjuBJDSzp1lr6vAIcMPGFbhwMG7U9I99wAOzbFWtOfAqsXNSRjmaA/PL8WOahiwCKohSfdtKwM2IBE4Fm5acVLGE0DEZsr6mEQmZcrP5NVN8rhUfB7HUT68zV393ZCRUahJ6ujIkMFLL3kz8z+unEFy7GY+SFFhEF4OCVGCI8Swa7HPJKIiJJoRKrnfFdER0OKADLOkQ7OWTV0mnVrWtqn1/Wa7f5nEU0Qk6RRVkoytUR3eoidqIokf0jF7Rm/FkvBjvxseitGDkPcfoD4zPH/m0mOs=</latexit><latexit sha1_base64="6ugNrqE//1vF16YQl1LBllD8P94=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1Wom5IUQTdCsRuXFfqCJpTJZNIOnTyYuRFK6A+48VfcuFDErXt3/o3TNgttPTDM4Zx7ufceLxFcgWV9G4W19Y3NreJ2aWd3b//APDzqqDiVlLVpLGLZ84higkesDRwE6yWSkdATrOuNGzO/+8Ck4nHUgknC3JAMIx5wSkBLA/PsBjuBJDSzp1lr6vAIcMPGFbhwMG7U9I99wAOzbFWtOfAqsXNSRjmaA/PL8WOahiwCKohSfdtKwM2IBE4Fm5acVLGE0DEZsr6mEQmZcrP5NVN8rhUfB7HUT68zV393ZCRUahJ6ujIkMFLL3kz8z+unEFy7GY+SFFhEF4OCVGCI8Swa7HPJKIiJJoRKrnfFdER0OKADLOkQ7OWTV0mnVrWtqn1/Wa7f5nEU0Qk6RRVkoytUR3eoidqIokf0jF7Rm/FkvBjvxseitGDkPcfoD4zPH/m0mOs=</latexit>

C1 C2 OUT

�1 �1 +1

+1 �1 �1

�1 +1 �1

+1 +1 +1
<latexit sha1_base64="41gedBiIJvL0Cvr8W9lSBrBCdzw="></latexit><latexit sha1_base64="41gedBiIJvL0Cvr8W9lSBrBCdzw="></latexit><latexit sha1_base64="41gedBiIJvL0Cvr8W9lSBrBCdzw="></latexit><latexit sha1_base64="41gedBiIJvL0Cvr8W9lSBrBCdzw="></latexit>

XNOR

GF GM

F1

C1

M2

C4C2 C3

time (ns)
<latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit><latexit sha1_base64="SQv8xsCue5IWxvzyFK9o0RKioMc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoigh6LXjxWsB/QhLLZbtqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkQME1yxFnAQrJtqRmQkWCca38/9zoRpwxP1BNOUhZIMFY85JWClvusGJsbAJcMBrilziftu1at7C+B14hekigo0++5XMEhoJpkCKogxPd9LIcyJBk4Fm1WCzLCU0DEZsp6likhmwnxx+QxfWGWA40TbUoAX6u+JnEhjpjKynZLAyKx6c/E/r5dBfBvmXKUZMEWXi+JMYEjwPAY84JpREFNLCNXc3orpiGhCwYZVsSH4qy+vk/ZV3ffq/uN1tXFXxFFGZ+gc1ZCPblADPaAmaiGKJugZvaI3J3denHfnY9lacoqZU/QHzucPesmSPQ==</latexit>

C
or
re
la
ti
on

<latexit sha1_base64="A1F9p0Ipwhe7Od6bgJPq0iIJc6E=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOxF48VbC20pWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZqDtj4YeLw3w8y8IBFcG8/7dkobm1vbO+Xdyt7+weGRe3zS1nGqGLZYLGLVCahGwSW2DDcCO4lCGgUCn4JJY+E/TVFpHstHM0uwH9GR5CFn1Fhp4Lo9HZJGrBSKXCEDt+rVvBxknfgFqUKB5sD96g1jlkYoDRNU667vJaafUWU4Eziv9FKNCWUTOsKupZJGqPtZfvmcXFhlSMJY2ZKG5OrviYxGWs+iwHZG1Iz1qrcQ//O6qQlv+xmXSWpQsuWiMBXExGQRAxlyhcyImSWUKW5vJWxMFWXGhlWxIfirL6+T9lXN92r+w3W1flfEUYYzOIdL8OEG6nAPTWgBgyk8wyu8OZnz4rw7H8vWklPMnMIfOJ8/CheTQg==</latexit><latexit sha1_base64="A1F9p0Ipwhe7Od6bgJPq0iIJc6E=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOxF48VbC20pWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZqDtj4YeLw3w8y8IBFcG8/7dkobm1vbO+Xdyt7+weGRe3zS1nGqGLZYLGLVCahGwSW2DDcCO4lCGgUCn4JJY+E/TVFpHstHM0uwH9GR5CFn1Fhp4Lo9HZJGrBSKXCEDt+rVvBxknfgFqUKB5sD96g1jlkYoDRNU667vJaafUWU4Eziv9FKNCWUTOsKupZJGqPtZfvmcXFhlSMJY2ZKG5OrviYxGWs+iwHZG1Iz1qrcQ//O6qQlv+xmXSWpQsuWiMBXExGQRAxlyhcyImSWUKW5vJWxMFWXGhlWxIfirL6+T9lXN92r+w3W1flfEUYYzOIdL8OEG6nAPTWgBgyk8wyu8OZnz4rw7H8vWklPMnMIfOJ8/CheTQg==</latexit><latexit sha1_base64="A1F9p0Ipwhe7Od6bgJPq0iIJc6E=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOxF48VbC20pWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZqDtj4YeLw3w8y8IBFcG8/7dkobm1vbO+Xdyt7+weGRe3zS1nGqGLZYLGLVCahGwSW2DDcCO4lCGgUCn4JJY+E/TVFpHstHM0uwH9GR5CFn1Fhp4Lo9HZJGrBSKXCEDt+rVvBxknfgFqUKB5sD96g1jlkYoDRNU667vJaafUWU4Eziv9FKNCWUTOsKupZJGqPtZfvmcXFhlSMJY2ZKG5OrviYxGWs+iwHZG1Iz1qrcQ//O6qQlv+xmXSWpQsuWiMBXExGQRAxlyhcyImSWUKW5vJWxMFWXGhlWxIfirL6+T9lXN92r+w3W1flfEUYYzOIdL8OEG6nAPTWgBgyk8wyu8OZnz4rw7H8vWklPMnMIfOJ8/CheTQg==</latexit><latexit sha1_base64="A1F9p0Ipwhe7Od6bgJPq0iIJc6E=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOxF48VbC20pWy2k3bpZhN2N4US+k+8eFDEq//Em//GbZqDtj4YeLw3w8y8IBFcG8/7dkobm1vbO+Xdyt7+weGRe3zS1nGqGLZYLGLVCahGwSW2DDcCO4lCGgUCn4JJY+E/TVFpHstHM0uwH9GR5CFn1Fhp4Lo9HZJGrBSKXCEDt+rVvBxknfgFqUKB5sD96g1jlkYoDRNU667vJaafUWU4Eziv9FKNCWUTOsKupZJGqPtZfvmcXFhlSMJY2ZKG5OrviYxGWs+iwHZG1Iz1qrcQ//O6qQlv+xmXSWpQsuWiMBXExGQRAxlyhcyImSWUKW5vJWxMFWXGhlWxIfirL6+T9lXN92r+w3W1flfEUYYzOIdL8OEG6nAPTWgBgyk8wyu8OZnz4rw7H8vWklPMnMIfOJ8/CheTQg==</latexit>

hC1⇥ C2i
<latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit><latexit sha1_base64="710H+q2y8hyneTTfE/fFS8LI3o0=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyUpgh6LvXisYD+gCWWznbRLN5uwuxFK6MWLf8WLB0W8+h+8+W/cpjlo64OBx3szzMwLEs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdFaeSQpvGPJa9gCjgTEBbM82hl0ggUcChG0yac7/7AFKxWNzraQJ+REaChYwSbaSBfepxIkYccNPFnmYRKNysY0/m4sCuOjUnB14lbkGqqEBrYH95w5imEQhNOVGq7zqJ9jMiNaMcZhUvVZAQOiEj6BsqiNnnZ/kXM3xulCEOY2lKaJyrvycyEik1jQLTGRE9VsveXPzP66c6vPYzJpJUg6CLRWHKsY7xPBI8ZBKo5lNDCJXM3IrpmEhCtQmuYkJwl19eJZ16zXVq7t1ltXFTxFFGJ+gMXSAXXaEGukUt1EYUPaJn9IrerCfrxXq3PhatJauYOUZ/YH3+AIh7l04=</latexit>

hC1⇥ F1i
<latexit sha1_base64="v/fMMp0yIs+iiThL1MBnUksuSJc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokIuiyWBCXFewFmlAm00k7dDIJMxOhhG7c+CpuXCji1ndw59s4TbPQ1h8GPv5zDmfOHyScKe0431ZpZXVtfaO8Wdna3tnds/cP2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxo1ZvfNApWKxuNeThPoRHgoWMoK1sfr2scexGHKKGi7yNIuoQjeGZG727apTc3KhZXALqEKhZt/+8gYxSSMqNOFYqZ7rJNrPsNSMcDqteKmiCSZjPKQ9gwKbfX6WXzFFp8YZoDCW5gmNcvf3RIYjpSZRYDojrEdqsTYz/6v1Uh1e+RkTSaqpIPNFYcqRjtEsEjRgkhLNJwYwkcz8FZERlphoE1zFhOAunrwM7fOa69Tcu4tq/bqIowxHcAJn4MIl1OEWmtACAo/wDK/wZj1ZL9a79TFvLVnFzCH8kfX5A4uWl1A=</latexit><latexit sha1_base64="v/fMMp0yIs+iiThL1MBnUksuSJc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokIuiyWBCXFewFmlAm00k7dDIJMxOhhG7c+CpuXCji1ndw59s4TbPQ1h8GPv5zDmfOHyScKe0431ZpZXVtfaO8Wdna3tnds/cP2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxo1ZvfNApWKxuNeThPoRHgoWMoK1sfr2scexGHKKGi7yNIuoQjeGZG727apTc3KhZXALqEKhZt/+8gYxSSMqNOFYqZ7rJNrPsNSMcDqteKmiCSZjPKQ9gwKbfX6WXzFFp8YZoDCW5gmNcvf3RIYjpSZRYDojrEdqsTYz/6v1Uh1e+RkTSaqpIPNFYcqRjtEsEjRgkhLNJwYwkcz8FZERlphoE1zFhOAunrwM7fOa69Tcu4tq/bqIowxHcAJn4MIl1OEWmtACAo/wDK/wZj1ZL9a79TFvLVnFzCH8kfX5A4uWl1A=</latexit><latexit sha1_base64="v/fMMp0yIs+iiThL1MBnUksuSJc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokIuiyWBCXFewFmlAm00k7dDIJMxOhhG7c+CpuXCji1ndw59s4TbPQ1h8GPv5zDmfOHyScKe0431ZpZXVtfaO8Wdna3tnds/cP2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxo1ZvfNApWKxuNeThPoRHgoWMoK1sfr2scexGHKKGi7yNIuoQjeGZG727apTc3KhZXALqEKhZt/+8gYxSSMqNOFYqZ7rJNrPsNSMcDqteKmiCSZjPKQ9gwKbfX6WXzFFp8YZoDCW5gmNcvf3RIYjpSZRYDojrEdqsTYz/6v1Uh1e+RkTSaqpIPNFYcqRjtEsEjRgkhLNJwYwkcz8FZERlphoE1zFhOAunrwM7fOa69Tcu4tq/bqIowxHcAJn4MIl1OEWmtACAo/wDK/wZj1ZL9a79TFvLVnFzCH8kfX5A4uWl1A=</latexit><latexit sha1_base64="v/fMMp0yIs+iiThL1MBnUksuSJc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokIuiyWBCXFewFmlAm00k7dDIJMxOhhG7c+CpuXCji1ndw59s4TbPQ1h8GPv5zDmfOHyScKe0431ZpZXVtfaO8Wdna3tnds/cP2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxo1ZvfNApWKxuNeThPoRHgoWMoK1sfr2scexGHKKGi7yNIuoQjeGZG727apTc3KhZXALqEKhZt/+8gYxSSMqNOFYqZ7rJNrPsNSMcDqteKmiCSZjPKQ9gwKbfX6WXzFFp8YZoDCW5gmNcvf3RIYjpSZRYDojrEdqsTYz/6v1Uh1e+RkTSaqpIPNFYcqRjtEsEjRgkhLNJwYwkcz8FZERlphoE1zFhOAunrwM7fOa69Tcu4tq/bqIowxHcAJn4MIl1OEWmtACAo/wDK/wZj1ZL9a79TFvLVnFzCH8kfX5A4uWl1A=</latexit>

hGF ⇥GMi
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Resistive synapse

SPICE
simulations

Low-power DBN: Inference with p-bits

Ramtin Zand (UCF) et al. (2018) 

• Energy x Accuracy Tradeoff 
via different topologies
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p-bit as Neuron: Area
& Energy savings compared to 

a digital neuron

MRAM-based p-bit

True North reference: LFSR’s are expensive
Of course, digital neurons are more reliable and probably offer better scaling / fully thresholded. 

Full SPICE could be misleading.

Energy X 1000, could it be defended? 



Summaryp-bit as hardware 
building block
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MRAM

Present-day

Quantum Computing 

Optimization
Invertible Logic Quantum Circuits

network
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Machine Learning

RBM, Bayesian, …
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Applications/Algorithms: Quantum
Computing / Machine Learning 



Anirudh
 Ghantasala

Orchi HassanBrian Sutton

Punyashloka 
Debashis

Supriyo DattaZhihong Chen

p-bits for Probabilistic Spin Logic (PSL)

Zeeshan Pervaiz

Ramtin Zand 
(UCF)

Sayeef Salahuddin 
(UC Berkeley)

Rafatul Faria

(1) Camsari et al.,  Phys. Rev. X (2017)  
(Computing with p-bits)

(2) Camsari  et al., IEEE EDL (2017)   
 (Stochastic MTJ-based p-bit)

(3) Camsari et al., arXiv:1810.XXXX (2018)  
(Quantum Annealing with p-bits)

(4) Camsari et al., arXiv:1809.04028(2018) 
 (Review  of PSL)

Ron DeMara
(UCF)

Behtash
Behin-Aein (GF)

Shuvro 
Chowdhury


