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As part of AlphaFold2’s development, the AI model has 
been trained on all the known amino acid sequences and 
determined protein structures. 

An amino acid sequence with 
unknown structure is 
fed into AlphaFold2, which 
searches databases for similar 
amino acid sequences and 
protein structures.

The AI model aligns all the similar amino acid 
sequences – often from different species – and 
investigates which parts have been preserved 
during evolution. 

Using this analysis, 
AlphaFold2 produces 
a distance map that 
estimates how close 
amino acids are to each 
other in the structure.

In the next step, AlphaFold2 explores which amino 
acids could interact with each other in the three-
dimensional protein structure. Interacting amino 
acids co-evolve. If one is charged, the other 
has the opposite charge, so they are attracted  
to each other. If one is replaced by a water- 
repellent (hydrophobic) amino acid, the other 
also becomes hydrophobic.

Using an iterative process, AlphaFold2 
refines the sequence analysis and distance
map. The AI model uses neural networks 
called transformers, which have a great 
capacity to identify important elements to 
focus on. Data about other protein 
structures – if they were found in 
step 1 – is also utilised.

AlphaFold2 puts together a puzzle of 
all the amino acids and tests pathways 
to produce a hypothetical protein 
structure. This is re-run through step 3.
After three cycles, AlphaFold2 arrives 
at a particular structure. The AI model 
calculates the probability that different 
parts of this structure correspond 
to reality.
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AlphaFold2 
2021

2023: A bacterial enzyme that causes 
antibiotic resistance. The structure is 
important for discovering ways of preven-
ting antibiotic resistance.

2022: Part of a huge molecular structure 
in the human body. More than a thousand 
proteins form a pore through the 
membrane surrounding the cell nucleus. 

2022: Natural enzymes that can 
decompose plastic. The aim is 
to design proteins that can be 
used to recycle plastic.
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Enzyme causing 
antimicrobial resistance 

Hertz, Krogh  
& Palmer



McCulloch and Pitts 1943

Hebb 1949

Rosenblatt  
1958



Neurons: biological and artificial 
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<latexit sha1_base64="C/v47ccHns5mVGF33Yrk19pXAok=">AAACH3icbZDLSgNBEEV74ivGV9Slm8YguAozQaLuAm5cRjAPyAyhp1OTNOl50F0jhCFb/8O9W/0Fd+I2f+Bn2ElmoYkXCg63qijq+okUGm17ZhU2Nre2d4q7pb39g8Oj8vFJW8ep4tDisYxV12capIighQIldBMFLPQldPzx3bzfeQKlRRw94iQBL2TDSASCMzRWv0xdCQG6GXVVKiGzeTjNbp0Ep8YQwxFW++WKXbUXouvg5FAhuZr98rc7iHkaQoRcMq17jp2glzGFgkuYltxUQ8L4mA2hZzBiIWgvW3wypRfGGdAgVqYipAv390bGQq0noW8mQ4Yjvdqbm//2NBpQIFfuY3DjZSJKUoSIL88HqaQY03lYdCAUcJQTA4wrYT6gfMQU42giLZlonNUg1qFdqzr1av3hqtKo5SEVyRk5J5fEIdekQe5Jk7QIJ8/klbyRd+vF+rA+ra/laMHKd07JH1mzH+yGo1I=</latexit>

8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:

<latexit sha1_base64="C/v47ccHns5mVGF33Yrk19pXAok=">AAACH3icbZDLSgNBEEV74ivGV9Slm8YguAozQaLuAm5cRjAPyAyhp1OTNOl50F0jhCFb/8O9W/0Fd+I2f+Bn2ElmoYkXCg63qijq+okUGm17ZhU2Nre2d4q7pb39g8Oj8vFJW8ep4tDisYxV12capIighQIldBMFLPQldPzx3bzfeQKlRRw94iQBL2TDSASCMzRWv0xdCQG6GXVVKiGzeTjNbp0Ep8YQwxFW++WKXbUXouvg5FAhuZr98rc7iHkaQoRcMq17jp2glzGFgkuYltxUQ8L4mA2hZzBiIWgvW3wypRfGGdAgVqYipAv390bGQq0noW8mQ4Yjvdqbm//2NBpQIFfuY3DjZSJKUoSIL88HqaQY03lYdCAUcJQTA4wrYT6gfMQU42giLZlonNUg1qFdqzr1av3hqtKo5SEVyRk5J5fEIdekQe5Jk7QIJ8/klbyRd+vF+rA+ra/laMHKd07JH1mzH+yGo1I=</latexit>

8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:

<latexit sha1_base64="C/v47ccHns5mVGF33Yrk19pXAok=">AAACH3icbZDLSgNBEEV74ivGV9Slm8YguAozQaLuAm5cRjAPyAyhp1OTNOl50F0jhCFb/8O9W/0Fd+I2f+Bn2ElmoYkXCg63qijq+okUGm17ZhU2Nre2d4q7pb39g8Oj8vFJW8ep4tDisYxV12capIighQIldBMFLPQldPzx3bzfeQKlRRw94iQBL2TDSASCMzRWv0xdCQG6GXVVKiGzeTjNbp0Ep8YQwxFW++WKXbUXouvg5FAhuZr98rc7iHkaQoRcMq17jp2glzGFgkuYltxUQ8L4mA2hZzBiIWgvW3wypRfGGdAgVqYipAv390bGQq0noW8mQ4Yjvdqbm//2NBpQIFfuY3DjZSJKUoSIL88HqaQY03lYdCAUcJQTA4wrYT6gfMQU42giLZlonNUg1qFdqzr1av3hqtKo5SEVyRk5J5fEIdekQe5Jk7QIJ8/klbyRd+vF+rA+ra/laMHKd07JH1mzH+yGo1I=</latexit>

8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:

x0 ⌘ 1
<latexit sha1_base64="6ppx6NNlmYgLZVIs8cq9NGh3C3g=">AAAB8nicbVDLSsNAFJ3UV219VF12M1gEVyWpoC4LLnRZwT4gDWUyuWmHTiZxZlIsoZ/hQheKuPU3/AF3/o3Tx0JbD1w4nHMv997jJ5wpbdvfVm5tfWNzK79dKO7s7u2XDg5bKk4lhSaNeSw7PlHAmYCmZppDJ5FAIp9D2x9eTf32CKRisbjT4wS8iPQFCxkl2kjuQ8/uwn3KRtjplSp21Z4BrxJnQSr14vVT+bMTNHqlr24Q0zQCoSknSrmOnWgvI1IzymFS6KYKEkKHpA+uoYJEoLxsdvIEnxglwGEsTQmNZ+rviYxESo0j33RGRA/UsjcV//PcVIeXXsZEkmoQdL4oTDnWMZ7+jwMmgWo+NoRQycytmA6IJFSblAomBGf55VXSqlWds2rt1qRxjubIozI6RqfIQReojm5QAzURRTF6RC/o1dLWs/Vmvc9bc9Zi5gj9gfXxA0ryk4E=</latexit>

x1
<latexit sha1_base64="MKnlO5IR63LbWGcwN0lyCpXeQlo=">AAAB6nicbVDLSgNBEOz1GRMfUY+5DAbBU9iNoB4DHvQY0TwgWcLs7GwyZHZmmZkVw5JP8OJBCV79FX/Am3/j5HHQxIKGoqqb7q4g4Uwb1/121tY3Nre2czv5wu7e/kHx8KipZaoIbRDJpWoHWFPOBG0YZjhtJ4riOOC0FQyvp37rkSrNpHgwo4T6Me4LFjGCjZXun3per1h2K+4MaJV4C1KuFW4mpc92WO8Vv7qhJGlMhSEca93x3MT4GVaGEU7H+W6qaYLJEPdpx1KBY6r9bHbqGJ1aJUSRVLaEQTP190SGY61HcWA7Y2wGetmbiv95ndREV37GRJIaKsh8UZRyZCSa/o1CpigxfGQJJorZWxEZYIWJsenkbQje8surpFmteOeV6p1N4wLmyEEJTuAMPLiEGtxCHRpAoA/P8ApvDndenInzPm9dcxYzx/AHzscPw16QWw==</latexit>

x2
<latexit sha1_base64="XfoQ6keQZpJ/OPnBXifBpExXCVc=">AAAB6nicbVDLSgNBEOz1GRMfUY+5DAbBU9iNoB4DHvQY0TwgWcLs7GwyZHZmmZkVw5JP8OJBCV79FX/Am3/j5HHQxIKGoqqb7q4g4Uwb1/121tY3Nre2czv5wu7e/kHx8KipZaoIbRDJpWoHWFPOBG0YZjhtJ4riOOC0FQyvp37rkSrNpHgwo4T6Me4LFjGCjZXun3rVXrHsVtwZ0CrxFqRcK9xMSp/tsN4rfnVDSdKYCkM41rrjuYnxM6wMI5yO891U0wSTIe7TjqUCx1T72ezUMTq1SogiqWwJg2bq74kMx1qP4sB2xtgM9LI3Ff/zOqmJrvyMiSQ1VJD5oijlyEg0/RuFTFFi+MgSTBSztyIywAoTY9PJ2xC85ZdXSbNa8c4r1TubxgXMkYMSnMAZeHAJNbiFOjSAQB+e4RXeHO68OBPnfd665ixmjuEPnI8fxOKQXA==</latexit>

w0
<latexit sha1_base64="wDswXwsjJ47t90VwpYy1wKWqgmI=">AAAB6nicbVDLSgNBEOz1GRMfUY+5DAbBU9iNoB4DHvQY0TwgWcLs7GwyZHZmmZlVwpJP8OJBCV79FX/Am3/j5HHQxIKGoqqb7q4g4Uwb1/121tY3Nre2czv5wu7e/kHx8KipZaoIbRDJpWoHWFPOBG0YZjhtJ4riOOC0FQyvp37rkSrNpHgwo4T6Me4LFjGCjZXun3pur1h2K+4MaJV4C1KuFW4mpc92WO8Vv7qhJGlMhSEca93x3MT4GVaGEU7H+W6qaYLJEPdpx1KBY6r9bHbqGJ1aJUSRVLaEQTP190SGY61HcWA7Y2wGetmbiv95ndREV37GRJIaKsh8UZRyZCSa/o1CpigxfGQJJorZWxEZYIWJsenkbQje8surpFmteOeV6p1N4wLmyEEJTuAMPLiEGtxCHRpAoA/P8ApvDndenInzPm9dcxYzx/AHzscPwFSQWQ==</latexit>

w1
<latexit sha1_base64="j6aol2xfo8JxS66xnNfe8vad6gI=">AAAB6nicbVDLSgNBEOz1GRMfUY+5DAbBU9iNoB4DHvQY0TwgWcLs7GwyZHZmmZlVwpJP8OJBCV79FX/Am3/j5HHQxIKGoqqb7q4g4Uwb1/121tY3Nre2czv5wu7e/kHx8KipZaoIbRDJpWoHWFPOBG0YZjhtJ4riOOC0FQyvp37rkSrNpHgwo4T6Me4LFjGCjZXun3per1h2K+4MaJV4C1KuFW4mpc92WO8Vv7qhJGlMhSEca93x3MT4GVaGEU7H+W6qaYLJEPdpx1KBY6r9bHbqGJ1aJUSRVLaEQTP190SGY61HcWA7Y2wGetmbiv95ndREV37GRJIaKsh8UZRyZCSa/o1CpigxfGQJJorZWxEZYIWJsenkbQje8surpFmteOeV6p1N4wLmyEEJTuAMPLiEGtxCHRpAoA/P8ApvDndenInzPm9dcxYzx/AHzscPwdiQWg==</latexit>

w2
<latexit sha1_base64="nom8sf0hbSpQtZejOP8DWSvOHGw=">AAAB6nicbVDLSgNBEOz1GRMfUY+5DAbBU9iNoB4DHvQY0TwgWcLs7GwyZHZmmZlVwpJP8OJBCV79FX/Am3/j5HHQxIKGoqqb7q4g4Uwb1/121tY3Nre2czv5wu7e/kHx8KipZaoIbRDJpWoHWFPOBG0YZjhtJ4riOOC0FQyvp37rkSrNpHgwo4T6Me4LFjGCjZXun3rVXrHsVtwZ0CrxFqRcK9xMSp/tsN4rfnVDSdKYCkM41rrjuYnxM6wMI5yO891U0wSTIe7TjqUCx1T72ezUMTq1SogiqWwJg2bq74kMx1qP4sB2xtgM9LI3Ff/zOqmJrvyMiSQ1VJD5oijlyEg0/RuFTFFi+MgSTBSztyIywAoTY9PJ2xC85ZdXSbNa8c4r1TubxgXMkYMSnMAZeHAJNbiFOjSAQB+e4RXeHO68OBPnfd665ixmjuEPnI8fw1yQWw==</latexit>

y = �
⇣
w0 + w1x1 + w2x2

⌘

<latexit sha1_base64="M/eOkTfreH1tr2s0Nj59BrZ2xK4="></latexit> 8 > > > > > > > > > < > > > > > > > > > : <latexit sha1_base64="1f4wvjVKcjAyKR9WRCdKcdGqYBE=">AAACD3icbZC7TsMwFIYdrqXcAowsEQjEQpSUAcYKFsYiUUBKospxT1oLx4nsE0QV9Q1YeAJ4BhYGEOrKysZj8Aa4LQO3X7L06T/n2D5/nAuu0fPerYnJqemZ2cpcdX5hcWnZXlk901mhGDRZJjJ1EVMNgktoIkcBF7kCmsYCzuPLo2H9/AqU5pk8xV4OUUo7kiecUTRWy94OBSQYlqEqBAS7vgfXUemxtF/WDParoeKdLrote9NzvZGcv+B/wWadweBe3n00WvZb2M5YkYJEJqjWge/lGJVUIWcCzL2FhpyyS9qBwKCkKeioHO3Td7aM03aSTJkj0Rm53ydKmmrdS2PTmVLs6t+1oflfLSgwOYhKLvMCQbLxQ0khHMycYThOmytgKHoGKFPc/NVhXaooQxNh1YTg/175L5zVXH/PrZ2YNA7JWBWyTjbIDvHJPqmTY9IgTcLIDXkgT+TZurUerRdrMG6dsL5m1sgPWa+fIGqggw==</latexit>

linear combination
<latexit sha1_base64="/iHia0/+I6/0C1hXcaVbxhkG208=">AAACAnicbVC7SgNBFJ2Nrxhf66MRm8EgWIXdWGhnwELLCOYByRJmJ7PJkNnZZeauGJdg46/YWERES7/CztI/cfIoNPHAwOGce7hzjx8LrsFxvqzMwuLS8kp2Nbe2vrG5ZW/vVHWUKMoqNBKRqvtEM8ElqwAHweqxYiT0Bav5vYuRX7tlSvNI3kA/Zl5IOpIHnBIwUsvebwK7g3QUJwrTKPS5HFuDlp13Cs4YeJ64U5I/f7//vhzupeWW/dlsRzQJmQQqiNYN14nBS4kCTgUb5JqJZjGhPdJhDUMlCZn20vEJA3xklDYOImWeBDxWfydSEmrdD30zGRLo6llvJP7nNRIIzryUyzgBJulkUZAIDBEe9YHbXDEKom8IoYqbv2LaJYpQMK3lTAnu7MnzpFosuCeF4rWTLzlogiw6QIfoGLnoFJXQFSqjCqLoAT2hIXqxHq1n69V6m4xmrGlmF/2B9fEDUDubrA==</latexit>

activation function
<latexit sha1_base64="Z0LatNE1GRSE6mvw0PdpgbaUR+g=">AAACA3icbZDLSgMxFIYz9dbW26g73QSL4ELKTF3osuDGZQV7gXYomTTThmYyQ3KmWIaCCOKbuBFRxK0v4c6n0fSy0NYfAh//OYeT8/ux4Boc58vKLC2vrK5lc/n1jc2tbXtnt6ajRFFWpZGIVMMnmgkuWRU4CNaIFSOhL1jd71+M6/UBU5pH8hqGMfNC0pU84JSAsdr2fgvYDaSEAh9MLBwkko5h1LYLTtGZCC+CO4NCOffQef6+O6m07c9WJ6JJyCRQQbRuuk4MXkoUcCrYKN9KNIsJ7ZMuaxqUJGTaSyc3jPCRcTo4iJR5EvDE/T2RklDrYeibzpBAT8/XxuZ/tWYCwbmXchknwCSdLgoSgSHC40BwhytGQQwNEKq4+SumPaJMIia2vAnBnT95EWqlontaLF2ZNBw0VRYdoEN0jFx0hsroElVQFVF0ix7RC3q17q0n6816n7ZmrNnMHvoj6+MH9Pab/A==</latexit>

y = �
⇣
w0 + w1x1 + w2x2

⌘

<latexit sha1_base64="M/eOkTfreH1tr2s0Nj59BrZ2xK4="></latexit>

bias

weights

activation

Sigmoidal ReLU Rectified 
Linear Unit



Linearly non-separable problem? => multi-layer perceptron
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Deep Neural Networks

input
layer

<latexit sha1_base64="nXIgjOx0xCKuFYzJRosLfBNjUXc=">AAACEXicbVDLSsNAFJ34rPEVdekmWISuSlIXuiy4cVnBPqAJZTK5aYdOJmFmIoTQX3Djr7hxoYhbd+78G6dpBG09MHA4517unBOkjErlOF/G2vrG5tZ2bcfc3ds/OLSOjnsyyQSBLklYIgYBlsAoh66iisEgFYDjgEE/mF7P/f49CEkTfqfyFPwYjzmNKMFKSyOr4QUwprwgwBWImUl5minTZDgHYXrAwx9nZNWdplPCXiVuReqoQmdkfXphQrJYrxOGpRy6Tqr8AgtFCYOZ6WUSUkymeAxDTTmOQfpFmWhmn2sltKNE6MeVXaq/NwocS5nHgZ6MsZrIZW8u/ucNMxVd+UWZEjhZHIoyZqvEntdjh1QAUSzXBBNB9V9tMsECE92BNHUJ7nLkVdJrNd2LZuu2VW+3qjpq6BSdoQZy0SVqoxvUQV1E0AN6Qi/o1Xg0no03430xumZUOyfoD4yPb71rnYg=</latexit>

output
layer

<latexit sha1_base64="0sIcVq/mAPAwehTAnDXJWnS9dR0=">AAACEnicbVDLSsNAFJ34rPEVdekmWATdlCQudFlw47KCfUATymRy0w6dTMLMRAih3+DGX3HjQhG3rtz5N07bCNp6YOBwzr3cOSfMGJXKcb6MldW19Y3N2pa5vbO7t28dHHZkmgsCbZKyVPRCLIFRDm1FFYNeJgAnIYNuOL6e+t17EJKm/E4VGQQJHnIaU4KVlgbWuR/CkPKSAFcgJmaaqyxXpslwAcL0gUc/1sCqOw1nBnuZuBWpowqtgfXpRynJE71OGJay7zqZCkosFCUMJqafS8gwGeMh9DXlOAEZlLNIE/tUK5Edp0I/ruyZ+nujxImURRLqyQSrkVz0puJ/Xj9X8VVQUq5TAifzQ3HObJXa037siAogihWaYCKo/qtNRlhgojuQpi7BXYy8TDpew71oeLdevelVddTQMTpBZ8hFl6iJblALtRFBD+gJvaBX49F4Nt6M9/noilHtHKE/MD6+Abi0nhM=</latexit>

hidden
layers

<latexit sha1_base64="Z0g52MAOUajMYWQYwfznSCC0KRo=">AAACE3icbVDLSsNAFJ34rPEVdekmWARxUZK60GXBjcsK9gFNKJPJTTt0MgkzEyGE/oMbf8WNC0XcunHn3zhpI2jrgYHDOfdw554gZVQqx/kyVlbX1jc2a1vm9s7u3r51cNiVSSYIdEjCEtEPsARGOXQUVQz6qQAcBwx6weS69Hv3ICRN+J3KU/BjPOI0ogQrLQ2tcy+AEeUFAa5ATM0xDUPgpslwrlOmBzz88YZW3Wk4M9jLxK1IHVVoD61PL0xIFus4YVjKgeukyi+wUJQwmJpeJiHFZIJHMNCU4xikX8xumtqnWgntKBH6cWXP1N+JAsdS5nGgJ2OsxnLRK8X/vEGmoiu/oDzNFHAyXxRlzFaJXRZkh1QAUSzXBBNB9V9tMsYCE1UWoktwF09eJt1mw71oNG+b9VazqqOGjtEJOkMuukQtdIPaqIMIekBP6AW9Go/Gs/FmvM9HV4wqc4T+wPj4Bi4Xnks=</latexit>



Training deep neural networks 

8

the “backprop” paper 
Nature 323:533, 1986

Sigmoidal activation

the “ReLU” paper 
Int. Conf. Machine Learning 2010

essentially, the chain rule of differentiation! 
progenitor to modern “automatic differentiation”

ReLU Rectified 
Linear Unit



Dynamic associative memory

9 Hertz, Krogh and Palmer p. 12

We can think of this memory as a 
dynamical system: it is initialized 
at t=0 with an imperfect version of 
the content; then, through 
dynamical interactions between 
pixels, as t→∞ it evolves to a final 
recall state that matches the 
content perfectly.

dynamical evolution

t = 0

<latexit sha1_base64="2nY6OeBg+U9Ae0+Yzd0PNQNYSe4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRS9CwYvHirYW2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Mxjcz//GJayNi9YCThPsRHSoRCkbRSvd47fbLFbfqzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtWtWrVy/u6pVGLY+jCCdwCufgwSU04Baa0AIGQ3iGV3hzpPPivDsfi9aCk88cwx84nz/OI41x</latexit>

t ! 1

<latexit sha1_base64="QFWSYiGsvHa/CnoIFT+HSKaVP9c=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lKRY8FLx4r2A9oQtlsN+3SzW7Ynagh9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YcKZBtf9tkobm1vbO+Xdyt7+weGRfVztapkqQjtEcqn6IdaUM0E7wIDTfqIojkNOe+H0Zu73HqjSTIp7yBIaxHgsWMQIBiMN7Sr4io0ngJWSjz4TEWRDu+bW3QWcdeIVpIYKtIf2lz+SJI2pAMKx1gPPTSDIsQJGOJ1V/FTTBJMpHtOBoQLHVAf54vaZc26UkRNJZUqAs1B/T+Q41jqLQ9MZY5joVW8u/ucNUoiug5yJJAUqyHJRlHIHpDMPwhkxRQnwzBBMFDO3OmSCFSZg4qqYELzVl9dJt1H3mvXLu2at1SjiKKNTdIYukIeuUAvdojbqIIKe0DN6RW/WzHqx3q2PZWvJKmZO0B9Ynz/oVZT2</latexit>



x1

<latexit sha1_base64="uDbPbqycMEF0dW4X4NejuJNzUik=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2lZoQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84hK81jem0mCfkSHkoecUWOlu6e+1y9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3r16sVtvdKo5XEU4QRO4Rw8uIQG3EATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcJeI2Y</latexit>

x2

<latexit sha1_base64="vwChNFdYcHN9L3wuLHzQ63BvVqA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2lZoQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMb6IaCGS6F4CwVK/pBoTqNA8k4wvp75nUeujYjVPU4S7kd0qEQoGEUr3T31a/1yxa26c5BV4uWkAjma/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0m7VvXq1YvbeqVRy+Mowgmcwjl4cAkNuIEmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w8K/I2Z</latexit>

“phase space”

Associative Memory as a Dynamical Attractor

10 Hertz, Krogh and Palmer p. 13

The recurrent neural network is initialized with a partial (or distorted) memory, then 
follows a trajectory to an equilibrium representing the correct complete memory.



Neural Nets: feedforward vs recurrent
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<latexit sha1_base64="fHqk3vY6fxEtDAu0OH7hoiVwXB0=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp2IWlgEbCwTMB+QHGFvM5es2ds7dvfEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W4+oNI/lvRkn6Ed0IHnIGTVWqj/1SmW34s5AlomXkzLkqPVKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZodOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymX5M+V8iMGFtCmeL2VsKGVFFmbDZFG4K3+PIyaZ5XvMuKW78oV2/yOApwDCdwBh5cQRXuoAYNYIDwDK/w5jw4L8678zFvXXHymSP4A+fzB+YRjPs=</latexit>x
<latexit sha1_base64="Ipu/rXsMy4ynqjoqftER510g/4U=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGOZgPmA5Ah7m7lkzd7esbsnHCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWDyZL0I/oUPKQM2qs1Mj65Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8CVWGM4HTUi/VmFA2pkPsWipphNqfzA+dkjOrDEgYK1vSkLn6e2JCI62zKLCdETUjvezNxP+8bmrCG3/CZZIalGyxKEwFMTGZfU0GXCEzIrOEMsXtrYSNqKLM2GxKNgRv+eVV0rqoeldVt3FZqd3mcRThBE7hHDy4hhrcQx2awADhGV7hzXl0Xpx352PRWnDymWP4A+fzB+eVjPw=</latexit>y

<latexit sha1_base64="PmKBRc8YoBHgqvkdGuJDEAUCHqY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6t6t1dVuq1PI4inMApnIMHV1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAKDI2a</latexit>x1

<latexit sha1_base64="WNJIOLv6CVJxRC8yS7vZQ0nB4yA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWNF+wFtKJvtpF262YTdjVhCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/Pbj6g0j+WDmSToR3QoecgZNVa6f+pX+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadog3BW355lbSqFa9W8e4uy/VaHkcBTuEMLsCDK6jDLTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gALkI2b</latexit>x2

<latexit sha1_base64="6aU7e2hed978KT4YgEHeOoY4IYU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolK9Vjw4rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/ql30SuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPK1614t1dlmvVPI4CHMMJnIEHV1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AENFI2c</latexit>x3

<latexit sha1_base64="uJ11wXYB6smQKZbIbLG9jfafNAY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9S/7JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHq1qnd3WanX8jiKcAKncA4eXEEdbqEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMOmI2d</latexit>x4
<latexit sha1_base64="bhyVSc9hhrw7id5qr7g/y0AXGEA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kolo9Vjw4rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/ql32SuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPK1614t1dlGvVPI4CHMMJnIEHV1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEQHI2e</latexit>x5

Feedforward - Static

Recurrent - Dynamical

Input x propagates through, 
produces output y

Inputs are initialized as 
states x1, … x5, 
dynamical interactions evolve, 
outputs are the same units’ 
states x1, … x5, 
after sufficiently long time 
(i.e., in equilibrium)
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V(t = 0)

<latexit sha1_base64="ViimqqDP6ecV5qJhkFA4RV/iERE=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEuilJqehGKLhxWcE+oA1lMp20QyeTMDMRauiXuHGhiFs/xZ1/46TNQlsPDBzOuZd75vgxZ0o7zrdV2Njc2t4p7pb29g8Oy/bRcUdFiSS0TSIeyZ6PFeVM0LZmmtNeLCkOfU67/vQ287uPVCoWiQc9i6kX4rFgASNYG2lolwch1hM/SDvzqr5xLoZ2xak5C6B14uakAjlaQ/trMIpIElKhCcdK9V0n1l6KpWaE03lpkCgaYzLFY9o3VOCQKi9dBJ+jc6OMUBBJ84RGC/X3RopDpWahbyazmGrVy8T/vH6ig2svZSJONBVkeShIONIRylpAIyYp0XxmCCaSmayITLDERJuuSqYEd/XL66RTr7mN2uV9o9Ks53UU4RTOoAouXEET7qAFbSCQwDO8wpv1ZL1Y79bHcrRg5Tsn8AfW5w/fFZKH</latexit>

V(t ! 1)

<latexit sha1_base64="WGE5RbaE3tBIQzhvQHEmMICqOMc=">AAACB3icbVBNS8NAEN34WetX1KMgwSLUS0lKRY8FLx4r2A9oQtlsN+3SzSbsTpQQevPiX/HiQRGv/gVv/hs3bQ7a+mDg8d4MM/P8mDMFtv1trKyurW9slrbK2zu7e/vmwWFHRYkktE0iHsmejxXlTNA2MOC0F0uKQ5/Trj+5zv3uPZWKReIO0ph6IR4JFjCCQUsD88QNMYz9IOtMq+BKNhoDljJ6cJkIID0fmBW7Zs9gLROnIBVUoDUwv9xhRJKQCiAcK9V37Bi8DEtghNNp2U0UjTGZ4BHtaypwSJWXzf6YWmdaGVpBJHUJsGbq74kMh0qloa8786vVopeL/3n9BIIrL2MiToAKMl8UJNyCyMpDsYZMUgI81QQTyfStFhljiQno6Mo6BGfx5WXSqdecRu3itlFp1os4SugYnaIqctAlaqIb1EJtRNAjekav6M14Ml6Md+Nj3rpiFDNH6A+Mzx/LKJnb</latexit>

u (t ! 1)

<latexit sha1_base64="FyOJC4GvKRpnvfCUpG0VvKRuyjc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1U5JSUVwV3LisYB/QhDKZTtqhk0mYuVFC6NaNv+LGhSJu/QN3/o3Tx0JbD1w4nHMv994TJIJrcJxva2V1bX1js7BV3N7Z3du3Dw5bOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR9cRv3zOleSzvIEuYH5GB5CGnBIzUs7EXERgGYZ6OvasyeIoPhkCUih88LkPIznp2yak4U+Bl4s5JCc3R6NlfXj+macQkUEG07rpOAn5OFHAq2LjopZolhI7IgHUNlSRi2s+nn4zxqVH6OIyVKQl4qv6eyEmkdRYFpnNyt170JuJ/XjeF8NLPuUxSYJLOFoWpwBDjSSy4zxWjIDJDCFXc3IrpkChCwYRXNCG4iy8vk1a14tYq57e1Ur06j6OAjtEJKiMXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5Az8rmqQ=</latexit>

u (t = 0)

<latexit sha1_base64="GSvAWBFceGhMnzupwlsW7JdLepQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahbkpSKoogFNy4rGAf0IQymU7aoZMHMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnjhdzJpVlfRuFtfWNza3idmlnd2//wCwfdmSUCELbJOKR6HlYUs5C2lZMcdqLBcWBx2nXm9xkfveBCsmi8F5NY+oGeBQynxGstDQwy06A1djz02TmXFXVtXU2MCtWzZoDrRI7JxXI0RqYX84wIklAQ0U4lrJvW7FyUywUI5zOSk4iaYzJBI9oX9MQB1S66Tz6DJ1qZYj8SOgXKjRXf2+kOJByGnh6Mgsql71M/M/rJ8q/dFMWxomiIVkc8hOOVISyHtCQCUoUn2qCiWA6KyJjLDBRuq2SLsFe/vIq6dRrdqN2fteoNOt5HUU4hhOogg0X0IRbaEEbCDzCM7zCm/FkvBjvxsditGDkO0fwB8bnD0hBk1A=</latexit>

Continuous binary associative memory:
Hopfield network dynamics in a 63-state system

N = 9⇥ 7 = 63, p = 6.

<latexit sha1_base64="fBmurWUJVTotylyKyDJnXoYbCWw=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhYSk1lYXhYIbV1LBPqAJZTKZtEMnD2cmQgkFN/6KGxeKuPUn3Pk3TtsstPXAhcM593LvPW7MqJCm+a3llpZXVtfy64WNza3tHX13ryWihGPSxBGLeMdFgjAakqakkpFOzAkKXEba7vBq4rcfCBc0Cu/kKCZOgPoh9SlGUkk9/eCmdmlLGhABq7XK2Sm07xPkwbhWMXp60TTMKeAisTJSBBkaPf3L9iKcBCSUmCEhupYZSydFXFLMyLhgJ4LECA9Rn3QVDZHa6qTTH8bwWCke9COuKpRwqv6eSFEgxChwVWeA5EDMexPxP6+bSP/CSWkYJ5KEeLbITxiUEZwEAj3KCZZspAjCnKpbIR4gjrBUsRVUCNb8y4ukVTKssnF+Wy7WS1kceXAIjsAJsEAV1ME1aIAmwOARPINX8KY9aS/au/Yxa81p2cw++APt8wdsspVq</latexit>

<latexit sha1_base64="8uZF8JTvkrLO9nRd4i8hFUnI5uI=">AAAB8HicbVBNS8NAEN34WetX1aOXxSB4KkkP6rHgxWMF+yFtKJvtpF26m4TdiVBC/RNePCji1Z/jzX/jts1BWx8MPN6bYWZemEph0PO+nbX1jc2t7dJOeXdv/+CwcnTcMkmmOTR5IhPdCZkBKWJookAJnVQDU6GEdji+mfntR9BGJPE9TlIIFBvGIhKcoZUeeu6TQYZg+hXXq3pz0FXiF8QlBRr9yldvkPBMQYxcMmO6vpdikDONgkuYlnuZgZTxMRtC19KYKTBBPj94Ss+tMqBRom3FSOfq74mcKWMmKrSdiuHILHsz8T+vm2F0HeQiTjOEmC8WRZmkmNDZ93QgNHCUE0sY18LeSvmIacbRZlS2IfjLL6+SVq3qX1b9u5pbrxVxlMgpOSMXxCdXpE5uSYM0CSeKPJNX8uZo58V5dz4WrWtOMXNC/sD5/AHJn5BZ</latexit>

# states



Statistical mechanics of Hopfield networks

13 Grossberg and Cohen, IEEE Trans. Syst. Cybern. SMC-13:815, 1983 
Hertz, Krogh and Palmer p. 25

<latexit sha1_base64="36X332Xuz7JfACBhKQvlOL659JM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1Xvuuo1ryr1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AzKWM4w==</latexit>

i

<latexit sha1_base64="Ad/bm5abKx2PuwHB4I5AwDJm1gQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEF+wFtKJvtpN12swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28Hkfu63n1BpHstHM03Qj+hQ8pAzaqzUGPdLZbfiLkDWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgbNiL9WYUDahQ+xaKmmE2s8Wh87IpVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGdn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNkUbgrf68jppVSveTcVrXJdr1TyOApzDBVyBB7dQgweoQxMYIDzDK7w5Y+fFeXc+lq0bTj5zBn/gfP4AzimM5A==</latexit>

j

<latexit sha1_base64="5eSfL9zqPLqfJQ9k40FAINpavZ4="></latexit>

wij : interaction strength between magnets i and j
<latexit sha1_base64="s5EPEm3JoZMudWb3Mex4bi5Rpgk=">AAACJnicbZBNSwMxEIazflu/qh69BIvgqeyKqChCwYveFKwK3VKy6WwbTbJLMquWZf0zXvwrXjwoIt78Kaa1B79eCLw8M8Nk3iiVwqLvv3sjo2PjE5NT06WZ2bn5hfLi0plNMsOhzhOZmIuIWZBCQx0FSrhIDTAVSTiPrg769fNrMFYk+hR7KTQV62gRC87QoVZ5P0S4xVxomnZ71mFJj6zQHaqSNsjdu4LetHJxWYRWKBrGhv E8KHIzYMVeq1zxq/5A9K8JhqZChjpulZ/DdsIzBRq5ZNY2Aj/FZs4MCi6hKIWZhZTxK9aBhrOaKbDNfHBmQdccadM4Me5ppAP6fSJnytqeilynYti1v2t9+F+tkWG803QZpBmC5l+L4kxSTGg/M9oWBjjKnjOMG+H+SnmXuSzQJVtyIQS/T/5rzjaqwVY1ONms1DaGcUyRFbJK1klAtkmNHJJjUiec3JNH8kxevAfvyXv13r5aR7zhzDL5Ie/jE2Kypuk=</latexit>

in physical Ising model: wij ⇠
1

rij
;

<latexit sha1_base64="i90x5+7dsXHvipuBk8Q1ZJYcHP0=">AAACM3icbVBNSyNBEO2J7qpxd43u0UtjEPYUZkR2xZPgRTy5sDGBJISenhrTpj+G7ho1DONv8uIf2cOCeFAWr/4HOx8HN9kHDa/fq6KqXpxJ4TAMH4LK0vKHjyura9X1T5+/bNQ2t86dyS2HJjfS2HbMHEihoYkCJbQzC0zFElrx8Hjst67AOmH0Lxxl0FPsQotUcIZe6tdOuwg3WAhNT0yWCpAJVSYBeXhb0ut+IS5LOq24lc CshoSm1iiKA6AOjfX/jCGC1a7s1+phI5yALpJoRupkhrN+7Xc3MTxXoJFL5lwnCjPsFcyi4BLKajd3kDE+ZBfQ8VQzBa5XTG4u6a5X/DLG+qeRTtT3HQVTzo1U7CsVw4Gb98bi/7xOjulBzweS5QiaTweluaRo6DhAmggLHOXIE8at8LtSPmCWcZ+Cq/oQovmTF8n5XiP63oh+7teP9mZxrJJtskO+kYj8IEfkhJyRJuHkjvwhT+Q5uA8eg7/By7S0Esx6vpJ/ELy+ATz0rHM=</latexit>

in Hopfield model: wij learned from the stored patterns

<latexit sha1_base64="0xIGnajjRYRmajipXUAHIq0DgIA=">AAACRXicbVBNbxMxFPSWQkv4aIAjF5cIqVyi3aoCLkiVuHAsUtNWiqPVW+/bxKnt3dpvS6NV+HFcuHPjH3DhQFX1Ct4kB2gZydJoZt6zPVmllac4/h6t3Vm/e29j837nwcNHj7e6T54e+bJ2Egey1KU7ycCjVhYHpEjjSeUQTKbxODt93/rH5+i8Ku0hzSocGRhbVSgJFKS0KwThBTWtisR9peznOb9IFX/HBYGdCI0F7XCRIU FH+NqkU/4pbdS0TU2FU+MJveLirIacL1d5NTalykFvz9NuL+7HC/DbJFmRHlvhIO1+E3kpa4OWpAbvh0lc0agBR0pqnHdE7bECeQpjHAZqwaAfNYsW5vxlUHJelC4cS3yh/j3RgPF+ZrKQNEATf9Nrxf95w5qKt6NG2aomtHJ5UVFrTiVvK+W5cihJzwIB6VR4K5cTcCApFN8JJSQ3v3ybHO32k9f95ONeb393Vccme85esB2WsDdsn31gB2zAJPvCfrBf7DL6Gv2MrqLrZXQtWs08Y/8g+v0HiUOy1A==</latexit>

magnet spin xi = tanh

0

@�
X

j

wijxj

1

A sigmoidal!
<latexit sha1_base64="HDyOOe6lkEBqxKbwPjA+Y3tYvE8=">AAACHXicbVDLSgNBEJz1bXxFPXoZDKIHCbtBVARB8OJRIVEhG2LvpFcHZx/O9IphWT/Ei7/ixYMiHryIf+Mk5uCroKGo6qa7K0iVNOS6H87Q8Mjo2PjEZGlqemZ2rjy/cGySTAtsiEQl+jQAg0rG2CBJCk9TjRAFCk+Cy/2ef3KN2sgkrlM3xVYE57EMpQCyUru84QdIwHe5H2oQuVfk9WKd+1cZdHh9xye8ofz27IwwSlEDZRpXV4t2ueJW3T74X+INSIUNcNguv/mdRGQRxiQUGNP03JRaOWiSQmFR8jODKYhLOMempTFEaFp5/7uCr1ilw8NE24qJ99XvEzlExnSjwHZGQBfmt9cT//OaGYXbrVzGaUYYi69FYaY4JbwXFe9IjYJU1xIQWtpbubgAGxPZQEs2BO/3y3/Jca3qbVa9o43KXm0QxwRbYstsjXlsi+2xA3bIGkywO/bAntizc+88Oi/O61frkDOYWWQ/4Lx/Agi+od8=</latexit>

� =
1

T
, T : “temperature”

<latexit sha1_base64="zPqsWSuxhFDd168zA7MCDUFVRwA="></latexit>

... and, by convention, nearest neighbors only.

<latexit sha1_base64="alJOE6AeiWAp3H76qnaxWxsaBXI=">AAACMXicbVDLSsNAFJ3UV42vqEs3g0VwVZIuqrgquHFZwT7AlDKZ3LRDJ5M4MxFK6H/4H+7d6i90J64Ef8JpG0FbDwwczoPLnCDlTGnXnVqltfWNza3ytr2zu7d/4BwetVWSSQotmvBEdgOigDMBLc00h24qgcQBh04wup75nUeQiiXiTo9T6MVkIFjEKNFG6js1P4ABEzkFoUFObHjIGGeBZFmMaSJCNotd2T6I8CfTdypu1Z 0DrxKvIBVUoNl3Pv0woVls6pQTpe49N9W9nEjNKIeJ7WcKUkJHZAD3hgoSg+rl879N8JlRQhwl0jyh8Vz93chJrNQ4DkwyJnqolr2Z+K+ntCES+NJ9HV32cibSTIOgi/NRxrFO8Gw+HDIJVPOxIYRKsw7FdEgkoWYZZZtpvOUhVkm7VvXq1fptrdKoFSOV0Qk6RefIQxeogW5QE7UQRU/oBb2iN+vZmlrv1sciWrKKzjH6A+vrG/wOq68=</latexit>

equilibrium condition:



Capacity of the Hopfield network
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↵ =
p

N
network capacity

<latexit sha1_base64="1yGzKG+g1L0ot1Fr6ecFh8N2TmE=">AAACGHicbVBNSyNBEO1x/YxfcT16aQyCpzgjEb0sCHvxJFkwKmRCqOnUmCY9PWN3jWsY5mfsxb/ixYMiXnPbf2Mn5uDXg4LHe1XdVS/KlLTk+/+9mR+zc/MLi0uV5ZXVtfXqxs9zm+ZGYEukKjWXEVhUUmOLJCm8zAxCEim8iAa/x/7FDRorU31Gwww7CVxpGUsB5KRudS8ElfXhVxgbEEVWFqdleJ1Dj4eEt1RopL+pGXABGQhJw7Jbrfl1fwL+lQRTUmNTNLvVUdhLRZ6gJqHA2nbgZ9QpwJAUCstKmFt0bw/gCtuOakjQdorJYSXfcUqPx6lxpYlP1PcTBSTWDpPIdSZAffvZG4vfee2c4qNOIXWWE2rx9lGcK04pH6fEe9KgIDV0BISRblcu+uAiIpdlxYUQfD75KznfrweN+sGfRu14fxrHItti22yXBeyQHbMT1mQtJtg/ds8e2ZN35z14z97LW+uMN53ZZB/gjV4BzAOhdg==</latexit>

Hertz, Krogh and Palmer p. 39, 40

<latexit sha1_base64="9LGZ6J5w3JT/BBPfaBFFwoEmNmg=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IjeJCS9KAeC148SQX7AW0om+2kXbrZhN2NUEL14l/x4kERr/4Kb/4bt20OWn0w8Hhvhpl5QcKZ0q77ZRWWlldW14rrpY3Nre0de3evqeJUUmjQmMeyHRAFnAloaKY5tBMJJAo4tILR5dRv3YFULBa3epyAH5GBYCGjRBupZx84iXOfEK1BCnWKnWsHC0hlLFTPLrsVdwb8l3g5KaMc9Z792e3HNI1AaMqJUh3PTbSfEakZ5TApdVMFCaEjMoCOoYJEoPxs9sIEHxulj8NYmhIaz9SfExmJlBpHgemMiB6qRW8q/ud1Uh1e+BkTSapB0PmiMOVYx3iaB+4zCVTzsSGESmZuxXRIJKEmEVUyIXiLL/8lzWrFO6t4N9VyrZrHUUSH6AidIA+doxq6QnXUQBQ9oCf0gl6tR+vZerPe560FK5/ZR79gfXwDs76WTA==</latexit>

p patterns, N neurons

<latexit sha1_base64="pWrFMeAyGOwEBjxqHYbjjCLL+f0=">AAACJHicbVDLSgMxFM34tr6qLt0Ei+CqzKhowY3gxqWCtYVOKXfS1AaTmZjckZZhPsaNv+LGhQ9cuPFbTB8LbT1w4XDOvcm9J9JSWPT9L29mdm5+YXFpubCyura+UdzcurFJahivskQmph6B5VLEvIoCJa9rw0FFkteiu/OBX3vgxookvsa+5k0Ft7HoCAbopFbxNASpu9DKQuQ9zFieh6C1SXrULweHlfA+hTYdeQp6QqWKMtDABPbzVrHkl/0h6DQJxqRExrhsFd/DdsJSxWNkEqxtBL7GZgYGBZM8L4Sp5e7tO7jlDUdjUNw2s+GROd1zSpt2EuMqRjpUf09koKztq8h1KsCunfQG4n9eI8VOpZmJWKfIYzb6qJNKigkdJEbbwnCGsu8IMCPcrpR1wQBDl2vBhRBMnjxNbg7KwXE5uDoqnR2M41giO2SX7JOAnJAzckEuSZUw8kieySt58568F+/D+xy1znjjmW3yB973D3QepeA=</latexit>

↵c ⇡ 0.138 maximum capacity

<latexit sha1_base64="VBXdacDO12Vpp+6oHZUdcmSGDj0=">AAACF3icbVDLSsNAFJ3UV42vqEs3wSK4CkkX6rLgxmUF+4A2lMnkJh06mYSZiRBC/8KNv+LGhSJudeffOG0jaOuBgcM593DnniBjVCrX/TJqa+sbm1v1bXNnd2//wDo86so0FwQ6JGWp6AdYAqMcOooqBv1MAE4CBr1gcj3ze/cgJE35nSoy8BMccxpRgpWWRpYzDCCmvCTAFYipCRxEXJgmwzyUBGcgzSHw8McfWQ3XceewV4lXkQaq0B5Zn8MwJXmi44RhKQeemym/xEJRwmBqDnMJGSYTHMNAU44TkH45v2tqn2kltKNU6MeVPVd/J0qcSFkkgZ5MsBrLZW8m/ucNchVd+SXlWa6Ak8WiKGe2Su1ZSXZIBRDFCk0wEVT/1SZjLDDRHUhTl+Atn7xKuk3Hu3C822aj1azqqKMTdIrOkYcuUQvdoDbqIIIe0BN6Qa/Go/FsvBnvi9GaUWWO0R8YH9+R8qAh</latexit> energy
landscapes



Boltzmann machine
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Intent: starting from 4x4 pattern of random noise, and following Ising stochastic dynamics,

to converge to one of the three patterns below with given probabilities po, px, pt 

Implemented as a Boltzmann machine 
with 16 visible units, 9 hidden units, 

and po = px = pt =⅓. Temperature T=1.

visible to

visible

Initial wij

visible to

hidden

visible to

hidden

hidden to

hidden

visible to visible: Hopfield-like

others: white but symmetric

visible to

visible

Trained wij

visible to

hidden

visible to

hidden

hidden to

hidden

Sixteen runs, initialized with 

white noise on visible + hidden units,


shown to stabilize randomly

at one of the three stored patterns 



AlphaFold
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DATABASES

AlphaFold2

Have co-evolved Have co-evolved 

UNKNOWN 

AMINO ACIDS IN
FOLDED PROTEIN 
STRUCTURE

HydrophobicCharged   

As part of AlphaFold2’s development, the AI model has 
been trained on all the known amino acid sequences and 
determined protein structures. 

An amino acid sequence with 
unknown structure is 
fed into AlphaFold2, which 
searches databases for similar 
amino acid sequences and 
protein structures.

The AI model aligns all the similar amino acid 
sequences – often from different species – and 
investigates which parts have been preserved 
during evolution. 

Using this analysis, 
AlphaFold2 produces 
a distance map that 
estimates how close 
amino acids are to each 
other in the structure.

In the next step, AlphaFold2 explores which amino 
acids could interact with each other in the three-
dimensional protein structure. Interacting amino 
acids co-evolve. If one is charged, the other 
has the opposite charge, so they are attracted  
to each other. If one is replaced by a water- 
repellent (hydrophobic) amino acid, the other 
also becomes hydrophobic.

Using an iterative process, AlphaFold2 
refines the sequence analysis and distance
map. The AI model uses neural networks 
called transformers, which have a great 
capacity to identify important elements to 
focus on. Data about other protein 
structures – if they were found in 
step 1 – is also utilised.

AlphaFold2 puts together a puzzle of 
all the amino acids and tests pathways 
to produce a hypothetical protein 
structure. This is re-run through step 3.
After three cycles, AlphaFold2 arrives 
at a particular structure. The AI model 
calculates the probability that different 
parts of this structure correspond 
to reality.

3. AI ANALYSIS

AM
IN
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S

AMINO ACIDS

NEURAL NETWORK

ClosestFurthest 
apart

DISTANCE MAP

SEQUENCE ANALYSIS

2. SEQUENCE ANALYSIS

1. DATA ENTRY AND 
DATABASE SEARCHES

4. HYPOTHETICAL STRUCTURE

How does AlphaFold2 work?

AMINO ACID
 S

EQ
U

EN
C

E

CYCLE 1

CYCLE 2

CYCLE 3

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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https://www.nobelprize.org/uploads/2024/10/advanced-chemistryprize2024.pdf



Natural and novel proteins & enzymes
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2023: A bacterial enzyme that causes 
antibiotic resistance. The structure is 
important for discovering ways of preven-
ting antibiotic resistance.

2022: Part of a huge molecular structure 
in the human body. More than a thousand 
proteins form a pore through the 
membrane surrounding the cell nucleus. 

2022: Natural enzymes that can 
decompose plastic. The aim is 
to design proteins that can be 
used to recycle plastic.

©Terezia Kovalova/The Royal Swedish Academy of Sciences

https://www.nobelprize.org/uploads/2024/10/advanced-chemistryprize2024.pdf



some partial lineages for Machine Learning
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Rosenblatt 1959 
Hebb 1949 
McCulloch & Pitts 1943 

Rumelhart 1986

Nair 2010

He Kaiming 2016

Perceptron

Backprop

ReLUGlorot 2011

ResNet

Hopfield 1982
Hopfield 1984

Kohonen 1972Self organizing 
maps

Associative memory

Hinton 1985

Smolensky 1986

Boltzmann machine

Restricted 
Boltzmann machine

Neural-Network 
Auto-Encoder Hinton 2006

Variational 
Auto-Encoder Kingma 2014

Krizhevsky 2012 Alex Net

Generative 
Adversarial Network Goodfellow 2014

Rombach 2022Stable Diffusion

LL
M

s

D
ee

pF
ak

es

AlphaFold1Hassabis 2018

AlphaFold2Hassabis 2020

LeCun 1989 Convolutional Neural Net
Schmidhuber 1997LSTM

Transformer Vaswani 2017



the 2.c01/2.c51 compass
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Physics Machine 
Learning

• Physics principles to augment our understanding of how 

Machine Learning algorithms are designed and function 

• Machine Learning algorithms to augment our ability to 

model, predict, and control physical systems

Statistics

Linear Algebra

Optimization


