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Outline

• High-level introduction to deep learning (25 min) 

• Hands-on exercises (20 min)
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AI for Science

NERSC: Perlmutter 
AMD Epyc + NVIDIA A100s 

(2020)

NERSC: Perlmutter 
AMD Epyc + GPUs 

(2021)

ALCF: Aurora 
Intel Xeon + Xe GPUs 

(2021)
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AI, machine learning, and deep learning

https://en.wikipedia.org/wiki/Deep_learning

Mehta, et al (2019)  
“A high-bias, low-variance introduction to Machine Learning for physicists”

“Machine Learning is a subfield of artificial intelligence with the 
goal of developing algorithms capable of learning from data 
automatically.” 

https://en.wikipedia.org/wiki/Deep_learning
https://en.wikipedia.org/wiki/Deep_learning
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Machine learning algorithms: 
• can improve their accuracy given 

more data 
• are capable of “teaching 

themselves” 
• gain knowledge that is not 

programmed with an explicit set of 
rules

AI, machine learning, and deep learning

https://en.wikipedia.org/wiki/Deep_learning

Mehta, et al (2019)  
“A high-bias, low-variance introduction to Machine Learning for physicists”

“Machine Learning is a subfield of artificial intelligence with the 
goal of developing algorithms capable of learning from data 
automatically.” 

https://en.wikipedia.org/wiki/Deep_learning
https://en.wikipedia.org/wiki/Deep_learning
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Motivations for deep learning
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Categories of learning problems or paradigms

• Supervised learning (this talk) 
• Regression: output variable is continuous 
• Classification: output variable is discrete 

(categorical) 
• Unsupervised learning (Corey and Romit’s talk) 

• Clustering 
• Association 

• Semi-supervised learning 
• Mostly unlabeled data 

• Reinforcement learning

Unsupervised: Variational Autoencoder (VAE)
https://towardsdatascience.com/intuitively-understanding-variational-autoencoders-1bfe67eb5daf

Supervised: decision tree and random forests
https://towardsdatascience.com/from-a-single-decision-tree-to-a-random-forest-b9523be65147

Examples of algorithms

https://towardsdatascience.com/intuitively-understanding-variational-autoencoders-1bfe67eb5daf
https://towardsdatascience.com/intuitively-understanding-variational-autoencoders-1bfe67eb5daf
https://towardsdatascience.com/from-a-single-decision-tree-to-a-random-forest-b9523be65147
https://towardsdatascience.com/from-a-single-decision-tree-to-a-random-forest-b9523be65147
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Linear regression: ordinary least squares (OLS)

https://sebastianraschka.com/faq/docs/closed-form-vs-gd.html

Closed-form solution exists; 
one-step procedure: normal 
equation

wi =
�
XTX

��1
XTy

<latexit sha1_base64="BCu9ArbZz4HT5kSKgn2uKyBSrMw="></latexit>

Alternative solutions may be 
required or preferred in some  
cases

Minimizes the Mean Squared Error 
(MSE), or quadratic loss:

J =
1

m

mX

i=1

(ŷi � yi)
2

<latexit sha1_base64="oQ/s27vc4gY24RhHm3xuDGBlTP4="></latexit>

https://sebastianraschka.com/faq/docs/closed-form-vs-gd.html
https://sebastianraschka.com/faq/docs/closed-form-vs-gd.html


Argonne Leadership Computing Facility8

Neuron (linear regression)

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

*notation varies

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

x 2 Rn⇥1

<latexit sha1_base64="Gipo6wmd9qzaSf9rwJwqFGEYQs8=">AAACJHicbVC7TsMwFHXKq5RXgZHFoqrEVCUIBGMFC2NB9CE1pXJcp7XqOJF9g6iifAH/wc4Kv8CGGFiY+QycNgO0XMnSuefcq+N7vEhwDbb9aRWWlldW14rrpY3Nre2d8u5eS4exoqxJQxGqjkc0E1yyJnAQrBMpRgJPsLY3vsz09j1TmofyFiYR6wVkKLnPKQFD9ctVNyAw8vzkIcUul3jWeslNepdIF3jANHbSfrli1+xp4UXg5KCC8mr0y9/uIKRxwCRQQbTuOnYEvYQo4FSwtOTGmkWEjsmQdQ2UxPj0kuk5Ka4aZoD9UJknAU/Z3xsJCbSeBJ6ZzH6r57WM/FfLGKV9PecP/nkv4TKKgUk6s/djgSHEWWJ4wBWjICYGEKq4uQDTEVGEgsm1ZKJx5oNYBK3jmnNSO70+qdQv8pCK6AAdoiPkoDNUR1eogZqIokf0jF7Qq/VkvVnv1sdstGDlO/voT1lfP5hJpeA=</latexit>

Input features

w 2 Rn⇥1

<latexit sha1_base64="JM6tOa/f8KVeJjuFMauBaCYZN9s=">AAACJHicbVC7TsMwFHXKq5RXgZHFoqrEVCUIBGMFC2NB9CE1pXJcp7XqOJF9A6qifAH/wc4Kv8CGGFiY+QycNgO0XMnSuefcq+N7vEhwDbb9aRWWlldW14rrpY3Nre2d8u5eS4exoqxJQxGqjkc0E1yyJnAQrBMpRgJPsLY3vsz09j1TmofyFiYR6wVkKLnPKQFD9ctVNyAw8vzkIcUul3jWeslNepdIF3jANHbSfrli1+xp4UXg5KCC8mr0y9/uIKRxwCRQQbTuOnYEvYQo4FSwtOTGmkWEjsmQdQ2UxPj0kuk5Ka4aZoD9UJknAU/Z3xsJCbSeBJ6ZzH6r57WM/FfLGKV9PecP/nkv4TKKgUk6s/djgSHEWWJ4wBWjICYGEKq4uQDTEVGEgsm1ZKJx5oNYBK3jmnNSO70+qdQv8pCK6AAdoiPkoDNUR1eogZqIokf0jF7Qq/VkvVnv1sdstGDlO/voT1lfP5aTpd8=</latexit>

ith neuron

<latexit sha1_base64="+A+oQMmqCjEnszQs5Nuz9pgG0hE=">AAACEHicbVDLSgNBEJyNrxhfiR69DAbBU9gVRY9BLx4jmAckIcxOepMhs7PLTK8alvyEd6/6C97Eq3/gH/gZziY5aGJBQ1HVTXeXH0th0HW/nNzK6tr6Rn6zsLW9s7tXLO03TJRoDnUeyUi3fGZACgV1FCihFWtgoS+h6Y+uM795D9qISN3hOIZuyAZKBIIztFKvWBIdhEdMcUgVJDpSk16x7FbcKegy8eakTOao9YrfnX7EkxAUcsmMaXtujN2UaRRcwqTQSQzEjI/YANqWKhaC6abT0yf02Cp9GkTalkI6VX9PpCw0Zhz6tjNkODSLXib+62WKNoFZ2I/BZTcVKk4QFJ+tDxJJMaJZOrQvNHCUY0sY18J+QPmQacbRZliw0XiLQSyTxmnFO6uc356Vq1fzkPLkkByRE+KRC1IlN6RG6oSTB/JMXsir8+S8Oe/Ox6w158xnDsgfOJ8/Px2d1Q==</latexit>

zi, bi 2 R

<latexit sha1_base64="yqR/4tKSX1I0BGZz/vFzpD6CFv4=">AAACFnicbVC7TsMwFHXKq5RXgIGBxaJCYkBVgopgrGBhLIg+pKaKbNdprTpOZDtIJcp/sLPCL7AhVlb+gM/AaTNAy5GudHTOvbr3HhxzprTjfFmlpeWV1bXyemVjc2t7x97da6sokYS2SMQj2cVIUc4EbWmmOe3GkqIQc9rB4+vc7zxQqVgk7vUkpv0QDQULGEHaSL598OizU4h9Bj0moBciPcI4vct8u+rUnCngInELUgUFmr797Q0ikoRUaMKRUj3XiXU/RVIzwmlW8RJFY0TGaEh7hgoUUtVPpw9k8NgoAxhE0pTQcKr+nkhRqNQkxKYzv1DNe7n4r5crUgVqbr8OLvspE3GiqSCz9UHCoY5gnhEcMEmJ5hNDEJHMfADJCElEtEmyYqJx54NYJO2zmluvnd/Wq42rIqQyOARH4AS44AI0wA1oghYgIAPP4AW8Wk/Wm/VufcxaS1Yxsw/+wPr8ARnfnzs=</latexit>

Prediction (inference)

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>
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Forward pass: compute the loss
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>
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Forward pass: compute the loss

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

Given single labeled training example, 
⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>
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Forward pass: compute the loss

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

Given single labeled training example, 
⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>
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Forward pass: compute the loss

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

Given single labeled training example, 
⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

Quantify error (loss)
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>

@L
@bi

<latexit sha1_base64="6lzj9Z2NJJxjJ6ZuYNjWIFk1J98=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuiGxcuKtgHNCFMppN26GQSZiZCCfkG/8O9W/0Fd9KtKz/DSRpQWw8MHM65j7nHjxmVyrJmRmVldW19o7pZ29re2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnN7nfeyRC0og/qGlM3BCNOA0oRkpLnnnmBALh1ImRUBQx6IRIjSUW6V2W/ai+RzPPrFsNqwBcJnZJ6qBE2zO/nGGEk5BwhRmScmBbsXLTfCRmJKs5iSQxwhM0IgNNOQqJdNPipAyeaGUIg0joxxUs1N8dKQqlnIa+rix+vOjl4r9erggZyIX9KrhyU8rjRBGO5+uDhEEVwTw1OKSCYMWmmiAsqL4A4jHSySmdbU1HYy8GsUy65w272bi4b9Zb12VIVXAEjsEpsMElaIFb0AYdgMETeAGv4M14Nt6ND2M2L60YZc8h+APj8xvWoqgm</latexit>

@L
@wi

<latexit sha1_base64="iccw5WbKZQzi07xNpPiAAQcpAYg=">AAACMnicbVC7TsMwFHXKq5RXgJHFokJiqhIogrGChYGhSPQhNVHkuE5r1XEi2wFVUT6E/2BnhU+ADbEw8BE4aQZoOZKlo3Puw/f4MaNSWdabUVlaXlldq67XNja3tnfM3b2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJVe737omQNOJ3ahoTN0QjTgOKkdKSZ546gUA4dWIkFEUMOiFSY4lFepNlc6ofpA+ZRzPomXWrYRWAi8QuSR2UaHvmlzOMcBISrjBDUg5sK1Zumg/HjGQ1J5EkRniCRmSgKUchkW5aHJfBI60MYRAJ/biChfq7I0WhlNPQ15XF3+e9XPzXyxUhAzm3XwUXbkp5nCjC8Wx9kDCoIpjnB4dUEKzYVBOEBdUXQDxGOkOlU67paOz5IBZJ96RhNxtnt81667IMqQoOwCE4BjY4By1wDdqgAzB4BM/gBbwaT8a78WF8zkorRtmzD/7A+P4BZPashQ==</latexit>
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>

@L
@bi

<latexit sha1_base64="6lzj9Z2NJJxjJ6ZuYNjWIFk1J98=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuiGxcuKtgHNCFMppN26GQSZiZCCfkG/8O9W/0Fd9KtKz/DSRpQWw8MHM65j7nHjxmVyrJmRmVldW19o7pZ29re2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnN7nfeyRC0og/qGlM3BCNOA0oRkpLnnnmBALh1ImRUBQx6IRIjSUW6V2W/ai+RzPPrFsNqwBcJnZJ6qBE2zO/nGGEk5BwhRmScmBbsXLTfCRmJKs5iSQxwhM0IgNNOQqJdNPipAyeaGUIg0joxxUs1N8dKQqlnIa+rix+vOjl4r9erggZyIX9KrhyU8rjRBGO5+uDhEEVwTw1OKSCYMWmmiAsqL4A4jHSySmdbU1HYy8GsUy65w272bi4b9Zb12VIVXAEjsEpsMElaIFb0AYdgMETeAGv4M14Nt6ND2M2L60YZc8h+APj8xvWoqgm</latexit>

@L
@wi

<latexit sha1_base64="iccw5WbKZQzi07xNpPiAAQcpAYg=">AAACMnicbVC7TsMwFHXKq5RXgJHFokJiqhIogrGChYGhSPQhNVHkuE5r1XEi2wFVUT6E/2BnhU+ADbEw8BE4aQZoOZKlo3Puw/f4MaNSWdabUVlaXlldq67XNja3tnfM3b2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJVe737omQNOJ3ahoTN0QjTgOKkdKSZ546gUA4dWIkFEUMOiFSY4lFepNlc6ofpA+ZRzPomXWrYRWAi8QuSR2UaHvmlzOMcBISrjBDUg5sK1Zumg/HjGQ1J5EkRniCRmSgKUchkW5aHJfBI60MYRAJ/biChfq7I0WhlNPQ15XF3+e9XPzXyxUhAzm3XwUXbkp5nCjC8Wx9kDCoIpjnB4dUEKzYVBOEBdUXQDxGOkOlU67paOz5IBZJ96RhNxtnt81667IMqQoOwCE4BjY4By1wDdqgAzB4BM/gBbwaT8a78WF8zkorRtmzD/7A+P4BZPashQ==</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

@L

@x(m)

<latexit sha1_base64="BKeX+KeCvxd3SGF3iOfq/UDkJ+I=">AAACNnicbVC7TsMwFHV4lvIKMLJYVEhlqRJUVMYKFgaGItGH1ITKcZ3WquNEtoOoonwK/8HOCh/AwoZg5BNw0gzQciRLR+fcq+N7vIhRqSzrzVhaXlldWy9tlDe3tnd2zb39jgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS9yWXmd++JkDTkt2oaETdAI059ipHS0sBsOL5AOHEiJBRFDDoBUmOJRXKdpnOq5ycP6V1SDU7SFA7MilWzcsBFYhekAgq0BuaXMwxxHBCuMENS9m0rUm6SBWBG0rITSxIhPEEj0teUo4BIN8kPTOGxVobQD4V+XMFc/b2RoEDKaeDpyfz/814m/utlipC+nMtX/rmbUB7FinA8i/djBlUIsw7hkAqCFZtqgrCg+gKIx0j3qHTTZV2NPV/EIumc1ux67eymXmleFCWVwCE4AlVggwZogivQAm2AwSN4Bi/g1Xgy3o0P43M2umQUOwfgD4zvH2Qkrfo=</latexit>
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>

@L
@bi

<latexit sha1_base64="6lzj9Z2NJJxjJ6ZuYNjWIFk1J98=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuiGxcuKtgHNCFMppN26GQSZiZCCfkG/8O9W/0Fd9KtKz/DSRpQWw8MHM65j7nHjxmVyrJmRmVldW19o7pZ29re2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnN7nfeyRC0og/qGlM3BCNOA0oRkpLnnnmBALh1ImRUBQx6IRIjSUW6V2W/ai+RzPPrFsNqwBcJnZJ6qBE2zO/nGGEk5BwhRmScmBbsXLTfCRmJKs5iSQxwhM0IgNNOQqJdNPipAyeaGUIg0joxxUs1N8dKQqlnIa+rix+vOjl4r9erggZyIX9KrhyU8rjRBGO5+uDhEEVwTw1OKSCYMWmmiAsqL4A4jHSySmdbU1HYy8GsUy65w272bi4b9Zb12VIVXAEjsEpsMElaIFb0AYdgMETeAGv4M14Nt6ND2M2L60YZc8h+APj8xvWoqgm</latexit>

@L
@wi

<latexit sha1_base64="iccw5WbKZQzi07xNpPiAAQcpAYg=">AAACMnicbVC7TsMwFHXKq5RXgJHFokJiqhIogrGChYGhSPQhNVHkuE5r1XEi2wFVUT6E/2BnhU+ADbEw8BE4aQZoOZKlo3Puw/f4MaNSWdabUVlaXlldq67XNja3tnfM3b2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJVe737omQNOJ3ahoTN0QjTgOKkdKSZ546gUA4dWIkFEUMOiFSY4lFepNlc6ofpA+ZRzPomXWrYRWAi8QuSR2UaHvmlzOMcBISrjBDUg5sK1Zumg/HjGQ1J5EkRniCRmSgKUchkW5aHJfBI60MYRAJ/biChfq7I0WhlNPQ15XF3+e9XPzXyxUhAzm3XwUXbkp5nCjC8Wx9kDCoIpjnB4dUEKzYVBOEBdUXQDxGOkOlU67paOz5IBZJ96RhNxtnt81667IMqQoOwCE4BjY4By1wDdqgAzB4BM/gBbwaT8a78WF8zkorRtmzD/7A+P4BZPashQ==</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

@L

@x(m)

<latexit sha1_base64="BKeX+KeCvxd3SGF3iOfq/UDkJ+I=">AAACNnicbVC7TsMwFHV4lvIKMLJYVEhlqRJUVMYKFgaGItGH1ITKcZ3WquNEtoOoonwK/8HOCh/AwoZg5BNw0gzQciRLR+fcq+N7vIhRqSzrzVhaXlldWy9tlDe3tnd2zb39jgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS9yWXmd++JkDTkt2oaETdAI059ipHS0sBsOL5AOHEiJBRFDDoBUmOJRXKdpnOq5ycP6V1SDU7SFA7MilWzcsBFYhekAgq0BuaXMwxxHBCuMENS9m0rUm6SBWBG0rITSxIhPEEj0teUo4BIN8kPTOGxVobQD4V+XMFc/b2RoEDKaeDpyfz/814m/utlipC+nMtX/rmbUB7FinA8i/djBlUIsw7hkAqCFZtqgrCg+gKIx0j3qHTTZV2NPV/EIumc1ux67eymXmleFCWVwCE4AlVggwZogivQAm2AwSN4Bi/g1Xgy3o0P43M2umQUOwfgD4zvH2Qkrfo=</latexit>

Backpropagation  
=  

chain rule
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>

@L
@bi

<latexit sha1_base64="6lzj9Z2NJJxjJ6ZuYNjWIFk1J98=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuiGxcuKtgHNCFMppN26GQSZiZCCfkG/8O9W/0Fd9KtKz/DSRpQWw8MHM65j7nHjxmVyrJmRmVldW19o7pZ29re2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnN7nfeyRC0og/qGlM3BCNOA0oRkpLnnnmBALh1ImRUBQx6IRIjSUW6V2W/ai+RzPPrFsNqwBcJnZJ6qBE2zO/nGGEk5BwhRmScmBbsXLTfCRmJKs5iSQxwhM0IgNNOQqJdNPipAyeaGUIg0joxxUs1N8dKQqlnIa+rix+vOjl4r9erggZyIX9KrhyU8rjRBGO5+uDhEEVwTw1OKSCYMWmmiAsqL4A4jHSySmdbU1HYy8GsUy65w272bi4b9Zb12VIVXAEjsEpsMElaIFb0AYdgMETeAGv4M14Nt6ND2M2L60YZc8h+APj8xvWoqgm</latexit>

@L
@wi

<latexit sha1_base64="iccw5WbKZQzi07xNpPiAAQcpAYg=">AAACMnicbVC7TsMwFHXKq5RXgJHFokJiqhIogrGChYGhSPQhNVHkuE5r1XEi2wFVUT6E/2BnhU+ADbEw8BE4aQZoOZKlo3Puw/f4MaNSWdabUVlaXlldq67XNja3tnfM3b2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJVe737omQNOJ3ahoTN0QjTgOKkdKSZ546gUA4dWIkFEUMOiFSY4lFepNlc6ofpA+ZRzPomXWrYRWAi8QuSR2UaHvmlzOMcBISrjBDUg5sK1Zumg/HjGQ1J5EkRniCRmSgKUchkW5aHJfBI60MYRAJ/biChfq7I0WhlNPQ15XF3+e9XPzXyxUhAzm3XwUXbkp5nCjC8Wx9kDCoIpjnB4dUEKzYVBOEBdUXQDxGOkOlU67paOz5IBZJ96RhNxtnt81667IMqQoOwCE4BjY4By1wDdqgAzB4BM/gBbwaT8a78WF8zkorRtmzD/7A+P4BZPashQ==</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

@L

@x(m)

<latexit sha1_base64="BKeX+KeCvxd3SGF3iOfq/UDkJ+I=">AAACNnicbVC7TsMwFHV4lvIKMLJYVEhlqRJUVMYKFgaGItGH1ITKcZ3WquNEtoOoonwK/8HOCh/AwoZg5BNw0gzQciRLR+fcq+N7vIhRqSzrzVhaXlldWy9tlDe3tnd2zb39jgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS9yWXmd++JkDTkt2oaETdAI059ipHS0sBsOL5AOHEiJBRFDDoBUmOJRXKdpnOq5ycP6V1SDU7SFA7MilWzcsBFYhekAgq0BuaXMwxxHBCuMENS9m0rUm6SBWBG0rITSxIhPEEj0teUo4BIN8kPTOGxVobQD4V+XMFc/b2RoEDKaeDpyfz/814m/utlipC+nMtX/rmbUB7FinA8i/djBlUIsw7hkAqCFZtqgrCg+gKIx0j3qHTTZV2NPV/EIumc1ux67eymXmleFCWVwCE4AlVggwZogivQAm2AwSN4Bi/g1Xgy3o0P43M2umQUOwfgD4zvH2Qkrfo=</latexit>

Backpropagation  
=  

chain rule @L
@wi

=
@L
@zi

@zi
@wi

<latexit sha1_base64="WFSnQoMpQyMQksR+1RPbCGlW5dg="></latexit>

@L
@bi

=
@L
@zi

@zi
@bi

<latexit sha1_base64="IB8VbBXJ6WmxPhJscyPlSOvzYWQ=">AAACdXicjVFNS8NAEN3Er9pWjXoUYbEqnmoiFb0IRS8ePFSwH9CEstlu6tLNB7ubQg35oYI/wH/g1U0a0KYeHBh4vHkzw7xxI0aFNM13TV9b39jcqmxXa/Wd3T1j/6Anwphj0sUhC/nARYIwGpCupJKRQcQJ8l1G+u70Iav3Z4QLGgYvch4Rx0eTgHoUI6mokTGzPY5wYkeIS4oYtH0kXwXmyVOa/rDuiKbwDv5L+6a0JWFGLQ8bGQ2zaeYBV4FVgAYoojMyPu1xiGOfBBIzJMTQMiPpJNlIzEhatWNBIoSnaEKGCgbIJ8JJcn9SeKaYMfRCrjKQMGd/dyTIF2Luu0qZn1SuZeSftYzhwhOl/dK7dRIaRLEkAV6s92IGZQizF8Ax5QRLNlcAYU7VBRC/IuWYVI+qKmusshGroHfVtFrN6+dWo31fmFQBR+AEXAAL3IA2eAQd0AUYfGi6VtPq2pd+rJ/q5wuprhU9h2Ap9Mtv+rXCYA==</latexit>
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Backward pass: compute the derivatives
Given single labeled training example, 

⇣
x(m), y(m)

⌘

<latexit sha1_base64="VXgf3iaGgbyr0ux91RoS65Npbb4=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARW5CSSEWXRTcuK9gLNLVMppN26OTCzIlYQh7B93DvVl/BnYg7lz6Gk7YLbf1h4OM/53Dm/G4kuALL+jRyS8srq2v59cLG5tb2jrm711RhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1l9dY9k4qHwS2MI9b1ySDgHqcEtNUzjx3BPCg5PoGh6yUP6V1S8svpCR5PATuSD4ZQ7plFq2JNhBfBnkERzVTvmd9OP6SxzwKggijVsa0IugmRwKlgacGJFYsIHZEB62gMiM9UN5kclOIj7fSxF0r9AsAT9/dEQnylxr6rO7OPq/laZv5byxypPDW3H7yLbsKDKAYW0Ol6LxYYQpxlhvtcMgpirIFQyfUFmA6JJBR0sgUdjT0fxCI0Tyt2tXJ2Uy3WLmch5dEBOkQlZKNzVEPXqI4aiKJH9Ixe0KvxZLwZ78bHtDVnzGb20R8ZXz+UPqW5</latexit>

L (wi, bi;x
(m), y(m)) =

⇣
ŷ � y(m)

⌘2

<latexit sha1_base64="WTTiv3+upc0E5ixdxmAJ5i3Tn/0="></latexit>

@L
@zi

<latexit sha1_base64="hLv1IA/8Jeidr5czV4kTyCJHbT0=">AAACKHicbVDLSsNAFJ34rPUVdelmsAi6KYlUdFl048JFBfuAJoTJdNIOnUzCzESoId/gf7h3q7/gTrp15Wc4SQNq64GBwzn3Mff4MaNSWdbUWFpeWV1br2xUN7e2d3bNvf2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xde53H4iQNOL3ahITN0RDTgOKkdKSZ546gUA4dWIkFEUMOiFSI4lFeptlP+qjRzPPrFl1qwBcJHZJaqBEyzO/nEGEk5BwhRmSsm9bsXLTfCRmJKs6iSQxwmM0JH1NOQqJdNPipAwea2UAg0joxxUs1N8dKQqlnIS+rix+PO/l4r9erggZyLn9Krh0U8rjRBGOZ+uDhEEVwTw1OKCCYMUmmiAsqL4A4hHSySmdbVVHY88HsUg6Z3W7UT+/a9SaV2VIFXAIjsAJsMEFaIIb0AJtgMETeAGv4M14Nt6ND2M6K10yyp4D8AfG5zf9Wqg+</latexit>

@L
@bi

<latexit sha1_base64="6lzj9Z2NJJxjJ6ZuYNjWIFk1J98=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuiGxcuKtgHNCFMppN26GQSZiZCCfkG/8O9W/0Fd9KtKz/DSRpQWw8MHM65j7nHjxmVyrJmRmVldW19o7pZ29re2d0z9w+6MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnN7nfeyRC0og/qGlM3BCNOA0oRkpLnnnmBALh1ImRUBQx6IRIjSUW6V2W/ai+RzPPrFsNqwBcJnZJ6qBE2zO/nGGEk5BwhRmScmBbsXLTfCRmJKs5iSQxwhM0IgNNOQqJdNPipAyeaGUIg0joxxUs1N8dKQqlnIa+rix+vOjl4r9erggZyIX9KrhyU8rjRBGO5+uDhEEVwTw1OKSCYMWmmiAsqL4A4jHSySmdbU1HYy8GsUy65w272bi4b9Zb12VIVXAEjsEpsMElaIFb0AYdgMETeAGv4M14Nt6ND2M2L60YZc8h+APj8xvWoqgm</latexit>

@L
@wi

<latexit sha1_base64="iccw5WbKZQzi07xNpPiAAQcpAYg=">AAACMnicbVC7TsMwFHXKq5RXgJHFokJiqhIogrGChYGhSPQhNVHkuE5r1XEi2wFVUT6E/2BnhU+ADbEw8BE4aQZoOZKlo3Puw/f4MaNSWdabUVlaXlldq67XNja3tnfM3b2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJVe737omQNOJ3ahoTN0QjTgOKkdKSZ546gUA4dWIkFEUMOiFSY4lFepNlc6ofpA+ZRzPomXWrYRWAi8QuSR2UaHvmlzOMcBISrjBDUg5sK1Zumg/HjGQ1J5EkRniCRmSgKUchkW5aHJfBI60MYRAJ/biChfq7I0WhlNPQ15XF3+e9XPzXyxUhAzm3XwUXbkp5nCjC8Wx9kDCoIpjnB4dUEKzYVBOEBdUXQDxGOkOlU67paOz5IBZJ96RhNxtnt81667IMqQoOwCE4BjY4By1wDdqgAzB4BM/gBbwaT8a78WF8zkorRtmzD/7A+P4BZPashQ==</latexit>

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

@L

@x(m)

<latexit sha1_base64="BKeX+KeCvxd3SGF3iOfq/UDkJ+I=">AAACNnicbVC7TsMwFHV4lvIKMLJYVEhlqRJUVMYKFgaGItGH1ITKcZ3WquNEtoOoonwK/8HOCh/AwoZg5BNw0gzQciRLR+fcq+N7vIhRqSzrzVhaXlldWy9tlDe3tnd2zb39jgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS9yWXmd++JkDTkt2oaETdAI059ipHS0sBsOL5AOHEiJBRFDDoBUmOJRXKdpnOq5ycP6V1SDU7SFA7MilWzcsBFYhekAgq0BuaXMwxxHBCuMENS9m0rUm6SBWBG0rITSxIhPEEj0teUo4BIN8kPTOGxVobQD4V+XMFc/b2RoEDKaeDpyfz/814m/utlipC+nMtX/rmbUB7FinA8i/djBlUIsw7hkAqCFZtqgrCg+gKIx0j3qHTTZV2NPV/EIumc1ux67eymXmleFCWVwCE4AlVggwZogivQAm2AwSN4Bi/g1Xgy3o0P43M2umQUOwfgD4zvH2Qkrfo=</latexit>

Backpropagation  
=  

chain rule @L
@wi

=
@L
@zi

@zi
@wi

<latexit sha1_base64="WFSnQoMpQyMQksR+1RPbCGlW5dg="></latexit>

@L
@bi

=
@L
@zi

@zi
@bi

<latexit sha1_base64="IB8VbBXJ6WmxPhJscyPlSOvzYWQ=">AAACdXicjVFNS8NAEN3Er9pWjXoUYbEqnmoiFb0IRS8ePFSwH9CEstlu6tLNB7ubQg35oYI/wH/g1U0a0KYeHBh4vHkzw7xxI0aFNM13TV9b39jcqmxXa/Wd3T1j/6Anwphj0sUhC/nARYIwGpCupJKRQcQJ8l1G+u70Iav3Z4QLGgYvch4Rx0eTgHoUI6mokTGzPY5wYkeIS4oYtH0kXwXmyVOa/rDuiKbwDv5L+6a0JWFGLQ8bGQ2zaeYBV4FVgAYoojMyPu1xiGOfBBIzJMTQMiPpJNlIzEhatWNBIoSnaEKGCgbIJ8JJcn9SeKaYMfRCrjKQMGd/dyTIF2Luu0qZn1SuZeSftYzhwhOl/dK7dRIaRLEkAV6s92IGZQizF8Ax5QRLNlcAYU7VBRC/IuWYVI+qKmusshGroHfVtFrN6+dWo31fmFQBR+AEXAAL3IA2eAQd0AUYfGi6VtPq2pd+rJ/q5wuprhU9h2Ap9Mtv+rXCYA==</latexit>

@L

@zi
= 2 (zi � y)

<latexit sha1_base64="+fKrJAmjUm5pDLTzxZ/EU6sN/zQ="></latexit>

@zi
@bi

= 1

<latexit sha1_base64="nZAeUGp9iMjWTHoQ/B2LQsuFPJI=">AAACJHicbVDLSsNAFL2pr1pfUZduBkvBVUlE0Y1QdOOygn1AE8JkOmmHTh7MTIQa+gX+h3u3+gvuxIUb136Gkzagth4YOPece+dyj59wJpVlfRilpeWV1bXyemVjc2t7x9zda8s4FYS2SMxj0fWxpJxFtKWY4rSbCIpDn9OOP7rK/c4dFZLF0a0aJ9QN8SBiASNYackza04gMMmcBAvFMEf3Hpv8VL6u0AWyPbNq1a0p0CKxC1KFAk3P/HL6MUlDGinCsZQ920qUm+XfEk4nFSeVNMFkhAe0p2mEQyrdbHrOBNW00kdBLPSLFJqqvycyHEo5Dn3dGWI1lPNeLv7r5YqQgZzbr4JzN2NRkioakdn6IOVIxShPDPWZoETxsSaYCKYvQGSIdWpK51rR0djzQSyS9nHdPqmf3pxUG5dFSGU4gEM4AhvOoAHX0IQWEHiAJ3iGF+PReDXejPdZa8koZvbhD4zPb8k0pVw=</latexit>

@z

@wi
= x(m)

<latexit sha1_base64="yG3Oo0f8QlhvDt0Y9MACppYre1Q="></latexit>



Argonne Leadership Computing Facility11

Training neuron weights with gradient descent

 

✓ ⌘ {wi, bi}

<latexit sha1_base64="TeTPWxXEtNjmfbYcN1iDzhquPbQ="></latexit>

Let trainable parameters

J(✓) =
1

m

mX

i=1

L (✓;x(m), y(m))

<latexit sha1_base64="WSxFpZSb50MguueOCMu6nYY9HKE="></latexit>

Cost: average loss over training examples

http://cs231n.github.io/neural-networks-3/
http://cs231n.github.io/neural-networks-3/


Argonne Leadership Computing Facility11

Training neuron weights with gradient descent

✓ = ✓ � ⌘ ·r✓J(✓)

<latexit sha1_base64="JqWkzASwOCqjXqTivUbI+o0k16U=">AAACH3icbZDLSgMxFIYz3q23qks3wSLowjIj3jZC0Y24qmCr0CnDmUxqQzOZITkjlKFv4sZXceNCEXHXtzFtZ+HtQMjH/59Dcv4wlcKg6w6dqemZ2bn5hcXS0vLK6lp5faNpkkwz3mCJTPRdCIZLoXgDBUp+l2oOcSj5bdi7GPm3D1wbkagb7Ke8HcO9Eh3BAK0UlI997HIEekYL2Kf+6PJZlCD1FYQSgnziDejV7oT2gnLFrbrjon/BK6BCiqoH5U8/SlgWc4VMgjEtz02xnYNGwSQflPzM8BRYD+55y6KCmJt2Pt5vQHesEtFOou1RSMfq94kcYmP6cWg7Y8Cu+e2NxP+8Voad03YuVJohV2zyUCeTFBM6CotGQnOGsm8BmBb2r5R1QQNDG2nJhuD9XvkvNA+q3mH16PqwUjsv4lggW2Sb7BKPnJAauSR10iCMPJJn8krenCfnxXl3PiatU04xs0l+lDP8AhJjock=</latexit>

⌘ ⌘

<latexit sha1_base64="LBVStLGlbsX9AJRUI+Du4yq/Nlk=">AAACCHicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA76U2GzM6sM7OBEPID3r3qL3gTr/6Ff+BnOJvsQRMLGoqqbrq7woQzbVz3yymsrW9sbhW3Szu7e/sH5cOjlpapotCkkkvVCYkGzgQ0DTMcOokCEocc2uHoNvPbY1CaSfFgJgkEMRkIFjFKjJW6PhiCfXhM2bhXrrhVdw68SrycVFCORq/87fclTWMQhnKidddzExNMiTKMcpiV/FRDQuiIDKBrqSAx6GA6P3mGz6zSx5FUtoTBc/X3xJTEWk/i0HbGxAz1speJ/3qZonSkl/ab6DqYMpGkBgRdrI9Sjo3EWSq4zxRQwyeWEKqY/QDTIVGEGptdyUbjLQexSloXVa9WvbyvVeo3eUhFdIJO0Tny0BWqozvUQE1EkUTP6AW9Ok/Om/PufCxaC04+c4z+wPn8ATJOmo8=</latexit>

learning rate

 

✓ ⌘ {wi, bi}

<latexit sha1_base64="TeTPWxXEtNjmfbYcN1iDzhquPbQ="></latexit>

Let trainable parameters

J(✓) =
1

m

mX

i=1

L (✓;x(m), y(m))

<latexit sha1_base64="WSxFpZSb50MguueOCMu6nYY9HKE="></latexit>

Cost: average loss over training examples

http://cs231n.github.io/neural-networks-3/
http://cs231n.github.io/neural-networks-3/


Argonne Leadership Computing Facility12

Global vs. local minima

http://firsttimeprogrammer.blogspot.com/2014/09/multivariable-gradient-descent.html

w1

<latexit sha1_base64="jZOfFwmvex6DkcAKmrmGrHbLCBk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtqlu5uwO1FK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSyFRdf9dgpr6xubW8Xt0s7u3v5B+fCoZaPEMN5kkYxMJ6CWS6F5EwVK3okNpyqQvB2MbzO//ciNFZF+wEnMfUWHWoSCUcykp75X6pcrbtWdg6wSLycVyNHol796g4glimtkklrb9dwY/Sk1KJjks1IvsTymbEyHvJtSTRW3/nR+64ycpcqAhJFJSyOZq78nplRZO1FB2qkojuyyl4n/ed0Ewyt/KnScINdssShMJMGIZI+TgTCcoZykhDIj0lsJG1FDGabxZCF4yy+vktZF1atVr+9rlfpNHkcRTuAUzsGDS6jDHTSgCQxG8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwBDIY2/</latexit>

w2

<latexit sha1_base64="ZWevUs041H3OWLp/MvGZNMnUYqk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvXisYFuhDWWz3bRLdzdhd6KU0r/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglgKi6777RTW1jc2t4rbpZ3dvf2D8uFR20aJYbzFIhmZh4BaLoXmLRQo+UNsOFWB5J1gfJP5nUdurIj0PU5i7is61CIUjGImPfVrpX654lbdOcgq8XJSgRzNfvmrN4hYorhGJqm1Xc+N0Z9Sg4JJPiv1EstjysZ0yLsp1VRx60/nt87IWaoMSBiZtDSSufp7YkqVtRMVpJ2K4sgue5n4n9dNMLz0p0LHCXLNFovCRBKMSPY4GQjDGcpJSigzIr2VsBE1lGEaTxaCt/zyKmnXql69enVXrzSu8ziKcAKncA4eXEADbqEJLWAwgmd4hTdHOS/Ou/OxaC04+cwx/IHz+QNEpo3A</latexit>

J(w1, w2)

<latexit sha1_base64="w9AGiZBYwQqcVUZ+NRBE4oLY78w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgpSkFNRb0Yt4qmA/oA1hs920SzebsLuxlNK/4cWDIl79M978N27aHLT1wcDjvRlm5vkxZ0rb9reVW1vf2NzKbxd2dvf2D4qHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt+6Pb1G8/UalYJB71JKZuiAeCBYxgbaTefXnsORdo7FXPC16xZFfsOdAqcTJSggwNr/jV60ckCanQhGOluo4da3eKpWaE01mhlygaYzLCA9o1VOCQKnc6v3mGzozSR0EkTQmN5urviSkOlZqEvukMsR6qZS8V//O6iQ6u3CkTcaKpIItFQcKRjlAaAOozSYnmE0MwkczcisgQS0y0iSkNwVl+eZW0qhWnVrl+qJXqN1kceTiBUyiDA5dQhztoQBMIxPAMr/BmJdaL9W59LFpzVjZzDH9gff4AaTeP/g==</latexit>

global 
optimum

local 
optima

http://firsttimeprogrammer.blogspot.com/2014/09/multivariable-gradient-descent.html
http://firsttimeprogrammer.blogspot.com/2014/09/multivariable-gradient-descent.html


Argonne Leadership Computing Facility13

OLS solved with gradient descent

http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1

t = epoch 

= neuron sees 
all samples in the 
training set

http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1
http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1


Argonne Leadership Computing Facility13

OLS solved with gradient descent

http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1

t = epoch 

= neuron sees 
all samples in the 
training set

http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1
http://www.briandolhansky.com/blog/artificial-neural-networks-linear-regression-part-1


Argonne Leadership Computing Facility14

Neuron (generally)

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ai = �(zi)

<latexit sha1_base64="DVLqd5U/EDvrGT7IeGUNHIiG0CY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZREKnoRil48VrAf0Iaw2W7apZtN2N0otfanePGgiFd/iTf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dPbu431RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLye+q17KhWLxZ0eJdSLcF+wkBGsjeTbRewzdIm6ivUjXH702Ylvl5yKMwNaJm5GSpCh7ttf3V5M0ogKTThWquM6ifbGWGpGOJ0UuqmiCSZD3KcdQwWOqPLGs9Mn6NgoPRTG0pTQaKb+nhjjSKlRFJjOCOuBWvSm4n9eJ9XhhTdmIkk1FWS+KEw50jGa5oB6TFKi+cgQTCQztyIywBITbdIqmBDcxZeXSfO04lYrZ7fVUu0qiyMPh3AEZXDhHGpwA3VoAIEHeIZXeLOerBfr3fqYt+asbOYA/sD6/AG28JMD</latexit>

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>



Argonne Leadership Computing Facility14

Neuron (generally)

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ai = �(zi)

<latexit sha1_base64="DVLqd5U/EDvrGT7IeGUNHIiG0CY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZREKnoRil48VrAf0Iaw2W7apZtN2N0otfanePGgiFd/iTf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dPbu431RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLye+q17KhWLxZ0eJdSLcF+wkBGsjeTbRewzdIm6ivUjXH702Ylvl5yKMwNaJm5GSpCh7ttf3V5M0ogKTThWquM6ifbGWGpGOJ0UuqmiCSZD3KcdQwWOqPLGs9Mn6NgoPRTG0pTQaKb+nhjjSKlRFJjOCOuBWvSm4n9eJ9XhhTdmIkk1FWS+KEw50jGa5oB6TFKi+cgQTCQztyIywBITbdIqmBDcxZeXSfO04lYrZ7fVUu0qiyMPh3AEZXDhHGpwA3VoAIEHeIZXeLOerBfr3fqYt+asbOYA/sD6/AG28JMD</latexit>
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1
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<latexit sha1_base64="P9a66RnhsCunO2oAz04OY5sABQM=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoiGVGKroRim5cVrAP6NSSSTNtaJIZkozQDrN146+4caGIW//AnX9j2s5CqwcuHM65l3vv8SNGlXacLyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94dXEb94TqWgobvUoIh2O+oIGFCNtpK4NPUX7HJXGh/ACeoFEOHHTxIVHkNwlx+M07dpFp+xMAf8SNyNFkKHWtT+9XohjToTGDCnVdp1IdxIkNcWMpAUvViRCeIj6pG2oQJyoTjL9JIUHRunBIJSmhIZT9edEgrhSI+6bTo70QM17E/E/rx3r4LyTUBHFmgg8WxTEDOoQTmKBPSoJ1mxkCMKSmlshHiAThzbhFUwI7vzLf0njpOxWyqc3lWL1MosjD/bAPigBF5yBKrgGNVAHGDyAJ/ACXq1H69l6s95nrTkrm9kFv2B9fAMr+pi/</latexit>

= sigmoid = logistic function

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>
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Neuron (generally)

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ai = �(zi)

<latexit sha1_base64="DVLqd5U/EDvrGT7IeGUNHIiG0CY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZREKnoRil48VrAf0Iaw2W7apZtN2N0otfanePGgiFd/iTf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dPbu431RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLye+q17KhWLxZ0eJdSLcF+wkBGsjeTbRewzdIm6ivUjXH702Ylvl5yKMwNaJm5GSpCh7ttf3V5M0ogKTThWquM6ifbGWGpGOJ0UuqmiCSZD3KcdQwWOqPLGs9Mn6NgoPRTG0pTQaKb+nhjjSKlRFJjOCOuBWvSm4n9eJ9XhhTdmIkk1FWS+KEw50jGa5oB6TFKi+cgQTCQztyIywBITbdIqmBDcxZeXSfO04lYrZ7fVUu0qiyMPh3AEZXDhHGpwA3VoAIEHeIZXeLOerBfr3fqYt+asbOYA/sD6/AG28JMD</latexit>
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<latexit sha1_base64="P9a66RnhsCunO2oAz04OY5sABQM=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoiGVGKroRim5cVrAP6NSSSTNtaJIZkozQDrN146+4caGIW//AnX9j2s5CqwcuHM65l3vv8SNGlXacLyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94dXEb94TqWgobvUoIh2O+oIGFCNtpK4NPUX7HJXGh/ACeoFEOHHTxIVHkNwlx+M07dpFp+xMAf8SNyNFkKHWtT+9XohjToTGDCnVdp1IdxIkNcWMpAUvViRCeIj6pG2oQJyoTjL9JIUHRunBIJSmhIZT9edEgrhSI+6bTo70QM17E/E/rx3r4LyTUBHFmgg8WxTEDOoQTmKBPSoJ1mxkCMKSmlshHiAThzbhFUwI7vzLf0njpOxWyqc3lWL1MosjD/bAPigBF5yBKrgGNVAHGDyAJ/ACXq1H69l6s95nrTkrm9kFv2B9fAMr+pi/</latexit>

= sigmoid = logistic function

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

L (ŷ, y) = � (y log(ŷ) + (1� y) log(1� ŷ))

<latexit sha1_base64="9KWLOAf1jZz1efxqYpMw8H0xbmU="></latexit>

Binary cross-entropy loss function:
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Neuron (generally)

x1

<latexit sha1_base64="hRS0ddpgxHMAJcuGPZWM1yTuND4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOSI2o</latexit>

x2

<latexit sha1_base64="rZqqRJEsDVTa/mx5dMmqIpR8GIA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrli/uqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AD8yNqQ==</latexit>

x3

<latexit sha1_base64="ucUuJlzTdKE55zbmY9paKxrCXdE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKV/cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEVCNqg==</latexit>

zi = wT
i x+ bi

<latexit sha1_base64="uUAHBz+FHg8vj01N4zlbsru7x9c=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJJIRTdC0Y3LCn1BW8NkOmmHTiZhZqLWkB9w46+4caGIW/fu/BsnbQRtPTBw5px7ufceN2RUKsv6MnJz8wuLS/nlwsrq2vqGubnVkEEkMKnjgAWi5SJJGOWkrqhipBUKgnyXkaY7vEj95g0Rkga8pkYh6fqoz6lHMVJacsy9e4fCM9jxkRq4XnybXNcc+vO7S+AhdB3qmEWrZI0BZ4mdkSLIUHXMz04vwJFPuMIMSdm2rVB1YyQUxYwkhU4kSYjwEPVJW1OOfCK78fiaBO5rpQe9QOjHFRyrvzti5Es58l1dme4pp71U/M9rR8o77caUh5EiHE8GeRGDKoBpNLBHBcGKjTRBWFC9K8QDJBBWOsCCDsGePnmWNI5Kdrl0fFUuVs6zOPJgB+yCA2CDE1ABl6AK6gCDB/AEXsCr8Wg8G2/G+6Q0Z2Q92+APjI9vylKbZA==</latexit>

ai = �(zi)

<latexit sha1_base64="DVLqd5U/EDvrGT7IeGUNHIiG0CY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZREKnoRil48VrAf0Iaw2W7apZtN2N0otfanePGgiFd/iTf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dPbu431RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLye+q17KhWLxZ0eJdSLcF+wkBGsjeTbRewzdIm6ivUjXH702Ylvl5yKMwNaJm5GSpCh7ttf3V5M0ogKTThWquM6ifbGWGpGOJ0UuqmiCSZD3KcdQwWOqPLGs9Mn6NgoPRTG0pTQaKb+nhjjSKlRFJjOCOuBWvSm4n9eJ9XhhTdmIkk1FWS+KEw50jGa5oB6TFKi+cgQTCQztyIywBITbdIqmBDcxZeXSfO04lYrZ7fVUu0qiyMPh3AEZXDhHGpwA3VoAIEHeIZXeLOerBfr3fqYt+asbOYA/sD6/AG28JMD</latexit>
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<latexit sha1_base64="P9a66RnhsCunO2oAz04OY5sABQM=">AAACCXicbVDLSgMxFM3UV62vUZdugkWoiGVGKroRim5cVrAP6NSSSTNtaJIZkozQDrN146+4caGIW//AnX9j2s5CqwcuHM65l3vv8SNGlXacLyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94dXEb94TqWgobvUoIh2O+oIGFCNtpK4NPUX7HJXGh/ACeoFEOHHTxIVHkNwlx+M07dpFp+xMAf8SNyNFkKHWtT+9XohjToTGDCnVdp1IdxIkNcWMpAUvViRCeIj6pG2oQJyoTjL9JIUHRunBIJSmhIZT9edEgrhSI+6bTo70QM17E/E/rx3r4LyTUBHFmgg8WxTEDOoQTmKBPSoJ1mxkCMKSmlshHiAThzbhFUwI7vzLf0njpOxWyqc3lWL1MosjD/bAPigBF5yBKrgGNVAHGDyAJ/ACXq1H69l6s95nrTkrm9kFv2B9fAMr+pi/</latexit>

= sigmoid = logistic function

ŷ

<latexit sha1_base64="1kl22PqADqZsVXk80OUHKftN0So=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZDZh/M9ArLkqt3r/oL3sSr/+Ef+BnOJnvQxIKGoqqb7i4vlkKjbX9ZpbX1jc2t8nZlZ3dv/6B6eNTRUaIYb7NIRqrnUc2lCHkbBUreixWngSd515ve5n73kSstovAB05i7AR2HwheMopG6gwnFLJ0NqzW7bs9BVolTkBoUaA2r34NRxJKAh8gk1brv2DG6GVUomOSzyiDRPKZsSse8b2hIA67dbH7ujJwZZUT8SJkKkczV3xMZDbROA890BhQnetnLxX+9XFHa10v70b92MxHGCfKQLdb7iSQYkTwRMhKKM5SpIZQpYT4gbEIVZWhyq5honOUgVknnou406pf3jVrzpgipDCdwCufgwBU04Q5a0AYGU3iGF3i1nqw36936WLSWrGLmGP7A+vwBqDaZNQ==</latexit>

= Logistic regression

...

<latexit sha1_base64="76vyl5/sAo5rHYW5y9HCIS6/h34=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM7OBEHL07lV/wZt49UP8Az/D2WQPmljQUFR1090VJJxp47pfTmFtfWNzq7hd2tnd2z8oHx61tEwVoU0iuVSdAGvKmaBNwwynnURRHAectoPRbea3x1RpJsWDmSTUj/FAsIgRbKzU6o1DaXS/XHGr7hxolXg5qUCORr/83QslSWMqDOFY667nJsafYmUY4XRW6qWaJpiM8IB2LRU4ptqfzq+doTOrhCiSypYwaK7+npjiWOtJHNjOGJuhXvYy8V8vU5SO9NJ+E137UyaS1FBBFuujlCMjURYICpmixPCJJZgoZj9AZIgVJsbGVrLReMtBrJLWRdWrVS/va5X6TR5SEU7gFM7Bgyuowx00oAkEHuEZXuDVeXLenHfnY9FacPKZY/gD5/MHtvqYrQ==</latexit>

L (ŷ, y) = � (y log(ŷ) + (1� y) log(1� ŷ))

<latexit sha1_base64="9KWLOAf1jZz1efxqYpMw8H0xbmU="></latexit>

Binary cross-entropy loss function:
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Nonlinear activation functions
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Deep neural network (DNN)

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
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Deep neural network (DNN)

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb

“deep” ) N > 1

<latexit sha1_base64="IORSQwydjHWGvujFs4siDWGr6cA=">AAACIHicbVDLSgNBEJz1GeNr1aOX0SB6CrsS0ZMEvXiSKCYKboizk95kyOyDmV41LDn7H9696i94E4/6BX6Gk8dBowUNRVU3RZefSKHRcT6sicmp6ZnZ3Fx+fmFxadleWa3pOFUcqjyWsbrymQYpIqiiQAlXiQIW+hIu/c5x37+8BaVFHF1gN4F6yFqRCARnaKSGveEh3GN2c9MESLa3e9Q7F602MqXiO3pKD6nbsAtO0RmA/iXuiBTICJWG/eU1Y56GECGXTOtr10mwnjGFgkvo5b1UQ8J4h7Xg2tCIhaDr2eCVHt0ySpMGsTITIR2oPy8yFmrdDX2zGTJs63GvL/7r9RWlAz2Wj8FBPRNRkiJEfBgfpJJiTPtt0aZQwFF2DWFcCfMB5W2mGEfTad5U444X8ZfUdotuqbh3ViqUj0Yl5cg62SQ7xCX7pExOSIVUCScP5Ik8kxfr0Xq13qz34eqENbpZI79gfX4DQw6i5w==</latexit>

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
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Deep neural network (DNN)

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb

“deep” ) N > 1

<latexit sha1_base64="IORSQwydjHWGvujFs4siDWGr6cA=">AAACIHicbVDLSgNBEJz1GeNr1aOX0SB6CrsS0ZMEvXiSKCYKboizk95kyOyDmV41LDn7H9696i94E4/6BX6Gk8dBowUNRVU3RZefSKHRcT6sicmp6ZnZ3Fx+fmFxadleWa3pOFUcqjyWsbrymQYpIqiiQAlXiQIW+hIu/c5x37+8BaVFHF1gN4F6yFqRCARnaKSGveEh3GN2c9MESLa3e9Q7F602MqXiO3pKD6nbsAtO0RmA/iXuiBTICJWG/eU1Y56GECGXTOtr10mwnjGFgkvo5b1UQ8J4h7Xg2tCIhaDr2eCVHt0ySpMGsTITIR2oPy8yFmrdDX2zGTJs63GvL/7r9RWlAz2Wj8FBPRNRkiJEfBgfpJJiTPtt0aZQwFF2DWFcCfMB5W2mGEfTad5U444X8ZfUdotuqbh3ViqUj0Yl5cg62SQ7xCX7pExOSIVUCScP5Ik8kxfr0Xq13qz34eqENbpZI79gfX4DQw6i5w==</latexit>

n[l]

<latexit sha1_base64="0EZO/B6WVSOqTKYKqBmQ8KNRhbg="></latexit>

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
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Deep neural network (DNN)

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb

“deep” ) N > 1

<latexit sha1_base64="IORSQwydjHWGvujFs4siDWGr6cA=">AAACIHicbVDLSgNBEJz1GeNr1aOX0SB6CrsS0ZMEvXiSKCYKboizk95kyOyDmV41LDn7H9696i94E4/6BX6Gk8dBowUNRVU3RZefSKHRcT6sicmp6ZnZ3Fx+fmFxadleWa3pOFUcqjyWsbrymQYpIqiiQAlXiQIW+hIu/c5x37+8BaVFHF1gN4F6yFqRCARnaKSGveEh3GN2c9MESLa3e9Q7F602MqXiO3pKD6nbsAtO0RmA/iXuiBTICJWG/eU1Y56GECGXTOtr10mwnjGFgkvo5b1UQ8J4h7Xg2tCIhaDr2eCVHt0ySpMGsTITIR2oPy8yFmrdDX2zGTJs63GvL/7r9RWlAz2Wj8FBPRNRkiJEfBgfpJJiTPtt0aZQwFF2DWFcCfMB5W2mGEfTad5U444X8ZfUdotuqbh3ViqUj0Yl5cg62SQ7xCX7pExOSIVUCScP5Ik8kxfr0Xq13qz34eqENbpZI79gfX4DQw6i5w==</latexit>

W [l] 2 Rn[l]⇥n[l�1]

<latexit sha1_base64="+v8BYy8EFYTXK59yBGli7Z9PPAk="></latexit>

n[l]

<latexit sha1_base64="0EZO/B6WVSOqTKYKqBmQ8KNRhbg="></latexit>

https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
https://towardsdatascience.com/a-laymans-guide-to-deep-neural-networks-ddcea24847fb
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Vectorized notation: pass  examples at oncem

<latexit sha1_base64="ViIuNOsh89VcuOt3NwVvSqlL8AI=">AAACL3icbVDLSsNAFJ34Nr6qLly4CRbBVUmkokvRjUsVW4UmlMnkph06jzBzo5TQP3Cr/+HXiBtx61+Y1C60euDCmXPu5c49cSa4Rd9/c2Zm5+YXFpeW3ZXVtfWN2uZW2+rcMGgxLbS5i6kFwRW0kKOAu8wAlbGA23hwXvm392As1+oGhxlEkvYUTzmjWErX0u3W6n7DH8P7S4IJqZMJLrubzk6YaJZLUMgEtbYT+BlGBTXImYCRG+YWMsoGtAedkioqwUbF+Ksjb79UEi/VpiyF3lj9OVFQae1QxmWnpNi3014l/utVirGpndqP6UlUcJXlCIp9r09z4aH2qjS8hBtgKIYloczw8gKP9amhDMvM3FDBA9NSUpWEShvZCaIiFJBiKNpgsB6Ehvf6GJrqNaqiDKaD+0vah42g2Ti6atZPzyahLpFdskcOSECOySm5IJekRRhJySN5Is/Oi/PqvDsf360zzmRmm/yC8/kF5a+oxg==</latexit>

Start with horizontally-stacked input 
vectors  X 2 Rn⇥m

<latexit sha1_base64="b2kYuue07G8K4FHmsz8cnOsbhww="></latexit>
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Vectorized notation: pass  examples at oncem

<latexit sha1_base64="ViIuNOsh89VcuOt3NwVvSqlL8AI=">AAACL3icbVDLSsNAFJ34Nr6qLly4CRbBVUmkokvRjUsVW4UmlMnkph06jzBzo5TQP3Cr/+HXiBtx61+Y1C60euDCmXPu5c49cSa4Rd9/c2Zm5+YXFpeW3ZXVtfWN2uZW2+rcMGgxLbS5i6kFwRW0kKOAu8wAlbGA23hwXvm392As1+oGhxlEkvYUTzmjWErX0u3W6n7DH8P7S4IJqZMJLrubzk6YaJZLUMgEtbYT+BlGBTXImYCRG+YWMsoGtAedkioqwUbF+Ksjb79UEi/VpiyF3lj9OVFQae1QxmWnpNi3014l/utVirGpndqP6UlUcJXlCIp9r09z4aH2qjS8hBtgKIYloczw8gKP9amhDMvM3FDBA9NSUpWEShvZCaIiFJBiKNpgsB6Ehvf6GJrqNaqiDKaD+0vah42g2Ti6atZPzyahLpFdskcOSECOySm5IJekRRhJySN5Is/Oi/PqvDsf360zzmRmm/yC8/kF5a+oxg==</latexit>

Vectorized forward propagation

Start with horizontally-stacked input 
vectors  X 2 Rn⇥m

<latexit sha1_base64="b2kYuue07G8K4FHmsz8cnOsbhww="></latexit>
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Vectorized notation: pass  examples at oncem

<latexit sha1_base64="ViIuNOsh89VcuOt3NwVvSqlL8AI=">AAACL3icbVDLSsNAFJ34Nr6qLly4CRbBVUmkokvRjUsVW4UmlMnkph06jzBzo5TQP3Cr/+HXiBtx61+Y1C60euDCmXPu5c49cSa4Rd9/c2Zm5+YXFpeW3ZXVtfWN2uZW2+rcMGgxLbS5i6kFwRW0kKOAu8wAlbGA23hwXvm392As1+oGhxlEkvYUTzmjWErX0u3W6n7DH8P7S4IJqZMJLrubzk6YaJZLUMgEtbYT+BlGBTXImYCRG+YWMsoGtAedkioqwUbF+Ksjb79UEi/VpiyF3lj9OVFQae1QxmWnpNi3014l/utVirGpndqP6UlUcJXlCIp9r09z4aH2qjS8hBtgKIYloczw8gKP9amhDMvM3FDBA9NSUpWEShvZCaIiFJBiKNpgsB6Ehvf6GJrqNaqiDKaD+0vah42g2Ti6atZPzyahLpFdskcOSECOySm5IJekRRhJySN5Is/Oi/PqvDsf360zzmRmm/yC8/kF5a+oxg==</latexit>

Z [l] = W [l]A[l�1] +B[l]

<latexit sha1_base64="2Hrmm/KFED/hIaJxRNh8tq6Wd3o="></latexit>

Vectorized forward propagation

Start with horizontally-stacked input 
vectors  X 2 Rn⇥m

<latexit sha1_base64="b2kYuue07G8K4FHmsz8cnOsbhww="></latexit>
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Vectorized notation: pass  examples at oncem

<latexit sha1_base64="ViIuNOsh89VcuOt3NwVvSqlL8AI=">AAACL3icbVDLSsNAFJ34Nr6qLly4CRbBVUmkokvRjUsVW4UmlMnkph06jzBzo5TQP3Cr/+HXiBtx61+Y1C60euDCmXPu5c49cSa4Rd9/c2Zm5+YXFpeW3ZXVtfWN2uZW2+rcMGgxLbS5i6kFwRW0kKOAu8wAlbGA23hwXvm392As1+oGhxlEkvYUTzmjWErX0u3W6n7DH8P7S4IJqZMJLrubzk6YaJZLUMgEtbYT+BlGBTXImYCRG+YWMsoGtAedkioqwUbF+Ksjb79UEi/VpiyF3lj9OVFQae1QxmWnpNi3014l/utVirGpndqP6UlUcJXlCIp9r09z4aH2qjS8hBtgKIYloczw8gKP9amhDMvM3FDBA9NSUpWEShvZCaIiFJBiKNpgsB6Ehvf6GJrqNaqiDKaD+0vah42g2Ti6atZPzyahLpFdskcOSECOySm5IJekRRhJySN5Is/Oi/PqvDsf360zzmRmm/yC8/kF5a+oxg==</latexit>

Z [l] = W [l]A[l�1] +B[l]

<latexit sha1_base64="2Hrmm/KFED/hIaJxRNh8tq6Wd3o="></latexit>

A[l] = �
⇣
Z [l]

⌘

<latexit sha1_base64="F1YtnVsZcel/E6YlvdTsS/sNrGg="></latexit>

Vectorized forward propagation

Start with horizontally-stacked input 
vectors  X 2 Rn⇥m

<latexit sha1_base64="b2kYuue07G8K4FHmsz8cnOsbhww="></latexit>



Argonne Leadership Computing Facility17

Vectorized notation: pass  examples at oncem

<latexit sha1_base64="ViIuNOsh89VcuOt3NwVvSqlL8AI=">AAACL3icbVDLSsNAFJ34Nr6qLly4CRbBVUmkokvRjUsVW4UmlMnkph06jzBzo5TQP3Cr/+HXiBtx61+Y1C60euDCmXPu5c49cSa4Rd9/c2Zm5+YXFpeW3ZXVtfWN2uZW2+rcMGgxLbS5i6kFwRW0kKOAu8wAlbGA23hwXvm392As1+oGhxlEkvYUTzmjWErX0u3W6n7DH8P7S4IJqZMJLrubzk6YaJZLUMgEtbYT+BlGBTXImYCRG+YWMsoGtAedkioqwUbF+Ksjb79UEi/VpiyF3lj9OVFQae1QxmWnpNi3014l/utVirGpndqP6UlUcJXlCIp9r09z4aH2qjS8hBtgKIYloczw8gKP9amhDMvM3FDBA9NSUpWEShvZCaIiFJBiKNpgsB6Ehvf6GJrqNaqiDKaD+0vah42g2Ti6atZPzyahLpFdskcOSECOySm5IJekRRhJySN5Is/Oi/PqvDsf360zzmRmm/yC8/kF5a+oxg==</latexit>

Z [l] = W [l]A[l�1] +B[l]

<latexit sha1_base64="2Hrmm/KFED/hIaJxRNh8tq6Wd3o="></latexit>

A[l] = �
⇣
Z [l]

⌘

<latexit sha1_base64="F1YtnVsZcel/E6YlvdTsS/sNrGg="></latexit>

Z [l], A[l] 2 Rn[l]⇥m

<latexit sha1_base64="ho+QjzySFdG+qpVgFH1YQ+TlYRE="></latexit>

Vectorized forward propagation

Start with horizontally-stacked input 
vectors  X 2 Rn⇥m

<latexit sha1_base64="b2kYuue07G8K4FHmsz8cnOsbhww="></latexit>
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“Layer-by-layer” gradient descent through backpropagation
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Convolutional layer
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Convolutional layer
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Convolutional neural network: VGG-16

https://peltarion.com/

https://peltarion.com/
https://peltarion.com/
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Kaiming He’s ICML 2016 Tutorial
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Revolution of size

https://www.microsoft.com/en-us/research/blog/turing-nlg-a-17-billion-parameter-language-model-by-microsoft/ 

https://www.microsoft.com/en-us/research/blog/turing-nlg-a-17-billion-parameter-language-model-by-microsoft/
https://www.microsoft.com/en-us/research/blog/turing-nlg-a-17-billion-parameter-language-model-by-microsoft/
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Revolution of size

* GPT-3
June 2020

175b
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Software frameworks

https://github.com/pytorch/examples/blob/master/mnist/main.py

Example: PyTorch implementation of 4-layer CNN for MNIST classification
TensorFlow

Keras

PyTorch

https://github.com/pytorch/examples/blob/master/mnist/main.py
https://github.com/pytorch/examples/blob/master/mnist/main.py
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Hands-on resources

Google Colaboratory 

https://colab.research.google.com/

Tutorial Notebooks 

https://github.com/argonne-lcf/ATPESC_MachineLearning/

https://colab.research.google.com/
https://colab.research.google.com/
https://github.com/argonne-lcf/ATPESC_MachineLearning/
https://github.com/argonne-lcf/ATPESC_MachineLearning/
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Thank you!

Argonne Leadership Computing Facility5


