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9. Neural Networks 
• Brief history


• Basic formulation (hierarchical processing)


• Optimization via gradient descent


• Layer types (Linear, Pointwise non-linearity)


• Linear classification with a perceptron


• Batch processing


• Regularizers


• Normalization



Deep learning

In the past, we didn’t have enough data to fit these models. But now we do!

Modeling the visual world is incredibly complicated. We need high 
capacity models.

We want a class of high capacity models that are easy to optimize.

Deep neural networks!



A brief history of Neural Networks
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http://www.ecse.rpi.edu/homepages/nagy/PDF_chrono/
2011_Nagy_Pace_FR.pdf.  Photo by George Nagy

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.335.3398&rep=rep1&type=pdf

Perceptrons, 1958

Rosenblatt

http://www.ecse.rpi.edu/homepages/nagy/PDF_chrono/2011_Nagy_Pace_FR.pdf
http://www.ecse.rpi.edu/homepages/nagy/PDF_chrono/2011_Nagy_Pace_FR.pdf
http://www.ecse.rpi.edu/homepages/nagy/PDF_chrono/2011_Nagy_Pace_FR.pdf
http://www.ecse.rpi.edu/homepages/nagy/PDF_chrono/2011_Nagy_Pace_FR.pdf


Perceptrons, 1958
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Minsky and Papert, Perceptrons, 1972
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Parallel Distributed Processing (PDP), 1986



XOR problem

Inputs Output

0       0                          0 
1       0                          1 
0       1                          1 
1       1                          0

PDP authors pointed to the backpropagation algorithm 
as a breakthrough, allowing multi-layer neural networks to be 
trained.  Among the functions that a multi-layer network can 
represent but a single-layer network cannot:  the XOR function.
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Perceptrons, 
1958

Minsky and Papert, 
1972

PDP book, 
1986



LeCun conv nets, 1998

http://yann.lecun.com/exdb/lenet/index.html
Demos:

http://yann.lecun.com/exdb/lenet/index.html
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http://pub.clement.farabet.net/ecvw09.pdf

Neural networks to 
recognize 
handwritten digits?  
yes 

Neural networks for 
tougher problems?  
not really

http://pub.clement.farabet.net/ecvw09.pdf


Neural Information Processing Systems 2000

• Neural Information Processing Systems, is the 
premier conference on machine learning.  Evolved 
from an interdisciplinary conference to a machine 
learning conference. 

• For the 2000 conference:  
– title words predictive of paper acceptance:  “Belief 

Propagation” and “Gaussian”. 

– title words predictive of paper rejection:  “Neural” and 
“Network”.
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Krizhevsky, Sutskever, and Hinton, NeurIPS 2012

“Alexnet”



Slide from Rob Fergus, NYU



Krizhevsky, Sutskever, and Hinton, NeurIPS 2012
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What comes next?
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[“Mask RCNN”, He et al. 2017]



[“Neural module networks”, Andreas et al. 2017]



Ivy Tasi @ivymyt

Vitaly Vidmirov @vvid [“pix2pix”, Isola et al. 2017]



Serre, 2014



Object recognition

Feature extractors

Edges

Texture

Colors

Segments

Parts
“clown fish”

Classifier
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Loss

Learned
Deep learning
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learning rate

Gradient descent

One iteration of gradient descent:
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Stochastic gradient descent (SGD)
• Want to minimize overall loss function J, which is sum of individual losses over each example. 

• In Stochastic gradient descent, compute gradient on sub-set (batch) of data. 

	 	 If batchsize=1 then θ is updated after each example. 

	 	 If batchsize=N (full set) then this is standard gradient descent. 

• Gradient direction is noisy, relative to average over all examples (standard gradient descent). 
• Advantages 

• Faster: approximate total gradient with small sample 

• Implicit regularizer 
• Disadvantages 

• High variance, unstable updates



Optimization

• What’s the knowledge we have about J? 
• We can evaluate 
• We can evaluate           and      
• We can evaluate           ,                , and     
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J(✓)
<latexit sha1_base64="a/Lk8rEB5YqTpm5iqH/sBpa7bWw="></latexit><latexit sha1_base64="a/Lk8rEB5YqTpm5iqH/sBpa7bWw="></latexit><latexit sha1_base64="a/Lk8rEB5YqTpm5iqH/sBpa7bWw="></latexit><latexit sha1_base64="a/Lk8rEB5YqTpm5iqH/sBpa7bWw="></latexit>

J
<latexit sha1_base64="Ro1vbEsDMxSDmIPyW68eIg0SCUY="></latexit><latexit sha1_base64="Ro1vbEsDMxSDmIPyW68eIg0SCUY="></latexit><latexit sha1_base64="Ro1vbEsDMxSDmIPyW68eIg0SCUY="></latexit><latexit sha1_base64="Ro1vbEsDMxSDmIPyW68eIg0SCUY="></latexit>



[http://ruder.io/optimizing-gradient-descent/]

Comparison of gradient descent variants
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xi
<latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit>

wij
<latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit>

Linear layer

zj
<latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit>

zj =
X

i

wijxi + bj
<latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit>
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xi
<latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit>

wij
<latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit>

Linear layer

weights 

bias 
bj

<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

zj
<latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit>

zj =
X

i

wijxi + bj
<latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit><latexit sha1_base64="nUUr8GSF1a61JmbzS0y6fnVZ4+k="></latexit>



zj = xTwj + bj
<latexit sha1_base64="KnUi4wFBmJrzLWf0dmcvVQrfa2c="></latexit><latexit sha1_base64="KnUi4wFBmJrzLWf0dmcvVQrfa2c="></latexit><latexit sha1_base64="KnUi4wFBmJrzLWf0dmcvVQrfa2c="></latexit><latexit sha1_base64="KnUi4wFBmJrzLWf0dmcvVQrfa2c="></latexit>

Computation in a neural net

Input 
representation 

Output 
representation 

Linear layer

weights 

bias 

✓ = {W,b}
<latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit>

wj
<latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

bj
<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

parameters of the model 

zj
<latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit><latexit sha1_base64="luHm/BdsqcKnM+JbRP/fxkvFjNg="></latexit>



Example: linear regression with a neural net

Input 
representation 

Output 
representation 

Linear layer

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

fw,b(x) = xTw + b
<latexit sha1_base64="mbvQZRdfpT7tpt637BIWAKlrxMk="></latexit><latexit sha1_base64="mbvQZRdfpT7tpt637BIWAKlrxMk="></latexit><latexit sha1_base64="mbvQZRdfpT7tpt637BIWAKlrxMk="></latexit><latexit sha1_base64="mbvQZRdfpT7tpt637BIWAKlrxMk="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>



Input 
representation 

Output 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

Pointwise 
Non-linearity 

Computation in a neural net

“Perceptron”

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>



z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>

Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>



g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>



Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>



Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>



Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

+
+

++

+

+
-

--
-

-

-

w⇤, b⇤ = argmin
w,b

NX

i=1

L(g(z(i)), y(i))
<latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit>

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>



Example: linear classification with a perceptron

x1
<latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit><latexit sha1_base64="6YncjAhEF93J3rMTkri9f01D0xE=">AAACPXicfZDLSsNAFIYn3q23VpduglUQkZKIoMuiLtyIirYWmlBOpidx6GQSZiZiCX0Et/o4PocP4E7cunVaI3jDAwMf//ln5pw/SDlT2nGerLHxicmp6ZnZ0tz8wuJSubLcVEkmKTZowhPZCkAhZwIbmmmOrVQixAHHq6B3OOxf3aBULBGXup+iH0MkWMgoaCNd3HbcTrnq1JxR2b/BLaBKijrrVKx1r5vQLEahKQel2q6Taj8HqRnlOCh5mcIUaA8ibBsUEKPy89GsA3vDKF07TKQ5Qtsj9euNHGKl+nFgnDHoa/WzNxT/6rUzHe77ORNpplHQj4/CjNs6sYeL210mkWreNwBUMjOrTa9BAtUmnlLJO0KzjMQT8/BpihJ0IrdyD2QUw+3ALBd520P6z8jEp9GQydX9meJvaO7UXKfmnu9W6wdFwjNklayRTeKSPVInx+SMNAglEbkj9+TBerSerRfr9cM6ZhV3Vsi3st7eAfEFrmM=</latexit>

x2
<latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit><latexit sha1_base64="bqHHe8NEem3QYqsSDuDfgLNfZXg=">AAACPXicfZDLSsNAFIYn9R6v1aWbYBVEpCQi6FLUhRtR0bZCE8rJ9DQdnEzCzERaQh/BrT6Oz+EDuBO3bp1eBK3igYGP//wzc84fppwp7bovVmFicmp6ZnbOnl9YXFpeKa5WVZJJihWa8ETehqCQM4EVzTTH21QixCHHWnh30u/X7lEqlogb3U0xiCESrMUoaCNddxp7jZWSW3YH5fwGbwQlMqrLRtHa9JsJzWIUmnJQqu65qQ5ykJpRjj3bzxSmQO8gwrpBATGqIB/M2nO2jNJ0Wok0R2hnoH6/kUOsVDcOjTMG3Vbjvb74V6+e6dZhkDORZhoFHX7UyrijE6e/uNNkEqnmXQNAJTOzOrQNEqg28di2f4pmGYnn5uGLFCXoRO7kPsgohk7PLBf5u336z8jEl9GQydUbT/E3VPfKnlv2rvZLR8ejhGfJOtkg28QjB+SInJFLUiGUROSBPJIn69l6td6s96G1YI3urJEfZX18AvLcrmQ=</latexit>

+
+

++

+

+
-

--
-

-

-

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

z = xTw + b
<latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit><latexit sha1_base64="pyncLz+j0L9bP7rkKz/SBj7cVFY="></latexit>

w⇤, b⇤ = argmin
w,b

NX

i=1

L(g(z(i)), y(i))
<latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit><latexit sha1_base64="zyP40eHcIXWwKzVU9CEQNElpGFc="></latexit>



Computation in a neural net

Input 
representation 

Output 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =

(
1, if z > 0

0, otherwise
<latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit><latexit sha1_base64="k2FAVUgRH44kzqhCWeJIjVGeIu4="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>



Computation in a neural net — nonlinearity

Sigmoid

Input 
representation 

Output 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =
1

1 + e�h
<latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit>



Sigmoid• Interpretation as firing rate of neuron 

• Bounded between [0,1] 

• Saturation for large +/- inputs 

• Gradients go to zero 

• Outputs centered at 0.5  
	 	 (poor conditioning) 

• Not used in practice

Computation in a neural net — nonlinearity

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =
1

1 + e�h
<latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit><latexit sha1_base64="lqMmu5e13qPSKK+xiel2Ox1f280="></latexit>



Tanh
• Bounded between [-1,+1] 

• Saturation for large +/- inputs 

• Gradients go to zero 

• Outputs centered at 0 

• Preferable to sigmoid

tanh(z) = 2 sigmoid(2z) −1

Computation in a neural net — nonlinearity

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =
ez � e�z

ez + e�z
<latexit sha1_base64="gogLq+izTHPQxSLX6nm2vN925B8="></latexit><latexit sha1_base64="gogLq+izTHPQxSLX6nm2vN925B8="></latexit><latexit sha1_base64="gogLq+izTHPQxSLX6nm2vN925B8="></latexit><latexit sha1_base64="gogLq+izTHPQxSLX6nm2vN925B8="></latexit>



Rectified linear unit (ReLU)• Unbounded output (on positive side) 

• Efficient to implement: 

• Also seems to help convergence (see 
6x speedup vs tanh in [Krizhevsky et al.]) 

• Drawback: if strongly in negative 
region, unit is dead forever (no gradient). 

• Default choice: widely used in current 
models.

Computation in a neural net — nonlinearity

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) = max(0, z)
<latexit sha1_base64="0O/FsMRCypScGN2fX7cQTdhskxg="></latexit><latexit sha1_base64="0O/FsMRCypScGN2fX7cQTdhskxg="></latexit><latexit sha1_base64="0O/FsMRCypScGN2fX7cQTdhskxg="></latexit><latexit sha1_base64="0O/FsMRCypScGN2fX7cQTdhskxg="></latexit>

@g

@z
=

(
0, if z < 0

1, if z � 0
<latexit sha1_base64="fSU7bk9GjTWJFl5F8f1kAQjkcQ0="></latexit><latexit sha1_base64="fSU7bk9GjTWJFl5F8f1kAQjkcQ0="></latexit><latexit sha1_base64="fSU7bk9GjTWJFl5F8f1kAQjkcQ0="></latexit><latexit sha1_base64="fSU7bk9GjTWJFl5F8f1kAQjkcQ0="></latexit>



Leaky ReLU
• where α is small (e.g. 0.02) 

• Efficient to implement: 

• Also known as probabilistic ReLU (PReLU) 

• Has non-zero gradients everywhere (unlike 
ReLU) 

• α can also be learned (see Kaiming He et 
al. 2015).

Computation in a neural net — nonlinearity

g(z)
<latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit><latexit sha1_base64="dOsfA/lr3e7vBRyNZryVp8UGO0s="></latexit>

z
<latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit><latexit sha1_base64="97Y6Yti+iNsHVVd/e9hcksOJR7c="></latexit>

g(z) =

(
max(0, z), if z � 0

amin(0, z), if z < 0
<latexit sha1_base64="16TLoMrOjMJdNbXQXBJds+UPnuQ="></latexit><latexit sha1_base64="16TLoMrOjMJdNbXQXBJds+UPnuQ="></latexit><latexit sha1_base64="16TLoMrOjMJdNbXQXBJds+UPnuQ="></latexit><latexit sha1_base64="16TLoMrOjMJdNbXQXBJds+UPnuQ="></latexit>

@g

@z
=

(
�a, if z < 0

1, if z � 0
<latexit sha1_base64="9SHdLshY1vndpEXiN9PGtNcSHDo="></latexit><latexit sha1_base64="9SHdLshY1vndpEXiN9PGtNcSHDo="></latexit><latexit sha1_base64="9SHdLshY1vndpEXiN9PGtNcSHDo="></latexit><latexit sha1_base64="9SHdLshY1vndpEXiN9PGtNcSHDo="></latexit>



Output 
representation 

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>W2j

<latexit sha1_base64="ICSncKfXZy02Q7MZVSUpz+cfNvY="></latexit><latexit sha1_base64="ICSncKfXZy02Q7MZVSUpz+cfNvY="></latexit><latexit sha1_base64="ICSncKfXZy02Q7MZVSUpz+cfNvY="></latexit><latexit sha1_base64="ICSncKfXZy02Q7MZVSUpz+cfNvY="></latexit>

b2j
<latexit sha1_base64="sIEXiCHODMgcQ4G4CLD1L87aJ0I="></latexit><latexit sha1_base64="sIEXiCHODMgcQ4G4CLD1L87aJ0I="></latexit><latexit sha1_base64="sIEXiCHODMgcQ4G4CLD1L87aJ0I="></latexit><latexit sha1_base64="sIEXiCHODMgcQ4G4CLD1L87aJ0I="></latexit>

= “hidden units”z,h
<latexit sha1_base64="aGpK7NeITshqseeOI0Vm2a15tJA="></latexit><latexit sha1_base64="aGpK7NeITshqseeOI0Vm2a15tJA="></latexit><latexit sha1_base64="aGpK7NeITshqseeOI0Vm2a15tJA="></latexit><latexit sha1_base64="aGpK7NeITshqseeOI0Vm2a15tJA="></latexit>

h = g(z)
<latexit sha1_base64="yGxpKzY5g7VytsKJnsXzIQ9RIc4="></latexit><latexit sha1_base64="yGxpKzY5g7VytsKJnsXzIQ9RIc4="></latexit><latexit sha1_base64="yGxpKzY5g7VytsKJnsXzIQ9RIc4="></latexit><latexit sha1_base64="yGxpKzY5g7VytsKJnsXzIQ9RIc4="></latexit>

Input 
representation 

Intermediate 
representation

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

W1j
<latexit sha1_base64="XwHOi/L6VfzGOO68lOcLsfd6xt0="></latexit><latexit sha1_base64="XwHOi/L6VfzGOO68lOcLsfd6xt0="></latexit><latexit sha1_base64="XwHOi/L6VfzGOO68lOcLsfd6xt0="></latexit><latexit sha1_base64="XwHOi/L6VfzGOO68lOcLsfd6xt0="></latexit>

b1j
<latexit sha1_base64="1z7BpdpQHLm75A2KziI0V1BvUsY="></latexit><latexit sha1_base64="1z7BpdpQHLm75A2KziI0V1BvUsY="></latexit><latexit sha1_base64="1z7BpdpQHLm75A2KziI0V1BvUsY="></latexit><latexit sha1_base64="1z7BpdpQHLm75A2KziI0V1BvUsY="></latexit>

z
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>

h = g(W1x+ b1)
<latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit>

✓ = {W1, . . . ,WL,b1, . . . ,bL}
<latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit>

y = g(W2h+ b2)
<latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

positive

negative

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>

h = g(W1x+ b1)
<latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit>

✓ = {W1, . . . ,WL,b1, . . . ,bL}
<latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit>

y = g(W2h+ b2)
<latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

positive

negative

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>

h = g(W1x+ b1)
<latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit>

✓ = {W1, . . . ,WL,b1, . . . ,bL}
<latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit>

y = g(W2h+ b2)
<latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

positive

negative

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>

h = g(W1x+ b1)
<latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit>

✓ = {W1, . . . ,WL,b1, . . . ,bL}
<latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit>

y = g(W2h+ b2)
<latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Stacking layers

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

positive

negative

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>

h = g(W1x+ b1)
<latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit><latexit sha1_base64="T97IlXEUqQSG5OtBHdZ7C8BdiL4="></latexit>

✓ = {W1, . . . ,WL,b1, . . . ,bL}
<latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit><latexit sha1_base64="UYKHQCeRTBK6zzXpN5cVewrrQC4="></latexit>

y = g(W2h+ b2)
<latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit><latexit sha1_base64="i+DtCKKtAI8/Fx8qxfdIpT5JMjM="></latexit>



Input 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

Output 
representation 

Connectivity patterns

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

Fully connected layer Locally connected layer 
(Sparse W)

Input 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

Output 
representation 

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

W1
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f(x) = fL(fL�1(. . . f2(f1(x))))
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• 1 layer? Linear decision surface. 
• 2+ layers? In theory, can represent any function. 

Assuming non-trivial non-linearity. 
– Bengio 2009, 

http://www.iro.umontreal.ca/~bengioy/papers/ftml.pdf 
– Bengio, Courville, Goodfellow book 
		 http://www.deeplearningbook.org/contents/mlp.html 
– Simple proof by M. Neilsen 

http://neuralnetworksanddeeplearning.com/chap4.html 
–  D. Mackay book  

	 	 	 http://www.inference.phy.cam.ac.uk/mackay/itprnn/ps/482.491.pdf 

• But issue is efficiency: very wide two layers vs narrow 
deep model? In practice, more layers helps.

Representational power

http://www.iro.umontreal.ca/~bengioy/papers/ftml.pdf
http://www.deeplearningbook.org/contents/mlp.html
http://neuralnetworksanddeeplearning.com/chap4.html
http://www.inference.phy.cam.ac.uk/mackay/itprnn/ps/482.491.pdf


2 CHAPTER 9. NEURAL NETS

People got excited about perceptrons in the late 1950s because it was shown that they
can learn to classify data [Rosenblatt, 1957]. Let’s see how that works. We will consider
a perceptron with two inputs, x1 and x2, and one output, y. Let the incoming connection
weights be w1 = 2, w2 = 1, and b = 0. z and y, as a function of x1 and x2, look like this:
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y takes on values 0 or 1, so you can think of this as a classifier that assigns a class label
of 1 to the upper-right half of the plotted region.

So a perceptron acts like a classifier, but how can we use it to learn? The idea is that
given data, {x(i), y(i)}Ni=1, we will adjust the weights w and the bias b, in order to minimize
a classification loss, L:

w⇤, b⇤ = argmin
w,b

1

N

NX

i=1

L(wTx(i) + b, y(i)) (9.4)

In the picture above, this optimization process corresponds to shifting and rotating the
classification boundary, until you find a line that separates data labeled as y = 0 from data
labeled as y = 1:
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Perceptrons can solve linearly separable binary classification problems, but they are oth-
erwise rather limited. For one, they only produce a single output. What if we want multiple
outputs? We can achieve this by adding edges that “fan out” after the perceptron:

x

...

z h

y

...

This network maps an input layer of data x to a layer of outputs y. The neurons in
between inputs and outputs are called hidden units, shaded in gray. Here, z is a pre-
activation hidden unit and h is a post-activation hidden unit, i.e. h = g(z) where g(·) is
an activation function like in Eqn. 9.2.

Example: linear classification with a perceptron

z = xTw + b
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y = g(z)
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One layer neural net 
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perform linear 
classification. 



Example: nonlinear classification with a deep net net

4 CHAPTER 9. NEURAL NETS

of the signal being processed. The inputs x are a “raw” representation of the signal whereas
later layers of neurons are transformed representations. Often, we will not worry about
distinguishing between inputs, hidden units, and outputs, and simply refer to the data in a
network, layer by layer, as a sequence [x1, . . . ,xL].

Parameters are the weights and biases mentioned above. These are the variables being
learned. Both data and parameters are tensors of variables.

Often we think of a layer as a function xl+1 = fl(xl), but we can also make the parameters
explicit and think of each layer as a function:

xl+1 = fl(xl, ✓l) (9.9)

That is, each layer takes the data from the previous layer, as well as parameters of the
current layer as input, and produces data of the next layer. Varying either the input data
or the input parameters will a↵ect the output of the layer. From this perspective, anything
we can do with parameters, we can do with data instead, and vice versa, and that is the
basis for a lot of applications and tricks. For example, while normally we learn the values
of the parameters, we could instead hold the parameters fixed and learn the values of the
data that achieve some objective. In fact this is what is done in applications such as style
transfer, adversarial attacks, and network visualization, which we will see in more detail in
later chapters.

9.1.2 Deep nets can perform nonlinear classification

Let’s return to our binary classification problem from above, but now make the two classes
not linearly separable: Here there is no line that can separate the zeros from the ones.
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Nonetheless, we will demonstrate a multilayer network that can solve this problem. The
trick is to just add more layers!
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Consider using the following settings for W1 and W2:

W1 =


1 �1
2 1

�
, W2 =

⇥
1 �1

⇤
(9.10)

The full net then performs the following operation:

z1 = �x1 + x2, z2 = x1 + 2x2 / linear (9.11)

h1 = max(z1, 0), h2 = max(z2, 0) / relu (9.12)

z3 = h1 � h2 / linear (9.13)

y = 1(z3 > 0) / threshold (9.14)

9.1. DEEP NETS 3

More commonly we might have many hidden units in stack, which we call a hidden
layer:

How many layers does
this net have? Some texts
will say two [W1, W2],
others three [x, {z,h}, y],
others four [x, h, z, y].
We must get comfortable
with the ambiguity.

x

...

W1

z

...

h

...

W2

y

...

The equation for this neural net is:

z = W1x+ b1 (9.5)

h = g(z) (9.6)

y = W2h+ b2 (9.7)

The activation g could be the threshold function like in Eqn. 9.2, but more generally it
can be any pointwise nonlinearity, that is, g(h) = [g̃(h1), . . . , g̃0(hN )] and g̃ is any nonlinear
function mapping R ! R.

This kind of sequence – linear layer, pointwise nonlinearity, linear layer, pointwise non-
linearity, and so on – is the prototpyical motif in deep neural networks.

9.1 Deep nets

Deep nets are neural nets that stack the above motif many times:
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Each layer is a function. Therefore, a deep net is a composition of many functions:

f(x) = fL(fL�1(. . . f2(f1(x)))) (9.8)

These functions are parameterized by weights [W1, . . . ,WL] and biases [b1, . . . ,bL]. Some
layers we will see later have other parameters. Collectively, we will refer to the concatenation
of all the parameters in a deep net as ✓.

Deep nets are powerful because they can perform nonlinear mappings. In fact, a deep
net with su�ciently many neurons can fit almost any desired function arbitrarily closely.
The universal approximation theorem [Cybenko1989] states that this is true even for
a network with just a single hidden layer. The caveat is that the number of neurons in
the hidden layers will have to be very large in order to fit complicated functions. Also,
technically, this theorem only holds for continuous functions on compact subsets of RN – for
example a neural net cannot fit non-computable functions.

9.1.1 Data vs parameters

When working with deep nets it’s useful to distinguish data and parameters. The “data”
are the values that the nodes take on, [x, z1,h1, . . . , zL�1,hL�1,y]. It may seem strange at
first to call all these variables data, but the idea is that all these values are representations
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✓4
<latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit>

✓5
<latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit>

✓6
<latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit>

✓⇤ = argmin
✓

NX

i=1

L(f✓(x(i)),y(i))
<latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit>

L(f✓(x(1)),y(1))
<latexit sha1_base64="AxfEfaDi2Xp+UMcTF1ISeHOkWEQ="></latexit><latexit sha1_base64="AxfEfaDi2Xp+UMcTF1ISeHOkWEQ="></latexit><latexit sha1_base64="AxfEfaDi2Xp+UMcTF1ISeHOkWEQ="></latexit><latexit sha1_base64="AxfEfaDi2Xp+UMcTF1ISeHOkWEQ="></latexit>

x(1)
<latexit sha1_base64="pFtOTfXjs4UlVcYnXnDlsg2N6AA="></latexit><latexit sha1_base64="pFtOTfXjs4UlVcYnXnDlsg2N6AA="></latexit><latexit sha1_base64="pFtOTfXjs4UlVcYnXnDlsg2N6AA="></latexit><latexit sha1_base64="pFtOTfXjs4UlVcYnXnDlsg2N6AA="></latexit>

y(1)
<latexit sha1_base64="AEwONhjIH1HfFsQ15EVp0LoIn20="></latexit><latexit sha1_base64="AEwONhjIH1HfFsQ15EVp0LoIn20="></latexit><latexit sha1_base64="AEwONhjIH1HfFsQ15EVp0LoIn20="></latexit><latexit sha1_base64="AEwONhjIH1HfFsQ15EVp0LoIn20="></latexit>



“grizzly bear”

Loss

Learned
Deep learning

✓1
<latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit>

✓2
<latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit>

✓3
<latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit>

✓4
<latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit>

✓5
<latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit>

✓6
<latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit>

✓⇤ = argmin
✓

NX

i=1

L(f✓(x(i)),y(i))
<latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit>

L(f✓(x(2)),y(2))
<latexit sha1_base64="kK08X4M7J0HvBG0QNXBEy4hDiI0="></latexit><latexit sha1_base64="kK08X4M7J0HvBG0QNXBEy4hDiI0="></latexit><latexit sha1_base64="kK08X4M7J0HvBG0QNXBEy4hDiI0="></latexit><latexit sha1_base64="kK08X4M7J0HvBG0QNXBEy4hDiI0="></latexit>

y(2)
<latexit sha1_base64="TIy9sBt9Ra7ZsJrdP5Lup+ixD3k="></latexit><latexit sha1_base64="TIy9sBt9Ra7ZsJrdP5Lup+ixD3k="></latexit><latexit sha1_base64="TIy9sBt9Ra7ZsJrdP5Lup+ixD3k="></latexit><latexit sha1_base64="TIy9sBt9Ra7ZsJrdP5Lup+ixD3k="></latexit>

x(2)
<latexit sha1_base64="aB7FFJ1cKbqKGp0yEzLzsBX4dzo="></latexit><latexit sha1_base64="aB7FFJ1cKbqKGp0yEzLzsBX4dzo="></latexit><latexit sha1_base64="aB7FFJ1cKbqKGp0yEzLzsBX4dzo="></latexit><latexit sha1_base64="aB7FFJ1cKbqKGp0yEzLzsBX4dzo="></latexit>



“chameleon”

Loss

Learned
Deep learning

✓1
<latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit>

✓2
<latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit>

✓3
<latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit>

✓4
<latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit>

✓5
<latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit>

✓6
<latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit>

✓⇤ = argmin
✓

NX

i=1

L(f✓(x(i)),y(i))
<latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit><latexit sha1_base64="Q10CJJ1ondCg8EG7JnRaFON1ooM="></latexit>

y(i)
<latexit sha1_base64="quZshCT3eequHj3Gz5l4SokEfxA="></latexit><latexit sha1_base64="quZshCT3eequHj3Gz5l4SokEfxA="></latexit><latexit sha1_base64="quZshCT3eequHj3Gz5l4SokEfxA="></latexit><latexit sha1_base64="quZshCT3eequHj3Gz5l4SokEfxA="></latexit>

x(i)
<latexit sha1_base64="sBmUPe2BsaZDT8odYldlaKu4Hts="></latexit><latexit sha1_base64="sBmUPe2BsaZDT8odYldlaKu4Hts="></latexit><latexit sha1_base64="sBmUPe2BsaZDT8odYldlaKu4Hts="></latexit><latexit sha1_base64="sBmUPe2BsaZDT8odYldlaKu4Hts="></latexit>

L(f✓(x(i)),y(i))
<latexit sha1_base64="TI714bjFMqPosUiwA2MD/W53cRc="></latexit><latexit sha1_base64="TI714bjFMqPosUiwA2MD/W53cRc="></latexit><latexit sha1_base64="TI714bjFMqPosUiwA2MD/W53cRc="></latexit><latexit sha1_base64="TI714bjFMqPosUiwA2MD/W53cRc="></latexit>



Batch (parallel) processing

Loss

Loss

Loss

…

⌃
<latexit sha1_base64="I35/plNhKDPnEnZ+Bc1BZ7JjiUg="></latexit><latexit sha1_base64="I35/plNhKDPnEnZ+Bc1BZ7JjiUg="></latexit><latexit sha1_base64="I35/plNhKDPnEnZ+Bc1BZ7JjiUg="></latexit><latexit sha1_base64="I35/plNhKDPnEnZ+Bc1BZ7JjiUg="></latexit>

Features

Im
ag

es



Tensors 
(multi-dimensional arrays)

…

Fu
rry

?
Is 

a fi
sh

?
Size # S

trip
es

…

Each layer is a representation of the data 



…

N
b
a
t
c
h

<latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit>

Tensors 
(multi-dimensional arrays)

# neurons 
# features 
# units 
# “channels”

h1 2 RNbatch⇥C1
<latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit>

C1
<latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit>



N
b
a
t
c
h

<latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit>

Tensors 
(multi-dimensional arrays)

# neurons 
# features 
# units 
# “channels”

h1 2 RNbatch⇥C1
<latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit>

C1
<latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit>



“Tensor flow”
N

b
a
t
c
h

<latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit>

N
b
a
t
c
h

<latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit><latexit sha1_base64="19Ed9vcqpq85YPsFmvR49fdAc5Y="></latexit>

h1 2 RNbatch⇥C1
<latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit><latexit sha1_base64="3Clibd7xmX10kX2CjZycz5+Tfuk="></latexit>

C1
<latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit><latexit sha1_base64="peqwYIORCkStVQNbhSo0uVKcTKM="></latexit>

h2 2 RNbatch⇥C2
<latexit sha1_base64="y3kevgPrvF3QcHvcnjjZqn+DkAE="></latexit><latexit sha1_base64="y3kevgPrvF3QcHvcnjjZqn+DkAE="></latexit><latexit sha1_base64="y3kevgPrvF3QcHvcnjjZqn+DkAE="></latexit><latexit sha1_base64="y3kevgPrvF3QcHvcnjjZqn+DkAE="></latexit>

C2
<latexit sha1_base64="N+esgpXJ11dZa3OLsBoEOKLCKDQ="></latexit><latexit sha1_base64="N+esgpXJ11dZa3OLsBoEOKLCKDQ="></latexit><latexit sha1_base64="N+esgpXJ11dZa3OLsBoEOKLCKDQ="></latexit><latexit sha1_base64="N+esgpXJ11dZa3OLsBoEOKLCKDQ="></latexit>



Layer 1 representation

[DeCAF, Donahue, Jia, et al. 2013]

[Visualization technique : t-sne, van der Maaten & Hinton, 2008]

Layer 6 representation



Regularizing deep nets

Deep nets have millions of parameters!

On many datasets, it is easy to overfit — we may have more free 
parameters than data points to constrain them.

How can we regularize to prevent the network from overfitting? 
1. Fewer neurons, fewer layers 
2. Weight decay 
3. Dropout 
4. Normalization layers 
5. …



Recall: regularized least squares

f✓(x) =
KX

k=0

✓kx
k

<latexit sha1_base64="AyC8XEjf2chC/S1kA3jyV93jmr0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAjVRUlE0E2h6EZwU8E+oEnDZDpph0wezNxIS8g/uPFX3LhQxK0bd/6NaZuFth64cDjnXu69x4kEV6Dr39rS8srq2npho7i5tb2zW9rbb6kwlpQ1aShC2XGIYoIHrAkcBOtEkhHfEazteNcTv/3ApOJhcA/jiFk+GQTc5ZRAJtmlU9dOTBgyIGlldIJr2FSxbydeTU97t3jm2B4e9byiXSrrVX0KvEiMnJRRjoZd+jL7IY19FgAVRKmuoUdgJUQCp4KlRTNWLCLUIwPWzWhAfKasZPpTio8zpY/dUGYVAJ6qvycS4is19p2s0ycwVPPeRPzP68bgXloJD6IYWEBni9xYYAjxJCDc55JREOOMECp5diumQyIJhSzGSQjG/MuLpHVWNfSqcXderl/lcRTQITpCFWSgC1RHN6iBmoiiR/SMXtGb9qS9aO/ax6x1SctnDtAfaJ8/NbOdFA==</latexit><latexit sha1_base64="AyC8XEjf2chC/S1kA3jyV93jmr0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAjVRUlE0E2h6EZwU8E+oEnDZDpph0wezNxIS8g/uPFX3LhQxK0bd/6NaZuFth64cDjnXu69x4kEV6Dr39rS8srq2npho7i5tb2zW9rbb6kwlpQ1aShC2XGIYoIHrAkcBOtEkhHfEazteNcTv/3ApOJhcA/jiFk+GQTc5ZRAJtmlU9dOTBgyIGlldIJr2FSxbydeTU97t3jm2B4e9byiXSrrVX0KvEiMnJRRjoZd+jL7IY19FgAVRKmuoUdgJUQCp4KlRTNWLCLUIwPWzWhAfKasZPpTio8zpY/dUGYVAJ6qvycS4is19p2s0ycwVPPeRPzP68bgXloJD6IYWEBni9xYYAjxJCDc55JREOOMECp5diumQyIJhSzGSQjG/MuLpHVWNfSqcXderl/lcRTQITpCFWSgC1RHN6iBmoiiR/SMXtGb9qS9aO/ax6x1SctnDtAfaJ8/NbOdFA==</latexit><latexit sha1_base64="AyC8XEjf2chC/S1kA3jyV93jmr0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAjVRUlE0E2h6EZwU8E+oEnDZDpph0wezNxIS8g/uPFX3LhQxK0bd/6NaZuFth64cDjnXu69x4kEV6Dr39rS8srq2npho7i5tb2zW9rbb6kwlpQ1aShC2XGIYoIHrAkcBOtEkhHfEazteNcTv/3ApOJhcA/jiFk+GQTc5ZRAJtmlU9dOTBgyIGlldIJr2FSxbydeTU97t3jm2B4e9byiXSrrVX0KvEiMnJRRjoZd+jL7IY19FgAVRKmuoUdgJUQCp4KlRTNWLCLUIwPWzWhAfKasZPpTio8zpY/dUGYVAJ6qvycS4is19p2s0ycwVPPeRPzP68bgXloJD6IYWEBni9xYYAjxJCDc55JREOOMECp5diumQyIJhSzGSQjG/MuLpHVWNfSqcXderl/lcRTQITpCFWSgC1RHN6iBmoiiR/SMXtGb9qS9aO/ax6x1SctnDtAfaJ8/NbOdFA==</latexit><latexit sha1_base64="AyC8XEjf2chC/S1kA3jyV93jmr0=">AAACE3icbVDLSsNAFJ34rPVVdelmsAjVRUlE0E2h6EZwU8E+oEnDZDpph0wezNxIS8g/uPFX3LhQxK0bd/6NaZuFth64cDjnXu69x4kEV6Dr39rS8srq2npho7i5tb2zW9rbb6kwlpQ1aShC2XGIYoIHrAkcBOtEkhHfEazteNcTv/3ApOJhcA/jiFk+GQTc5ZRAJtmlU9dOTBgyIGlldIJr2FSxbydeTU97t3jm2B4e9byiXSrrVX0KvEiMnJRRjoZd+jL7IY19FgAVRKmuoUdgJUQCp4KlRTNWLCLUIwPWzWhAfKasZPpTio8zpY/dUGYVAJ6qvycS4is19p2s0ycwVPPeRPzP68bgXloJD6IYWEBni9xYYAjxJCDc55JREOOMECp5diumQyIJhSzGSQjG/MuLpHVWNfSqcXderl/lcRTQITpCFWSgC1RHN6iBmoiiR/SMXtGb9qS9aO/ax6x1SctnDtAfaJ8/NbOdFA==</latexit>

Only use polynomial terms if you really need 
them! Most terms should be zero

ridge regression, a.k.a., Tikhonov regularization

Probabilistic interpretation: R is a Gaussian prior over values of the parameters.

R(✓) = � k✓k22
<latexit sha1_base64="QfM8ZK8/IqYc07GDiQQ5bN0mKw4="></latexit><latexit sha1_base64="QfM8ZK8/IqYc07GDiQQ5bN0mKw4="></latexit><latexit sha1_base64="QfM8ZK8/IqYc07GDiQQ5bN0mKw4="></latexit><latexit sha1_base64="QfM8ZK8/IqYc07GDiQQ5bN0mKw4="></latexit>



Regularizing the weights in a neural net

weight decayR(W) = � kWk22
<latexit sha1_base64="ZwPitcGx2z9inMXGBV7O0GcAQFU="></latexit><latexit sha1_base64="ZwPitcGx2z9inMXGBV7O0GcAQFU="></latexit><latexit sha1_base64="ZwPitcGx2z9inMXGBV7O0GcAQFU="></latexit><latexit sha1_base64="ZwPitcGx2z9inMXGBV7O0GcAQFU="></latexit>

“We prefer to keep weights small.”

✓⇤ = argmin
✓

NX

i=1

L(f✓(x(i)),y(i)) +R(✓)
<latexit sha1_base64="HTKy/kG7HR5js4f/Ta+4U+YVVrw="></latexit><latexit sha1_base64="HTKy/kG7HR5js4f/Ta+4U+YVVrw="></latexit><latexit sha1_base64="HTKy/kG7HR5js4f/Ta+4U+YVVrw="></latexit><latexit sha1_base64="HTKy/kG7HR5js4f/Ta+4U+YVVrw="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

Dropout

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

Dropout

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

Dropout

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>



1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Input 
representation 

Intermediate 
representation 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Output 
representation 

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

y
<latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit><latexit sha1_base64="FmyeR3JezGV1zyZooGEWDLpYmZ0="></latexit>

Dropout

W1
<latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit><latexit sha1_base64="7zmfFSWkmySnYz5rcxiDJvwFEdI="></latexit>

W2
<latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit><latexit sha1_base64="okLYwP/0DrCOfvcAggPbGlR8pBY="></latexit>

b2
<latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit><latexit sha1_base64="5MwP7xf6ASLYowwB5XDJVhjzjdE="></latexit>

b1
<latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit><latexit sha1_base64="XE/R5hsS4r3du/dwinOKWbsYbyY="></latexit>



Dropout

Randomly zero out hidden units.

Prevents network from relying too much on spurious correlations between 
different hidden units.

Can be understood as averaging over an exponential ensemble of 
subnetworks. This averaging smooths the function, thereby reducing the 
effective capacity of the network.



ẑk =
zk � E[zk]p

Var[zk]
<latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit>

Normalization layers

ReLUNormz
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> ẑ

<latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit>

h
<latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit>

E[zk]
<latexit sha1_base64="F7vrRFPMZL9vj2tgL+tEBw2CmdI="></latexit><latexit sha1_base64="F7vrRFPMZL9vj2tgL+tEBw2CmdI="></latexit><latexit sha1_base64="F7vrRFPMZL9vj2tgL+tEBw2CmdI="></latexit><latexit sha1_base64="F7vrRFPMZL9vj2tgL+tEBw2CmdI="></latexit>

Var[zk]
<latexit sha1_base64="YRlgLhaPEX0uRyEdMkc2yVGoe8I="></latexit><latexit sha1_base64="YRlgLhaPEX0uRyEdMkc2yVGoe8I="></latexit><latexit sha1_base64="YRlgLhaPEX0uRyEdMkc2yVGoe8I="></latexit><latexit sha1_base64="YRlgLhaPEX0uRyEdMkc2yVGoe8I="></latexit>



Normalization layers

ReLUNormz
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> ẑ

<latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit>

h
<latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit>

ẑk =
zk � E[zk]p

Var[zk]
<latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit>



Normalization layers

ReLUNormz
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> ẑ

<latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit>

h
<latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit>

ẑk =
zk � E[zk]p

Var[zk]
<latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit>



Normalization layers

ReLUNormz
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> ẑ

<latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit><latexit sha1_base64="j+mFdpCoO4mhdghCRtrUjDRwStw="></latexit>

h
<latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit><latexit sha1_base64="cOELVJWWPsukwsUMIlTkBe4NwAs="></latexit>

ẑk =
zk � E[zk]p

Var[zk]
<latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit><latexit sha1_base64="Egt5E0ZrmIOhthvlhxFfc6VfWLE="></latexit>



Keep track of mean and variance of a unit (or a population of units) over time.

Standardize unit activations by subtracting mean and dividing by variance.

Squashes units into a standard range, avoiding overflow.

Normalization layers

Also achieves invariance to mean and variance of the training signal.

Both these properties reduce the effective capacity of the model, i.e. 
regularize the model.



9. Neural Networks 
• Brief history


• Basic formulation (hierarchical processing)


• Optimization via gradient descent


• Layer types (Linear, Pointwise non-linearity)


• Linear classification with a perceptron


• Batch processing


• Regularizers


• Normalization


