
Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Learning for vision IV 
training & layers

Karel	Zimmermann 

Center for Machine Perception 
https://cmp.felk.cvut.cz

Department for Cybernetics 
Faculty of Electrical Engineering 

Czech Technical University in Prague

Vision for Robotics and Autonomous Systems 
https://cyber.felk.cvut.cz/vras/

http://cmp.felk.cvut.cz/~zimmerk/

1

https://cmp.felk.cvut.cz
https://cyber.felk.cvut.cz/vras/
http://cmp.felk.cvut.cz/~zimmerk/


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Outline 

• layers: 
• convolutional layer 
• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• summary of the learning procedure 
• train, test, val data,  
• hyper-parameters,  
• regularizations
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2D convolution forward pass
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<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=2, 
                         kernel_size=2, stride=1, 
                         padding=1)

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=3, 
                         kernel_size=2, stride=1, 
                         padding=1)

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>

5x5x3 4x4x2

also number 
 of kernels
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=2, 
                         kernel_size=2, stride=1, 
                         padding=1)

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>

5x5x3 4x4x2

2x2x3

also number 
 of kernels
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Very important property of convolutional layer is:
Local gradient is also convolution !!! 

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>

5x5x3 4x4x2
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Outline 

• layers: 
• convolutional layer 
• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• summary of the learning procedure 
• train, test, val data,  
• hyper-parameters,  
• regularizations
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Activation functions
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*x1
<latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit>

*
w2

<latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit>

+ �(v)
<latexit sha1_base64="zFaocIklijjBwSUnvW6N5LUWKgI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwTZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq12zyOApzCGVQggGuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz9A9pAI</latexit><latexit sha1_base64="zFaocIklijjBwSUnvW6N5LUWKgI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwTZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq12zyOApzCGVQggGuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz9A9pAI</latexit><latexit sha1_base64="zFaocIklijjBwSUnvW6N5LUWKgI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwTZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq12zyOApzCGVQggGuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz9A9pAI</latexit><latexit sha1_base64="zFaocIklijjBwSUnvW6N5LUWKgI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwTZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq12zyOApzCGVQggGuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz9A9pAI</latexit>

p
<latexit sha1_base64="dTdQoi/RmnNb7oXR1Ekp6K89DYw="></latexit><latexit sha1_base64="dTdQoi/RmnNb7oXR1Ekp6K89DYw="></latexit><latexit sha1_base64="dTdQoi/RmnNb7oXR1Ekp6K89DYw="></latexit><latexit sha1_base64="dTdQoi/RmnNb7oXR1Ekp6K89DYw="></latexit>

y1
<latexit sha1_base64="dFpwFkqSE/qJSmPpk9iKmxkVioY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YpZwP6IjJULBKFrpIRt4g2rNrbtzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6caBZN8WumnhieUTeiI9yxVNOLGz+enTsmZVYYkjLUthWSu/p7IaWRMFgW2M6I4NsveTPzP66UYXvu5UEmKXLHFojCVBGMy+5sMheYMZWYJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5Aw02jaE=</latexit><latexit sha1_base64="dFpwFkqSE/qJSmPpk9iKmxkVioY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YpZwP6IjJULBKFrpIRt4g2rNrbtzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6caBZN8WumnhieUTeiI9yxVNOLGz+enTsmZVYYkjLUthWSu/p7IaWRMFgW2M6I4NsveTPzP66UYXvu5UEmKXLHFojCVBGMy+5sMheYMZWYJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5Aw02jaE=</latexit><latexit sha1_base64="dFpwFkqSE/qJSmPpk9iKmxkVioY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YpZwP6IjJULBKFrpIRt4g2rNrbtzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6caBZN8WumnhieUTeiI9yxVNOLGz+enTsmZVYYkjLUthWSu/p7IaWRMFgW2M6I4NsveTPzP66UYXvu5UEmKXLHFojCVBGMy+5sMheYMZWYJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5Aw02jaE=</latexit><latexit sha1_base64="dFpwFkqSE/qJSmPpk9iKmxkVioY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YpZwP6IjJULBKFrpIRt4g2rNrbtzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6caBZN8WumnhieUTeiI9yxVNOLGz+enTsmZVYYkjLUthWSu/p7IaWRMFgW2M6I4NsveTPzP66UYXvu5UEmKXLHFojCVBGMy+5sMheYMZWYJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5Aw02jaE=</latexit>

y2
<latexit sha1_base64="D3AX+j/PE1m53fMd5IxYxCDCOuI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGi/YA2lM120i7dbMLuRgihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfmdJ1Sax/LRZAn6ER1JHnJGjZUeskF9UKm6NXcOskq8glShQHNQ+eoPY5ZGKA0TVOue5ybGz6kynAmclvupxoSyCR1hz1JJI9R+Pj91Ss6tMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HTKNgRv+eVV0q7XPLfm3V9WGzdFHCU4hTO4AA+uoAF30IQWMBjBM7zCmyOcF+fd+Vi0rjnFzAn8gfP5Aw66jaI=</latexit><latexit sha1_base64="D3AX+j/PE1m53fMd5IxYxCDCOuI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGi/YA2lM120i7dbMLuRgihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfmdJ1Sax/LRZAn6ER1JHnJGjZUeskF9UKm6NXcOskq8glShQHNQ+eoPY5ZGKA0TVOue5ybGz6kynAmclvupxoSyCR1hz1JJI9R+Pj91Ss6tMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HTKNgRv+eVV0q7XPLfm3V9WGzdFHCU4hTO4AA+uoAF30IQWMBjBM7zCmyOcF+fd+Vi0rjnFzAn8gfP5Aw66jaI=</latexit><latexit sha1_base64="D3AX+j/PE1m53fMd5IxYxCDCOuI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGi/YA2lM120i7dbMLuRgihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfmdJ1Sax/LRZAn6ER1JHnJGjZUeskF9UKm6NXcOskq8glShQHNQ+eoPY5ZGKA0TVOue5ybGz6kynAmclvupxoSyCR1hz1JJI9R+Pj91Ss6tMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HTKNgRv+eVV0q7XPLfm3V9WGzdFHCU4hTO4AA+uoAF30IQWMBjBM7zCmyOcF+fd+Vi0rjnFzAn8gfP5Aw66jaI=</latexit><latexit sha1_base64="D3AX+j/PE1m53fMd5IxYxCDCOuI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fj04rGi/YA2lM120i7dbMLuRgihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfmdJ1Sax/LRZAn6ER1JHnJGjZUeskF9UKm6NXcOskq8glShQHNQ+eoPY5ZGKA0TVOue5ybGz6kynAmclvupxoSyCR1hz1JJI9R+Pj91Ss6tMiRhrGxJQ+bq74mcRlpnUWA7I2rGetmbif95vdSE137OZZIalGyxKEwFMTGZ/U2GXCEzIrOEMsXtrYSNqaLM2HTKNgRv+eVV0q7XPLfm3V9WGzdFHCU4hTO4AA+uoAF30IQWMBjBM7zCmyOcF+fd+Vi0rjnFzAn8gfP5Aw66jaI=</latexit>

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

is huge

is huge

@p

@v
<latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit>

=1@v

@y1
<latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit>

x2
<latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit>

=0

w1
<latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit>

@v

@y2
<latexit sha1_base64="+FdLKuPX//JEcxOxNacHkLsf5Ls="></latexit><latexit sha1_base64="+FdLKuPX//JEcxOxNacHkLsf5Ls="></latexit><latexit sha1_base64="+FdLKuPX//JEcxOxNacHkLsf5Ls="></latexit><latexit sha1_base64="+FdLKuPX//JEcxOxNacHkLsf5Ls="></latexit>

=1

@p

@w2
<latexit sha1_base64="6vTJE9H/CDElIcxDh+bRcsSWtkM="></latexit><latexit sha1_base64="6vTJE9H/CDElIcxDh+bRcsSWtkM="></latexit><latexit sha1_base64="6vTJE9H/CDElIcxDh+bRcsSWtkM="></latexit><latexit sha1_base64="6vTJE9H/CDElIcxDh+bRcsSWtkM="></latexit>

@p

@w1
<latexit sha1_base64="KpyMD0tbsqtdmeIxIHLKiH9uduo="></latexit><latexit sha1_base64="KpyMD0tbsqtdmeIxIHLKiH9uduo="></latexit><latexit sha1_base64="KpyMD0tbsqtdmeIxIHLKiH9uduo="></latexit><latexit sha1_base64="KpyMD0tbsqtdmeIxIHLKiH9uduo="></latexit>

@y1
@w1

<latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit>

@y1
@w1

<latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit><latexit sha1_base64="syUTWiPMd7ih9CFQpXGnvwqfjE0="></latexit>

@v

@y1
<latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit>

@p

@v
<latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit>

= =0@v

@y1
<latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit><latexit sha1_base64="FaItZdDuU6FkKdnqpzql4ZPKms0="></latexit>

@p

@v
<latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit><latexit sha1_base64="W3FpNK++TZrXlr5/gO/NxBaiBtQ="></latexit>

=

@y2
@w2

<latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit>

@y2
@w2

<latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit><latexit sha1_base64="tHGS424IS6qWJ5nzeWKwcqJKZTA="></latexit>

• what happen to backprop gradient when weights are huge?

10

• zero gradient when saturated 
• not zero-centered (pos. output) 
• computationally expensive
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• zero gradient when saturated 
• not zero-centered (pos. output) 
• computationally expensive

Activation functions

Undesired zig-zag behaviour
11

w2
<latexit sha1_base64="Hxv9vcc0pLiyOEXaZaV0KhXUsw8="></latexit><latexit sha1_base64="Hxv9vcc0pLiyOEXaZaV0KhXUsw8="></latexit><latexit sha1_base64="Hxv9vcc0pLiyOEXaZaV0KhXUsw8="></latexit><latexit sha1_base64="Hxv9vcc0pLiyOEXaZaV0KhXUsw8="></latexit>

w1
<latexit sha1_base64="Jz3NqU7RQNyaygBXVnAl9EZnU7M="></latexit><latexit sha1_base64="Jz3NqU7RQNyaygBXVnAl9EZnU7M="></latexit><latexit sha1_base64="Jz3NqU7RQNyaygBXVnAl9EZnU7M="></latexit><latexit sha1_base64="Jz3NqU7RQNyaygBXVnAl9EZnU7M="></latexit>

w
<latexit sha1_base64="ZWFajL+zv0Rg3ek6u884fHoJvSs="></latexit><latexit sha1_base64="ZWFajL+zv0Rg3ek6u884fHoJvSs="></latexit><latexit sha1_base64="ZWFajL+zv0Rg3ek6u884fHoJvSs="></latexit><latexit sha1_base64="ZWFajL+zv0Rg3ek6u884fHoJvSs="></latexit>

wopt
<latexit sha1_base64="nuu4BPEQq5BJQ1I3wpHX4mSVC2g="></latexit><latexit sha1_base64="nuu4BPEQq5BJQ1I3wpHX4mSVC2g="></latexit><latexit sha1_base64="nuu4BPEQq5BJQ1I3wpHX4mSVC2g="></latexit><latexit sha1_base64="nuu4BPEQq5BJQ1I3wpHX4mSVC2g="></latexit>


@L
@w

�

opt
<latexit sha1_base64="Z74ZgpB7pJn/vp9KZ0896qHLWNc="></latexit>


@L
@w

�

sigmoid
<latexit sha1_base64="3Y1m3B9v7udqwT6YlJHQEl8szgo="></latexit>

@L(p)
@p

<latexit sha1_base64="pUVCv8opHi7K9Qa0BNQqJz0PNyE="></latexit>

>0
<0

@L(w)

@w
=

<latexit sha1_base64="tyQjzzk5LuZrCv2zEAkAY+4k3gA=">AAACKHicbVDLSsNAFJ34rPUVdelmsAh1U5Iq6EYsunHhooJ9QBPKZDpph04mYWailJDPceOvuBFRpFu/xEmahbYeGDice+6de48XMSqVZU2NpeWV1bX10kZ5c2t7Z9fc22/LMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIxxvfZPXOIxGShvxBTSLiBmjIqU8xUlrqm1eOLxBOnAgJRRGDToDUCCOW3KXVnHt+8pSepHOOXE3hJeybFatm5YCLxC5IBRRo9s13ZxDiOCBcYYak7NlWpNwkG44ZSctOLEmE8BgNSU9TjgIi3SQ/NIXHWhlAPxT6cQVz9XdHggIpJ4GnndmWcr6Wif/VerHyL9yE8ihWhOPZR37MoAphlhocUEGwYhNNEBZU7wrxCOnklM62rEOw509eJO16zT6t1e/PKo3rIo4SOARHoApscA4a4BY0QQtg8AxewQf4NF6MN+PLmM6sS0bRcwD+wPj+Ac/Dp6E=</latexit>

@p

@w
<latexit sha1_base64="+fnO5vR5/pP1k0ZonicQue9caMA=">AAACUHicbVHLSgMxFL1TX3V8VV26CZZC3ZQZFXQjFN24cFHBPqBTSibNtKGZB0lGKcN8opvu/A43LhTNTCto2wshh3POTW5O3IgzqSzrzSisrW9sbhW3zZ3dvf2D0uFRS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8V2mt5+pkCwMntQkoj0fDwPmMYKVpvqlYcXxBCaJE2GhGObI8bEaEcyTh7SaY9dLXtKzdMGRsym6QeZCf7Ta2S+VrZqVF1oG9hyUYV6NfmnqDEIS+zRQhGMpu7YVqV6SnUw4TU0nljTCZIyHtKthgH0qe0keSIoqmhkgLxR6BQrl7N+OBPtSTnxXO7MR5aKWkau0bqy8617CgihWNCCzi7yYIxWiLF00YIISxScaYCKYnhWREdYBKf0Hpg7BXnzyMmid1+yL2vnjZbl+O4+jCCdwClWw4QrqcA8NaAKBV3iHT/gypsaH8V0wZtbfHY7hXxXMHxXJtsk=</latexit>

.
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• zero gradient when saturated 
• not zero-centered (pos. output) 
• computationally expensive

Activation functions
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nn.Sigmoid()PyTorch:
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• zero gradient when saturated 
• not zero-centered (only positive ouputs) 
• computationally expensive

Activation functions

14

nn.Tanh()PyTorch:
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• zero gradient when saturated (partially => dead ReLU!) 
• not zero-centered (only positive ouputs) 
• computationally expensive

Activation functions

15

nn.ReLu()PyTorch:
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• zero gradient when saturated (partially => dead ReLU!) 
• not zero-centered (only positive ouputs) 
• computationally expensive

Activation functions

x1
<latexit sha1_base64="MyWCSyp2wWG6aiY22yPV+O9qKAo="></latexit><latexit sha1_base64="MyWCSyp2wWG6aiY22yPV+O9qKAo="></latexit><latexit sha1_base64="MyWCSyp2wWG6aiY22yPV+O9qKAo="></latexit><latexit sha1_base64="MyWCSyp2wWG6aiY22yPV+O9qKAo="></latexit>

x2
<latexit sha1_base64="1nxZ6M1E/gOpONc9EcUkfx9ZBNg="></latexit><latexit sha1_base64="1nxZ6M1E/gOpONc9EcUkfx9ZBNg="></latexit><latexit sha1_base64="1nxZ6M1E/gOpONc9EcUkfx9ZBNg="></latexit><latexit sha1_base64="1nxZ6M1E/gOpONc9EcUkfx9ZBNg="></latexit>

dea
d ReL

U

16
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• zero gradient when saturated 
• not zero-centered (only positive ouputs) 
• computationally expensive

Activation functions

17

Small gradient for negative values give tiny chance to recover

nn.LeakyReLU(negative_slope=1e-2)PyTorch:
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• zero gradient when saturated (partially) 
• not zero-centered (only positive ouputs) 
• computationally expensive

Activation functions

18

nn.LeakyReLU(alpha=1)PyTorch:
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Outline 

• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• initialization 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• summary of the learning procedure 
• train, test, val data,  
• hyper-parameters,  
• regularizations

19
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Data preprocessing & initializations

• Pixels values shifted zero mean to avoid only positive 
inputs and the unwanted “zig-zag” behaviour  

20
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Data preprocessing & initializations

• Pixels values shifted zero mean to avoid only positive 
inputs and the unwanted “zig-zag” behaviour 

• Weight initialization: 
•              all gradients the same 
•                        diminishing gradients in backprop 
•                                         preserves variance of 

signal among layers (Xavier init [Glorot 2010])  

w = 0
<latexit sha1_base64="DsoS8xRxC6y4EHMj78Wyc/Mvk3Q="></latexit><latexit sha1_base64="DsoS8xRxC6y4EHMj78Wyc/Mvk3Q="></latexit><latexit sha1_base64="DsoS8xRxC6y4EHMj78Wyc/Mvk3Q="></latexit><latexit sha1_base64="DsoS8xRxC6y4EHMj78Wyc/Mvk3Q="></latexit>

w(i) ⇠ N (0,� ⇤ 1/N (i))
<latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit>

w ⇠ N (0,�)
<latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit>

21
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Signal in randomly initialized weights                      forward 
(and backward) pass

w ⇠ N (0,�)
<latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit><latexit sha1_base64="ajmDPFNl/R4ljNuifQWQbbvQBpQ="></latexit>

Xavier initialization [Glorot 2010]

22
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=
NX

i=1

E(xi)
2var(wi) + E(wi)

2var(xi) + var(wixi) =
<latexit sha1_base64="Ywnky/KePCECbB+M22H+jxZxUIg="></latexit><latexit sha1_base64="Ywnky/KePCECbB+M22H+jxZxUIg="></latexit><latexit sha1_base64="Ywnky/KePCECbB+M22H+jxZxUIg="></latexit><latexit sha1_base64="Ywnky/KePCECbB+M22H+jxZxUIg="></latexit>

Xavier initialization [Glorot 2010]

• We want to preserve variance of signal among layers 
(i.e.                           )   

var(y) = var(w1x1 + w2x2 + · · ·+ wNxN ) =
<latexit sha1_base64="7EGQvxuSC5EdMh9B6KdXDjl7IMU="></latexit><latexit sha1_base64="7EGQvxuSC5EdMh9B6KdXDjl7IMU="></latexit><latexit sha1_base64="7EGQvxuSC5EdMh9B6KdXDjl7IMU="></latexit><latexit sha1_base64="7EGQvxuSC5EdMh9B6KdXDjl7IMU="></latexit>

var(y) = var(xi)
<latexit sha1_base64="xDTGOgqzXnDqkuOoMCw8AjpWobk="></latexit><latexit sha1_base64="xDTGOgqzXnDqkuOoMCw8AjpWobk="></latexit><latexit sha1_base64="xDTGOgqzXnDqkuOoMCw8AjpWobk="></latexit><latexit sha1_base64="xDTGOgqzXnDqkuOoMCw8AjpWobk="></latexit>

*x1
<latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit>

*
w2

<latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit><latexit sha1_base64="EsfmBFLUBuuqmk6k+rvdBrdsh0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gALro2g</latexit>

+
x2

<latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit><latexit sha1_base64="sU5hbPAK+kK9DlSNNuLNHNxer84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Sv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gANNI2h</latexit>

w1
<latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit><latexit sha1_base64="x3+vf06QaiZbytuTgzZc+MW2BGw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAKKo2f</latexit>

y
<latexit sha1_base64="YE3LasJReptNnUd3OAkQHjcNjew="></latexit><latexit sha1_base64="YE3LasJReptNnUd3OAkQHjcNjew="></latexit><latexit sha1_base64="YE3LasJReptNnUd3OAkQHjcNjew="></latexit><latexit sha1_base64="YE3LasJReptNnUd3OAkQHjcNjew="></latexit>

) N ⇤ var(wi) = 1
<latexit sha1_base64="Dvo/ztU4MvFGxJ/mBPKRfzavbJE="></latexit><latexit sha1_base64="Dvo/ztU4MvFGxJ/mBPKRfzavbJE="></latexit><latexit sha1_base64="Dvo/ztU4MvFGxJ/mBPKRfzavbJE="></latexit><latexit sha1_base64="Dvo/ztU4MvFGxJ/mBPKRfzavbJE="></latexit>

23

=
NX

i=1

var(wi)var(xi) ⇡ N ⇤ var(wi)var(xi)
<latexit sha1_base64="X++KR+yUY6431OMecgpWpJbjxMk="></latexit>



Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Signal in Xavier initialized weights                       
forward (and backward) pass (better but not ideal)

w(i) ⇠ N (0,� ⇤ 1/N (i))
<latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit><latexit sha1_base64="qh3F45d/Qrl2iu8oi8ng8LkhEAA="></latexit>

Xavier initialization [Glorot 2010]

24



Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Outline 

• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• initialization 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• summary of the learning procedure 
• train, test, val data,  
• hyper-parameters,  
• regularizations

25



Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

26

i = (iN , iC , iH , iW )
<latexit sha1_base64="giF9v5gNjCn1ctjcQIps0IV3100=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFqCBlpgq6EYrddCUV7APaYcikmTY08yDJCGWoG3/FjQtF3PoX7vwbM20XWj2Qy+Gce7m5x4s5k8qyvozc0vLK6lp+vbCxubW9Y+7utWSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG9Uyv31PhWRReKfGMXUCPAiZzwhWWnLNA4auUIm5N6eIubWs1LPSPnHNolW2pkB/iT0nRZij4ZqfvX5EkoCGinAsZde2YuWkWChGOJ0UeomkMSYjPKBdTUMcUOmk0wsm6FgrfeRHQr9Qoan6cyLFgZTjwNOdAVZDuehl4n9eN1H+pZOyME4UDclskZ9wpCKUxYH6TFCi+FgTTATTf0VkiAUmSodW0CHYiyf/Ja1K2T4rV27Pi9XreRx5OIQjKIENF1CFOjSgCQQe4Ale4NV4NJ6NN+N91poz5jP78AvGxzcAM5QK</latexit>

is 4D index

Batch is 4D tensor (visualization in 3D) of values       (cubes)

https://arxiv.org/pdf/1502.03167.pd


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

27

Batch is 4D tensor (visualization in 3D) of values       (cubes)

i = (iN , iC , iH , iW )
<latexit sha1_base64="giF9v5gNjCn1ctjcQIps0IV3100=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFqCBlpgq6EYrddCUV7APaYcikmTY08yDJCGWoG3/FjQtF3PoX7vwbM20XWj2Qy+Gce7m5x4s5k8qyvozc0vLK6lp+vbCxubW9Y+7utWSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG9Uyv31PhWRReKfGMXUCPAiZzwhWWnLNA4auUIm5N6eIubWs1LPSPnHNolW2pkB/iT0nRZij4ZqfvX5EkoCGinAsZde2YuWkWChGOJ0UeomkMSYjPKBdTUMcUOmk0wsm6FgrfeRHQr9Qoan6cyLFgZTjwNOdAVZDuehl4n9eN1H+pZOyME4UDclskZ9wpCKUxYH6TFCi+FgTTATTf0VkiAUmSodW0CHYiyf/Ja1K2T4rV27Pi9XreRx5OIQjKIENF1CFOjSgCQQe4Ale4NV4NJ6NN+N91poz5jP78AvGxzcAM5QK</latexit>

is 4D index

Si = {k | kC = iC}
<latexit sha1_base64="UujA8Fwr3mmBEM6ISN/1P8kOuJI="></latexit>

Set of cubes determined by indices

S1,1,1,1 = {(1, 1, 1, 1), (2, 1, 1, 1), . . . (N, 1, H,W )}
<latexit sha1_base64="rmRU1jSUV+BBNR93FjXqrXAyp1Y="></latexit>

SN,1,H,W = {(1, 1, 1, 1), (2, 1, 1, 1), . . . (N, 1, H,W )}
<latexit sha1_base64="Ti3PBF0zCfRQr+ehBreh6ntQ/HI="></latexit>

… … … …

https://arxiv.org/pdf/1502.03167.pd
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Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

For each channel i compute mean a std

https://arxiv.org/pdf/1502.03167.pd


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

Normalize all values in channel i by estimated mu and std

https://arxiv.org/pdf/1502.03167.pd


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

In some cases biased values are needed => introduce 
trainable affine transformation initialized in gamma=1, beta =0

https://arxiv.org/pdf/1502.03167.pd
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Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)
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• Testing phase:                    and  
estimated over the whole training set.

µi = E[xi]
<latexit sha1_base64="BK30oRn0wextyrDAfYC+8DMDj38="></latexit>

�i = E[(xi � E[xi])
2]

<latexit sha1_base64="iD32HsGToTAkD1QoaU0HE9+rRaQ="></latexit>

https://arxiv.org/pdf/1502.03167.pd
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Good weight initialization 

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)
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https://arxiv.org/pdf/1502.03167.pd
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Bad weight initialization 

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)
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https://arxiv.org/pdf/1502.03167.pd
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�
<latexit sha1_base64="EpwadKl79nuFFVBzWqBryCC0A38=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHFJI6o</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

yi
<latexit sha1_base64="Kr9zKiAScfd9h9AHI+C+F2nCG10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGn1BlOBM4LfVSjQllYzrErqWSRqj9yfzUKTmzyoCEsbIlDZmrvycmNNI6iwLbGVEz0sveTPzP66YmvPYnXCapQckWi8JUEBOT2d9kwBUyIzJLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBjZI3d</latexit>

xi
<latexit sha1_base64="HYbfjgGaRCmI8j+M0Errr+OmJEA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120i7dbMLuRiyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/V4r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBh3o3c</latexit> Computational graph of BN
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@yi
@�

<latexit sha1_base64="f48wf8aqtap5qHHTCvdjMr2ES2I=">AAACDHicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHVXdOOygn1AE8pkOmmHTh7MTIQQ8gFu/BU3LhRx6we482+ctBUf6IGBM+fce2fu8WJGhTSMd620srq2vlHerGxt7+zuVfcPeiJKOCZdHLGIDzwkCKMh6UoqGRnEnKDAY6TvzS4Kv39DuKBReC3TmLgBmoTUpxhJJY2qNcfnCGdOjLikiMF0RPOvm+MRiXJVZehnrYZlN6ChG0bTtMyCWE27bkNTKQVqYInOqPrmjCOcBCSUmCEhhqYRSzcrhmJG8oqTCBIjPEMTMlQ0RAERbjZfJocnShlDP+LqhBLO1e8dGQqESANPVQZITsVvrxD/8oaJ9FtuRsM4kSTEi4f8hEEZwSIZOKacYMlSRRDmVP0V4ilS6UiVX0WF8Lkp/J/0LN2s69aVXWufL+MogyNwDE6BCZqgDS5BB3QBBrfgHjyCJ+1Oe9CetZdFaUlb9hyCH9BePwAKxpxC</latexit>

�
<latexit sha1_base64="EpwadKl79nuFFVBzWqBryCC0A38=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHFJI6o</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

@yi
@�

<latexit sha1_base64="Wht0z628r8iZMIhBtFV85+oZLMk=">AAACDXicdVC7TsMwFHV4lvIqMLJYFCSmKkkrClsFC2ORaEFqourGdYqFnUS2g1RF+QEWfoWFAYRY2dn4G5y2iIfgSJaOz7n32vcECWdK2/a7NTM7N7+wWFoqL6+srq1XNja7Kk4loR0S81heBqAoZxHtaKY5vUwkBRFwehFcnxT+xQ2VisXRuR4l1BcwjFjICGgj9Su7XiiBZF4CUjPgeNRn+dfNG4IQkPcrVbt2dHjgNg6wXbPtpuM6BXGbjXoDO0YpUEVTtPuVN28Qk1TQSBMOSvUcO9F+VkwlnOZlL1U0AXINQ9ozNAJBlZ+Nt8nxnlEGOIylOZHGY/V7RwZCqZEITKUAfaV+e4X4l9dLdXjoZyxKUk0jMnkoTDnWMS6iwQMmKdF8ZAgQycxfMbkCE482AZZNCJ+b4v9J16059Zp71qi2jqdxlNA22kH7yEFN1EKnqI06iKBbdI8e0ZN1Zz1Yz9bLpHTGmvZsoR+wXj8A2gycsw==</latexit>

@yi
@x̂i

<latexit sha1_base64="rcXFeNJZzM4ey8Bn1HGXCgq/BMs="></latexit>

@x̂i

@�i
<latexit sha1_base64="6e0LQR4Ov3N9rFFZIujoWzV7Tk8="></latexit>

@x̂i

@µi
<latexit sha1_base64="8iWRQYcQGBc/qXxzvZPYsEVbI7s="></latexit>

@x̂i

@xi
<latexit sha1_base64="jGYEa05VhGNbQ0TYk6Z7RZWDSQY="></latexit>

yi
<latexit sha1_base64="Kr9zKiAScfd9h9AHI+C+F2nCG10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGn1BlOBM4LfVSjQllYzrErqWSRqj9yfzUKTmzyoCEsbIlDZmrvycmNNI6iwLbGVEz0sveTPzP66YmvPYnXCapQckWi8JUEBOT2d9kwBUyIzJLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBjZI3d</latexit>

@µi

@xi
<latexit sha1_base64="mVW1MGp8pSARgez0KpKoHa+z9Rs=">AAACDHicdVC7TsMwFHV4lvIqMLJYVEhMUZJGbdkqWBiLRB9SE1WO67RW7SSyHUQV9QNY+BUWBhBi5QPY+BuctoiH4EiWzj3nXtv3BAmjUlnWu7G0vLK6tl7YKG5ube/slvb22zJOBSYtHLNYdAMkCaMRaSmqGOkmgiAeMNIJxue537kmQtI4ulKThPgcDSMaUoyUlvqlshcKhDMvQUJRxKDH0z6dftU3utJdlnlarzpuFVqmZdVsx86JU3MrLrS1kqMMFmj2S2/eIMYpJ5HCDEnZs61E+Vl+JWZkWvRSSRKEx2hIeppGiBPpZ7NlpvBYKwMYxkKfSMGZ+n0iQ1zKCQ90J0dqJH97ufiX10tVWPczGiWpIhGePxSmDKoY5snAARUEKzbRBGFB9V8hHiGdjtL5FXUIn5vC/0nbMe2K6Vy65cbZIo4COARH4ATYoAYa4AI0QQtgcAvuwSN4Mu6MB+PZeJm3LhmLmQPwA8brBx4znE8=</latexit>

@�i

@xi
<latexit sha1_base64="WH0C60nxKYPt+4J7TTfPDqApBU4=">AAACD3icdVC7TsMwFHXKq5RXgJHFogIxVUkatWWrYGEsEn1ITRQ5rtNadR6yHUQV9Q9Y+BUWBhBiZWXjb3DaIh6CI1k6Pufea9/jJ4wKaRjvWmFpeWV1rbhe2tjc2t7Rd/c6Ik45Jm0cs5j3fCQIoxFpSyoZ6SWcoNBnpOuPz3O/e024oHF0JScJcUM0jGhAMZJK8vRjJ+AIZ06CuKSIQUfQYYg8Ov2SbtTN08tG5bRRs+waNCqGUTctMydW3a7a0FRKjjJYoOXpb84gxmlIIokZEqJvGol0s3wkZmRaclJBEoTHaEj6ikYoJMLNZvtM4ZFSBjCIuTqRhDP1e0eGQiEmoa8qQyRH4reXi395/VQGDTejUZJKEuH5Q0HKoIxhHg4cUE6wZBNFEOZU/RXiEVIBSRVhSYXwuSn8n3SsilmtWJd2uXm2iKMIDsAhOAEmqIMmuAAt0AYY3IJ78AietDvtQXvWXualBW3Rsw9+QHv9AIQEnZw=</latexit>

Homework:  
fill-in backprop of BN

@yi
@xi

=?
<latexit sha1_base64="UzyFUwlxGZN68P22fC1OWs+a1jU=">AAACDHicdVDLSgMxFM34rPVVdekmWARXw8x0aOtCLLpxWcE+oDOUTJppQzMPkow4DP0AN/6KGxeKuPUD3Pk3ZtqKD/RA4Nxz7k1yjxczKqRhvGsLi0vLK6uFteL6xubWdmlnty2ihGPSwhGLeNdDgjAakpakkpFuzAkKPEY63vg89zvXhAsahVcyjYkboGFIfYqRVFK/VHZ8jnDmxIhLihhM+3TyVd2o6uRUdRn6cb1q2VVo6IZRMy0zJ1bNrtjQVEqOMpij2S+9OYMIJwEJJWZIiJ5pxNLN8ksxI5OikwgSIzxGQ9JTNEQBEW42XWYCD5UygH7E1QklnKrfJzIUCJEGnuoMkByJ314u/uX1EunX3YyGcSJJiGcP+QmDMoJ5MnBAOcGSpYogzKn6K8QjpNKRKr+iCuFzU/g/aVu6WdGtS7vcOJvHUQD74AAcARPUQANcgCZoAQxuwT14BE/anfagPWsvs9YFbT6zB35Ae/0AsEGcBg==</latexit>

xi
<latexit sha1_base64="HYbfjgGaRCmI8j+M0Errr+OmJEA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120i7dbMLuRiyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/V4r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBh3o3c</latexit>

@�i

@µi
<latexit sha1_base64="jPPLXbjqYyN7oqouEeJpAbasXF8=">AAACEXicdVBNS8MwGE79nPOr6tFLcAg7jbYr27wNvXic4D5gLSPN0i0saUuSCqPsL3jxr3jxoIhXb978N6bbhCn6QODJ87zvm7xPkDAqlWV9GmvrG5tb24Wd4u7e/sGheXTckXEqMGnjmMWiFyBJGI1IW1HFSC8RBPGAkW4wucr97h0RksbRrZomxOdoFNGQYqS0NDDLXigQzrwECUURg56kI44GdLYi8VTfB2bJqlw0ao5bg1bFsuq2Y+fEqbtVF9payVECS7QG5oc3jHHKSaQwQ1L2bStRfpYPxYzMil4qSYLwBI1IX9MIcSL9bL7RDJ5rZQjDWOgTKThXVzsyxKWc8kBXcqTG8reXi395/VSFDT+jUZIqEuHFQ2HKoIphHg8cUkGwYlNNEBZU/xXiMdIRKR1iUYfwvSn8n3Scil2tODduqXm5jKMATsEZKAMb1EETXIMWaAMM7sEjeAYvxoPxZLwab4vSNWPZcwJ+wHj/AhkxnnY=</latexit>
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Why batch normalization helps??

36

• Covariate shift: change in the distribution the input values 
during testing 

• Original explanation: BN reduces covariance shift 
• Experiment with injected noisy covariance shift reveals, 

that this is not the issue.

https://arxiv.org/pdf/1805.11604.pdf

https://arxiv.org/pdf/1805.11604.pdf
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Why batch normalization helps??

37

• They show that BN improves beta-smoothness (i.e. 
Lipschitzness in loss and gradient) and predictivness.

https://arxiv.org/pdf/1805.11604.pdf
[Santurkar, NIPS, 2019]

https://arxiv.org/pdf/1805.11604.pdf
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Batch Normalization - conclusions

38

• The same, but                    and  
estimated over the whole training set.

µi = E[xi]
<latexit sha1_base64="BK30oRn0wextyrDAfYC+8DMDj38="></latexit>

�i = E[(xi � E[xi])
2]

<latexit sha1_base64="iD32HsGToTAkD1QoaU0HE9+rRaQ="></latexit>

• Forward pass (no mini-batch available):

• Works well on classification problems, the reason is 
partially unclear (beta-smoothness or covariate shift).

• Not suitable for recurrent networks. Different BN for 
each time-stamp => need to store statistics for each time-
stamp. 

• Does not work on generative netoworks. The reason is 
unclear.  

• suffers from training/testing discrepancy.
• BN is reparametrization of the original NN with the same 

expressive power.
• BN is model regularizer: one training example always 

normalized differently => small jittering
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Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

39

Si = {k | kC = iC}
<latexit sha1_base64="UujA8Fwr3mmBEM6ISN/1P8kOuJI="></latexit>

https://arxiv.org/pdf/1502.03167.pd
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Layer normalization [Ba, Kiros, Hinton 2016]
https://arxiv.org/pdf/1607.06450.pdf

40

Layer normalization performs well on RNN

Si = {k | kN = iN}
<latexit sha1_base64="syNDqBHXtZDHrcHdeitwmoiBNnY="></latexit>

https://arxiv.org/pdf/1607.06450.pdf
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Layer Normalization - conclusions

41

• => no trainin./testing dicrepancy as with BN.
• Forward pass (no mini-batch needed):

• Work well for small mini-batches
• Work well on recurrent networks.
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Instance normalization [Ulyanov, Vidaldi, Lempitsky 2017]
https://arxiv.org/pdf/1607.08022.pdf

42

Si = {k | kC = iC , kN = iN}
<latexit sha1_base64="G11/NDN4OHLGCeN/CZ1L4eZqInE="></latexit>

https://arxiv.org/pdf/1607.08022.pdf
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Instance Normalization - conclusions
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• Idea: network should be insensitive to constrast 
• Works well on style transfer and GAN networks
• It does not 

outperform BN on 
image 
classification tasks
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Group normalization [Wu, He, 2018]
https://arxiv.org/pdf/1803.08494.pdf

44

Group normalization performs well for style transfer (GANs) 
and RNN but does not outperform BN for image classification

http://www.apple.com/uk
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Group Normalization - conclusions
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• It achieves performance comparable with BN on image 
classification tasks (for mini-batch 32).
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Group Normalization - conclusions
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• GN is insensitive to mini-batch size. 
• For smaller mini-batches it outperforms BN significantly
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Group Normalization - conclusions
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• Why GN works better? 
• LN makes implicit assumption that all channels are of the 

same importance when computing the mean. 
• This does not have to be right => GN allows to compute 

different statistics for different groups of channels => 
larger flexibility.



Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

48

• BN good for classification, IN good for style transfer 
• Idea is to combine both.

Batch-Instance normalization
https://arxiv.org/pdf/1805.07925.pdf

https://arxiv.org/pdf/1805.07925.pdf


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Batch-Instance normalization
https://arxiv.org/pdf/1805.07925.pdf

49

y =
⇣
⇢ · x̂(BN) + (1� ⇢) · x̂(IN)

⌘
· � + �

<latexit sha1_base64="abwKth4eJQ4kECaMdXEFVrQ775k="></latexit>

• BIN combines BN and IN 
• Three trainable parameters 
• Suitable for both style transfer and classification
Classification results: ResNet-101 on CIFAR-100

https://arxiv.org/pdf/1805.07925.pdf
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Batch-Instance normalization
https://arxiv.org/pdf/1805.07925.pdf

50

y =
⇣
⇢ · x̂(BN) + (1� ⇢) · x̂(IN)

⌘
· � + �

<latexit sha1_base64="abwKth4eJQ4kECaMdXEFVrQ775k="></latexit>

• BIN combines BN a IN 
• Three trainable parameters 
• Suitable for both style transfer and classification
Classification results: ResNet-101 on CIFAR-100

https://arxiv.org/pdf/1805.07925.pdf
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Batch-Instance normalization
https://arxiv.org/pdf/1805.07925.pdf
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y =
⇣
⇢ · x̂(BN) + (1� ⇢) · x̂(IN)

⌘
· � + �

<latexit sha1_base64="abwKth4eJQ4kECaMdXEFVrQ775k="></latexit>

• BIN is learnable combination of BN a IN 
• Three trainable parameters 
• Suitable for both style transfer and classification

Style trasfer results: ResNet-101 on CIFAR-100

https://arxiv.org/pdf/1805.07925.pdf


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

x
<latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit><latexit sha1_base64="FCyld/ZoKiWWp7pCy2AGTMh7CpI="></latexit> w1

<latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit><latexit sha1_base64="jPHsixyjKKhzzWkTw1BhFBgsgoU="></latexit>

conv(x,w1)
<latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit><latexit sha1_base64="YASDL9OmcmuGOyayDZd+ntOwL6E="></latexit>

y1
<latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit><latexit sha1_base64="dU1FX1L9yBopedNSpAUrQm6ruag="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

w2
<latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit><latexit sha1_base64="zGcbDCKsYcbf3ftIEIURJuz84Yo="></latexit>

conv(x,w2)
<latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit><latexit sha1_base64="3yaYXlf1CyukV8tkYBVhcP4IyZc="></latexit>

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit><latexit sha1_base64="bKDaLVs1aTCLmxxyd/5+wxIWXGw="></latexit>

y3
<latexit sha1_base64="4GZa2VK7J2qsTD+KJJVk3C+Ntn4="></latexit><latexit sha1_base64="4GZa2VK7J2qsTD+KJJVk3C+Ntn4="></latexit><latexit sha1_base64="4GZa2VK7J2qsTD+KJJVk3C+Ntn4="></latexit><latexit sha1_base64="4GZa2VK7J2qsTD+KJJVk3C+Ntn4="></latexit>

w3
<latexit sha1_base64="930uo119V0pb2wGFoaZMUUjgIpU="></latexit><latexit sha1_base64="930uo119V0pb2wGFoaZMUUjgIpU="></latexit><latexit sha1_base64="930uo119V0pb2wGFoaZMUUjgIpU="></latexit><latexit sha1_base64="930uo119V0pb2wGFoaZMUUjgIpU="></latexit>

conv(x,w3)
<latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

y
<latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit><latexit sha1_base64="BZYD9+OVPTVoRS8xV3VN5XmKEOU="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

z
<latexit sha1_base64="XETCZzf9IIaTF9WXHL07ooO+TF8="></latexit><latexit sha1_base64="XETCZzf9IIaTF9WXHL07ooO+TF8="></latexit><latexit sha1_base64="XETCZzf9IIaTF9WXHL07ooO+TF8="></latexit><latexit sha1_base64="XETCZzf9IIaTF9WXHL07ooO+TF8="></latexit>

layer:  
conv1

5x5x3

layer: 
BN

4x4x3 4x4x3

feature  
map

feature 
map

feature 
map

Batch normalization layer [Ioffe and Szegedy 2015]
https://arxiv.org/pdf/1502.03167.pdf (over 6k citation)

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

layer: 
nonlin

4x4x3

feature 
map

�(z)
<latexit sha1_base64="ByNTiFlcG7I7tk4pSGTp6bQbrak="></latexit><latexit sha1_base64="ByNTiFlcG7I7tk4pSGTp6bQbrak="></latexit><latexit sha1_base64="ByNTiFlcG7I7tk4pSGTp6bQbrak="></latexit><latexit sha1_base64="ByNTiFlcG7I7tk4pSGTp6bQbrak="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

�,�
<latexit sha1_base64="Nu6slGPHBjkoOt4MNtHPJjvTP+A="></latexit><latexit sha1_base64="Nu6slGPHBjkoOt4MNtHPJjvTP+A="></latexit><latexit sha1_base64="Nu6slGPHBjkoOt4MNtHPJjvTP+A="></latexit><latexit sha1_base64="Nu6slGPHBjkoOt4MNtHPJjvTP+A="></latexit>

BN�,�(y)
<latexit sha1_base64="1z64sklWQ7oF+NmF/w8fDyWUEaw="></latexit><latexit sha1_base64="1z64sklWQ7oF+NmF/w8fDyWUEaw="></latexit><latexit sha1_base64="1z64sklWQ7oF+NmF/w8fDyWUEaw="></latexit><latexit sha1_base64="1z64sklWQ7oF+NmF/w8fDyWUEaw="></latexit>

layer: 
 conv2

…
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https://arxiv.org/pdf/1502.03167.pd


Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Outline 

• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• summary of the learning procedure 
• train, test, val data,  
• hyper-parameters,  
• regularizations
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(                       ,   2x2 ) =

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  2  0    

2  0  1  2  0    
1  3  0  2  1    
0  3  1  3  2    

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

3
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(                       ,   2x2 ) =

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  2  0    

2  0  1  2  0    
1  3  0  2  1    
0  3  1  3  2    

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

3  3 
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(                       ,   2x2 ) =

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  2  0    

2  0  1  2  0    
1  3  0  2  1    
0  3  1  3  2    

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

3  3  2 
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(                       ,   2x2 ) =

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

image 
(5x5)

output 
(4 x 4)

Max-pooling 

max

1  3  0  2  1    
2  0  1  2  0    

2  0  1  2  0    
1  3  0  2  1    
0  3  1  3  2    

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

3  3  2   2 
3  3  3   3 
3  3  3   3 
3  3  2   2 
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(                       ,   KxK ) =

<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

image 
(NxN)

output 
(M x M)

Max-pooling 

max

<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

The same as for convolution

M = (N+2*pad-K) / stride + 1
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Atrous Spatial Pyramid Pooling (ASPP)

59

[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf
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Max-pooling feed-forward
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Max-pooling Backprop

max
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upstream gradient
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Max-pooling Backprop
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upstream gradient
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Max-pooling Backprop
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upstream gradient
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Max-pooling Backprop
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upstream gradient
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Max-pooling summary 

• Forward pass 
• similar to convolution but takes maximum over kernel 
• it has no parameters to be learnt! 

• Backprop 
• propagate gradient only to active connections 

• Main purpose is to reduce dimensionality and overfitting 
• It seems that max pooling layers will disappear in future 

• should be avoided in generative models (GAN, VAE) 
• they can be replaced by conv-layers with larger stride 

in discriminative models  
https://arxiv.org/abs/1412.6806 

• Geoffrey Hinton: “The pooling operation used in 
convolutional neural networks is a big mistake and the 
fact that it works so well is a disaster.” (Reddit AMA)
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Outline 

• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• regularizations 
• summary of the learning procedure 

• train, test, val data,  
• hyper-parameters, 

65



Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Loss functions

66

• Regression:  
• L2 loss  
• L1 loss 

• Classification:  
• cross entropy loss (N-output classifier              ) 
• logistic loss (single output dichotomy classifier             )f(x,w)
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f(x,w)
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L1(w) =
X

i

|f(xi,w)� yi|
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nn.L1Loss()PyTorch:

L2(w) =
X

i

kf(xi,w)� yik22
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nn.MSELoss()PyTorch:

nn.SmoothL1Loss()PyTorch:

L1smooth(w) =

(P
i 0.5kf(xi,w)� yik22, if |f(xi,w)� yi| < 1.

P
i |f(xi,w)� yi|+ 0.5, otherwise.
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Loss functions

67

(1) convert output to probability (softmax function) 

• Regression:  
• L2 loss  
• L1 loss 

• Classification:  
• cross entropy loss (N-output classifier              ) 
• logistic loss (single output dichotomy classifier             )f(x,w)

<latexit sha1_base64="8/qBbbBTtkztsmYY1pK3l8R9r+4="></latexit><latexit sha1_base64="8/qBbbBTtkztsmYY1pK3l8R9r+4="></latexit><latexit sha1_base64="8/qBbbBTtkztsmYY1pK3l8R9r+4="></latexit><latexit sha1_base64="8/qBbbBTtkztsmYY1pK3l8R9r+4="></latexit>
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� log syi(f(xi,w))
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s(f(x,w)) =

2

6664

exp(f1(x,w))
exp(f2(x,w))

...
exp(fN (x,w))

3

7775
/

NX

k=1

exp(fk(x,w))
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(2) compute cross entropy

f(x,w)
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torch.nn.CrossEntropyLoss
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Loss functions

68

• Regression:  
• L2 loss  
• L1 loss 

• Classification:  
• cross entropy loss (N-output classifier              ) 
• logistic loss (single output dichotomy classifier             )f(x,w)
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https://deepnotes.io/softmax-crossentropy

L(w) =
X

i

log [1 + exp(�yi f(xi,w))]
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Derivative can be found here:

nn.BCEWithLogitsLoss()PyTorch:
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Loss functions

69

• Regression:  
• L2 loss  
• L1 loss 

• Classification:  
• cross entropy loss (N-output classifier              ) 
• logistic loss (single output dichotomy classifier             ) 
• Kulback-Leibler loss

f(x,w)
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torch.nn.NLLLoss()PyTorch:

LKL(w) =
X

i

yi · log
�
yi � f(xi,w)

�
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Loss functions

70

• Regression:  
• L2 loss  
• L1 loss 

• Classification:  
• cross entropy loss (N-output classifier              ) 
• logistic loss (single output dichotomy classifier             ) 
• Kulback-Leibler loss 

• Ranking: 
• Ranking loss

f(x,w)
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torch.nn.Margin RankingLoss()PyTorch:

Lrank(w) =
X

(i,j)2T

max{0, �yij · (f(xi,w)� f(xj ,w)) + ✏}
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Outline 

• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• regularizations 
• summary of the learning procedure 

• train, test, val data,  
• hyper-parameters, 
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Regularization 

• L2, L1 norms on weights (weight decay param. in SGD) 
• Batch norm is regularization 
• Drop out is regularization (it trains committee of experts) 
• Jittering of training data is regularization
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• SGD vs deterministic gradient 
• what makes learning to fail 
• layers: 

• activation function (i.e. non-linearities) 
• batch normalization layer 
• max-pooling layer 
• loss-layers 

• regularizations 
• summary of the learning procedure 

• train, test, val data,  
• hyper-parameters, 

Outline 
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Training procedure

• Choose: 
• Weight initialization 
• Network architecture (ideally re-use pre-trained net) 
• Learning rate and other hyper-parameters. 
• Loss + regularization 

• Divide data on three represenatative subsets: 
• Training data (the set on which the backprop is used to 

estimate weights) 
• Validation data (the set on which hyper-param are tuned) 
• Testing data (the set on which the error is only observed)
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Hyper parameters tuning
• Weight initialization (Xavier)
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Hyper parameters tuning
• Weight initialization (Xavier) 
• Trn error is huge =>underfitting 

• decrease regularization strength 
• increase model capacity
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Hyper parameters tuning
• Weight initialization (Xavier) 
• Trn error is huge =>underfitting 

• decrease regularization strength 
• increase model capacity 

• Trn error explodes to infinity=> huge learning rate 
• decrease the learning rate
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Hyper parameters tuning
• Weight initialization (Xavier) 
• Trn error is huge =>underfitting 

• decrease regularization strength 
• increase model capacity 

• Trn error explodes to infinity=> huge learning rate 
• decrease the learning rate 

• Trn error is decreasing very slowly => small learning rate 
• increase learning rate 
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Hyper parameters tuning
• Weight initialization (Xavier) 
• Trn error is huge =>underfitting 

• decrease regularization strength 
• increase model capacity 

• Trn error explodes to infinity=> huge learning rate 
• decrease the learning rate 

• Trn error is decreasing very slowly => small learning rate 
• increase learning rate 

• Tst error>>Trn error => overfitting 
• increase strength of regularization  
• decrease model capacity 
• Tst data are too far from Trn data  

(should come from the same distribution)
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Hyper parameters tuning
• Weight initialization (Xavier) 
• Trn error is huge =>underfitting 

• decrease regularization strength 
• increase model capacity 

• Trn error explodes to infinity=> huge learning rate 
• decrease the learning rate 

• Trn error is decreasing very slowly => small learning rate 
• increase learning rate 

• Tst error>>Trn error => overfitting 
• increase strength of regularization  
• decrease model capacity 
• Tst data are too far from Trn data  

(should come from the same distribution) 
• Trn error>>Tst error =>bad division on training/testing data 
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ROC curve


