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Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Architectures of feature matching networks
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Classification results
http://image-net.org/challenges/LSVRC/2017/index
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AlexNet 
8 layers 

Classification results
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Alex Krizhevsky et al, Imagenet classification with deep 
convolutional neural networks, NIPS, 2012 
https://papers.nips.cc/paper/4824-imagenet-classification-
with-deep-convolutional-neural-networks.pdf

AlexNet on ImageNet 2012 (over 27k citations !!!)

• Param in layer1 (conv, 96 11x11 filters, stride=4, pad=0)?
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Alex Krizhevsky et al, Imagenet classification with deep 
convolutional neural networks, NIPS, 2012 
https://papers.nips.cc/paper/4824-imagenet-classification-
with-deep-convolutional-neural-networks.pdf

AlexNet on ImageNet 2012 (over 27k citations !!!)

• Param in layer1 (conv, 96 11x11 filters, stride=4, pad=0)?
• Param in layer2 (maxp,3x3 filters, stride=2, pad=0)?
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Alex Krizhevsky et al, Imagenet classification with deep 
convolutional neural networks, NIPS, 2012 
https://papers.nips.cc/paper/4824-imagenet-classification-
with-deep-convolutional-neural-networks.pdf

AlexNet on ImageNet 2012 (over 27k citations !!!)

• Param in layer1 (conv, 96 11x11 filters, stride=4, pad=0)?
• Param in layer2 (maxp,3x3 filters, stride=2, pad=0)?
• Param in layer3 (conv, 256 5x5 filters, stride=1, pad=2?
• Parameters in total: 60M, Depth: 8 layers
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AlexNet 
8 layers 

Classification results
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AlexNet 
8 layers 

VGGnet 
19 layers

Classification results
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Simonyan and Zissermann,Very Deep Convolutional Networks 
for Large Scale Image Recognition, 2014 
https://arxiv.org/abs/1409.1556

VGGNet

• Parameters in total: 138M, Depth: 19 layers
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Simonyan and Zissermann,Very Deep Convolutional Networks 
for Large Scale Image Recognition, 2014 
https://arxiv.org/abs/1409.1556

VGGNet vs AlexNet

• Parameters in total: 138M, Depth: 19 layers

• AlexNet: large filters  
shallow (8 layers) 

• VGGNet: small filters 
deeper (19 layers)
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Simonyan and Zissermann,Very Deep Convolutional Networks 
for Large Scale Image Recognition, 2014 
https://arxiv.org/abs/1409.1556

VGGNet vs AlexNet

Image from: https://mc.ai/cnn-architectures-vggnet/

• AlexNet: one 7x7 filter (49+1 params)
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• VGGNet: three 3x3 filters (3x9+3 params)  
has the same reception filed
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AlexNet 
8 layers 

VGGnet 
19 layers

Classification results
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VGGnet 
19 layers

GoogLeNet 
22 layers

AlexNet 
8 layers 

Classification results

? 
? 
?
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet: concatenation of inception modules:

19

28x28x192

256 conv 3x3

28x28x256
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet: concatenation of inception modules:
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256 conv 5x5

28x28x256
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet: concatenation of inception modules:
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet: concatenation of inception modules:

Too many operations! => simplification using 1x1 conv
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28x28x192

64 conv 1x1

128 conv 3x3

32 conv 5x5

max-pool 3x3 28x28x256
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet

ConvNet
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet

Inception module
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet

Additional loss layer which  
injects the gradient inside 

image source: http://joelouismarino.github.io/images/blog_images/blog_googlenet_keras/googlenet_diagram.png 27
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Szegedy et al. Going Deeper with Convolutions, CVPR, 2014 
https://arxiv.org/abs/1409.4842

GoogLeNet

• 12x fewer parameters than AlexNet 
• depth 22 layers 
• training: few high-end GPU about a week 

image source: http://joelouismarino.github.io/images/blog_images/blog_googlenet_keras/googlenet_diagram.png 28
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VGGnet 
19 layers

GoogLeNet 
22 layers

AlexNet 
8 layers 

Classification results
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VGGnet 
19 layers

GoogLeNet 
22 layers

ResNet 
152 layers

AlexNet 
8 layers 

Classification results

? 
?
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ResNet

He et al. Going Deeper with Convolutions, CVPR, 2015 
https://arxiv.org/abs/1512.03385

• deeper ConvNet architectures yielded higher errors. 
• error was higher even in training => no overfitting 
• problem stems from the optimization (vanishing gradient)

The main idea is as follows:

31



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

Visualizing Loss Landscape of Neural Nets
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ResNet

• Gradient in deep nets vanishes quickly 
• In straightforward conv architecture the weights from the 

beginning of the net has minor influence on the output !!! 
• In backward-pass the gradient of weights in the first layer 

is computed by multiplication of the all following gradients 
=> prone to diminish!
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He et al. Going Deeper with Convolutions, CVPR, 2015 
https://arxiv.org/abs/1512.03385

ResNet: skip connections layer preserve gradient

64 conv

ReLu

64 conv

+

input

output

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

y = x+ f(x)
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He et al. Going Deeper with Convolutions, CVPR, 2015 
https://arxiv.org/abs/1512.03385

forward pass

output

64 conv

ReLu

64 conv

+

???
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gradient

64 conv

ReLu

64 conv

+

input
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<latexit sha1_base64="u+twWSDtntkFSoGjACJT3gp0Xi0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREi49d0Y3LCvYBbSiT6aQdOpmEmYkQYhb+ihsXirj1N9z5N07SKGo9MHA4517umeOGjEplWR/G3PzC4tJyaaW8ura+sWlubbdlEAlMWjhggei6SBJGOWkpqhjphoIg32Wk404uM79zS4SkAb9RcUgcH4049ShGSksDc7fvIzV2vWSUVr9onB4OzIpVs3LAWWIXpAIKNAfme38Y4MgnXGGGpOzZVqicBAlFMSNpuR9JEiI8QSPS05Qjn0gnyfOn8EArQ+gFQj+uYK7+3EiQL2Xsu3oyiyj/epn4n9eLlHfmJJSHkSIcTw95EYMqgFkZcEgFwYrFmiAsqM4K8RgJhJWurJyXcJ7h5PvLs6R9VLOPa/XreqVxUdRRAntgH1SBDU5BA1yBJmgBDO7AA3gCz8a98Wi8GK/T0Tmj2NkBv2C8fQJmNZZ8</latexit>

@z

@y
=

<latexit sha1_base64="sbz1kkk2Tmx1ilotz/aQY+euifk="></latexit>

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

outputz = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI="></latexit>

https://arxiv.org/abs/1512.03385


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

He et al. Going Deeper with Convolutions, CVPR, 2015 
https://arxiv.org/abs/1512.03385

forward pass

output

64 conv

ReLu

64 conv

+

@f(x)

@x
<latexit sha1_base64="VYqWkRYAUqpLdmnNjaxh8p+m3Gc="></latexit><latexit sha1_base64="VYqWkRYAUqpLdmnNjaxh8p+m3Gc="></latexit><latexit sha1_base64="VYqWkRYAUqpLdmnNjaxh8p+m3Gc="></latexit><latexit sha1_base64="VYqWkRYAUqpLdmnNjaxh8p+m3Gc="></latexit>
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1
<latexit sha1_base64="i9SHX6IAmTNKLO4B6/kNWYaqMmA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVh5k375Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n88RTcmaVAQljZZ80ZK7+3shopPUkCuzkLKFe9mbif143NeG1n3GZpAYlW3wUpoKYmMzOJwOukBkxsYQyxW1WwkZUUWZsSSVbgrd88ipp1areRbV2f1mp3+R1FOEETuEcPLiCOtxBA5rAQMIzvMKbo50X5935WIwWnHznGP7A+fwBkqSQ2Q==</latexit>

64 conv

ReLu

64 conv

+

input

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

f(x)
<latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit>

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

g(y)
<latexit sha1_base64="u+twWSDtntkFSoGjACJT3gp0Xi0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREi49d0Y3LCvYBbSiT6aQdOpmEmYkQYhb+ihsXirj1N9z5N07SKGo9MHA4517umeOGjEplWR/G3PzC4tJyaaW8ura+sWlubbdlEAlMWjhggei6SBJGOWkpqhjphoIg32Wk404uM79zS4SkAb9RcUgcH4049ShGSksDc7fvIzV2vWSUVr9onB4OzIpVs3LAWWIXpAIKNAfme38Y4MgnXGGGpOzZVqicBAlFMSNpuR9JEiI8QSPS05Qjn0gnyfOn8EArQ+gFQj+uYK7+3EiQL2Xsu3oyiyj/epn4n9eLlHfmJJSHkSIcTw95EYMqgFkZcEgFwYrFmiAsqM4K8RgJhJWurJyXcJ7h5PvLs6R9VLOPa/XreqVxUdRRAntgH1SBDU5BA1yBJmgBDO7AA3gCz8a98Wi8GK/T0Tmj2NkBv2C8fQJmNZZ8</latexit>

y
<latexit sha1_base64="zhFcvMaC8vN1nUHDgOqGgXw1JIw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9sQ5lMJ+3QySTMTIQQ+hduXCji1r9x5984SYOo9cDA4Zx7mXOPF3GmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vc787gOVioXiTicRdQM8FsxnBGsj3Q8CrCeenyazYbVm1+0caJE4BalBgdaw+jEYhSQOqNCEY6X6jh1pN8VSM8LprDKIFY0wmeIx7RsqcECVm+aJZ+jIKCPkh9I8oVGu/txIcaBUEnhmMkuo/nqZ+J/Xj7V/4aZMRLGmgsw/8mOOdIiy89GISUo0TwzBRDKTFZEJlphoU1IlL+Eyw9n3yYukc1J3TuuN20ateVXUUYYDOIRjcOAcmnADLWgDAQGP8AwvlrKerFfrbT5asoqdffgF6/0LF+eRVQ==</latexit>

z = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI=">AAAEtXicpVPfb9MwEM7WAqP86uCRF4uqUqfSqikTA02VpvHCC2hIdJtUl8hxndaa46TxZWsx/gt5443/BqctbbqWvWAp0d19d999Ptt+LLiCVuv3zm6heO/+g72HpUePnzx9Vt5/fq6iNKGsSyMRJZc+UUxwybrAQbDLOGEk9AW78K8+ZPjFNUsUj+RXmMasH5Kh5AGnBGzI29/9WQ1qOCQw8gN9Yzw4KFVzbqtUhY794SAhVO </latexit>

g(y)
<latexit sha1_base64="u+twWSDtntkFSoGjACJT3gp0Xi0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREi49d0Y3LCvYBbSiT6aQdOpmEmYkQYhb+ihsXirj1N9z5N07SKGo9MHA4517umeOGjEplWR/G3PzC4tJyaaW8ura+sWlubbdlEAlMWjhggei6SBJGOWkpqhjphoIg32Wk404uM79zS4SkAb9RcUgcH4049ShGSksDc7fvIzV2vWSUVr9onB4OzIpVs3LAWWIXpAIKNAfme38Y4MgnXGGGpOzZVqicBAlFMSNpuR9JEiI8QSPS05Qjn0gnyfOn8EArQ+gFQj+uYK7+3EiQL2Xsu3oyiyj/epn4n9eLlHfmJJSHkSIcTw95EYMqgFkZcEgFwYrFmiAsqM4K8RgJhJWurJyXcJ7h5PvLs6R9VLOPa/XreqVxUdRRAntgH1SBDU5BA1yBJmgBDO7AA3gCz8a98Wi8GK/T0Tmj2NkBv2C8fQJmNZZ8</latexit>

✓
1 +

@f(x)

@x

◆
@g(y)

@y
<latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit>

✓
1 +

@f(x)

@x

◆
@g(y)

@y
<latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit><latexit sha1_base64="RLBQXZVYsLk+wt9+rXzoovdkhHk="></latexit>

@z

@y
=

<latexit sha1_base64="sbz1kkk2Tmx1ilotz/aQY+euifk="></latexit>

gradient

outputz = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI="></latexit>

https://arxiv.org/abs/1512.03385


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

Compare with gradient without skip connection !!!!

forward pass

output

64 conv

ReLu

64 conv
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64 conv

ReLu

64 conv

+

input

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

f(x)
<latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y=">AAAExXicpVPfb9MwEM7aAqP82uCRF4uqUqvSKqmQQJoqTeMBXkBDYj+kukSO67TWHCe1L9sqY/E/8ob4Z3DWiqbr6AuWEp2/u/vu8/kcZYJr8P1fO5Vq7d79B7sP648eP3n6bG//+alOc0XZCU1Fqs4jopngkp0AB8HOM8VIEgl2Fl28L/xnl0xpnsqvMM/YKCETyWNOCTgo3K/8bsYtnBCYRrG5siG0683S1q83YeB+OFaEGp </latexit>

g(y)
<latexit sha1_base64="u+twWSDtntkFSoGjACJT3gp0Xi0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREi49d0Y3LCvYBbSiT6aQdOpmEmYkQYhb+ihsXirj1N9z5N07SKGo9MHA4517umeOGjEplWR/G3PzC4tJyaaW8ura+sWlubbdlEAlMWjhggei6SBJGOWkpqhjphoIg32Wk404uM79zS4SkAb9RcUgcH4049ShGSksDc7fvIzV2vWSUVr9onB4OzIpVs3LAWWIXpAIKNAfme38Y4MgnXGGGpOzZVqicBAlFMSNpuR9JEiI8QSPS05Qjn0gnyfOn8EArQ+gFQj+uYK7+3EiQL2Xsu3oyiyj/epn4n9eLlHfmJJSHkSIcTw95EYMqgFkZcEgFwYrFmiAsqM4K8RgJhJWurJyXcJ7h5PvLs6R9VLOPa/XreqVxUdRRAntgH1SBDU5BA1yBJmgBDO7AA3gCz8a98Wi8GK/T0Tmj2NkBv2C8fQJmNZZ8</latexit>

y
<latexit sha1_base64="zhFcvMaC8vN1nUHDgOqGgXw1JIw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9sQ5lMJ+3QySTMTIQQ+hduXCji1r9x5984SYOo9cDA4Zx7mXOPF3GmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vc787gOVioXiTicRdQM8FsxnBGsj3Q8CrCeenyazYbVm1+0caJE4BalBgdaw+jEYhSQOqNCEY6X6jh1pN8VSM8LprDKIFY0wmeIx7RsqcECVm+aJZ+jIKCPkh9I8oVGu/txIcaBUEnhmMkuo/nqZ+J/Xj7V/4aZMRLGmgsw/8mOOdIiy89GISUo0TwzBRDKTFZEJlphoU1IlL+Eyw9n3yYukc1J3TuuN20ateVXUUYYDOIRjcOAcmnADLWgDAQGP8AwvlrKerFfrbT5asoqdffgF6/0LF+eRVQ==</latexit>

z = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI=">AAAEtXicpVPfb9MwEM7WAqP86uCRF4uqUqfSqikTA02VpvHCC2hIdJtUl8hxndaa46TxZWsx/gt5443/BqctbbqWvWAp0d19d999Ptt+LLiCVuv3zm6heO/+g72HpUePnzx9Vt5/fq6iNKGsSyMRJZc+UUxwybrAQbDLOGEk9AW78K8+ZPjFNUsUj+RXmMasH5Kh5AGnBGzI29/9WQ1qOCQw8gN9Yzw4KFVzbqtUhY794SAhVO </latexit>

g(y)
<latexit sha1_base64="u+twWSDtntkFSoGjACJT3gp0Xi0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZREi49d0Y3LCvYBbSiT6aQdOpmEmYkQYhb+ihsXirj1N9z5N07SKGo9MHA4517umeOGjEplWR/G3PzC4tJyaaW8ura+sWlubbdlEAlMWjhggei6SBJGOWkpqhjphoIg32Wk404uM79zS4SkAb9RcUgcH4049ShGSksDc7fvIzV2vWSUVr9onB4OzIpVs3LAWWIXpAIKNAfme38Y4MgnXGGGpOzZVqicBAlFMSNpuR9JEiI8QSPS05Qjn0gnyfOn8EArQ+gFQj+uYK7+3EiQL2Xsu3oyiyj/epn4n9eLlHfmJJSHkSIcTw95EYMqgFkZcEgFwYrFmiAsqM4K8RgJhJWurJyXcJ7h5PvLs6R9VLOPa/XreqVxUdRRAntgH1SBDU5BA1yBJmgBDO7AA3gCz8a98Wi8GK/T0Tmj2NkBv2C8fQJmNZZ8</latexit>

@z

@y
=

<latexit sha1_base64="sbz1kkk2Tmx1ilotz/aQY+euifk="></latexit>

gradient

outputz = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI="></latexit>

z = x+ f(x)
<latexit sha1_base64="OE9z68CkjgBSFG6OvrP2n6qZRmI="></latexit>

@f(x)

@x

@g(y)

@y
<latexit sha1_base64="uLzPZYlLY+yzp8vQTZjcBZPJmvI="></latexit>

x
<latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit><latexit sha1_base64="M/Jw2RSGCXMZz56BZcytmbE90qg="></latexit>

@f(x)

@x
⇡ 0

<latexit sha1_base64="UcJf/f5Bqp9kk+YYgh2Nt/QyhVw="></latexit>

if

then gradient 
is alway zero



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

ResNet - gradient flow
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• Skip connections partially avoids diminishing gradient 
• The weights from the beginning of the net has strong 

influence on the output! 
•

38



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

He et al. Going Deeper with Convolutions, CVPR, 2015 
https://arxiv.org/abs/1512.03385

ResNet: deep ConvNet with skip connections

https://www.kaggle.com/keras/resnet50/home

• Competition time about 152 layers ResNet, 
• Recently they are able to train 1k layers ResNet 
• Initialization with zero weights is meaningful 
• Better gradient flow

39

https://arxiv.org/abs/1512.03385


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

Unraveled view of ResNet

• There exists many “almost independent” paths 
• Unravelling of ResNet architecture allows to understand 

robustness wrt noise and layer removal

40



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

Visualizing Loss Landscape of Neural Nets

41

https://arxiv.org/pdf/1712.09913.pdf

https://arxiv.org/pdf/1712.09913.pdf


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

ResNet =>DenseNet
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Huang, Densely Connected Convolutional Networks, CVPR 
2017.   https://arxiv.org/abs/1608.06993 

Start with multilayer ResNet architecture
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Huang, Densely Connected Convolutional Networks, CVPR 
2017.   https://arxiv.org/abs/1608.06993 

DenseNet
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• Directly propagate each feature map to all following layers
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

DenseNet
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• Directly propagate each feature map to all following layers 
• Improves gradient flow in backward pass

Huang, Densely Connected Convolutional Networks, CVPR 
2017.   https://arxiv.org/abs/1608.06993 
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VGGnet 
19 layers

GoogLeNet 
22 layers

ResNet 
152 layers

AlexNet 
8 layers 

Classification results

Human error around 5%
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https://arxiv.org/pdf/1709.01507.pdf
Squeeze and Excitation Networks [Hu et al, CVPR oral, 2017]

Squeeze and Excitation block

• Winner of ILSVRC 2017 
• Enhancement of ResNet, InceptionNet and DenseNet 

architectures by SE blocks consistently decrease error on 
ImageNet, COCO, …
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VGGnet 
19 layers

GoogLeNet 
22 layers

ResNet 
152 layers

AlexNet 
8 layers 

Classification results

SE-nets
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Summary classification architectures

• It seems that the deeper the better  
• ResNet is easy, well-studied architecture=> consider as a 

starting point 
• You should be careful about combining DropOut with BN  

https://arxiv.org/abs/1801.05134 
• Capsule networks  

https://medium.com/ai³-theory-practice-business/
understanding-hintons-capsule-networks-part-i-intuition-
b4b559d1159b
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Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Architectures of regression networks 
• Architectures of feature matching networks
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Semantic segmentation
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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="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

ground truth (0-1 values)

�
<latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit>

� log
<latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></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>

RGB image 
(HxWx3)

<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>
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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>

C
N

N
<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="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="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>

ground truth (0-1 values)

�
<latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit><latexit sha1_base64="KyoHKmCGpsKKgh6Kg9AejGF7E78="></latexit>

cross-entropy loss

X

pixels
<latexit sha1_base64="OP43bRFRoNIRFiSnRnHIXPYnuhw="></latexit><latexit sha1_base64="OP43bRFRoNIRFiSnRnHIXPYnuhw="></latexit><latexit sha1_base64="OP43bRFRoNIRFiSnRnHIXPYnuhw="></latexit><latexit sha1_base64="OP43bRFRoNIRFiSnRnHIXPYnuhw="></latexit>

� log
<latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></latexit><latexit sha1_base64="7cA3nZUrr+hBvVk/+9pNZ6rw7qQ="></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>

RGB image 
(HxWx3)

<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>
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[Noh et al ICCV 2015] https://arxiv.org/pdf/1505.04366.pdf

• Loss: cross entropy loss summed over all pixels 
• Convolution layers: 

• decrease spatial resolution  
• increase number of channels 

• Deconvolution layers: exactly opposite

59
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

60

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

1  1 
2  0

<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>

image 
(3x3)

output 
(6x6)

kernel 
(2x2)
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

61

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

1  1 
2  0

<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>

1  1 
2  01x

image 
(3x3)

output 
(6x6)

kernel 
(2x2)
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

62

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

1  1 
2  0

<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>

1  1 
2  01x

image 
(3x3)

output 
(6x6)

kernel 
(2x2)



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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

63

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

1  1 
2  0

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

1  1    
2  0   

<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>

1  1 
2  01x

image 
(3x3)

output 
(6x6)

kernel 
(2x2)
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

64

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

1  1 
2  0

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

1  1    
2  0   

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

1  1 
2  03x

<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 
(3x3)

output 
(6x6)

kernel 
(2x2)
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

65

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

1  1 
2  0

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

1  1  3   3    
2  0  6   0 

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

1  1 
2  03x

<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 
(3x3)

output 
(6x6)

kernel 
(2x2)



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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

66

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

1  1 
2  0

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

1  1  3   3 
2  0  6   0  

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

1  1 
2  00x

<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 
(3x3)

output 
(6x6)

kernel 
(2x2)
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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>

Deconvolution

deconv

1  3  0
2  0  1
0  3  1

67

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

1  1 
2  0

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

1  1  3   3  0  0  
2  0  6   0  0  0 

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

1  1 
2  00x

<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 
(3x3)

output 
(6x6)

kernel 
(2x2)



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

(           ) =

unpooling

unpool

68

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

1  3 
2  0

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

1  1  3  3 
1  1  3  3

image 
(2x2)

output 
(4x4)

2  2  0  0
2  2  0  0

copy everywhere unpooling
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(           ) =

max-unpooling

max-unpool

69

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

1  3 
2  0

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

0  1  0  0 
0  0  0  3

image 
(2x2)

output 
(4x4)

2  0  0  0
0  0  0  0

remember position of the maximum from max-pooling layer
bad-of-nails unpooling
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Semantic segmentation

Upsampling loses shape details

70

[Long et al CVPR 2015] https://people.eecs.berkeley.edu/
~jonlong/long_shelhamer_fcn.pdf

ground truth output

https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
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Semantic segmentation

71

[Long et al CVPR 2015] https://people.eecs.berkeley.edu/
~jonlong/long_shelhamer_fcn.pdf

concatenate deconvolution feature map with 
the original feature map

https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
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Semantic segmentation

72

[Long et al CVPR 2015] https://people.eecs.berkeley.edu/
~jonlong/long_shelhamer_fcn.pdf

concatenate deconvolution feature map with 
the original feature map

https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
https://people.eecs.berkeley.edu/~jonlong/long_shelhamer_fcn.pdf
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Semantic segmentation

73
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Semantic segmentation

74

• Autonomous driving applications require segmentation of 
objects on very different scales. 

• Instead of segmenting on hires images, downsampling, 
detecting on midres images, downsampling… upsampling 

• People introduced atrous convolution
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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="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>

conv
<latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit> =

image 
(5x5)

kernel  
(2x2)

output 
(? x ?)

Convolution layer

75

Dilatation rate = 1
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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="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>

conv
<latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit> =

image 
(5x5)

kernel  
(2x2)

output 
(? x ?)

Atrous convolution layer

76

Dilatation rate = 2
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Atrous vs standard convolution for segmentation

77

[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3

• Replace maxpooling by Atrous Convolution 
• Replace deconvolutions by bi-linear interp+CRF

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3

• Replace maxpooling by Atrous Convolution 
• Replace deconvolutions by bi-linear interp+CRF

https://arxiv.org/pdf/1606.00915.pdf
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Atrous Spatial Pyramid Pooling (ASPP)

80

[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

• Similar downsampling effect as maxpooling but it is learnable

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3- result after DCNN

score max (output of the last 
conv layer before softmax)

belief map (output of the last 
conv layer after softmax)

• Deep structures are extremely good in recognition tasks but 
weak in exact border alignment 

• CRF refinement needed

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3

• Refinement: increse resolution + do CRF refinement

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3 - Conditional Random Fields (CRF)

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

label of pixel i

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3 - Conditional Random Fields (CRF)

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

output of DCNN in pixel i 
(probability that pixel i has label     )xi

<latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="JhOw2SHHbMRe+/0SPlKgTwucRvc="></latexit><latexit sha1_base64="JhOw2SHHbMRe+/0SPlKgTwucRvc="></latexit><latexit sha1_base64="VbM9zNocAmOyHI9Inpy3XP+JQZM="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit><latexit sha1_base64="OjAlpGjn7DpHkUfhlsZRw7KzdfU="></latexit>

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3 - Conditional Random Fields (CRF)

✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

penalty for not following the 
estimated probability p(xi)

<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

https://arxiv.org/pdf/1606.00915.pdf
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[Chen et al. TPAMI 2018] https://arxiv.org/pdf/1606.00915.pdf

DeepLab v3 - Conditional Random Fields (CRF)

✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓ij(xi,xj)
<latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit>

= “penalty for dissimilar labels to similar pixels”

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

https://arxiv.org/pdf/1606.00915.pdf
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓ij(xi,xj)
<latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit><latexit sha1_base64="Noco06Y+hSJ/PkQtkztXiH1+u2I="></latexit>

= “penalty for dissimilar labels to similar pixels”

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

https://arxiv.org/pdf/1606.00915.pdf
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

1 xi 6= xj
<latexit sha1_base64="/HKbXpPsa/nJ61sGU7ZNheXDuBE="></latexit><latexit sha1_base64="/HKbXpPsa/nJ61sGU7ZNheXDuBE="></latexit><latexit sha1_base64="/HKbXpPsa/nJ61sGU7ZNheXDuBE="></latexit><latexit sha1_base64="/HKbXpPsa/nJ61sGU7ZNheXDuBE="></latexit>

0 xi = xj
<latexit sha1_base64="996VZ01bRdQjYd7vMA1Xacv4Iz4="></latexit><latexit sha1_base64="996VZ01bRdQjYd7vMA1Xacv4Iz4="></latexit><latexit sha1_base64="996VZ01bRdQjYd7vMA1Xacv4Iz4="></latexit><latexit sha1_base64="996VZ01bRdQjYd7vMA1Xacv4Iz4="></latexit>

same labels are not penalized
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

high penalty for different labels, when pixels are 
(i) spatially close and  (ii) has similar color 90
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

high penalty for different labels, when pixels are 
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✓i(xi) = � log(p(xi))
<latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit><latexit sha1_base64="ApUPpnCdaDpIlrP0sm0JUMGo4pI="></latexit>

p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

another penalty for 
close pixels
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p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

✓1(x1)
<latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit><latexit sha1_base64="EdrVQ/NXOiXwfEf+P8wFaizSxk0="></latexit>

✓2(x2)
<latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit><latexit sha1_base64="lcFTXxDgejgo6FmqhMjbFIDRlFU="></latexit>

✓3(x3)
<latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit><latexit sha1_base64="vVmP+5KT/1YzzI2Y+ai+b6ltDkg="></latexit>

✓4(x4)
<latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit><latexit sha1_base64="ZbZ7j7WtiSCSsQyjbpTeYlt56xc="></latexit>

✓12(x1,x2)
<latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit><latexit sha1_base64="5QBLua6QLDwg+Weu8ygkg1gS+rg="></latexit>

✓14(x1,x4)
<latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit><latexit sha1_base64="V127pw4BpzLvcQY5JHQZ6XCyu/U="></latexit>

✓34(x3,x4)
<latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit><latexit sha1_base64="lhdbv99/hlGnRxA5L1d8bx0EIk4="></latexit>

✓24(x2,x4)
<latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit><latexit sha1_base64="HNaBwJmJKpd4E4HJA+TnJqqxvKY="></latexit>

E(x) =
X

i

✓i(xi) +
X

ij

✓ij(xi,xj)
<latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit>

argmin
x

E(x)
<latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit>
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p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

E(x) =
X

i

✓i(xi) +
X

ij

✓ij(xi,xj)
<latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit>

argmin
x

E(x)
<latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit>

• Direct optimization complicated (NP complete) 
• You can fix      and find approx. closed form solution over xj

<latexit sha1_base64="jhjPXl44+0ARyTeuFX6hHRlbOJo="></latexit><latexit sha1_base64="jhjPXl44+0ARyTeuFX6hHRlbOJo="></latexit><latexit sha1_base64="jhjPXl44+0ARyTeuFX6hHRlbOJo="></latexit><latexit sha1_base64="jhjPXl44+0ARyTeuFX6hHRlbOJo="></latexit>

xi
<latexit sha1_base64="LpnVJQNIEFWkJZpam2xgavA5oqo="></latexit><latexit sha1_base64="LpnVJQNIEFWkJZpam2xgavA5oqo="></latexit><latexit sha1_base64="LpnVJQNIEFWkJZpam2xgavA5oqo="></latexit><latexit sha1_base64="LpnVJQNIEFWkJZpam2xgavA5oqo="></latexit>
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p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

E(x) =
X

i

✓i(xi) +
X

ij

✓ij(xi,xj)
<latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit>

argmin
x

E(x)
<latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit>

iterate
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p(xi)
<latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit><latexit sha1_base64="Maae4FS4Y8j45zW7T+pFP1GPQsU="></latexit>

E(x) =
X

i

✓i(xi) +
X

ij

✓ij(xi,xj)
<latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit><latexit sha1_base64="XTidu5I34qG0UAvdwGqUbqY64ek="></latexit>

argmin
x

E(x)
<latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit><latexit sha1_base64="60UZpSSQhE0ctdv4PvMptyhvUqA="></latexit>

iterate (result shown after 10 iterations)
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DeepLab v3 - results

98



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

DeepLab v3 - results
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DeepLab v3 - results
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DeepLab v3 - results

CRF failure cases
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DeepLab v3 - summary

• significantly outperforms state-of-the-art on several datasets 
• CRF improves mIOU about 2% 
• ASPP improves mIOU about 3%
• codes available:  

https://github.com/tensorflow/models/tree/master/research/
deeplab 

• state-of-the-art benchmarks:  
http://www.robustvision.net/leaderboard.php?
benchmark=semantic 

• Dense ASPP [Yang et a; CVPR 2018]  
http://openaccess.thecvf.com/content_cvpr_2018/papers/
Yang_DenseASPP_for_Semantic_CVPR_2018_paper.pdf
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Architectures of regression networks 
• Architectures of feature matching networks
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose regression baseline

• ConvNet directly estimates joint positions (2xN real numbers) 
• Straightforward learning directly minimize L2 loss over all 

joint positions (2D/3D).
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

• ConvNet first estimates N joint’s heat maps  
(i.e. N 2D-images or N 3D-arrays) 

• Learning minimizes segmentation loss over the N images

Hk, k = 1 . . . N
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

• estimate joint position as position of heatmap maximum

Hk
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

Hk
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• estimate joint position as position of heatmap maximum
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

Hk
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• estimate joint position as position of heatmap maximum
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

Hk
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Not differentiable !

• estimate joint position as position of heatmap maximum
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

• estimate joint position as expected value in heatmap

Hk
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

Hk
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• estimate joint position as expected value in heatmap
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection baseline

Hk
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• estimate joint position as expected value in heatmap
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Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research https://arxiv.org/abs/1711.08229

Pose detection+regression baseline

• ConvNet first estimates N joint’s heat maps  
(i.e. N 2D-images or N 3D-arrays) 

• Learning minimizes segmentation loss over the N images 
• Joints positions (p) estimated as expected value in 

Hk, k = 1 . . . N
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PoseTrack challenge (ICCV 2017/ECCV 2018)
https://posetrack.net
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Pose regression references
• PoseTrack benchmark a datasets  

 https://posetrack.net

• Realtime Multi-Person 2D Human Pose Estimation using Part 
Affinity Fields, CVPR 2017 Oral  
https://www.youtube.com/watch?v=pW6nZXeWlGM

• Integral Human Pose Regression [Sun ECCV 2018]  
Microsoft Research  
https://arxiv.org/abs/1711.08229  
https://github.com/JimmySuen/integral-human-pose

• Guler et al. (Facebook Research), DensePose  
https://arxiv.org/abs/1802.00434  
https://github.com/facebookresearch/Densepose  
https://www.youtube.com/watch?
v=EMjPqgLX14A&feature=youtu.be
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Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Architectures of feature matching networks
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Object detection
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Object detection

person

car car

car
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Object detection
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Object detection

CNN

0.7
0.1
0.2
0.0

class: person
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Object detection

CNN

0.7
0.1
0.2
0.0
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Object detection

CNN

0.0
0.9
0.1
0.0

class: car
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Object detection

CNN

0.0
0.9
0.1
0.0
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Object detection

CNN

0.0
0.1
0.0
0.9

class: background
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Object detection

CNN

classify all rectangles
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Object detection

• Approach works but it takes extremely long to compute 
response on all rectangular sub-windows:  
H x W x Aspect_Ratio x Scales x 0.001 sec = months 
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Object detection

CNN

classify all rectangles
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Object detection

CNN

classify + align only 2k  
 region proposals

[Girschick ICCV 2015] Fast-RCNN  
https://arxiv.org/abs/1504.08083
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Object detection

• Approach works but it takes extremely long to compute 
response on all rectangular sub-windows:  
H x W x Aspect_Ratio x Scales x 0.001 sec = months 

• Instead we can use elementary signal processing method to 
extract only 2k viable candidates:  
[Girschick ICCV 2015], Fast-RCNN  
https://arxiv.org/abs/1504.08083  
(find 2k cand.) + (2k cand. x 0.001 sec) = 47+2 sec = 49 sec
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Object detection

CNN

The search for region 
proposals is 

 computational 
bottleneck !!!

[Girschick ICCV 2015] Fast-RCNN  
https://arxiv.org/abs/1504.08083
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Object detection

CNN

classification  
+  

alignment 
net

RPN

region proposal net 
(output: 2k proposals)

Faster-RCNN https://arxiv.org/abs/1506.01497
131
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Region Proposal Net (RPN)

RPN

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• generate bounding which corresponds to discrete positions  
in low resolution feature maps and measure IoU
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Region Proposal Net (RPN)

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• generate bounding which corresponds to discrete positions  
in low resolution feature maps and measure IoU

RPN
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Region Proposal Net (RPN)

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• generate bounding which corresponds to discrete positions  
in low resolution feature maps and measure IoU

RPN
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Region Proposal Net (RPN)

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• bbs with IoU>0.7 are objects,  
bbs with IoU<0.3 not objects

• generate bounding which corresponds to discrete positions  
in low resolution feature maps and measure IoU

RPN
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Region Proposal Net (RPN)

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

center_x 
center_y 
width 
height 
object

• for each discrete bb RPN predicts:  
• its “alignment with gt” (regression loss) 
• its “objectness" (classification loss)

RPN
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Region Proposal Net (RPN)

Faster-RCNN https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

center_x 
center_y 
width 
height 
object

• for each discrete bb RPN predicts:  
• its “alignment with gt” (regression loss) 
• its “objectness" (classification loss)

RPN
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Object detection

region proposal net 
(output: 2k proposals)

Faster-RCNN https://arxiv.org/abs/1506.01497

CNN

classification  
+  

alignment 
net

Save computational power by reusing RPN feature maps

RPN
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Object detection

region proposal net 
(output: 2k proposals)

Faster-RCNN https://arxiv.org/abs/1506.01497

CNN

classification  
+  

alignment 
net

Save computational power by reusing RPN feature maps

RPN
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classification  
+  

alignment 
net

Object detection

region proposal net 
(output: 2k proposals)

Faster-RCNN https://arxiv.org/abs/1506.01497

CNNRPN
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Object detection

Faster-RCNN https://arxiv.org/abs/1506.01497
141

classification:

CNN
0.1
0.6
0.2
0.1

person
cat
house
background
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Object detection

region proposal net 
(output: 2k proposals)

Faster-RCNN https://arxiv.org/abs/1506.01497

CNN

classification  
+  

alignment 
net

Save computational power by reusing RPN feature maps

RPN
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Object detection

Faster-RCNN https://arxiv.org/abs/1506.01497
143

alignment: [�x,�y,�w,�h]
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Object detection

• Approach works but it takes extremely long to compute 
response on all rectangular sub-windows:  
H x W x Aspect_Ratio x Scales x 0.001 sec = months 

• Instead we can use elementary signal processing method to 
extract only 2k viable candidates:  
[Girschick ICCV 2015], Fast-RCNN  
https://arxiv.org/abs/1504.08083  
(find 2k cand.) + (2k cand. x 0.001 sec) = 47+2 sec = 49 sec

• Do region proposal by CNN => 0.3 + 2 = 2.3 sec
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Object detection

CNN

region proposal net 
(output: 2k proposals)

[He et al CVPR 2017] Mask-RCNN  
https://arxiv.org/abs/1703.06870

classification  
+  

alignment 
+ 

segmentation mask 
+ 

pose regression

RPN
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[He et al CVPR 2017] Mask-RCNN  
https://arxiv.org/abs/1703.06870

Mask RCNN - results
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Mask RCNN - results
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Object detection

• Approach works but it takes extremely long to compute 
response on all rectangular sub-windows:  
H x W x Aspect_Ratio x Scales x 0.001 sec = months 

• Instead we can use elementary signal processing method to 
extract only 2k viable candidates:  
[Girschick ICCV 2015], Fast-RCNN  
https://arxiv.org/abs/1504.08083  
(find 2k cand.) + (2k cand. x 0.001 sec) = 47+2 sec = 49 sec

• Do region proposal by CNN => 0.3 + 2 = 2.3 sec
• Similar idea but more efficient implementation YOLO/SSD:  

about 0.2 sec  
code: https://pjreddie.com/darknet/yolo/
[Redmont CVPR 2018], https://arxiv.org/abs/1804.02767
[Liu ECCV 2016], https://arxiv.org/abs/1512.02325
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Deep convolutional - object detection
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Conclusion and links

• Many datasets/challenges/results: 
• http://www.robustvision.net 
• http://mscoco.org 
• http://www.image-net.org 
• http://host.robots.ox.ac.uk/pascal/VOC/ 

• Comparison: Yolo v2/v3, DeepLab v3, MaskRCNN (30min)  
https://www.youtube.com/watch?v=s8Ui_kV9dhw
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Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Spatial Transformer networks 
• Architectures of feature matching networks
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theta

x

localization

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf


x0

y0

�
=


cos(✓1) sin(✓1) ✓2
� sin(✓1) cos(✓1) ✓3

�2

4
x
y
1

3

5
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2D similarity transformation
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theta affine_grid grid

x

localization

torch.nn.functional.affine_grid(theta, size, align_corners=None) 

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf
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torch.nn.functional.affine_grid(theta, size, align_corners=None) 

theta affine_grid grid

x

x
grid_sample

torch.nn.functional.grid_sample(input, grid, mode='bilinear',  
                                                     padding_mode='zeros', align_corners=None)

localization

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf
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torch.nn.functional.affine_grid(theta, size, align_corners=None) 

x

torch.nn.functional.grid_sample(input, grid, mode='bilinear',  
                                                     padding_mode='zeros', align_corners=None)

theta affine_grid grid

x
grid_sample

localization

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf
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x

t aff g
x gri

loca

spatial transformer  
 net

CNN

classifier

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf
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x

t aff g
x gri

loca

spatial transformer  
 net

CNN
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cross-entropy 
loss

L(w)
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Backpropagation learns also STN weights, which perform the 
most suitable transformation for the classification task

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf
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Spatial Transformer networks

158

https://pytorch.org/tutorials/intermediate/
spatial_transformer_tutorial.html

https://pytorch.org/tutorials/intermediate/spatial_transformer_tutorial.html
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grid_sample
grid

th
et

a

x
<latexit sha1_base64="30P4nwdawvL2qXr06tn9rtYMLMY=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/QhjKZTtqxk0mYmYgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqd+6pVCwUt3oaUTfAI8F8RrA2UvNhUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+vOerJerbd5a8HKZ/bhF6z3L/9TjTQ=</latexit>

y
<latexit sha1_base64="tjqpFkGy1WlNqaRSEqjDZqTZXUA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQQ+gduXCji1j9y5984SYOo9cCFwzn3cu89XsSZ0rb9aZWWlldW18rrlY3Nre2d6u5eR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Drzuw9UKhaKe51E1A3wWDCfEayNdJdUhtWaXbdzoEXiFKQGBVrD6sdgFJI4oEITjpXqO3ak3RRLzQins8ogVjTCZIrHtG+owAFVbppfOkNHRhkhP5SmhEa5+nMixYFSSeCZzgDrifrrZeJ/Xj/W/oWbMhHFmgoyX+THHOkQZW+jEZOUaJ4Ygolk5lZEJlhiok048xAuM5x9v7xIOid157TeuG3UmldFHGU4gEM4BgfOoQk30II2EPDhEZ7hxZpaT9ar9TZvLVnFzD78gvX+BTVrjUk=</latexit>

u
<latexit sha1_base64="/QHpBKwW8go9bEaPUvbWxZMWiD4=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F+seNMQ==</latexit>

v
<latexit sha1_base64="M+UDXZr3WQ1C3G3rVKQOXYe/6ko=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGkkKLhjyUXY8o4ExASzPNoRtJIIHHoeNNblO/MwWpWCju9SwCNyAjwXxGiTZSczooV+yqnQEvEycnFZSjMSh/9IchjQMQmnKiVM+xI+0mRGpGOcxL/VhBROiEjKBnqCABKDfJDp3jE6MMsR9KU0LjTP05kZBAqVngmc6A6LH666Xif14v1v6VmzARxRoEXSzyY451iNOv8ZBJoJrPDCFUMnMrpmMiCdUmm1IWwnWKi++Xl0n7rOqcV2vNWqV+k8dRREfoGJ0iB12iOrpDDdRCFAF6RM/oxXqwnqxX623RWrDymUP0C9b7F/xLjTI=</latexit>

input image
(x, y)

<latexit sha1_base64="wkW6S2L2p+6D4ZG08IHnAV12mms=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEqSEm0+HErevFYwbSFNpTNdtMu3WzC7kYMob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPzvIhRqSzr01hYXFpeWS2tldc3Nre2Kzu7bRnGAhMHhywUXQ9JwignjqKKkW4kCAo8Rjre5DrzO/dESBryO5VExA3QiFOfYqS05NQejpOjQaVq1a0c5jyxC1KFAq1B5aM/DHEcEK4wQ1L2bCtSboqEopiRabkfSxIhPEEj0tOUo4BIN82PnZqHWhmafih0cWXm6s+JFAVSJoGnOwOkxvKvl4n/eb1Y+RduSnkUK8LxbJEfM1OFZva5OaSCYMUSTRAWVN9q4jESCCudTzkP4TLD2ffL86R9UrdP643bRrV5VcRRgn04gBrYcA5NuIEWOICBwiM8w4vBjSfj1XibtS4Yxcwe/ILx/gUKzY5S</latexit>

kernel
(u, v)

<latexit sha1_base64="bYpRZxoXupcWoAWfxqr2BYHHN90=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJJq8eNW9OKxgmkLbSib7aZdutmE3U2hhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM8yLOlLbtT2tpeWV1bb2wUdzc2t7ZLe3tt1QYS0IdEvJQdjysKGeCOpppTjuRpDjwOG1749vUb0+oVCwUD3oaUTfAQ8F8RrA2klOJTycn/VLZrtoZ0CKp5aQMOZr90kdvEJI4oEITjpXq1uxIuwmWmhFOZ8VerGiEyRgPaddQgQOq3CQ7doaOjTJAfihNCY0y9edEggOlpoFnOgOsR+qvl4r/ed1Y+1duwkQUayrIfJEfc6RDlH6OBkxSovnUEEwkM7ciMsISE23yKWYhXKe4+H55kbTOqrXzav2+Xm7c5HEU4BCOoAI1uIQG3EETHCDA4BGe4cUS1pP1ar3NW5esfOYAfsF6/wIBqY5M</latexit>

output image
(m,n)

<latexit sha1_base64="qsj7gMjaK6xuH+gJpSm+01jlFso=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpRUix+3ohePFUxbaEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk0aRK0PBh7vzTAzz4s4U9q2P63C0vLK6lpxvbSxubW9U97da6swloQ6JOSh7HpYUc4EdTTTnHYjSXHgcdrxJjep33mgUrFQ3OtpRN0AjwTzGcHaSE41OBHHg3LFrtkZ0CKp56QCOVqD8kd/GJI4oEITjpXq1e1IuwmWmhFOZ6V+rGiEyQSPaM9QgQOq3CQ7doaOjDJEfihNCY0y9edEggOlpoFnOgOsx+qvl4r/eb1Y+5duwkQUayrIfJEfc6RDlH6OhkxSovnUEEwkM7ciMsYSE23yKWUhXKU4/355kbRPa/WzWuOuUWle53EU4QAOoQp1uIAm3EILHCDA4BGe4cUS1pP1ar3NWwtWPrMPv2C9fwHpOo48</latexit>

https://arxiv.org/pdf/1506.02025.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>

1  2  3  4
1  2  3  4
1  2  3  4
1  2  3  4

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

2  2  2  2
3  3  3  3
4  4  4  4
5  5  5  5

Can we translate image U by 1 pixel up?

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

x(m,n) =
<latexit sha1_base64="sAHxASjnX3i9LofSBcAbkbSpI9c=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkWoICXV4mMhFN24rGAf0IYymU7aoTOTMDMRS+hHuHGhiFu/x51/4yQNotYDFw7n3Mu993gho0o7zqeVW1hcWl7JrxbW1jc2t4rbOy0VRBKTJg5YIDseUoRRQZqaakY6oSSIe4y0vfF14rfviVQ0EHd6EhKXo6GgPsVIG6n9UOZH4vCyXyw5FSeFPU+qGSlBhka/+NEbBDjiRGjMkFLdqhNqN0ZSU8zItNCLFAkRHqMh6RoqECfKjdNzp/aBUQa2H0hTQtup+nMiRlypCfdMJ0d6pP56ifif1420f+7GVISRJgLPFvkRs3VgJ7/bAyoJ1mxiCMKSmlttPEISYW0SKqQhXCQ4/X55nrSOK9WTSu22VqpfZXHkYQ/2oQxVOIM63EADmoBhDI/wDC9WaD1Zr9bbrDVnZTO78AvW+xdJro8F</latexit>

y(m,n) =
<latexit sha1_base64="8Hs5uTFxuQ1vMhvOP4AI2uMHqVY=">AAAB7nicbVDLSsNAFL3xWeur6tJNsAgVpCRafCyEohuXFewD2lAm00k7dGYSZiZCCf0INy4Ucev3uPNvnKRB1HrgwuGce7n3Hj9iVGnH+bQWFpeWV1YLa8X1jc2t7dLObkuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf3yT+u0HIhUNxb2eRMTjaChoQDHSRmpPKvxYHF31S2Wn6mSw54mbkzLkaPRLH71BiGNOhMYMKdV1nUh7CZKaYkamxV6sSITwGA1J11CBOFFekp07tQ+NMrCDUJoS2s7UnxMJ4kpNuG86OdIj9ddLxf+8bqyDCy+hIoo1EXi2KIiZrUM7/d0eUEmwZhNDEJbU3GrjEZIIa5NQMQvhMsXZ98vzpHVSdU+rtbtauX6dx1GAfTiACrhwDnW4hQY0AcMYHuEZXqzIerJerbdZ64KVz+zBL1jvX0s4jwY=</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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
6  3  2  1  

1  3  1  2     
0  1  0  3  

<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="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit> ?
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grid_sample
grid

th
et

a

x
<latexit sha1_base64="30P4nwdawvL2qXr06tn9rtYMLMY=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/QhjKZTtqxk0mYmYgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqd+6pVCwUt3oaUTfAI8F8RrA2UvNhUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+vOerJerbd5a8HKZ/bhF6z3L/9TjTQ=</latexit>

y
<latexit sha1_base64="tjqpFkGy1WlNqaRSEqjDZqTZXUA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQQ+gduXCji1j9y5984SYOo9cCFwzn3cu89XsSZ0rb9aZWWlldW18rrlY3Nre2d6u5eR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Drzuw9UKhaKe51E1A3wWDCfEayNdJdUhtWaXbdzoEXiFKQGBVrD6sdgFJI4oEITjpXqO3ak3RRLzQins8ogVjTCZIrHtG+owAFVbppfOkNHRhkhP5SmhEa5+nMixYFSSeCZzgDrifrrZeJ/Xj/W/oWbMhHFmgoyX+THHOkQZW+jEZOUaJ4Ygolk5lZEJlhiok048xAuM5x9v7xIOid157TeuG3UmldFHGU4gEM4BgfOoQk30II2EPDhEZ7hxZpaT9ar9TZvLVnFzD78gvX+BTVrjUk=</latexit>

u
<latexit sha1_base64="/QHpBKwW8go9bEaPUvbWxZMWiD4=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F+seNMQ==</latexit>

v
<latexit sha1_base64="M+UDXZr3WQ1C3G3rVKQOXYe/6ko=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGkkKLhjyUXY8o4ExASzPNoRtJIIHHoeNNblO/MwWpWCju9SwCNyAjwXxGiTZSczooV+yqnQEvEycnFZSjMSh/9IchjQMQmnKiVM+xI+0mRGpGOcxL/VhBROiEjKBnqCABKDfJDp3jE6MMsR9KU0LjTP05kZBAqVngmc6A6LH666Xif14v1v6VmzARxRoEXSzyY451iNOv8ZBJoJrPDCFUMnMrpmMiCdUmm1IWwnWKi++Xl0n7rOqcV2vNWqV+k8dRREfoGJ0iB12iOrpDDdRCFAF6RM/oxXqwnqxX623RWrDymUP0C9b7F/xLjTI=</latexit>

input image
(x, y)

<latexit sha1_base64="wkW6S2L2p+6D4ZG08IHnAV12mms=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEqSEm0+HErevFYwbSFNpTNdtMu3WzC7kYMob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPzvIhRqSzr01hYXFpeWS2tldc3Nre2Kzu7bRnGAhMHhywUXQ9JwignjqKKkW4kCAo8Rjre5DrzO/dESBryO5VExA3QiFOfYqS05NQejpOjQaVq1a0c5jyxC1KFAq1B5aM/DHEcEK4wQ1L2bCtSboqEopiRabkfSxIhPEEj0tOUo4BIN82PnZqHWhmafih0cWXm6s+JFAVSJoGnOwOkxvKvl4n/eb1Y+RduSnkUK8LxbJEfM1OFZva5OaSCYMUSTRAWVN9q4jESCCudTzkP4TLD2ffL86R9UrdP643bRrV5VcRRgn04gBrYcA5NuIEWOICBwiM8w4vBjSfj1XibtS4Yxcwe/ILx/gUKzY5S</latexit>

kernel
(u, v)

<latexit sha1_base64="bYpRZxoXupcWoAWfxqr2BYHHN90=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJUkJJq8eNW9OKxgmkLbSib7aZdutmE3U2hhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM8yLOlLbtT2tpeWV1bb2wUdzc2t7ZLe3tt1QYS0IdEvJQdjysKGeCOpppTjuRpDjwOG1749vUb0+oVCwUD3oaUTfAQ8F8RrA2klOJTycn/VLZrtoZ0CKp5aQMOZr90kdvEJI4oEITjpXq1uxIuwmWmhFOZ8VerGiEyRgPaddQgQOq3CQ7doaOjTJAfihNCY0y9edEggOlpoFnOgOsR+qvl4r/ed1Y+1duwkQUayrIfJEfc6RDlH6OBkxSovnUEEwkM7ciMsISE23yKWYhXKe4+H55kbTOqrXzav2+Xm7c5HEU4BCOoAI1uIQG3EETHCDA4BGe4cUS1pP1ar3NW5esfOYAfsF6/wIBqY5M</latexit>

output image
(m,n)

<latexit sha1_base64="qsj7gMjaK6xuH+gJpSm+01jlFso=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahgpRUix+3ohePFUxbaEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk0aRK0PBh7vzTAzz4s4U9q2P63C0vLK6lpxvbSxubW9U97da6swloQ6JOSh7HpYUc4EdTTTnHYjSXHgcdrxJjep33mgUrFQ3OtpRN0AjwTzGcHaSE41OBHHg3LFrtkZ0CKp56QCOVqD8kd/GJI4oEITjpXq1e1IuwmWmhFOZ6V+rGiEyQSPaM9QgQOq3CQ7doaOjDJEfihNCY0y9edEggOlpoFnOgOsx+qvl4r/eb1Y+5duwkQUayrIfJEfc6RDlH6OhkxSovnUEEwkM7ciMsYSE23yKWUhXKU4/355kbRPa/WzWuOuUWle53EU4QAOoQp1uIAm3EILHCDA4BGe4cUS1pP1ar3NWwtWPrMPv2C9fwHpOo48</latexit>

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
6  3  2  1  

1  3  1  2     
0  1  0  3  

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

1  0  0  0

0  0  0  0     
0  0  0  0 =⌦

<latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>
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0  0  0  0

grid_sample

(m,n)(u, v) = �
�
u� x(m,n)

�
· �
�
v � y(m,n)

�
<latexit sha1_base64="zLiJ9Da/uNcovKO7jE2y24if51M="></latexit>

grid

th
et

a

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

x
<latexit sha1_base64="30P4nwdawvL2qXr06tn9rtYMLMY=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/QhjKZTtqxk0mYmYgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqd+6pVCwUt3oaUTfAI8F8RrA2UvNhUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+vOerJerbd5a8HKZ/bhF6z3L/9TjTQ=</latexit>

y
<latexit sha1_base64="tjqpFkGy1WlNqaRSEqjDZqTZXUA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQQ+gduXCji1j9y5984SYOo9cCFwzn3cu89XsSZ0rb9aZWWlldW18rrlY3Nre2d6u5eR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Drzuw9UKhaKe51E1A3wWDCfEayNdJdUhtWaXbdzoEXiFKQGBVrD6sdgFJI4oEITjpXqO3ak3RRLzQins8ogVjTCZIrHtG+owAFVbppfOkNHRhkhP5SmhEa5+nMixYFSSeCZzgDrifrrZeJ/Xj/W/oWbMhHFmgoyX+THHOkQZW+jEZOUaJ4Ygolk5lZEJlhiok048xAuM5x9v7xIOid157TeuG3UmldFHGU4gEM4BgfOoQk30II2EPDhEZ7hxZpaT9ar9TZvLVnFzD78gvX+BTVrjUk=</latexit>

u
<latexit sha1_base64="/QHpBKwW8go9bEaPUvbWxZMWiD4=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F+seNMQ==</latexit>

v
<latexit sha1_base64="M+UDXZr3WQ1C3G3rVKQOXYe/6ko=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGkkKLhjyUXY8o4ExASzPNoRtJIIHHoeNNblO/MwWpWCju9SwCNyAjwXxGiTZSczooV+yqnQEvEycnFZSjMSh/9IchjQMQmnKiVM+xI+0mRGpGOcxL/VhBROiEjKBnqCABKDfJDp3jE6MMsR9KU0LjTP05kZBAqVngmc6A6LH666Xif14v1v6VmzARxRoEXSzyY451iNOv8ZBJoJrPDCFUMnMrpmMiCdUmm1IWwnWKi++Xl0n7rOqcV2vNWqV+k8dRREfoGJ0iB12iOrpDDdRCFAF6RM/oxXqwnqxX623RWrDymUP0C9b7F/xLjTI=</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>

1  2  3  4
1  2  3  4
1  2  3  4
1  2  3  4

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

2  2  2  2
3  3  3  3
4  4  4  4
5  5  5  5

Can we translate image U by 1 pixel up?

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

x(m,n) =
<latexit sha1_base64="sAHxASjnX3i9LofSBcAbkbSpI9c=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkWoICXV4mMhFN24rGAf0IYymU7aoTOTMDMRS+hHuHGhiFu/x51/4yQNotYDFw7n3Mu993gho0o7zqeVW1hcWl7JrxbW1jc2t4rbOy0VRBKTJg5YIDseUoRRQZqaakY6oSSIe4y0vfF14rfviVQ0EHd6EhKXo6GgPsVIG6n9UOZH4vCyXyw5FSeFPU+qGSlBhka/+NEbBDjiRGjMkFLdqhNqN0ZSU8zItNCLFAkRHqMh6RoqECfKjdNzp/aBUQa2H0hTQtup+nMiRlypCfdMJ0d6pP56ifif1420f+7GVISRJgLPFvkRs3VgJ7/bAyoJ1mxiCMKSmlttPEISYW0SKqQhXCQ4/X55nrSOK9WTSu22VqpfZXHkYQ/2oQxVOIM63EADmoBhDI/wDC9WaD1Zr9bbrDVnZTO78AvW+xdJro8F</latexit>

y(m,n) =
<latexit sha1_base64="8Hs5uTFxuQ1vMhvOP4AI2uMHqVY=">AAAB7nicbVDLSsNAFL3xWeur6tJNsAgVpCRafCyEohuXFewD2lAm00k7dGYSZiZCCf0INy4Ucev3uPNvnKRB1HrgwuGce7n3Hj9iVGnH+bQWFpeWV1YLa8X1jc2t7dLObkuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf3yT+u0HIhUNxb2eRMTjaChoQDHSRmpPKvxYHF31S2Wn6mSw54mbkzLkaPRLH71BiGNOhMYMKdV1nUh7CZKaYkamxV6sSITwGA1J11CBOFFekp07tQ+NMrCDUJoS2s7UnxMJ4kpNuG86OdIj9ddLxf+8bqyDCy+hIoo1EXi2KIiZrUM7/d0eUEmwZhNDEJbU3GrjEZIIa5NQMQvhMsXZ98vzpHVSdU+rtbtauX6dx1GAfTiACrhwDnW4hQY0AcMYHuEZXqzIerJerbdZ64KVz+zBL1jvX0s4jwY=</latexit>

?

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
6  3  2  1  

1  3  1  2     
0  1  0  3  

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

0  1  0  0

0  0  0  0     
0  0  0  0 =⌦

<latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>
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0  0  0  0

grid_sample

(m,n)(u, v) = �
�
u� x(m,n)

�
· �
�
v � y(m,n)

�
<latexit sha1_base64="zLiJ9Da/uNcovKO7jE2y24if51M="></latexit>

grid

th
et

a

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

x
<latexit sha1_base64="30P4nwdawvL2qXr06tn9rtYMLMY=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/QhjKZTtqxk0mYmYgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqd+6pVCwUt3oaUTfAI8F8RrA2UvNhUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+vOerJerbd5a8HKZ/bhF6z3L/9TjTQ=</latexit>

y
<latexit sha1_base64="tjqpFkGy1WlNqaRSEqjDZqTZXUA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQQ+gduXCji1j9y5984SYOo9cCFwzn3cu89XsSZ0rb9aZWWlldW18rrlY3Nre2d6u5eR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Drzuw9UKhaKe51E1A3wWDCfEayNdJdUhtWaXbdzoEXiFKQGBVrD6sdgFJI4oEITjpXqO3ak3RRLzQins8ogVjTCZIrHtG+owAFVbppfOkNHRhkhP5SmhEa5+nMixYFSSeCZzgDrifrrZeJ/Xj/W/oWbMhHFmgoyX+THHOkQZW+jEZOUaJ4Ygolk5lZEJlhiok048xAuM5x9v7xIOid157TeuG3UmldFHGU4gEM4BgfOoQk30II2EPDhEZ7hxZpaT9ar9TZvLVnFzD78gvX+BTVrjUk=</latexit>

u
<latexit sha1_base64="/QHpBKwW8go9bEaPUvbWxZMWiD4=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F+seNMQ==</latexit>

v
<latexit sha1_base64="M+UDXZr3WQ1C3G3rVKQOXYe/6ko=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGkkKLhjyUXY8o4ExASzPNoRtJIIHHoeNNblO/MwWpWCju9SwCNyAjwXxGiTZSczooV+yqnQEvEycnFZSjMSh/9IchjQMQmnKiVM+xI+0mRGpGOcxL/VhBROiEjKBnqCABKDfJDp3jE6MMsR9KU0LjTP05kZBAqVngmc6A6LH666Xif14v1v6VmzARxRoEXSzyY451iNOv8ZBJoJrPDCFUMnMrpmMiCdUmm1IWwnWKi++Xl0n7rOqcV2vNWqV+k8dRREfoGJ0iB12iOrpDDdRCFAF6RM/oxXqwnqxX623RWrDymUP0C9b7F/xLjTI=</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>

1  2  3  4
1  2  3  4
1  2  3  4
1  2  3  4

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

2  2  2  2
3  3  3  3
4  4  4  4
5  5  5  5

Can we translate image U by 1 pixel up?

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

x(m,n) =
<latexit sha1_base64="sAHxASjnX3i9LofSBcAbkbSpI9c=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkWoICXV4mMhFN24rGAf0IYymU7aoTOTMDMRS+hHuHGhiFu/x51/4yQNotYDFw7n3Mu993gho0o7zqeVW1hcWl7JrxbW1jc2t4rbOy0VRBKTJg5YIDseUoRRQZqaakY6oSSIe4y0vfF14rfviVQ0EHd6EhKXo6GgPsVIG6n9UOZH4vCyXyw5FSeFPU+qGSlBhka/+NEbBDjiRGjMkFLdqhNqN0ZSU8zItNCLFAkRHqMh6RoqECfKjdNzp/aBUQa2H0hTQtup+nMiRlypCfdMJ0d6pP56ifif1420f+7GVISRJgLPFvkRs3VgJ7/bAyoJ1mxiCMKSmlttPEISYW0SKqQhXCQ4/X55nrSOK9WTSu22VqpfZXHkYQ/2oQxVOIM63EADmoBhDI/wDC9WaD1Zr9bbrDVnZTO78AvW+xdJro8F</latexit>

y(m,n) =
<latexit sha1_base64="8Hs5uTFxuQ1vMhvOP4AI2uMHqVY=">AAAB7nicbVDLSsNAFL3xWeur6tJNsAgVpCRafCyEohuXFewD2lAm00k7dGYSZiZCCf0INy4Ucev3uPNvnKRB1HrgwuGce7n3Hj9iVGnH+bQWFpeWV1YLa8X1jc2t7dLObkuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf3yT+u0HIhUNxb2eRMTjaChoQDHSRmpPKvxYHF31S2Wn6mSw54mbkzLkaPRLH71BiGNOhMYMKdV1nUh7CZKaYkamxV6sSITwGA1J11CBOFFekp07tQ+NMrCDUJoS2s7UnxMJ4kpNuG86OdIj9ddLxf+8bqyDCy+hIoo1EXi2KIiZrUM7/d0eUEmwZhNDEJbU3GrjEZIIa5NQMQvhMsXZ98vzpHVSdU+rtbtauX6dx1GAfTiACrhwDnW4hQY0AcMYHuEZXqzIerJerbdZ64KVz+zBL1jvX0s4jwY=</latexit>

m = 2
<latexit sha1_base64="Bx3Xqz4YEtedqXMEJqAl+YsjrDU=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS1+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQXXNYG5YpdtTOgReLkpAI5moPyR38YkjigQhOOleo5dqTdBEvNCKezUj9WNMJkgke0Z6jAAVVukp06Q0dGGSI/lKaERpn6cyLBgVLTwDOdAdZj9ddLxf+8Xqz9czdhIoo1FWS+yI850iFK/0ZDJinRfGoIJpKZWxEZY4mJNumUshAuUpx+v7xI2rWqc1Kt39Yrjas8jiIcwCEcgwNn0IAbaEILCIzgEZ7hxeLWk/Vqvc1bC1Y+sw+/YL1/AeHTjaw=</latexit>
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https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
6  3  2  1  

1  3  1  2     
0  1  0  3  

<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="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>

  6
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0  0  0  0

grid_sample

(m,n)(u, v) = �
�
u� x(m,n)

�
· �
�
v � y(m,n)

�
<latexit sha1_base64="zLiJ9Da/uNcovKO7jE2y24if51M="></latexit>

grid

th
et

a

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

x
<latexit sha1_base64="30P4nwdawvL2qXr06tn9rtYMLMY=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/QhjKZTtqxk0mYmYgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqd+6pVCwUt3oaUTfAI8F8RrA2UvNhUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+vOerJerbd5a8HKZ/bhF6z3L/9TjTQ=</latexit>

y
<latexit sha1_base64="tjqpFkGy1WlNqaRSEqjDZqTZXUA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsQ9oQ5lMJ+3QySTMTIQQ+gduXCji1j9y5984SYOo9cCFwzn3cu89XsSZ0rb9aZWWlldW18rrlY3Nre2d6u5eR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Drzuw9UKhaKe51E1A3wWDCfEayNdJdUhtWaXbdzoEXiFKQGBVrD6sdgFJI4oEITjpXqO3ak3RRLzQins8ogVjTCZIrHtG+owAFVbppfOkNHRhkhP5SmhEa5+nMixYFSSeCZzgDrifrrZeJ/Xj/W/oWbMhHFmgoyX+THHOkQZW+jEZOUaJ4Ygolk5lZEJlhiok048xAuM5x9v7xIOid157TeuG3UmldFHGU4gEM4BgfOoQk30II2EPDhEZ7hxZpaT9ar9TZvLVnFzD78gvX+BTVrjUk=</latexit>

u
<latexit sha1_base64="/QHpBKwW8go9bEaPUvbWxZMWiD4=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDyy3oxWMCZoFkCD2dStKmZ6G7RwhDvsCLB0W8+kne/Bt7JoOo8UHB470qqup5keBK2/antbS8srq2Xtgobm5t7+yW9vZbKowlwyYLRSg7HlUoeIBNzbXATiSR+p7Atje5Sf32A0rFw+BOTyN0fToK+JAzqo3UiPulsl2xM5BF4uSkDDnq/dJHbxCy2MdAM0GV6jp2pN2ESs2ZwFmxFyuMKJvQEXYNDaiPyk2yQ2fk2CgDMgylqUCTTP05kVBfqanvmU6f6rH666Xif1431sNLN+FBFGsM2HzRMBZEhyT9mgy4RKbF1BDKJDe3EjamkjJtsilmIVylOP9+eZG0TivOWaXaqJZr13kcBTiEIzgBBy6gBrdQhyYwQHiEZ3ix7q0n69V6m7cuWfnMAfyC9f4F+seNMQ==</latexit>

v
<latexit sha1_base64="M+UDXZr3WQ1C3G3rVKQOXYe/6ko=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy5bsA9oQ5lMb9qxk0mYmRRK6Be4caGIWz/JnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGkkKLhjyUXY8o4ExASzPNoRtJIIHHoeNNblO/MwWpWCju9SwCNyAjwXxGiTZSczooV+yqnQEvEycnFZSjMSh/9IchjQMQmnKiVM+xI+0mRGpGOcxL/VhBROiEjKBnqCABKDfJDp3jE6MMsR9KU0LjTP05kZBAqVngmc6A6LH666Xif14v1v6VmzARxRoEXSzyY451iNOv8ZBJoJrPDCFUMnMrpmMiCdUmm1IWwnWKi++Xl0n7rOqcV2vNWqV+k8dRREfoGJ0iB12iOrpDDdRCFAF6RM/oxXqwnqxX623RWrDymUP0C9b7F/xLjTI=</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>

1  2  3  4
1  2  3  4
1  2  3  4
1  2  3  4

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

2  2  2  2
3  3  3  3
4  4  4  4
5  5  5  5

Can we translate image U by 1 pixel up?

Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

x(m,n) =
<latexit sha1_base64="sAHxASjnX3i9LofSBcAbkbSpI9c=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkWoICXV4mMhFN24rGAf0IYymU7aoTOTMDMRS+hHuHGhiFu/x51/4yQNotYDFw7n3Mu993gho0o7zqeVW1hcWl7JrxbW1jc2t4rbOy0VRBKTJg5YIDseUoRRQZqaakY6oSSIe4y0vfF14rfviVQ0EHd6EhKXo6GgPsVIG6n9UOZH4vCyXyw5FSeFPU+qGSlBhka/+NEbBDjiRGjMkFLdqhNqN0ZSU8zItNCLFAkRHqMh6RoqECfKjdNzp/aBUQa2H0hTQtup+nMiRlypCfdMJ0d6pP56ifif1420f+7GVISRJgLPFvkRs3VgJ7/bAyoJ1mxiCMKSmlttPEISYW0SKqQhXCQ4/X55nrSOK9WTSu22VqpfZXHkYQ/2oQxVOIM63EADmoBhDI/wDC9WaD1Zr9bbrDVnZTO78AvW+xdJro8F</latexit>

y(m,n) =
<latexit sha1_base64="8Hs5uTFxuQ1vMhvOP4AI2uMHqVY=">AAAB7nicbVDLSsNAFL3xWeur6tJNsAgVpCRafCyEohuXFewD2lAm00k7dGYSZiZCCf0INy4Ucev3uPNvnKRB1HrgwuGce7n3Hj9iVGnH+bQWFpeWV1YLa8X1jc2t7dLObkuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf3yT+u0HIhUNxb2eRMTjaChoQDHSRmpPKvxYHF31S2Wn6mSw54mbkzLkaPRLH71BiGNOhMYMKdV1nUh7CZKaYkamxV6sSITwGA1J11CBOFFekp07tQ+NMrCDUJoS2s7UnxMJ4kpNuG86OdIj9ddLxf+8bqyDCy+hIoo1EXi2KIiZrUM7/d0eUEmwZhNDEJbU3GrjEZIIa5NQMQvhMsXZ98vzpHVSdU+rtbtauX6dx1GAfTiACrhwDnW4hQY0AcMYHuEZXqzIerJerbdZ64KVz+zBL1jvX0s4jwY=</latexit>

m = 2
<latexit sha1_base64="Bx3Xqz4YEtedqXMEJqAl+YsjrDU=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS1+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQXXNYG5YpdtTOgReLkpAI5moPyR38YkjigQhOOleo5dqTdBEvNCKezUj9WNMJkgke0Z6jAAVVukp06Q0dGGSI/lKaERpn6cyLBgVLTwDOdAdZj9ddLxf+8Xqz9czdhIoo1FWS+yI850iFK/0ZDJinRfGoIJpKZWxEZY4mJNumUshAuUpx+v7xI2rWqc1Kt39Yrjas8jiIcwCEcgwNn0IAbaEILCIzgEZ7hxeLWk/Vqvc1bC1Y+sw+/YL1/AeHTjaw=</latexit>

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

0  0  0  0
0  0  0  0
0  0  0  0

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
2  3  2  1  

1  3  1  2     
0  1  0  3  

<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="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>

(m,n)
<latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit>

Can we translate image U by 1/2 pixel?

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

?
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Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

Image translation:

input image output image

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  0  0  2  
2  3  2  1  

1  3  1  2     
0  1  0  3  

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

0.5 0.5  0  0
0  0  0  0

0  0  0  0     
0  0  0  0 =⌦

<latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>

0.5

(m,n)
<latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit><latexit sha1_base64="42kUEVP9VRebkFYmtfUR7N+6pQY="></latexit>

Can we translate image U by 1/2 pixel?

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

169

Spatial Transformer networks [Jaderberg 2016]
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How does the affine_grid works? 

Image translation:

bilinear interpolation
input image output image

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  3  1  2     
0  1  0  3  

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

1  0  0  2  
2  3  2  1  

3  3  2  2
3  3  2  2
1  1  0  0
1  1  0  0
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How does the affine_grid works? 

Image crop:

input image output image

https://arxiv.org/pdf/1506.02025.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=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0=">AAAFqXicvVRda9swFFVbe+u8r3R73ItYSGkJBNsM1ocOyvayhz20sKRhsTGyIiei8geSnM54/m37D3vbv5mUZGljmwz6MNkWl3POvTrXshVmjApp27/39g8M89HjwyfW02fPX7zsHL0aiTTnmAxxylI+DpEgjCZkKKlkZJxxguKQkevw5pPmrxeEC5omX2WRET9Gs4RGFCOpoODo4GfPizjCpZchLiliMKvu4tvAqeAHuEOxqG rk4h5ZqPQaraHt+lZPzWoRPfd3edFSj5FITnaovBjJeRiVt1XlcTqbSz8oBZ3FKZ3q9N1em62eKLhfBO5pTdko1eyrpZiCvwfOaVOo0JaK7pbQraDSbNo7/xvaTTPbW1g6TvWPXSxWooaDJdqs1d+5ok5zW4u5DyrmtjpzH+bMbXXmtjmzvJDMaFJKFOYM8ar8wTaXIuf6l7PgMby7PQ/+B9gjyXRjygo6XXtgLwdsBs466IL1uAw6v7xpivOYJBIzJMTEsTPpl7p3zIhqLBckQ/gGzchEhQmKifDL5UlTwZ5CpjBKuXoSCZfo/YwSxUIUcaiU+vMUdU6Dbdwkl9GZX9IkyyVJ8GqhKGdQplAfW3BKOcGSFSpAmFPlFeI5Uvso1eGmX4JTb7kZjNyBYw+cq3fdi4/r13EI3oC34AQ44D24AJ/BJRgCbBwbX4yhMTL75pU5Nr+tpPt765zXYGuY+A9NNOGQ</latexit>

1  3  1  2     
0  1  0  3  

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

m = 1
<latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit><latexit sha1_base64="HbfsFpSV3O0h4ssgoP1VSz51iGs="></latexit>

n = 1
<latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit><latexit sha1_base64="M/UNex3VpBFAEe/wRlPXLhZbgvk="></latexit>

⌦
<latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit><latexit sha1_base64="dqZHmeSHs8NvG9HGgt9pWAIqyP8="></latexit>

=
1  0  0  2  
2  3  2  1  

(m,n)
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What about rotation?
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Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

How does the affine_grid works? 

Image translation:

input image output image

https://arxiv.org/pdf/1506.02025.pdf
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Spatial Transformer networks [Jaderberg 2016]
https://arxiv.org/pdf/1506.02025.pdf

Also implemented 3D affine_grid transformation layer:

[R t] 2 R3⇥4
<latexit sha1_base64="2jGPzVb7YAMqDlwsTS1DDySUGUc="></latexit>

https://arxiv.org/pdf/1506.02025.pdf
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Outline
• Architectures of classification networks 
• Architectures of segmentation networks 
• Architectures of regression networks 
• Architectures of detection networks 
• Spatial Transformer networks 
• Architectures of feature matching networks
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LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

Input: RGB image
Output: set of detected feature points with descriptors

Descriptor is vector which is: 
• similar for corresponding points 
• and dissimilar for not corresponding points.
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https://arxiv.org/abs/1603.09114
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LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

Segmentation CNN for pixel-wise two-class labelling  
• class 1: “suitable feature point” 
• class 2: “unsuitable feature point”
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https://arxiv.org/abs/1603.09114
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Learnable Invariant Feature Descriptor (LIFThttps://www.researchgate.net/publication/323410987_2D3D_Pose_Estimation_and_Action_Recognition_using_Multitask_Deep_Learning/figures?lo=1)

LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

Score 
map

Probability 
 map

Expected value  
of x and y under  
the prob. distr.
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https://arxiv.org/abs/1603.09114
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LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

https://arxiv.org/pdf/1506.02025.pdf[Jaderberg, 2016]

Spatial Transformer Network

Bilinear approximation of affine  
transformation is differentiable !
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Two corresponding patches on distinctive points
One not corresponding patch on a distinctive point
One patch on a not distinctive point

LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

• Trained in end-to-end manner 
• Ground truth correspondences for training obtained from SfM 

and webcameras 
• Training set consists of four-touples:
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LIFT: Learnable Invariant Feature Descriptors  
[Yi et al ECCV 2016] https://arxiv.org/abs/1603.09114

• All patches are fed into the network and differentiable loss 
• Loss makes: 

• d1 and d2 as close as possible,  
• d3 as far as possible (from d1 and d2) 
• DET to have high response on p1,p2,p3 and small on p4
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Summary architectures

• Deeper architectures, with many small kernels with skip-
connections (e.g. ResNet, DenseNet) seems reasonable 

• Decreasing the spatial resolution while increasing spatial 
resolution allows to exploit context. 

• Atrous spatial pyramid seems to be viable replacement 
for max-pooling 

• Argmax is not differentiable, but it can be replaced by 
expected value. 

• Any affine transformation can be tackled by Spatial 
Transform Layer 

• Divide and Conquer strategy with as many as possible 
auxiliary losses seems to work well on many problems 

• A lot of dark-magic needed for successful training
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