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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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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
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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 

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)

15

• VGGNet: three 3x3 filters (3x9+3 params) 
has the same reception filed

receptive field

https://arxiv.org/abs/1409.1556


VGGNet vs AlexNet

• AlexNet: one 7x7 filter (49+1 params)

16

• VGGNet: three 3x3 filters (3x9+3 params) 
has the same receptive field

receptive field

Simonyan and Zissermann,Very Deep Convolutional Networks for Large Scale Image 
Recognition, 2014

https://arxiv.org/abs/1409.1556

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

https://arxiv.org/abs/1409.1556


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
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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
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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
24
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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:
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Visualizing Loss Landscape of Neural Nets
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[Li et al, NIPS, 2018] https://arxiv.org/pdf/1712.09913.pdf
f(↵,�) = L(w⇤ + ↵u+ �v)

<latexit sha1_base64="uQESNwDNckJNWctOzWkisRl7iUo="></latexit>

for randomly chosen (and normalized) directions u,v
<latexit sha1_base64="Jwv3t+rjYyc0QwyMhAn77m/gT/M=">AAAB/3icbVDLSgMxFL1TX7W+RgU3igSL4ELKjCK6LLpx2YJ9QDuUTJppg5kHSaZQxi5c+CNuXCjisv6GO7/BnzDTVtDWA4HDOfdyT44bcSaVZX0ambn5hcWl7HJuZXVtfcPc3KrKMBaEVkjIQ1F3saScBbSimOK0HgmKfZfTmnt7lfq1HhWShcGN6kfU8XEnYB4jWGmpZe40fay6rpfEg2P0w3uDlpm3CtYIaJbYE5Iv7g3LXw/7w1LL/Gi2QxL7NFCEYykbthUpJ8FCMcLpINeMJY0wucUd2tA0wD6VTjLKP0CHWmkjLxT6BQqN1N8bCfal7PuunkwTymkvFf/zGrHyLpyEBVGsaEDGh7yYIxWitAzUZoISxfuaYCKYzopIFwtMlK4sp0uwp788S6onBfu0cFbWbVzCGFnYhQM4AhvOoQjXUIIKELiDR3iGF+PeeDJejbfxaMaY7GzDHxjv30NWmfg=</latexit>

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


forward pass

29

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="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit>

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

output

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

<latexit sha1_base64="tkGIk+oA8BtTFN5ZSckrWKDgEGA="></latexit>

z = f(g(y))



forward pass:

output
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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="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit>

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

gradient @f(x)

@x

@g(y)

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

@f(x)

@x

@g(y)

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

@f(x)

@x

@g(y)

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

backward pass:

@f(x)

@x
⇡ 0

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

if

then gradient is 
always zero

<latexit sha1_base64="JJQGElEnaWsl56YehtSeDQVqTUY="></latexit>

@z

@y
⇡ 0

@z

@y
=

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

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

<latexit sha1_base64="tkGIk+oA8BtTFN5ZSckrWKDgEGA="></latexit>

z = f(g(y))



forward pass:

output

31

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="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></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

@y
=

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

backward pass:

@f(x)

@x
⇡ 0

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

if

+

@f(x)

@x

@g(y)

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

then gradient is
<latexit sha1_base64="zRTGPJyC+jmYN1HCU3+9gtvtleI="></latexit>

@z

@y
⇡ @g(y)

@y

gradient

<latexit sha1_base64="TRqONAdcfDTyabBj5r4b8hLR1d0="></latexit>

z = f(g(y)) + g(y)



forward pass:

output

32

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="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></latexit><latexit sha1_base64="+1i2/MQuTZIS0X24tyvBxnMkd/Y="></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>
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@z

@y
⇡ @g(y)

@y

gradient

Input values can still influence the output via skip connection !
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z = f(g(y)) + g(y)



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! (via red skip-connections)
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Visualizing Loss Landscape of Neural Nets
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[Li et al, NIPS, 2018] https://arxiv.org/pdf/1712.09913.pdf

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


ResNet: deep ConvNet with skip connections
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ResNet

ResNet-NS



ResNet: deep ConvNet with skip connections
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[Li et al, NIPS, 2018] https://arxiv.org/pdf/1712.09913.pdf

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


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 (many independent paths)

• Robustness wrt noise and layer removal

37

https://arxiv.org/abs/1512.03385


Unraveled view of ResNet

• There exists many “almost independent” paths

• Unravelling of ResNet architecture allows to understand robustness wrt noise and 

layer removal
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ResNet =>DenseNet
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Start with multilayer ResNet architecture
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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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concat concat concat

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

• 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%
42



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

44

costs almost nothing



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-50/ResNet-101 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

46

https://arxiv.org/abs/1801.05134


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

47



Semantic segmentation
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Semantic segmentation
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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>

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>

54

ground truth (1-hot encoding)



Semantic segmentation

<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 (1-hot encoding)

�
<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>

�
<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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ground truth (1-hot encoding)



Semantic segmentation

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

• Loss: cross entropy/focal loss summed over all pixels

• Convolution layers:


• decrease spatial resolution 

• increase number of channels


• Deconvolution layers: exactly opposite

57

https://arxiv.org/pdf/1505.04366.pdf


(                ,           ) =

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

Transposed convolution

trconv

1  3  0
2  0  1
0  3  1

58

<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

image 
(3x3)

kernel 
(2x2)

stride=1,  
padding=0
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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>

(                       ,           ) =conv

<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  0
2  0  1
0  3  1

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

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>

trconv

1  3  0
2  0  1
0  3  1

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

1  1 
2  0

image 
(NxN)

kernel 
(KxK)

stride=1,  
padding=0

stride=1,  
padding=K-1

image 
(N+K-1)x(N+K-1)

kernel 
(KxK)

Transposed 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>

(                       ,           ) =conv

<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  0
2  0  1
0  3  1

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

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>

trconv

1  3  0
2  0  1
0  3  1

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

1  1 
2  0

image 
(NxN)

kernel 
(KxK)

stride=1,  
padding=0

stride=1,  
padding=K-1

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

output 
(4x4)

image 
(N+K-1)x(N+K-1)

kernel 
(KxK)

Transposed 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>

(                                 ,           ) =conv

<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>

trconv

1  3  0
2  0  1
0  3  1

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

1  1 
2  0

image 
(NxN)

kernel 
(KxK)

stride=2,  
padding=0 stride=1,  

padding=K-1

output 
(6x6)

<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 0

2 0 1

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

0 3 1 <latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

image 
((N-1)*K+K-1)x((N-1)*K+K-1)

kernel 
(KxK)

Transposed convolution



62https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

Transposed convolution

https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md


(           ) =

unpooling

unpool

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  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



(           ) =

max-unpooling

max-unpool

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  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
bed-of-nails unpooling



Semantic segmentation

Upsampling loses shape details

65

[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


Semantic segmentation

66

[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


Semantic segmentation

67

[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


Semantic segmentation

68



Semantic segmentation

69

• 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



Atrous 
ConvNet

70

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

DeepLab v3

• Replace “maxpooling+conv” by “atrous convolution”

• Replace deconvolutions by bi-linear interp+CRF

✓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>

dense CRF

https://arxiv.org/pdf/1606.00915.pdf


(             ,       )
<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

71

Dilatation rate = 1



(             ,       )
<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

<latexit sha1_base64="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

72

Dilatation rate = 2



Atrous convolution layer

73https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md


Atrous vs standard convolution for segmentation

74

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

https://arxiv.org/pdf/1606.00915.pdf


Atrous vs standard convolution for segmentation

75

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

https://arxiv.org/pdf/1606.00915.pdf


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

DeepLab v3

✓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>

dense CRF

• Replace conv+deconv by Atrous Convolution

https://arxiv.org/pdf/1606.00915.pdf


Atrous 
ConvNet

77

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

DeepLab v3

• Replace conv+deconv by Atrous Convolution

✓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>

dense CRF

https://arxiv.org/pdf/1606.00915.pdf


78

[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<latexit sha1_base64="nkMrL5dXfQJGA76/9zWScwvBmkg="></latexit>

xi 2 {0, 1}

https://arxiv.org/pdf/1606.00915.pdf


79

[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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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>

✓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>

……

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>

=> greedy  
solution=>

<latexit sha1_base64="fniBfz+gFFEV0s0G+MqnVmjyvKo="></latexit>

arg min
x2{0,1}N

E(x)

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>

✓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 on similar pixels”

“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>

✓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>

……



“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>
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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>

✓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 on similar pixels”

✓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>

……
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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>

✓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 on similar pixels”

“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>

✓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>

……
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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>

✓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>

✓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>

✓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 86
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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>

✓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 87
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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>

✓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 with  
dissimilar labels 88
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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)
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• Direct optimization complicated (NP complete)

• Mean field approximation [Koltun NIPS 2011] 

https://arxiv.org/pdf/1210.5644.pdf
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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
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https://github.com/tensorflow/models/tree/master/research/deeplab
http://www.robustvision.net/leaderboard.php?benchmark=semantic


Segmentation summary, [Torr et al. SPM, 2018]
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http://www.robots.ox.ac.uk/~tvg/publications/2017/
CRFMeetCNN4SemanticSegmentation.pdf

http://www.robots.ox.ac.uk/~tvg/publications/2017/CRFMeetCNN4SemanticSegmentation.pdf
http://www.robots.ox.ac.uk/~tvg/publications/2017/CRFMeetCNN4SemanticSegmentation.pdf


PyTorch implementation of differentiable ConvCRF layer 
[Teichmann & Cipolla, BMVC, 2019]

https://arxiv.org/pdf/1805.04777.pdf

pred = gausscrf.forward(unary=unary_var, img=img_var)
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