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Fully connected neural network
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Learning prone to overfitting, the structure is too general, the resulting function is wild



The Tungsten Electrode [Hubel-Science-1957]

• Device capable to record signal from a single neuron
http://braintour.harvard.edu/archives/portfolio-items/hubel-and-wiesel

3

http://braintour.harvard.edu/archives/portfolio-items/hubel-and-wiesel


• Experiment with anaesthetised paralysed cat

[Hubel and Wiesel 1959]
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[Hubel and Wiesel 1960]

https://knowingneurons.com/2014/10/29/hubel-and-wiesel-the-neural-basis-of-visual-perception/
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• Edge sensitivity 
• Topographical mapping 

(nearby neurons process  
information from nearby  
visual fields) 

• Translation invariance  
(the same edge is detected  
at all positions)



[Hubel and Wiesel 1960]

https://knowingneurons.com/2014/10/29/hubel-and-wiesel-the-neural-basis-of-visual-perception/

 paralysed cat awake monkey
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Hubel and Wiesel experiments in 1950s and 1960s

• Nobel Prize in Physiology and Medicine in 1981 
• Dr. Hubel: “There has been a myth that the brain cannot 

understand itself.  It is compared to a man trying to lift 
himself by his own bootstraps.  We feel that is nonsense.  
The brain can be studied just as the kidney can.”

https://knowingneurons.com/2014/10/29/hubel-and-wiesel-the-neural-basis-of-visual-perception/ 7
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• Processing of visual information 
in cortex is not fully connected.
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1. Topographical map: nearby neurons process information from nearby visual fields
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1. Topographical map: nearby neurons process information from nearby visual fields
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• Processing of visual information 
in cortex is not fully connected.



�(w>
1 x)

<latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="w8kQyugbVzma743A9QYsnWo7KQE="></latexit><latexit sha1_base64="w8kQyugbVzma743A9QYsnWo7KQE="></latexit><latexit sha1_base64="BwLq/jFZ+T94IVIDCaVUP9qtSjk="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit><latexit sha1_base64="Tenicb6ZTUaVtUs4NVU1NmQfFu0="></latexit>

�(w>
2 x)

<latexit sha1_base64="miHO/CTPxE9gUnUVIhAPYF8jOyc="></latexit><latexit sha1_base64="miHO/CTPxE9gUnUVIhAPYF8jOyc="></latexit><latexit sha1_base64="miHO/CTPxE9gUnUVIhAPYF8jOyc="></latexit><latexit sha1_base64="miHO/CTPxE9gUnUVIhAPYF8jOyc="></latexit>

�(w>
3 x)

<latexit sha1_base64="OAWv2XZuUdn5MwL85rRX9mrE+h0="></latexit><latexit sha1_base64="OAWv2XZuUdn5MwL85rRX9mrE+h0="></latexit><latexit sha1_base64="OAWv2XZuUdn5MwL85rRX9mrE+h0="></latexit><latexit sha1_base64="OAWv2XZuUdn5MwL85rRX9mrE+h0="></latexit>

�(v>
1 y)

<latexit sha1_base64="wqwM4FNv0kvZIbzSXaxXc9jaRQM="></latexit><latexit sha1_base64="wqwM4FNv0kvZIbzSXaxXc9jaRQM="></latexit><latexit sha1_base64="wqwM4FNv0kvZIbzSXaxXc9jaRQM="></latexit><latexit sha1_base64="wqwM4FNv0kvZIbzSXaxXc9jaRQM="></latexit>

�(v>
2 y)

<latexit sha1_base64="EeCcc9QzwdyGRek/mjqT9kJODkw="></latexit><latexit sha1_base64="EeCcc9QzwdyGRek/mjqT9kJODkw="></latexit><latexit sha1_base64="EeCcc9QzwdyGRek/mjqT9kJODkw="></latexit><latexit sha1_base64="EeCcc9QzwdyGRek/mjqT9kJODkw="></latexit>

�(v>
3 y)

<latexit sha1_base64="UogVJZ2+p95YgsS8I6nBeGAR7dc="></latexit><latexit sha1_base64="UogVJZ2+p95YgsS8I6nBeGAR7dc="></latexit><latexit sha1_base64="UogVJZ2+p95YgsS8I6nBeGAR7dc="></latexit><latexit sha1_base64="UogVJZ2+p95YgsS8I6nBeGAR7dc="></latexit>

�(u>z)
<latexit sha1_base64="keO5xRrM2j15heiRa0YvCoBw62Y="></latexit><latexit sha1_base64="keO5xRrM2j15heiRa0YvCoBw62Y="></latexit><latexit sha1_base64="keO5xRrM2j15heiRa0YvCoBw62Y="></latexit><latexit sha1_base64="keO5xRrM2j15heiRa0YvCoBw62Y="></latexit>

10

pi
xe

l1
pi

xe
l2

pi
xe

l3
pi

xe
l4

image
pi

xe
l5

should do  
the same thing

2. Translation invariance: the same edge is detected at all positions
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the same thing

2. Translation invariance: the same edge is detected at all positions
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2. Translation invariance: the same edge is detected at all positions
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<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

<latexit sha1_base64="gjhmoJTm/mnkHY1eNTTTPWFqCRI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3n6g2TMkHO0loKPBQspgRbJ3U6hk2FLhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENLqu1+1qlfpfHUYQTOIVzCOAK6nALDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/oWiPMw==</latexit>�

<latexit sha1_base64="gjhmoJTm/mnkHY1eNTTTPWFqCRI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3n6g2TMkHO0loKPBQspgRbJ3U6hk2FLhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENLqu1+1qlfpfHUYQTOIVzCOAK6nALDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/oWiPMw==</latexit>�

<latexit sha1_base64="gjhmoJTm/mnkHY1eNTTTPWFqCRI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL3qLYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3n6g2TMkHO0loKPBQspgRbJ3U6hk2FLhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENLqu1+1qlfpfHUYQTOIVzCOAK6nALDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/oWiPMw==</latexit>�



Fully Connected layer on images

Fully-connected layer

input  
(7x7 image)

output  
(fcnn layer with 
5x5 neurons)



Fully Connected layer on images

Fully-connected layer

input  
(7x7 image)

output  
(fcnn layer with 
5x5 neurons)

σ(∑ W1 ⋅ X)



Fully Connected layer on images

Fully-connected layer

input  
(7x7 image)

output  
(fcnn layer with 
5x5 neurons)

σ(∑ W2 ⋅ X)σ(∑ W1 ⋅ X)



Fully Connected layer on images

Fully-connected layer

input  
(7x7 image)

output  
(fcnn layer with 
5x5 neurons)

σ(∑ W3 ⋅ X)σ(∑ W2 ⋅ X)σ(∑ W1 ⋅ X)

25x(7x7+1)=1250
How many weights do I have in total?



Fully Connected layer on images

Convolutional layer

σ(conv(X, w))

Fully-connected layer

input  
(7x7 image)

output  
(fcnn layer with 
5x5 neurons)

σ(∑ W3 ⋅ X)σ(∑ W2 ⋅ X)σ(∑ W1 ⋅ X)

25x(7x7+1)=1250
How many weights do I have in total?

3x3+1=10
How many weights do I have in total?



Convolution forward pass

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

image

kernel/filter

filter response/ 
output map

18



(              ,          )

Convolution forward pass

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

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

y11 = w11x11 + w12x12 + w21x21 + w22x22
<latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit>

y12 = w11x12 + w12x13 + w21x22 + w22x23
<latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit>

y22 = w11x22 + w12x23 + w21x32 + w22x33
<latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit>

y21 = w11x21 + w12x22 + w21x31 + w22x32
<latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit>
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Local linear classifier run in double-for-loop over rows and columns



Convolution forward pass

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

conv
<latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit><latexit sha1_base64="rYjS16Fz8HqnaHXFceXPRHpu7iU="></latexit> (              ,          )=

y11 = w11x11 + w12x12 + w21x21 + w22x22
<latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit>

y12 = w11x12 + w12x13 + w21x22 + w22x23
<latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit>

y22 = w11x22 + w12x23 + w21x32 + w22x33
<latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit>

y21 = w11x21 + w12x22 + w21x31 + w22x32
<latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit>
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Local linear classifier run in double-for-loop over rows and columns



(              ,          )x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

Convolution forward pass

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

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

y11 = w11x11 + w12x12 + w21x21 + w22x22
<latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit>

y12 = w11x12 + w12x13 + w21x22 + w22x23
<latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit>

y22 = w11x22 + w12x23 + w21x32 + w22x33
<latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit>

y21 = w11x21 + w12x22 + w21x31 + w22x32
<latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit>
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Local linear classifier run in double-for-loop over rows and columns



(              ,          )x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

Convolution forward pass

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

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

y11 = w11x11 + w12x12 + w21x21 + w22x22
<latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit>

y12 = w11x12 + w12x13 + w21x22 + w22x23
<latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit>

y22 = w11x22 + w12x23 + w21x32 + w22x33
<latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit>

y21 = w11x21 + w12x22 + w21x31 + w22x32
<latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit>
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Local linear classifier run in double-for-loop over rows and columns



(              ,          )x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

Convolution forward pass

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y = conv(x,w)
<latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit><latexit sha1_base64="Ea6PfSV+5dy1nsU78o8gktEmtE4="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

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

y11 = w11x11 + w12x12 + w21x21 + w22x22
<latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit><latexit sha1_base64="3BtcH7Mf0RGUeJhaMlIhAw58jCs="></latexit>

y12 = w11x12 + w12x13 + w21x22 + w22x23
<latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit><latexit sha1_base64="bMgxrfxz7PCbaVrpn9y4aXmuO60="></latexit>

y22 = w11x22 + w12x23 + w21x32 + w22x33
<latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit><latexit sha1_base64="fARetgCrQEW3S+peYxNF/ebjhqA="></latexit>

y21 = w11x21 + w12x22 + w21x31 + w22x32
<latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit><latexit sha1_base64="Eo9e9w0Ht4jHuq5B5KzGnwBMZps="></latexit>
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Local linear classifier run in double-for-loop over rows and columns



(             ,       )

Convolution layer properties - output size

<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 ?)

24



(             ,       )
<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 properties - output size
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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 ?)

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

Convolution layer properties - output size
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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 ?)

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

Convolution layer properties - output size
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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)

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

output 
(4x4)

Convolution layer properties - output size
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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> =

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

Convolution layer properties - output size

29

M = N - K + 1

image 
(NxN)

kernel  
(KxK)

output 
(MxM)



(             ,       )
<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)

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

stride = 1

output 
(4x4)

kernel moves by 1 pixel

Convolution layer properties - stride

30



(             ,       )
<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)

stride = 3

kernel moves by 3 pixels

output 
(? x ?)

Convolution layer properties - stride

31



(             ,       )
<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)

stride = 3

kernel moves by 3 pixels

output 
(? x ?)

Convolution layer properties - stride

<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>

32



(             ,       )
<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)

stride = 3

kernel moves by 3 pixels

output 
(? x ?)

Convolution layer properties - stride

<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>

33



(             ,       )
<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)

stride = 3

output 
(2x2)

<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>

kernel moves by 3 pixels

Convolution layer properties - stride

34



(             ,       )
<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 
(NxN)

kernel  
(KxK)

M = floor( (N-K) / stride + 1)

output 
(MxM)

<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>

e.g. M = (5-2) / 3 +1 = 2

stride

Convolution layer properties - stride

35



(               ,     )
<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 
(6x6)

added border of size 1

Convolution layer properties - pad

<latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit>

pad = 1

0  0  0  0  0  0  0

0  0  0  0  0  0  0

0  
0  
0  
0  
0

0  
0  
0  
0  
0

<latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></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>

<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 
(N+2*pad)X(N+2*pad)

kernel  
(KxK)

output 
(MxM)

added border of size 1

Convolution layer properties - pad

<latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit><latexit sha1_base64="V7kXcVoo4zVY1hqbpMA+nY9QeHI="></latexit>

0  0  0  0  0  0  0

0  0  0  0  0  0  0

0  
0  
0  
0  
0

0  
0  
0  
0  
0

<latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit><latexit sha1_base64="ALenmK1J63VQJmrI54OHSTLdnwM="></latexit>

M = floor( (N+2*pad-K) / stride + 1)

37



Convolution + padding + stride

38https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

convolution padding padding+stride

input
output



(             ,       )
<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

39

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 ?)

Dilated convolution layer

40

Dilatation rate = 2



41https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

dilatation rate = 1 dilatation rate = 2

input
output

Dilated convolution layer



Transposed convolution

42https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

no padding 
no stride

input
output

Upsampling / smart interpolation



Transposed convolution

43https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

no padding 
no stride

input
output

no padding 
stride

Upsampling / smart interpolation



Transposed convolution

44https://github.com/vdumoulin/conv_arithmetic/blob/master/README.md

no padding 
no stride

input
output

no padding 
stride

padding 
stride

Upsampling / smart interpolation
full padding 

no stride



45

Input image Input kernel

Output

nn.Conv2d(1,1,6)nn.Conv2d(1,1,3) nn.Conv2d(1,1,12)

1,  1,  1,  1,  1,  1
1,  1,  1,  1,  1,  1
1,  1,  1,  1,  1,  1
1,  1,  1,  1,  1,  1
1,  1,  1,  1,  1,  1
1,  1,  1,  1,  1,  1



46

Input image Input kernel Output

nn.Conv2d(1,1,6) nn.Conv2d(1,1,12)



47nn.Conv2d(1,1,12)nn.Conv2d(1,1,6)

Input image Input kernel Output

Input image Input kernel Output

nn.Conv2d(1,1,6) nn.Conv2d(1,1,12)



48

Input image Input kernel

nn.Conv2d(1,1,6,  
padding=(15,15))

nn.Conv2d(1,1,6,  
stride=(3,3))

Output

nn.Conv2d(1,1,6) nn.Conv2d(1,1,12)

Meaning of padding and stride



49

Input image Input kernel

nn.Conv2d(1,1,6,  
dilation=2)

Output

nn.Conv2d(1,1,6) nn.Conv2d(1,1,12)

Meaning of dilation

compare!



???

50

Input image Input kernel Output

nn.Conv2d(1,1,32,  
padding=(15,15))Meaning of kernel

Convolution is locally applied linear classifier that computes correlation between 
kernel and image



Let’s build a convolutional layer !



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

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

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

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

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

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

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

RGB image 
(5x5x3)

kernel  
(2x2x3)

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

output 
(4x4x1)

Multi-channel convolution

52



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

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

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

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

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

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

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

RGB image 
(5x5x3)

kernel  
(2x2x3)

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

output 
(4x4x1)

Multi-channel convolution

53



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

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

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

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

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

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

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

RGB image 
(5x5x3)

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

output 
(4x4x1)

Multi-channel convolution

kernel  
(2x2x3)

54



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

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

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

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

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

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

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

RGB image 
(5x5x3)

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

output 
(4x4x1)

Multi-channel convolution

kernel  
(2x2x3)

55



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

Multi-channel convolution

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

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

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

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

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

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

RGB image 
(5x5x3)

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

output 
(4x4x1)

kernel  
(2x2x3)

56



Convolutional layer

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

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

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

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

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

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

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

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

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

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

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

57



Convolutional layer

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>
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<latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit><latexit sha1_base64="KHyC7Ab4PxC7wuFDyE3Gj3iY8T4="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

conv(x,w3)
<latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit><latexit sha1_base64="g+HHi6d+baREyZJAG21bd6ac+M4="></latexit>
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<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=2, kernel_size=2 
                         stride=1, padding=1)

5x5x3



Convolutional layer

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=2, kernel_size=2 
                         stride=1, padding=1)

5x5x3

also number 
 of kernels

4x4x2



Convolutional layer

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y2
<latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit><latexit sha1_base64="53VtBhVDfYk0AS80I97WYeoUn5E="></latexit>
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# initialise
import torch.nn as nn
# define 2D convolutional layer
first_layer = nn.Conv2d(in_channels=3, out_channels=2, kernel_size=2 
                         stride=1, padding=1)

5x5x3

2x2x3

2x2x3

4x4x2



Let’s train the convolutional network !



Example: 1D convolution backward pass

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>
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w = [+2
−2]

x =

1
2
2
1

z = [
−2
0
2 ]

p(y) p

∂z
∂w

= ???



Example: 1D convolution backward pass

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>
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w = [+2
−2]

p(y) p

∂z
∂w

=
∂[w0x0 + w1x1, w0x1 + w1x2, w0x2 + w1x3]

∂w
=

x0, x1
x1, x2
x2, x3

def          : 

return v⊤ ⋅
∂z
∂w

vjpconv_w(v, x)

= [v0, v1, v2] ⋅
x0, x1
x1, x2
x2, x3

= [v0x0 + v1x1 + v2x2, v0x1 + v1x2 + v2x3]

x =

1
2
2
1

= conv(x, v)

z = [
−2
0
2 ]



2D Convolution backward pass

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

=?

67

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

@p

@w11
=

@p

@y11

@y11
@w11

+
@p

@y12

@y12
@w11

+
@p

@y21

@y21
@w11

+
@p

@y22

@y22
@w11

<latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit>

?

68

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11

@y11
@w11

+
@p

@y12

@y12
@w11

+
@p

@y21

@y21
@w11

+
@p

@y22

@y22
@w11

<latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit>

69

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11

@y11
@w11

+
@p

@y12

@y12
@w11

+
@p

@y21

@y21
@w11

+
@p

@y22

@y22
@w11

<latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit>

@y11
@w11

=
@(w11x11 + w12x12 + w21x21 + w22x22)

@w11
= x11

<latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="h0kFYaN1T8D7Eb9w8f1x3DJAkrg="></latexit><latexit sha1_base64="h0kFYaN1T8D7Eb9w8f1x3DJAkrg="></latexit><latexit sha1_base64="ZiJ0BOILAyvOrtumdU2E7X5I35c="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit>

70

?

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11

@y11
@w11

+
@p

@y12

@y12
@w11

+
@p

@y21

@y21
@w11

+
@p

@y22

@y22
@w11

<latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit><latexit sha1_base64="MZ3VH2Tuob3RO4CCoQbqDJNIFPU="></latexit>

@y11
@w11

=
@(w11x11 + w12x12 + w21x21 + w22x22)

@w11
= x11

<latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="h0kFYaN1T8D7Eb9w8f1x3DJAkrg="></latexit><latexit sha1_base64="h0kFYaN1T8D7Eb9w8f1x3DJAkrg="></latexit><latexit sha1_base64="ZiJ0BOILAyvOrtumdU2E7X5I35c="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit><latexit sha1_base64="TK2qhB6zmt99RRw/aGMSxxsTUkE="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>

@p

@w12
=

@p

@y11
x12 +

@p

@y12
x13 +

@p

@y21
x22 +

@p

@y22
x23

<latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

?

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>

@p

@w12
=

@p

@y11
x12 +

@p

@y12
x13 +

@p

@y21
x22 +

@p

@y22
x23

<latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>

@p

@w12
=

@p

@y11
x12 +

@p

@y12
x13 +

@p

@y21
x22 +

@p

@y22
x23

<latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit>

@p

@w21
=

@p

@y11
x21 +

@p

@y12
x22 +

@p

@y21
x31 +

@p

@y22
x32

<latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit>
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>

@p

@w12
=

@p

@y11
x12 +

@p

@y12
x13 +

@p

@y21
x22 +

@p

@y22
x23

<latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit>

@p

@w22
=

@p

@y11
x22 +

@p

@y12
x23 +

@p

@y21
x32 +

@p

@y22
x33

<latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit>

@p

@w21
=

@p

@y11
x21 +

@p

@y12
x22 +

@p

@y21
x31 +

@p

@y22
x32

<latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit>

76

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

@p

@w11
=

@p

@y11
x11 +

@p

@y12
x12 +

@p

@y21
x21 +

@p

@y22
x22

<latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="5CPneNRU86eUUd6e/sqEGI0qhu4="></latexit><latexit sha1_base64="h685obmz5lFIA57zJjFDQUWL1HU="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit><latexit sha1_base64="QNaqdrNcPSMho1uDFjGXf8lAuiM="></latexit>

@p

@w12
=

@p

@y11
x12 +

@p

@y12
x13 +

@p

@y21
x22 +

@p

@y22
x23

<latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit><latexit sha1_base64="YHa0Lz7yYvYxpZ/0ajmXHPdfl1k="></latexit>

@p

@w22
=

@p

@y11
x22 +

@p

@y12
x23 +

@p

@y21
x32 +

@p

@y22
x33

<latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit><latexit sha1_base64="Qx1V6g9uARCLzemwxPssVrKyorQ="></latexit>

@p

@w21
=

@p

@y11
x21 +

@p

@y12
x22 +

@p

@y21
x31 +

@p

@y22
x32

<latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit><latexit sha1_base64="o0HH3AhPrL1OaCuCXDKI/tx99/0="></latexit>

77

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

2D Convolution backward pass



(             ,           )x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

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

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

vjpconv_w(
∂p
∂y

, x) =
@p

@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

Convolution backward pass wrt weights

• Backpropagation of convolutional layer wrt weights is defined as: 
“convolution of input feature map with upstream gradient” 78

p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

∂p
∂y

=
vjpconv_w(

∂p
∂y

, x)

@p
@w11

@p
@w12

@p
@w21

@p
@w22

<latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit><latexit sha1_base64="N2MS0gzV09DrbKGWO2QGvOFU68Q="></latexit>

∂p
∂w

=



y11 y12
y21 y22

<latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit><latexit sha1_base64="+qgbEThO+qedQcD62FLw8DqjWyU="></latexit>

p
<latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit><latexit sha1_base64="7VFZZBv/wvqJ+Vdjmp5rCIvLVso="></latexit>

w11 w12

w21 w22
<latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit><latexit sha1_base64="wv5JO6ahOJNqL7uDL90Gh9CQNcI="></latexit>

x11 x12 x13

x21 x22 x23

x31 x32 x33
<latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="xyqHm4EZdP3NGb2Uh7oDRJA6v2k="></latexit><latexit sha1_base64="myG5KjOmrE2u4m/htY6ozjdcb+Y="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit><latexit sha1_base64="YpdaTyJ/ihsAfznWF2pLNfcFkKk="></latexit>

conv(x,w)
<latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit><latexit sha1_base64="MIjY+1RIK1frosCptNOzwUww4to="></latexit>

Convolution backward pass wrt feature map
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p(y)
<latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit><latexit sha1_base64="RCwgr6p39wSRFTMv9LAUj54A0Ak="></latexit>

upstream 
 gradient

@p
@y11

@p
@y12

@p
@y21

@p
@y22

<latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit><latexit sha1_base64="k4MnYX70ZqBZTMbfAz88k1OjyH0="></latexit>

∂p
∂y

=
vjpconv_x(

∂p
∂y

, w)

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

@p
@x11

@p
@x12

@p
@x13

@p
@x21

@p
@x22

@p
@x23

@p
@x31

@p
@x32

@p
@x33

<latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit>

(               ,        )w22 w21

w12 w11
<latexit sha1_base64="hBNbzMNtHdAwrlfdYxTv6Tu45dw="></latexit><latexit sha1_base64="hBNbzMNtHdAwrlfdYxTv6Tu45dw="></latexit><latexit sha1_base64="hBNbzMNtHdAwrlfdYxTv6Tu45dw="></latexit><latexit sha1_base64="hBNbzMNtHdAwrlfdYxTv6Tu45dw="></latexit>

0 0 0 0
0 @p

@y11

@p
@y12

0

0 @p
@y21

@p
@y22

0
0 0 0 0

<latexit sha1_base64="b9jl+KuSD/9DWej7O7UINNGM73o="></latexit><latexit sha1_base64="b9jl+KuSD/9DWej7O7UINNGM73o="></latexit><latexit sha1_base64="b9jl+KuSD/9DWej7O7UINNGM73o="></latexit><latexit sha1_base64="b9jl+KuSD/9DWej7O7UINNGM73o="></latexit>

vjpconv_x(
∂p
∂y

) =

∂p
∂x

=

@p
@x11

@p
@x12

@p
@x13

@p
@x21

@p
@x22

@p
@x23

@p
@x31

@p
@x32

@p
@x33

<latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit><latexit sha1_base64="52PGbP2e4Mun+oCo1jsHBKSfoRM="></latexit>

• Backpropagation of convolutional layer wrt input feature map is defined as: 
“convolution of padded upstream gradient with mirrored weights”



Convolution backward pass wrt input feature map
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Very important property of convolutional layer is:
Backpropagation is also convolution !!! 



Activation functions
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(                       ,   2x2 ) =

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

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2     
2  0  1  4     

1  3  0  2 
0  3  1  3    

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

3
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<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     
2  0  1  4     

1  3  0  2 
0  3  1  3    (                       ,   2x2 ) =

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

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

3  4

83



<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     
2  0  1  4     

1  3  0  2 
0  3  1  3    (                       ,   2x2 ) =

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

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

3  4 
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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>

1  3  0  2     
2  0  1  4     

1  3  0  2 
0  3  1  3    (                       ,   2x2 ) =

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

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

3  4 
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3  3  



Learning of a simple convolutional network

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

conv1 
layer

3x5x5 3x4x4

feature 
map

feature 
map

input 3D tensor: channels x height x width
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<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�(y)
<latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit>
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3x4x4

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

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

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

<latexit sha1_base64="W5ZdjMtr7/EN2ZUZ7AyYfZGMjQU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEWTrtlytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzRNPyZlVBiSMlX3SkLn6eyOjkdaTKLCTs4R62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjI7nwy4QmbExBLKFLdZCRtRRZmxJZVsCd7yyaukdVH1Lqu1+1qlfpfXUYQTOIVz8OAK6nALDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/bORKQ==</latexit>u

feature 
map

3x4x4

input 3D tensor: channels x height x width



Learning of a simple convolutional network

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�(y)
<latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit>

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

conv1 
layer

3x5x5

activ.  
function

3x4x4 3x2x2

feature 
map

feature 
map

feature 
map

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

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

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

<latexit sha1_base64="W5ZdjMtr7/EN2ZUZ7AyYfZGMjQU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEWTrtlytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzRNPyZlVBiSMlX3SkLn6eyOjkdaTKLCTs4R62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjI7nwy4QmbExBLKFLdZCRtRRZmxJZVsCd7yyaukdVH1Lqu1+1qlfpfXUYQTOIVz8OAK6nALDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/bORKQ==</latexit>u

maxp(u)

maxp 
layer

feature 
map

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

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

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

3x4x4

input 3D tensor: channels x height x width
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<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�(y)
<latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

conv(z,v4)
<latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit>

conv(z,v1)
<latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit>

conv(z,v2)
<latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit>

conv(z,v3)
<latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit>

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

conv1 
layer

3x5x5

activ.  
function

3x4x4 3x2x2

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

4x1x1

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

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

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

<latexit sha1_base64="W5ZdjMtr7/EN2ZUZ7AyYfZGMjQU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEWTrtlytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzRNPyZlVBiSMlX3SkLn6eyOjkdaTKLCTs4R62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjI7nwy4QmbExBLKFLdZCRtRRZmxJZVsCd7yyaukdVH1Lqu1+1qlfpfXUYQTOIVz8OAK6nALDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/bORKQ==</latexit>u

maxp(u)

maxp 
layer

feature 
map

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

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

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

3x4x4

input 3D tensor: channels x height x width



Learning of a simple convolutional network

90

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�(y)
<latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

conv(z,v4)
<latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit>

conv(z,v1)
<latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit>

conv(z,v2)
<latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit>

conv(z,v3)
<latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit>

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

conv1 
layer

3x5x5

activ.  
function

3x4x4 3x2x2

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

4x1x1

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

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

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

<latexit sha1_base64="W5ZdjMtr7/EN2ZUZ7AyYfZGMjQU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEWTrtlytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzRNPyZlVBiSMlX3SkLn6eyOjkdaTKLCTs4R62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjI7nwy4QmbExBLKFLdZCRtRRZmxJZVsCd7yyaukdVH1Lqu1+1qlfpfXUYQTOIVz8OAK6nALDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/bORKQ==</latexit>u

maxp(u)

maxp 
layer

feature 
map

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

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

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

3x4x4

input 3D tensor: channels x height x width



Learning with mini-batches 
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<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�(y)
<latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit><latexit sha1_base64="G9sbOKKxJPb2aTC6tTR9WU24vN0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

conv(z,v4)
<latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit><latexit sha1_base64="lFeJkxeQ7AjLO0ecaQE9U/Ljccw="></latexit>

conv(z,v1)
<latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit><latexit sha1_base64="yZu7iVmvOSNSknQqzXa++3EMKpc="></latexit>

conv(z,v2)
<latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit><latexit sha1_base64="vqjXT0m+uo0YEl4iQe+wpZI9FJ8="></latexit>

conv(z,v3)
<latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit><latexit sha1_base64="qo7IcPGo8l2FgDz7DG/OvdKwgFQ="></latexit>

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

conv1 
layer

Bx3x5x5

activ.  
function

Bx3x4x4

layer: conv2

Batch 
of 

images

Batch 
of 

feature 
maps

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

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

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

<latexit sha1_base64="W5ZdjMtr7/EN2ZUZ7AyYfZGMjQU=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN7qrYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEWTrtlytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzRNPyZlVBiSMlX3SkLn6eyOjkdaTKLCTs4R62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjI7nwy4QmbExBLKFLdZCRtRRZmxJZVsCd7yyaukdVH1Lqu1+1qlfpfXUYQTOIVz8OAK6nALDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MH/bORKQ==</latexit>u

maxp(u)

maxp 
layer

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

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

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

Batch 
of 

feature 
maps

Batch 
of 

feature 
maps

Batch 
of 

feature 
maps

Bx3x4x4 Bx3x2x2 Bx4x1x1

input 4D tensor: batch_size x channels x height x width



Convolutional net

• Convolutional network (ConvNet) is concatenation of convolutional layers, 
activation function and optionally max-pooling functions. 

• Backprop in convolutional layer is convolution of feature maps or kernels or 
feature-maps with the upstream gradient.  

• Feed-forward and backprop are convolutions => efficient implementation on GPU

92



Kunihiko Fukushima 1980
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https://en.wikipedia.org/wiki/Kunihiko_Fukushima



LeCun et al, Gradient based learning applied to document recognition, IEEE, 1998 
http://yann.lecun.com/exdb/publis/pdf/lecun-01a.pdf

LeCun’s letter recognition 1998 (over 13k citations !!!)
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backpropagation formulated

http://yann.lecun.com/exdb/publis/pdf/lecun-01a.pdf


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 !!!)
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https://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf
https://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf


1.2M images with (227x227x3) resolution
http://image-net.org/challenges/LSVRC/2017/index
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VGGnet 
19 layers

GoogLeNet 
22 layers

ResNet 
152 layers

AlexNet 
8 layers 

Classification results
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Pascal VOC object detection challenge
PASCAL VOC object detection
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Under the hood of ConvNets



Convolution = “local hard attention”

Do you see any other suitable attentions?

Convolutional layerFully-connected layer

FCNN = “global hard attention”
Convolution as spatial attention
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Trained kernels

ConvNetx y
f1 f2 f3 f4 f5 f6 f7 f8 f9



102

Trained kernels

ConvNetx y
f1 f2 f3 f4 f5 f6 f7 f8 f9

….kernels/filters

Direct visualization of 
trained kernels does not say 

too much
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Direct visualization of trained kernels does not say too much

….



ConvNetx y
f1 f2 f3 f4 f5 f6 f7 f8 f9

Feature maps = low dimensional encoding

Feature maps: 
intermediate results  
of feedforward pass
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dog 
ship 
cat 
car 
airplanefeedforward pass



Feature maps = low dimensional encoding



Features maps that maximize filter output
ConvNetx y

∂f1

∂x

What is the input that  
maximizes a filter output?f1 f2 f3 f4 f5 f6 f7 f8 f9

arg max
x

∥f1(x, w)∥



Features maps that maximize filter output
ConvNetx y

∂f2

∂x

What is the input that  
maximizes a filter output?f1 f2 f3 f4 f5 f6 f7 f8 f9

arg max
x

∥f2(x, w)∥



Features maps that maximize filter output
ConvNetx y

∂f3

∂x

What is the input that  
maximizes a filter output?f1 f2 f3 f4 f5 f6 f7 f8 f9

arg max
x

∥f3(x, w)∥



Features maps that maximize filter output
ConvNetx y

∂f4

∂x

What is the input that  
maximizes a filter output?f1 f2 f3 f4 f5 f6 f7 f8 f9

arg max
x

∥f4(x, w)∥



Features maps that maximize filter output
ConvNetx y

∂f5

∂x

What is the input that  
maximizes a filter output?f1 f2 f3 f4 f5 f6 f7 f8 f9

arg max
x

∥f5(x, w)∥



Features maps that maximize filter output
Can you interpret functionality of a filter?



3. Neurons are sensitive to edges and its orientation

[Zeiler and Fergus, ECCV, 2014]

Inputs which maximized output of layer 1
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3. Neurons are sensitive to edges and its orientation

[Zeiler and Fergus, ECCV, 2014]

Inputs which maximized output of layer 2
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3. Neurons are sensitive to edges and its orientation

[Zeiler and Fergus, ECCV, 2014]

Inputs which maximized output of layer 3

114



3. Neurons are sensitive to edges and its orientation

[Zeiler and Fergus, ECCV, 2014]

Inputs which maximized output of layer 4
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3. Neurons are sensitive to edges and its orientation

[Zeiler and Fergus, ECCV, 2014]

Inputs which maximized output of layer 5
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ConvNetx y
f1 f2 f3 f4 f5 f6 f7 f8 f9

1 
0 
0 
0 
0

dog 
ship 
cat 
car 
airplane

Saliency maps

∂y1

∂x

What pixels contributed the most  
for dog category on the output



Saliency maps
https://arxiv.org/pdf/1312.6034.pdf



Adversarial attacks [Arnab CVPR 2018] 
https://github.com/hmph/adversarial-attacks

• Given trained network and an image, find the closest image on which the net fails

ConvNet

f1 f2 f3 f4 f5 f6 f7 f8 f9

x + 0.001 *
∂ℒ(y(x), ygt)

∂x

x

y(x)

∂ℒ(y(x), ygt)
∂x

https://github.com/hmph/adversarial-attacks


Adversarial attacks [Arnab CVPR 2018] 
https://github.com/hmph/adversarial-attacks

Adversarial noise = direction in image domain that increases the loss the most

∂ℒ(y(x), ygt)
∂x

x x + 0.005 *
∂ℒ(y(x), ygt)

∂x

The space is high-dimensional (10+ dimensions)
Access to network architecture + input image => physical attacks unsuccessful

High frequency noise

https://github.com/hmph/adversarial-attacks


Adversarial attacks [Arnab CVPR 2018] 
https://github.com/hmph/adversarial-attacks

• Given trained network and an image, find the closest image on which the net fails

https://github.com/hmph/adversarial-attacks


Deep Feature interpolations [Upchurch CVPR 2017] 
https://arxiv.org/pdf/1611.05507.pdf

Deep ConvNet project images into a meaningful low-dimensional representation

x2

x1

ConvNet

f1 f2 f3 f4 f5 f6 f7 f8 f9

https://arxiv.org/pdf/1611.05507.pdf
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Deep Feature interpolations [Upchurch CVPR 2017] 
https://arxiv.org/pdf/1611.05507.pdf

Deep ConvNet project images into a meaningful low-dimensional representation
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ConvNet
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https://arxiv.org/pdf/1611.05507.pdf


Deep Feature interpolations [Upchurch CVPR 2017] 
https://arxiv.org/pdf/1611.05507.pdf

https://arxiv.org/pdf/1611.05507.pdf


Deep Feature interpolations [Upchurch CVPR 2017] 
https://arxiv.org/pdf/1611.05507.pdf

https://arxiv.org/pdf/1611.05507.pdf
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Shallow architecture

f
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s(Wf)

Manually estimated adhoc features 
(pixels, color histograms, gradients, …)

input/measurements features linear classifier output
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input/measurements convolutional network output
Deep architecture
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Test T1 competencies

• ConvNet/Layer feed-forward pass
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• ConvNet/Layer backpropagation 
• Meaning of kernels, feature maps, stride, dilation, padding, … 


