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• Fully connected neural network

• Avoid overfitting by search for the NN model suitable for image 

processing [Hubel and Wiesel 1960].

• Feedforward and Backprop in ConvNets.

• Epmiric evaluation of classifier performance (Precision, Recall).

Outline
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Do clean up + if not needed, switch off remote machines  
(it might be switched off automatically after 24h of inactivity).
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Fully connected neural network
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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
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• 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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[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/
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• Processing of visual information in cortex is not fully 
connected.
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1. Nearby neurons process information from nearby visual 
fields (topographical map).
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• What is dimensionality reduction for N-pixel image and  
n-dimensional spatial neighbourhood?
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2. Different neurons detects the same edge  
at different positions
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There are neurons which detect an edge on the left and there are different neurons 
which detect the same edge on the right.

should do  
the same thing

(translation invariance)
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2. Neurons with similar function organized into columns
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It corresponds to convolution of image     with kernel      
followed by activation function 

x
<latexit sha1_base64="bQfdotEDAZIie4KYb+Fv8Xoqd5E="></latexit><latexit sha1_base64="bQfdotEDAZIie4KYb+Fv8Xoqd5E="></latexit><latexit sha1_base64="bQfdotEDAZIie4KYb+Fv8Xoqd5E="></latexit><latexit sha1_base64="bQfdotEDAZIie4KYb+Fv8Xoqd5E="></latexit>

w
<latexit sha1_base64="LjUgCePzDlRPxhU8xZxPSXllSSI="></latexit><latexit sha1_base64="LjUgCePzDlRPxhU8xZxPSXllSSI="></latexit><latexit sha1_base64="LjUgCePzDlRPxhU8xZxPSXllSSI="></latexit><latexit sha1_base64="LjUgCePzDlRPxhU8xZxPSXllSSI="></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>

13

image

pi
xe

l1
pi

xe
l2

pi
xe

l3
pi

xe
l4



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

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
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(              ,          )

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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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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(              ,          )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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(              ,          )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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(              ,          )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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Feature maps
1. Convolution

• Dependencies are local 
• Translation invariance
• Few parameters (filter weights)
• Stride can be greater than 1 

(faster, less memory) 

Input Feature Map

.

.

.

Convolutional kernel 1

Image Feature map 1
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Feature maps
1. Convolution

• Dependencies are local 
• Translation invariance
• Few parameters (filter weights)
• Stride can be greater than 1 

(faster, less memory) 

Input Feature Map

.

.

.

Convolutional kernel 1

Convolutional kernel 2

Image Feature map 1

Feature map 2



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

(             ,       )

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

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

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

image 
(5x5)

kernel  
(2x2)

output 
(? x ?)

Convolution layer 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
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M = N - K + 1

image 
(NxN)

kernel  
(KxK)

output 
(MxM)
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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>

stride = 1

output 
(4x4)

kernel moves by 1 pixel

Convolution layer properties - stride
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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)

stride = 3

kernel moves by 3 pixels

output 
(? x ?)

Convolution layer properties - stride

29
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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)

stride = 3

kernel moves by 3 pixels

output 
(? x ?)

Convolution layer properties - stride
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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)

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>
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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)

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>
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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)

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

33
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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 
(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

34
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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 
(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)

36
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(             ,       )
<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

image 
(5x5)

kernel  
(2x2)

output 
(? x ?)

Convolution layer

37
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(             ,       )
<latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

image 
(5x5)

kernel  
(2x2)

output 
(? x ?)

Atrous convolution layer

38

Dilatation rate = 2
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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>

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

40
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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>

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
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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>

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)
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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>

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)
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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>

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

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

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1

5x5x3

layer: 
sigmoid

4x4x3 4x4x3

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

3x3x4
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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>

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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# initialise

import torch.nn as nn

# define 2D convolutional layer

first_layer = nn.Conv2d(in_channels=3, out_channels=2, 

                         kernel_size=2, stride=1, 

                         padding=1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5x5x3 4x4x2
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# initialise

import torch.nn as nn

# define 2D convolutional layer

first_layer = nn.Conv2d(in_channels=3, out_channels=3, 

                         kernel_size=2, stride=1, 

                         padding=1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5x5x3 4x4x2

also number 
 of kernels
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# initialise

import torch.nn as nn

# define 2D convolutional layer

first_layer = nn.Conv2d(in_channels=3, out_channels=2, 

                         kernel_size=2, stride=1, 

                         padding=1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5x5x3 4x4x2

2x2x3

also number 
 of kernels
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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
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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

56



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

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>

Learning of convolutional neuron => backpropagation

57

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

@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>

=?

58

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

59

p(w11) = p(y11(w11), y12(w11), y21(w11), y22(w11))
<latexit sha1_base64="NvK9agTFNYY1H/Gdy50DaTzedAM="></latexit><latexit sha1_base64="NvK9agTFNYY1H/Gdy50DaTzedAM="></latexit><latexit sha1_base64="NvK9agTFNYY1H/Gdy50DaTzedAM="></latexit><latexit sha1_base64="NvK9agTFNYY1H/Gdy50DaTzedAM="></latexit>

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

=?
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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
@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>

….

upstream 
 gradient

Convolution backward pass wrt weights

(             ,           )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>

@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>

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

60
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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
@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>

….

Convolution backward pass wrt input feature map

upstream 
 gradient

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>

(               ,        )

• Backpropagation in convolutional layer is: 
“convolution of padded upstream gradient with mirrored weights”

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

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1

5x5x3

layer: 
sigmoid

4x4x3 4x4x3

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

3x3x4
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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="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1

5x5x3

layer: 
sigmoid

4x4x3 4x4x3

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

3x3x4
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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="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1

5x5x3

layer: 
sigmoid

4x4x3 4x4x3

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

3x3x4
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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="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit><latexit sha1_base64="PmkD25wcnZi/Sqfuudx2gy1tEA0="></latexit>

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1

5x5x3

layer: 
sigmoid

4x4x3 4x4x3

layer: conv2

feature 
map

feature 
map

feature 
map

feature 
map

3x3x4
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???? Convolutional network backprop ?????

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

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

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

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

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bKDaLVs1aTCLmxxyd/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>

layer: conv1
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layer: 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4x4x3 4x4x3

layer: conv2
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(                       ,   2x2 ) =

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

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  4  0    

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

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

3

68



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

0  3  1  3  2    (                       ,   2x2 ) =

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  4  0    

2  0  1  2  0    
1  3  0  2  1    

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

3  4

69



(                       ,   2x2 ) =

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

image 
(5x5)

output 
(? x ?)

Max-pooling 

max

1  3  0  2  1    
2  0  1  4  0    

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

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

3  4 
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Convolutional net

• Convolutional network (ConvNet) is concatenation of convolutional layers

• Backprop in ConvNet is convolution of feature maps or kernels or feature-maps 

with the upstream gradient. 

• Feed-forward and backprop are convolutions => efficient implementation on GPU
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

Classification results
http://image-net.org/challenges/LSVRC/2017/index
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Czech Technical University in Prague
Faculty of Electrical Engineering, Department of Cybernetics

AlexNet 
8 layers 

Classification results

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

AlexNet 
8 layers 

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

AlexNet 
8 layers 

VGGnet

19 layers

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

VGGnet

19 layers

GoogLeNet

22 layers

AlexNet 
8 layers 

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

VGGnet

19 layers

GoogLeNet

22 layers

ResNet

152 layers

AlexNet 
8 layers 

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

VGGnet

19 layers

GoogLeNet

22 layers

ResNet

152 layers

AlexNet 
8 layers 

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

Pascal VOC object detection challenge
PASCAL VOC object detection
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Learning as gradient minimization 
1. Initialize weights       and

2. Plug        to input and estimate                     by backprop 

3. Estimate gradient over whole training set 
 
 

4. Update weights

w0
<latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit>

xi
<latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit>

80

<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
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Learning as gradient minimization 
1. Initialize weights       and

2. Plug        to input and estimate                     by backprop 

3. Estimate gradient over whole training set 
 
 

4. Update weights

w0
<latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit>

• Whole training set does not fit into memory => instead estimate stochastic gradient 
over minibatch

xi
<latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
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Learning as gradient minimization 
1. Initialize weights       and

2. Plug        to input and estimate                     by backprop 

3. Estimate gradient over random mini-batch

 
 

4. Update weights

w0
<latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit><latexit sha1_base64="3JgGESJjkcxVyQMafKdUYSjmDF0="></latexit>

xi
<latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit><latexit sha1_base64="78KPIlWA0BCnh10XSwLcr74IepI="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
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Stochastic Gradient Descent (SGD) drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

= ???
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



Stochastic Gradient Descent (SGD) drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit> w

<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

85

<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

• Easily get stuck in local minima or saddle points

• There are much more saddle points than minima

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

= ???

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

• Easily get stuck in local minima or saddle points

• There are much more saddle points than minima

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>

= small
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w2
<latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit>

• Easily get stuck in local minima or saddle points

• There are much more saddle points than minima

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

= ???
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD drawbacks

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w2
<latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit>

• Easily get stuck in local minima or saddle points

• There are much more saddle points than minima

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

⇡ 0
<latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit>

89

<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

=???
rw2

<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>

=???
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

rw2
<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

rw2
<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

rw2
<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>
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<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

rw2
<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>

94

<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



SGD in 2 dimensional weights

rw1
<latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit><latexit sha1_base64="gDeDiTP/2glfyS/V313VBRS4dV0="></latexit>

rw2
<latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit><latexit sha1_base64="pYohhJ0BAL3o4CsYmiVmleoUDLs="></latexit>

Undesired zig-zag behaviour

95

<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1
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https://distill.pub/2017/momentum/

↵ =
<latexit sha1_base64="1CpM48roL/Vr7Eo/C5NN3GL+8Zc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBbSiT7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH47uZ335iSvNYPppJwvwIh5KHnKKxUruHIhnhTb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+7pScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMvudDLhi1IiJJUgVt7cSOkKF1NiESjYEb/nlVdKqVb2Lau3hslK/zeMowgmcwjl4cAV1uIcGNIHCGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx8Qoo9j</latexit> 1e-3

SGD drawbacks - in 2D
<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



97

https://distill.pub/2017/momentum/

↵ =
<latexit sha1_base64="1CpM48roL/Vr7Eo/C5NN3GL+8Zc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBbSiT7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH47uZ335iSvNYPppJwvwIh5KHnKKxUruHIhnhTb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+7pScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMvudDLhi1IiJJUgVt7cSOkKF1NiESjYEb/nlVdKqVb2Lau3hslK/zeMowgmcwjl4cAV1uIcGNIHCGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx8Qoo9j</latexit> 5e-3

SGD drawbacks - in 2D
<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>

wk = wk�1 � ↵
@f>(w)

@w

����
w=wk�1



f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

98

SGD + momentum
<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>
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SGD + momentum

v =???
<latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit>

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>
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SGD + momentum

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>

v =???
<latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit>

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>
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SGD + momentum

⇡ 0
<latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit><latexit sha1_base64="Tb9FDMEfL8xqqC2lfTM7MJuO9O0="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>

v =???
<latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit><latexit sha1_base64="MhX1rYG5u0V6pifs+GFhQkR2DmM="></latexit>

w0
<latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit><latexit sha1_base64="GaQkdwXloOoRAWwbUSqvY6erm1U="></latexit>
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<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

w2
<latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit><latexit sha1_base64="HRPTFNusQyO8CB95YkGQAIRC27Y="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

Overcome low  
gradient regions

v >> 0
<latexit sha1_base64="PFm+G3OUzDcMMFNppcLRBr3BWrM="></latexit><latexit sha1_base64="PFm+G3OUzDcMMFNppcLRBr3BWrM="></latexit><latexit sha1_base64="PFm+G3OUzDcMMFNppcLRBr3BWrM="></latexit><latexit sha1_base64="PFm+G3OUzDcMMFNppcLRBr3BWrM="></latexit>

w1
<latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit><latexit sha1_base64="s8jHP78bpykPVjCIp8bkFeUY46g="></latexit>
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<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

w3
<latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit>

Reach minimum 

104

<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

Reach minimum 
 but overshoots

w4
<latexit sha1_base64="xtmSx0mAhszrcdTQhKAsGfkt2h8="></latexit><latexit sha1_base64="xtmSx0mAhszrcdTQhKAsGfkt2h8="></latexit><latexit sha1_base64="xtmSx0mAhszrcdTQhKAsGfkt2h8="></latexit><latexit sha1_base64="xtmSx0mAhszrcdTQhKAsGfkt2h8="></latexit>

v > 0
<latexit sha1_base64="PjIYWP+0nHcZ+GgTIGxBAUjtcwU="></latexit><latexit sha1_base64="PjIYWP+0nHcZ+GgTIGxBAUjtcwU="></latexit><latexit sha1_base64="PjIYWP+0nHcZ+GgTIGxBAUjtcwU="></latexit><latexit sha1_base64="PjIYWP+0nHcZ+GgTIGxBAUjtcwU="></latexit>

w3
<latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit><latexit sha1_base64="9jwTEmD3gvg2p11r9SGWaD9E9eo="></latexit>
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<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

Reach minimum 
 but overshoots

v = 0
<latexit sha1_base64="BE+uTe8+OrmSKcEWBrJDi3ie0wE="></latexit><latexit sha1_base64="BE+uTe8+OrmSKcEWBrJDi3ie0wE="></latexit><latexit sha1_base64="BE+uTe8+OrmSKcEWBrJDi3ie0wE="></latexit><latexit sha1_base64="BE+uTe8+OrmSKcEWBrJDi3ie0wE="></latexit>

w5
<latexit sha1_base64="NYFzQa+SQZKVQcb3IUtm7d74hBs="></latexit><latexit sha1_base64="NYFzQa+SQZKVQcb3IUtm7d74hBs="></latexit><latexit sha1_base64="NYFzQa+SQZKVQcb3IUtm7d74hBs="></latexit><latexit sha1_base64="NYFzQa+SQZKVQcb3IUtm7d74hBs="></latexit>

106

<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�

<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>

vk = �vk�1 � @f>(w)

@w

����
w=wk�1

<latexit sha1_base64="w+djIJuRTIM3ymFt52LgMjg8Bac="></latexit>

wk = wk�1 + ↵vk



SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
<latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit><latexit sha1_base64="eSdO1m+JMnZOOHEbS/cVQ4vaPxQ="></latexit>

• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv

<latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit><latexit sha1_base64="HdkB1Tx6RDWgYzlyUt2tdjvnELo="></latexit>

v
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Reach minimum 
 but overshoots
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v < 0
<latexit sha1_base64="KooEk2W0gPiUV/cgM73JTvWz5W4="></latexit><latexit sha1_base64="KooEk2W0gPiUV/cgM73JTvWz5W4="></latexit><latexit sha1_base64="KooEk2W0gPiUV/cgM73JTvWz5W4="></latexit><latexit sha1_base64="KooEk2W0gPiUV/cgM73JTvWz5W4="></latexit>
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<latexit sha1_base64="4AmDnmLI6awxEOatYQN8tNpAZdQ="></latexit>

�
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SGD + momentum

f(w)
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Reach minimum 
 but overshoots
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• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv
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SGD + momentum

f(w)
<latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit><latexit sha1_base64="9nY7PinAzHwWDXq6iI+8cei7svE="></latexit>

w
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Jumps steep minima.  
Is it good?

v >> 0
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• Build velocity    as running average of gradients

• Rolling ball with velocity      and friction coeffv
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rw1
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Undesired zig-zag behaviour
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“SGD” vs “SGD + momentum” in 2D
<latexit sha1_base64="VF6DRxpTz6NghhfBBZcq0ugS7+s="></latexit>
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����
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Momentum suppresses this problem partially by averaging element-wise gradients

“SGD” vs “SGD + momentum” in 2D
<latexit sha1_base64="ULtrUsmrUvFFg4mrnm/w22sSlpY="></latexit>
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https://distill.pub/2017/momentum/
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PyTorch
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# initialise

import torch.nn as nn

import torch.optim as optim


# initialize optimizer

optimizer = optim.SGD(conv_net.parameters(), lr=1e-2)


# define ConvNet model

conv_net = …


# define criterion function

loss = loss_fn(conv_net(images), labels)


# compute gradient

loss.backward()


# update weights of the model

optimizer.step() 



Training procedure

• Choose:

• Weight initialization (Xavier)

• Network architecture (ideally re-use pre-trained net)

• Learning rate and other hyper-parameters.

• Loss + regularization


• Divide data on three representative subsets:

• Training data (the set on which the backprop is used to estimate weights)

• Validation data (the set on which hyper-param are tuned)

• Testing data (the set on which the expected performance is measured

116
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Training loss
Testing loss

Trn loss explodes to infinity => oscillations

• decrease the learning rate

iterations

er
ro

r

Training procedure
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SGD drawbacks - in 2D
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Training procedure

Training loss
Testing loss

Trn loss is decreasing very slowly 

• increase learning rate

iterations

lo
ss
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SGD drawbacks - in 2D



121

Trn loss remains huge =>underfitting

• decrease regularization strength

• increase model capacity

Training loss
Testing loss

iterations

lo
ss

Training procedure
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Training loss
Testing loss

iterations

lo
ss

Tst loss>>Trn loss => overfitting

• increase strength of regularization 

• decrease model capacity

• Tst data are too far from Trn data  

(should come from the same distribution)
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Training loss
Testing loss

iterations

lo
ss

gap

Tst loss>>Trn loss => overfitting

• increase strength of regularization 

• decrease model capacity

• Tst data are too far from Trn data  

(should come from the same distribution)
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Training loss
Testing loss

iterations

lo
ss

gap

Trn loss>>Tst loss

• bad division on training/testing data
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Training loss
Testing loss

iterations

lo
ss

gap

Correct behaviour



Hyper parameters tuning
• Weight initialization (Xavier)

• Trn loss is huge =>underfitting


• decrease regularization strength

• increase model capacity


• Trn loss explodes to infinity=> huge learning rate

• decrease the learning rate


• Trn loss is decreasing very slowly => small learning rate

• increase learning rate


• Tst loss>>Trn loss => overfitting

• increase strength of regularization 

• decrease model capacity

• Tst data are too far from Trn data  

(should come from the same distribution)

• Trn loss>>Tst loss =>bad division on training/testing data
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Binary classifier testing presence of potentially dangerous case: 

GT  
BKGD:

GT  
CARS
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Binary classifier testing presence of potentially dangerous case: 

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:



129

Binary classifier testing presence of potentially dangerous case: 

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:
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false negative (FN) … classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:
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false positive (FP)

false negative (FN)

… classifier falsely indicates negative class (e.g. background) 
     as a positive class => false alarm

… classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:
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false positive (FP)

false negative (FN)

… classifier falsely indicates negative class (e.g. background) 
     as a positive class => false alarm

… classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

true positive (TP) … classifier correctly indicate ground truth positive class  
    (e.g. car) as a positive class => correctly found danger

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:
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false positive (FP)

false negative (FN)

… classifier falsely indicates negative class (e.g. background) 
     as a positive class => false alarm

… classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

true positive (TP) … classifier correctly indicate ground truth positive class  
    (e.g. car) as a positive class => correctly found danger

true negative (TN) … classifier correctly indicate ground truth negative class  
    (e.g. car) as a negative class => correctly found safety

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:
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false positive (FP)

false negative (FN)

… classifier falsely indicates negative class (e.g. background) 
     as a positive class => false alarm

… classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

true positive (TP) … classifier correctly indicate ground truth positive class  
    (e.g. car) as a positive class => correctly found danger

true negative (TN)

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:

0.9 0.5 0.1 -0.1 -0.4 -0.6

… classifier correctly indicate ground truth negative class  
    (e.g. car) as a negative class => correctly found safety
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false positive (FP)

false negative (FN)

… classifier falsely indicates negative class (e.g. background) 
     as a positive class => false alarm

… classifier falsely indicates positive class (e.g. car) 
     as a negative class => missed danger

Binary classifier testing presence of potentially dangerous case: 

true positive (TP) … classifier correctly indicate ground truth positive class  
    (e.g. car) as a positive class => correctly found danger

true negative (TN)

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:

0.9 0.5 0.1 -0.1 -0.4 -0.6

… classifier correctly indicate ground truth negative class  
    (e.g. car) as a negative class => correctly found safety
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false positive (FP)

false negative (FN)

Binary classifier testing presence of potentially dangerous case: 

true positive (TP)

true negative (TN)

GT  
BKGD:

GT  
CARS

CLS 
CARS

CLS  
BGGD:

Precision (P)

Recall (R)

=1

=2

=1

=2

TP

TP + FP
= =1/3

1

1 + 2
=

TP

TP + FN
= =1/2

1

1 + 1
=

Oracle: Precision = Recall = 1
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Smoothed Precision-Recall curve

Recall (R)

Pr
ec

is
io

n 
(P

)
Oracle: Precision = Recall = 1
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Recall (R)

Pr
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n 
(P

)
Oracle: Precision = Recall = 1

Smoothed Precision-Recall curve
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Recall (R)

Pr
ec

is
io

n 
(P

)
Oracle: Precision = Recall = 1

AUC = ∫
1

0
P(R)dR

Smoothed Precision-Recall curve
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Recall (R)

Pr
ec

is
io

n 
(P

)
Oracle: Precision = Recall = 1

AUC ≈ AP =
1

∑
R=0

P(R)

Smoothed Precision-Recall curve



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

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

Object detection

person

car car

car
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Czech Technical University in Prague
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Object detection

CNN
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Object detection

CNN
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Object detection

CNN
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Object detection

CNN
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class: background
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Object detection

CNN

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

CNN

classify all rectangles
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Object detection

CNN

classify + align only 2k 
 region proposals

[Girschick ICCV 2015] Fast-RCNN 
https://arxiv.org/abs/1504.08083
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• Approach works but it takes extremely long to compute response on all rectangular 
sub-windows:  
H x W x Aspect_Ratio x Scales x 0.001 sec = months 


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

https://arxiv.org/abs/1504.08083


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

Object detection

CNN

The search for region 
proposals is 

 computational 
bottleneck !!!

[Girschick ICCV 2015] Fast-RCNN 
https://arxiv.org/abs/1504.08083
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YOLO and Faster RCNN architectures

low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

CNN

• predict relative position, objectness, class for each sub-im

https://arxiv.org/abs/1506.01497

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

• learn from ground truth
• predict relative position, objectness, class for each sub-im

CNN

https://arxiv.org/abs/1506.01497

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object =1

center_x=?

center_y=?

width   =?

height =?

p_class1=?

p_class2=?

p_class3=?

• predict relative position, objectness, class for each sub-im
• ground truth: bbs with IoU>0.7 are objects,  

                      bbs with IoU<0.3 not objects

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object =1

center_x=.3

center_y=.5

width   =?

height =?

p_class1=?

p_class2=?

p_class3=?

• predict relative position, objectness, class for each sub-im
• ground truth: bbs with IoU>0.7 are objects,  

                      bbs with IoU<0.3 not objects

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object =1

center_x=.3

center_y=.5

width   =.7

height =1.5

p_class1=?

p_class2=?

p_class3=?

• predict relative position, objectness, class for each sub-im
• ground truth: bbs with IoU>0.7 are objects,  

                      bbs with IoU<0.3 not objects

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object =1

center_x=.3

center_y=.5

width   =.7

height =1.5

p_class1=1

p_class2=0

p_class3=0

• predict relative position, objectness, class for each sub-im
• ground truth: bbs with IoU>0.7 are objects,  

                      bbs with IoU<0.3 not objects

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures

low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

CNN

• predict relative position, objectness, class for each sub-im

• each sub-image has its own output

https://arxiv.org/abs/1506.01497

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures

low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

CNN

• predict relative position, objectness, class for each sub-im

• each sub-image has its own output

https://arxiv.org/abs/1506.01497

Do you see any problem?

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

• divide image into 3x3 sub images

RPN
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• predict relative position, objectness, class for each sub-im
• ground truth: bbs with IoU>0.7 are objects,  

                      bbs with IoU<0.3 not objects
=> more obj in  
      one sub-im

p_object =1

center_x=.3

center_y=.5

width   =.7

height =1.5

p_class1=1

p_class2=1

p_class3=0

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures

low resolution 
 feature map

• divide image into 3x3 sub-images

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

• predict relative position, objectness, class for each sub-im

CNN

https://arxiv.org/abs/1506.01497

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
https://arxiv.org/abs/1506.01497

ground truth
low resolution 
 feature map

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3
p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

Introduce anchor bounding boxes

CNN

https://arxiv.org/abs/1506.01497
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YOLO and Faster RCNN architectures
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ground truth
low resolution 
 feature map

RPN
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p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

CNN

p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

Introduce anchor bounding boxes
• for each anchor bb CNN predicts: 


• its “alignment with gt” (regression loss)

• its “objectness”+”class” (classification loss)

https://arxiv.org/abs/1506.01497
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ground truth
low resolution 
 feature map

RPN
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center_x
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width

height

p_class1

p_class2

p_class3
p_object

center_x

center_y

width

height

p_class1

p_class2

p_class3

Introduce anchor bounding boxes

CNN

• for each anchor bb CNN predicts: 

• its “alignment with gt” (regression loss)

• its “objectness”+”class” (classification loss)

https://arxiv.org/abs/1506.01497
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Object detection

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


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


• Do region proposal by CNN => 0.1 sec

168

[Redmont CVPR 2018], https://arxiv.org/abs/1804.02767 
code: https://pjreddie.com/darknet/yolo/

[Faster RCNN 2017] https://arxiv.org/abs/1506.01497

https://arxiv.org/abs/1504.08083
https://arxiv.org/abs/1804.02767
https://arxiv.org/abs/1506.01497
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Deep convolutional - object detection
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• Use ConvNets for images (or any other spatially structured inputs - depth images)
• Always use distinct training/testining data to avoid overfitting
• Compare results using by comparing full curves, e.g. Average Precision (AP)
• Simplified detector based on RPN will be implemented during following two labs.

Test compentecies

• Compute backpropagation in neural nets (including convnet, sigmoid layer)
• Compute precision, recall, FP, FN, TP, TN …
• Understand object detection architecture

• Compute feedforward pass in neural nets (includinginput/output dimensionality)


