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𝐱 ∈ ℝ𝑑

(𝑑 ≪ 𝑟1 × 𝑐1)

𝑦 ∈ Λ

𝐼1 ∈ ℝ𝑟1×𝑐1



𝐼2 ∈ ℝ𝑟2×𝑐2

𝐱 ∈ ℝ𝑑

(𝑑 ≪ 𝑟2 × 𝑐2)

𝑦 ∈ Λ
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𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝐱 ∈ ℝ𝑑



𝐱 ∈ ℝ𝑑𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝑥1

𝑥𝑑



𝑃(𝑙 = "doub. "|𝒙)

𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝑃(𝑙 = "env. "|𝒙)

𝑃(𝑙 = "parc. "|𝒙)

𝐱 ∈ ℝ𝑑



𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝐱 ∈ ℝ𝑑



𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …
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𝐼1 ∈ ℝ𝑟1×𝑐1 …

…… …





𝑇 𝐼 𝑟, 𝑐
𝑈:

𝑇 𝐼 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤𝑖(𝑢, 𝑣) ∗ 𝐼(𝑟 + 𝑢, 𝑐 + 𝑣)

{𝑤𝑖}

𝑟

𝑐

ℎ

ℎ
ℎ



𝒘

𝑇 𝐼 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤𝑖(𝑢, 𝑣) ∗ 𝐼(𝑟 + 𝑢, 𝑐 + 𝑣)

𝑤(−1,−1) 𝑤(−1,0) 𝑤(−1,1)

𝑤(0, −1) 𝑤(0,0) 𝑤(0,1)

𝑤(1,−11) 𝑤(1,0) 𝑤(1,1)

𝒘

𝑇 𝐼

𝐼
𝐼

𝐼

𝐼𝐼

𝐼



(𝐼 ⊗ 𝑤) 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤 𝑢, 𝑣 𝐼(𝑟 + 𝑢, 𝑐 + 𝑣)

𝑐

𝑟

𝑤(−1,−1) 𝑤(−1,0) 𝑤(−1,1)

𝑤(0, −1) 𝑤(0,0) 𝑤(0,1)

𝑤(1, −1) 𝑤(1,0) 𝑤(1,1)

𝑤

𝐼

ℎ

ℎ



(𝐼 ⊛ 𝑤) 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤 𝑢, 𝑣 𝐼(𝑟 − 𝑢, 𝑐 − 𝑣)

𝑐

𝑟

𝑤(1,1) 𝑤(1,0) 𝑤(1, −1)

𝑤(0,1) 𝑤(0,0) 𝑤(0, −1)

𝑤(−1,1) 𝑤(−1,0) 𝑤(−1,−1)

𝐼

ℎ

ℎ

𝑤

𝑤



(𝐼 ⊛ 𝑤) 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤 𝑢, 𝑣 𝐼(𝑟 − 𝑢, 𝑐 − 𝑣)

𝑐

𝑟

𝐼

ℎ

ℎ

𝑤(1,1) 𝑤(1,0) 𝑤(1, −1)

𝑤(0,1) 𝑤(0,0) 𝑤(0, −1)

𝑤(−1,1) 𝑤(−1,0) 𝑤(−1,−1)

𝑤

𝑤

𝒘



(𝐼 ⊛ 𝑤) 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈

𝑤(𝑢, 𝑣) ∗ 𝐼(𝑟 − 𝑢, 𝑐 − 𝑣)



http://cs231n.stanford.edu/
http://cs231n.github.io/


http://cs231n.stanford.edu/
http://cs231n.github.io/


3 × 3

https://arxiv.org/abs/1603.07285




24@64x64
24@16x16



24@64x64
24@16x16



24@64x64
24@16x16



24@64x64
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By Aphex34 - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=45661858



•

•

•

By Aphex34 - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=45661858





𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝑥(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

𝑎𝑥



𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝑥(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

𝑎𝑥



𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝑥(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236



𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝑥(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

𝑈

𝑈

By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236



𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝑥(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236



By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236

𝐼 𝑤1 𝑏1
𝑎(: , : , 1)



By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236

𝑎(𝑟, 𝑐, 1) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤1(𝑢, 𝑣, 𝑘) 𝒙(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏1

𝑎(𝑟, 𝑐, 2) = 

𝑢,𝑣 ∈𝑈,𝑘

𝑤2(𝑢, 𝑣, 𝑘) 𝒙(𝑟 + 𝑢, 𝑐 + 𝑣, 𝑘) + 𝑏2



By Aphex34 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=45659236

𝐼 𝑤1, 𝑏1

𝑎(: , : , 1)

𝑤𝑛, 𝑏𝑛

𝑎(: , : , 𝑛)



conv2 = tfkl.Conv2D(

filters = n_f,

kernel_size = (h_x,h_y),

activation = 'relu’,

strides = (1,1),

padding = ‘same’,

name = 'conv2'

)

ℎ𝑥 ⋅ ℎ𝑦 ⋅ 𝑑 ⋅ 𝑛𝑓 + 𝑛𝑓

𝑑



1 input map 1 filter 5x5



1 input map 1 output map

1 filters 5x5



1 input map 2 output maps2 filters 5x5



1 input map 2 output maps2 filters 5x5



3 input maps 2 output maps2 filters 5x5



3 input maps 2 output maps2 filters 5x5



3 input maps 2 output maps2 filters 5x5



3 input maps 2 output maps2 filters 5x5



3 input maps 2 output maps2 filters 5x5

Quiz: how many parameters 
does this layer have?



3 input maps 2 output maps2 filters 5x5

= 150 parameters in the filters



3 input maps 2 output maps2 filters 5x5

= 150 ...                 + 2 biases



3 input maps 2 output maps2 filters 5x5

= 150 ...                 + 2 biases
= 152 trainable parameters (weights)







max 0,⋅

•

•

𝑇 𝑥 = ቊ
𝑥, if 𝑥 ≥ 0
0, if 𝑥 < 0

𝑇
(𝑥
)

𝑥0

0

1-1

1



𝑇 𝑥 = ቊ
𝑥, if 𝑥 ≥ 0
0.01 ∗ 𝑥 if 𝑥 < 0

𝑥

𝑇
(𝑥
)

0

0

1-1

1
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𝑎1 𝑅𝑒𝐿𝑈(𝑎1)



68

𝑎2 𝑅𝑒𝐿𝑈(𝑎2)



𝑇 𝑥 =
2

1 + 𝑒−2𝑥
− 1

𝑆 𝑥 =
1

1 + 𝑒−2𝑥



𝑥

activation(𝑥)



http://cs231n.stanford.edu/
http://cs231n.github.io/


73

𝑅𝑒𝐿𝑈(𝑎1)

MP(𝑅𝑒𝐿𝑈(𝑎1))
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32@4x4



24@64x64
24@16x16



24@64x64
24@16x16



24@64x64
24@16x16



…

…… …



…

…… …





http://cs231n.stanford.edu/
http://cs231n.github.io/


http://cs231n.stanford.edu/
http://cs231n.github.io/


http://cs231n.stanford.edu/
http://cs231n.github.io/


http://cs231n.stanford.edu/
http://cs231n.github.io/


By Aphex34 - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=45679374







https://awards.acm.org/about/2018-turing


conv2d_1 average_

pooling2d_1

conv2d_2 average_

pooling2d_2

dense_1

dense_2

dense_3



•

•



from keras.models import Sequential

from keras.layers import Dense, Flatten, Conv2D, AveragePooling2D

num_classes = 10;

input_shape=(32, 32, 1);

model = Sequential()

model.add(Conv2D(filters = 6, kernel_size = (5, 5), activation='tanh', input_shape=inp

ut_shape, padding = 'valid'))

model.add(AveragePooling2D(pool_size=(2, 2)))

model.add(Conv2D(filters = 16, kernel_size = (5, 5), activation='tanh',

padding = 'valid'))

model.add(AveragePooling2D(pool_size=(2, 2)))

model.add(Flatten())

model.add(Dense(120, activation='relu'))

model.add(Dense(84, activation='relu'))

model.add(Dense(num_classes, activation='softmax'))



Layer (type)                 Output Shape              Param #   

=================================================================

conv2d_1 (Conv2D)            (None, 28, 28, 6)          ...      

_________________________________________________________________

average_pooling2d_1 (Average (None, 14, 14, 6)          ...       

_________________________________________________________________

conv2d_2 (Conv2D)            (None, 10, 10, 16)         ...     

_________________________________________________________________

average_pooling2d_2 (Average (None, 5, 5, 16)           ...

_________________________________________________________________

flatten_1 (Flatten)          (None, 400)                ...        

_________________________________________________________________

dense_1 (Dense)              (None, 120)                ...    

_________________________________________________________________

dense_2 (Dense)              (None, 84)                 ...    

_________________________________________________________________

dense_3 (Dense)              (None, 10)                 ...      

=================================================================

Total params: 61,706

Trainable params: 61,706

Non-trainable params: 0

_________________________________________________________________



Layer (type)                 Output Shape              Param #   

=================================================================

conv2d_1 (Conv2D)            (None, 28, 28, 6)          ...      

_________________________________________________________________

average_pooling2d_1 (Average (None, 14, 14, 6)          ...       

_________________________________________________________________

conv2d_2 (Conv2D)            (None, 10, 10, 16)         ...     

_________________________________________________________________

average_pooling2d_2 (Average (None, 5, 5, 16)           ...

_________________________________________________________________

flatten_1 (Flatten)          (None, 400)                ...        

_________________________________________________________________

dense_1 (Dense)              (None, 120)                ...    

_________________________________________________________________

dense_2 (Dense)              (None, 84)                 ...    

_________________________________________________________________

dense_3 (Dense)              (None, 10)                 ...      

=================================================================

Total params: 61,706

Trainable params: 61,706

Non-trainable params: 0

_________________________________________________________________



Layer (type)                 Output Shape              Param #   

=================================================================

conv2d_1 (Conv2D)            (None, 28, 28, 6)         156 (6 x 5 x 5 + 6)

_________________________________________________________________

average_pooling2d_1 (Average (None, 14, 14, 6)         0

_________________________________________________________________

conv2d_2 (Conv2D)            (None, 10, 10, 16)        2416 (16 x 5 x 5 x 6 + 16)

_________________________________________________________________

average_pooling2d_2 (Average (None, 5, 5, 16)          0 

_________________________________________________________________

flatten_1 (Flatten)          (None, 400)               0         

_________________________________________________________________

dense_1 (Dense)              (None, 120)               48120

_________________________________________________________________

dense_2 (Dense)              (None, 84)                10164

_________________________________________________________________

dense_3 (Dense)              (None, 10)                850

=================================================================

Total params: 61,706

Trainable params: 61,706

Non-trainable params: 0

_________________________________________________________________



Layer (type)                 Output Shape              Param #   

=================================================================

conv2d_1 (Conv2D)            (None, 28, 28, 6)         156 (6 x 5 x 5 + 6)

_________________________________________________________________

average_pooling2d_1 (Average (None, 14, 14, 6)         0

_________________________________________________________________

conv2d_2 (Conv2D)            (None, 10, 10, 16)        2416 (16 x 5 x 5 x 6 + 16)

_________________________________________________________________

average_pooling2d_2 (Average (None, 5, 5, 16)          0 

_________________________________________________________________

flatten_1 (Flatten)          (None, 400)               0         

_________________________________________________________________

dense_1 (Dense)              (None, 120)               48120

_________________________________________________________________

dense_2 (Dense)              (None, 84)                10164

_________________________________________________________________

dense_3 (Dense)              (None, 10)                850

=================================================================

Total params: 61,706

Trainable params: 61,706

Non-trainable params: 0

_________________________________________________________________





156 + 61550 → 456 + 61550
(6 × 5 × 5) → (6 × 5 × 5 × 3)

1024 × 84 → 1024 × 84 × 3









https://awards.acm.org/about/2018-turing
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ILSVRC: ImageNet Large Scale Visual Recognition Challenge 

Many layers!
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https://www.flickr.com/photos/nvidia/34686550412



Google LLC, Public domain, via Wikimedia Commons
PyTorch, BSD <http://opensource.org/licenses/bsd-license.php>, via Wikimedia Commons
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_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

[…]

_________________________________________________________________

block4_pool (MaxPooling2D)   (None, 14, 14, 512)       0

_________________________________________________________________

block5_conv1 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv2 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv3 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_pool (MaxPooling2D)   (None, 7, 7, 512)         0

_________________________________________________________________

flatten (Flatten)            (None, 25088)             0

_________________________________________________________________

fc1 (Dense)                  (None, 4096)              102764544

_________________________________________________________________

fc2 (Dense)                  (None, 4096)              16781312

_________________________________________________________________

predictions (Dense)          (None, 1000)              4097000

=================================================================

Total params: 138,357,544

Trainable params: 138,357,544

Non-trainable params: 0

_________________________________________________________________

_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

input_1 (InputLayer)         (None, 224, 224, 3)       0

_________________________________________________________________

block1_conv1 (Conv2D)        (None, 224, 224, 64)      1792

_________________________________________________________________

block1_conv2 (Conv2D)        (None, 224, 224, 64)      36928

_________________________________________________________________

block1_pool (MaxPooling2D)   (None, 112, 112, 64)      0

_________________________________________________________________

block2_conv1 (Conv2D)        (None, 112, 112, 128)     73856

_________________________________________________________________

block2_conv2 (Conv2D)        (None, 112, 112, 128)     147584

_________________________________________________________________

block2_pool (MaxPooling2D)   (None, 56, 56, 128)       0

_________________________________________________________________

block3_conv1 (Conv2D)        (None, 56, 56, 256)       295168

_________________________________________________________________

block3_conv2 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_conv3 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_pool (MaxPooling2D)   (None, 28, 28, 256)       0

_________________________________________________________________

block4_conv1 (Conv2D)        (None, 28, 28, 512)       1180160

_________________________________________________________________

block4_conv2 (Conv2D)        (None, 28, 28, 512)       2359808

_________________________________________________________________

block4_conv3 (Conv2D)        (None, 28, 28, 512)       2359808

[…]



_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

[…]

_________________________________________________________________

block4_pool (MaxPooling2D)   (None, 14, 14, 512)       0

_________________________________________________________________

block5_conv1 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv2 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv3 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_pool (MaxPooling2D)   (None, 7, 7, 512)         0

_________________________________________________________________

flatten (Flatten)            (None, 25088)             0

_________________________________________________________________

fc1 (Dense)                  (None, 4096)              102764544

_________________________________________________________________

fc2 (Dense)                  (None, 4096)              16781312

_________________________________________________________________

predictions (Dense)          (None, 1000)              4097000

=================================================================

Total params: 138,357,544

Trainable params: 138,357,544

Non-trainable params: 0

_________________________________________________________________

_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

input_1 (InputLayer)         (None, 224, 224, 3)       0

_________________________________________________________________

block1_conv1 (Conv2D)        (None, 224, 224, 64)      1792

_________________________________________________________________

block1_conv2 (Conv2D)        (None, 224, 224, 64)      36928

_________________________________________________________________

block1_pool (MaxPooling2D)   (None, 112, 112, 64)      0

_________________________________________________________________

block2_conv1 (Conv2D)        (None, 112, 112, 128)     73856

_________________________________________________________________

block2_conv2 (Conv2D)        (None, 112, 112, 128)     147584

_________________________________________________________________

block2_pool (MaxPooling2D)   (None, 56, 56, 128)       0

_________________________________________________________________

block3_conv1 (Conv2D)        (None, 56, 56, 256)       295168

_________________________________________________________________

block3_conv2 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_conv3 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_pool (MaxPooling2D)   (None, 28, 28, 256)       0

_________________________________________________________________

block4_conv1 (Conv2D)        (None, 28, 28, 512)       1180160

_________________________________________________________________

block4_conv2 (Conv2D)        (None, 28, 28, 512)       2359808

_________________________________________________________________

block4_conv3 (Conv2D)        (None, 28, 28, 512)       2359808

[…]



_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

[…]

_________________________________________________________________

block4_pool (MaxPooling2D)   (None, 14, 14, 512)       0

_________________________________________________________________

block5_conv1 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv2 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv3 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_pool (MaxPooling2D)   (None, 7, 7, 512)         0

_________________________________________________________________

flatten (Flatten)            (None, 25088)             0

_________________________________________________________________

fc1 (Dense)                  (None, 4096)              102764544

_________________________________________________________________

fc2 (Dense)                  (None, 4096)              16781312

_________________________________________________________________

predictions (Dense)          (None, 1000)              4097000

=================================================================

Total params: 138,357,544

Trainable params: 138,357,544

Non-trainable params: 0

_________________________________________________________________

_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

input_1 (InputLayer)         (None, 224, 224, 3)       0

_________________________________________________________________

block1_conv1 (Conv2D)        (None, 224, 224, 64)      1792

_________________________________________________________________

block1_conv2 (Conv2D)        (None, 224, 224, 64)      36928

_________________________________________________________________

block1_pool (MaxPooling2D)   (None, 112, 112, 64)      0

_________________________________________________________________

block2_conv1 (Conv2D)        (None, 112, 112, 128)     73856

_________________________________________________________________

block2_conv2 (Conv2D)        (None, 112, 112, 128)     147584

_________________________________________________________________

block2_pool (MaxPooling2D)   (None, 56, 56, 128)       0

_________________________________________________________________

block3_conv1 (Conv2D)        (None, 56, 56, 256)       295168

_________________________________________________________________

block3_conv2 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_conv3 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_pool (MaxPooling2D)   (None, 28, 28, 256)       0

_________________________________________________________________

block4_conv1 (Conv2D)        (None, 28, 28, 512)       1180160

_________________________________________________________________

block4_conv2 (Conv2D)        (None, 28, 28, 512)       2359808

_________________________________________________________________

block4_conv3 (Conv2D)        (None, 28, 28, 512)       2359808

[…]
123,642,856



_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

[…]

_________________________________________________________________

block4_pool (MaxPooling2D)   (None, 14, 14, 512)       0

_________________________________________________________________

block5_conv1 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv2 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_conv3 (Conv2D)        (None, 14, 14, 512)       2359808

_________________________________________________________________

block5_pool (MaxPooling2D)   (None, 7, 7, 512)         0

_________________________________________________________________

flatten (Flatten)            (None, 25088)             0

_________________________________________________________________

fc1 (Dense)                  (None, 4096)              102764544

_________________________________________________________________

fc2 (Dense)                  (None, 4096)              16781312

_________________________________________________________________

predictions (Dense)          (None, 1000)              4097000

=================================================================

Total params: 138,357,544

Trainable params: 138,357,544

Non-trainable params: 0

_________________________________________________________________

_________________________________________________________________

Layer (type)                 Output Shape              Param #

=================================================================

input_1 (InputLayer)         (None, 224, 224, 3)       0

_________________________________________________________________

block1_conv1 (Conv2D)        (None, 224, 224, 64)      1792

_________________________________________________________________

block1_conv2 (Conv2D)        (None, 224, 224, 64)      36928

_________________________________________________________________

block1_pool (MaxPooling2D)   (None, 112, 112, 64)      0

_________________________________________________________________

block2_conv1 (Conv2D)        (None, 112, 112, 128)     73856

_________________________________________________________________

block2_conv2 (Conv2D)        (None, 112, 112, 128)     147584

_________________________________________________________________

block2_pool (MaxPooling2D)   (None, 56, 56, 128)       0

_________________________________________________________________

block3_conv1 (Conv2D)        (None, 56, 56, 256)       295168

_________________________________________________________________

block3_conv2 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_conv3 (Conv2D)        (None, 56, 56, 256)       590080

_________________________________________________________________

block3_pool (MaxPooling2D)   (None, 28, 28, 256)       0

_________________________________________________________________

block4_conv1 (Conv2D)        (None, 28, 28, 512)       1180160

_________________________________________________________________

block4_conv2 (Conv2D)        (None, 28, 28, 512)       2359808

_________________________________________________________________

block4_conv3 (Conv2D)        (None, 28, 28, 512)       2359808

[…]

224 × 224 × 3











…

…… …



𝑑 𝐼1 𝐼2 = 𝐹𝐸𝑁 𝐼1 − 𝐹𝐸𝑁 𝐼2 2







ℓ2

𝑑 𝐼1, 𝐼2 = 𝐼1 − 𝐼2 2

http://cs231n.stanford.edu/
http://cs231n.github.io/
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https://github.com/marioZYN/FC-CNN-Demo
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https://github.com/marioZYN/FC-CNN-Demo
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(𝐼, 𝑦)
𝐴𝑙 𝑙 ,  

𝐴𝑙 𝐼 , 𝑦 𝑙 𝑙

𝐼 𝐴𝑙 𝐼 ∀𝑙













• 𝐼
𝐴𝑙 𝐼 𝑙

•
𝒑𝒍 = 𝐶𝑁𝑁(𝐴𝑙 𝐼 )

• {𝒑𝑙}
e. g. 𝒑 = 𝐴𝑣𝑔( 𝒑𝑙 𝒍)

CNN𝐼 ො𝑦

AUG𝐼 {𝐴𝑡(𝐼)} CNN { ො𝑦𝑡 } aggregation ො𝑦





https://stepup.ai/test_time_data_augmentation/




(𝐼, 𝑦)
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𝐴𝑙



𝐴𝑙 𝐼 𝑙 𝐼 𝐼
𝐼



𝐼𝑖 , 𝑦𝑖 𝐼𝑗 , 𝑦𝑗

ሚ𝐼 = 𝜆𝐼𝑖 + 1 − 𝜆 𝐼𝑗
𝑦 = 𝜆𝑦𝑖 + 1 − 𝜆 𝑦𝑗

𝜆 ∈ 0,1 𝑦𝑖 , 𝑦𝑗

https://www.kaggle.com/code/kaushal2896/data-augmentation-tutorial-basic-cutout-mixup


https://keras.io/guides/keras_cv/cut_mix_mix_up_and_rand_augment/




https://keras.io/api/layers/preprocessing_layers/image_augmentation/


https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_crop#randomcrop-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_flip#randomflip-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_translation#randomtranslation-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_rotation#randomrotation-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_zoom#randomzoom-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_height#randomheight-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_width#randomwidth-class
https://keras.io/api/layers/preprocessing_layers/image_augmentation/random_contrast#randomcontrast-class


https://keras.io/api/layers/preprocessing_layers/image_preprocessing/resizing
https://keras.io/api/layers/preprocessing_layers/image_preprocessing/rescaling
https://keras.io/api/layers/preprocessing_layers/image_preprocessing/center_crop


flip = tf.keras.Sequential([

tfkl.RandomFlip("horizontal_and_vertical"),

])

flipped_X_train = flip(X_train)



# pack a few augmentation layers in a sequence

augmentationNet = tf.keras.Sequential([

tfkl.RandomFlip("horizontal_and_vertical"),

tfkl.RandomTranslation(0.1,0.1),

tfkl.RandomRotation(0.1),

], name='augmentationNet’)

augmentated_X_train = augmentationNet(X_train)



def build_model_with_augmentation(input_shape, output_shape):

tf.random.set_seed(seed)

# Build the neural network layer by layer

input_layer = tfkl.Input(shape=input_shape, name='Input')

# include augmentation layers

a = tfkl.RandomFlip("horizontal_and_vertical")(input_layer)

b = tfkl.RandomTranslation(0.1,0.1)(a)

c = tfkl.RandomRotation(0.1)(b)

conv1 = tfkl.Conv2D(…)(c)



from keras.preprocessing.image import 

ImageDataGenerator

ImageDataGenerator(

rotation_range=0, 

width_shift_range=0.0, height_shift_range=0.0, 

brightness_range=None, shear_range=0.0, 

zoom_range=0.0, channel_shift_range=0.0,

fill_mode='nearest', 

horizontal_flip=False, vertical_flip=False, 

rescale=None,

preprocessing_function=None)



flow_from_directory

ImageDataGenerator.flow_from_directory(

directory=PATCH_PATH + 'train/',

target_size=(img_width, img_width),

batch_size=batch_size,

shuffle=True)



from keras.preprocessing.image import 

ImageDataGenerator

ImageDataGenerator(

rotation_range=0, 

width_shift_range=0.0, height_shift_range=0.0, 

brightness_range=None, shear_range=0.0, 

zoom_range=0.0, channel_shift_range=0.0,

fill_mode='nearest', 

horizontal_flip=False, vertical_flip=False, 

rescale=None,

preprocessing_function=None)







…
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0      tench, Tinca tinca
1      goldfish, Carassius auratus
2      great white shark, man-eating shark, Carcharodon caharias’,
…
998  ear, spike, capitulum
999  toilet tissue, toilet paper, bathroom tissue

𝑳 = 𝟗𝟗𝟗

…



𝐿

• 𝑇𝑅

•

•

…

…… …

0      tench, Tinca tinca
1      goldfish, Carassius auratus
2      great white shark, man-eating shark, Carcharodon caharias’,
…
998  ear, spike, capitulum
999  toilet tissue, toilet paper, bathroom tissue

𝑳 = 𝟗𝟗𝟗

…



…

…… …

0      tench, Tinca tinca
1      goldfish, Carassius auratus
2      great white shark, man-eating shark, Carcharodon caharias’,
…
998  ear, spike, capitulum
999  toilet tissue, toilet paper, bathroom tissue

𝑳 = 𝟗𝟗𝟗

…





…

…… …

0      dog
1      cat

𝑳 = 𝟐



…

…… …

0      dog
1      cat

𝑳 = 𝟐



𝑇𝑅

…

…… …

0      dog
1      cat

𝑳 = 𝟐



6 × 1

https://jhui.github.io/2017/03/16/CNN-Convolutional-neural-network/


•

•



•

•

•

•

# Compile the model

ft_model.compile(loss=tfk.losses.BinaryCrossentr

opy(), optimizer=tfk.optimizers.Adam(1e-

5), metrics='accuracy’)







https://keras.io/api/applications/


• include_top = True:

• include_top = False: 



from keras import applications

base_model = applications.VGG16(weights = 

"imagenet", include_top=False, input_shape = 

(img_width, img_width, 3), pooling = “avg")



from keras import applications

base_model = applications.VGG16(weights = 

"imagenet", include_top=False, input_shape = 

(img_width, img_width, 3), pooling = “avg")

include_top=False, 

• pooling = “avg“ 

• pooling = “max“ 

• pooling = “none“ 



fen = tfk.Sequential(model.layers[:-2])

fen.output_shape

>> 128



fen = tfk.Sequential(model.layers[:-2])

tf.keras.applications.mobilenet_v2.preprocess_input 



model.layers

for layer in model.layers[: lastFrozen]:

layer.trainable=False



# load a pre-

trained MobileNetV2 model without weights

mobile = tfk.applications.MobileNetV2(

input_shape=(224, 224, 3),

include_top=False,

pooling='avg',

)



model.layers

# Add the classifier layer to the MobileNet

inputs = tfk.Input(shape=(224,224,3))

x = mobile(inputs) # concatenates inputs and the output
of the pretrined network... the entire mobileNet is hand
led as a layer

x = tfkl.Dropout(0.5)(x) # good to prevent overfitting

outputs = tfkl.Dense(1, activation='sigmoid')(x) # conne
ct a new output layer



model.layers

for layer in model.layers[: lastFrozen]:

layer.trainable=False





𝐼 𝒙



𝐼 𝒙

𝒙

𝒙𝟏 𝒙𝟐 𝒙𝟑



𝐼 𝒙 𝒙𝟏 𝒙𝟐 𝒙𝟑

𝒙





# feed the test imate to the fen

image_features = fen.predict(test_image)

# feed fen with the entire training set (use batches of 512)

features = fen.predict(X_train_val,batch_size=512,verbose=0)

# compute distances (e.g. ell1) between image_featres and features,

distances = np.mean(np.abs(features - image_features),axis=-1)

sortedDistances = distances.argsort()

# sort images (and labels) according to the distance computed above

ordered_images = X_train_val[sortedDistances]

ordered_labels = y_train_val[sortedDistances]

# associate to image_features the closest image ordered_images[0]









→

→







# it is necessary to import some package

from keras.models import Sequential

from keras.layers import Dense, Flatten

from keras.layers import Conv2D, MaxPooling2D

# and initialize an object from Sequential()

model = Sequential()



# Network Layers are stacked by means of the 

.add() method

model.add(Conv2D(filters = 64, kernel_size=3, 

activation=’relu’, input_shape=(28,28,1)))

model.add(MaxPooling2D(pool_size=(2, 2)))

model.add(Flatten())

model.add(Dense(10, activation=’softmax’))



# Convolutional Layer 

model.add(Conv2D(filters = 64, kernel_size=3, 

activation=’relu’, input_shape=(28,28,1)))

# the input are meant to define:

# - The number of filters,

# - The spatial size of the filter (assumed

squared), while the depth depends on the network 

structure

# - the activation layer (always include a 

nonlinearity after the convolution)

# - the input size: (rows, cols, n_channels)



# Convolutional Layer 

model.add(Conv2D(filters = 64, kernel_size=3, 

activation=’relu’, input_shape=(28,28,1)))

# This layer creates a convolution kernel that 

is convolved with the layer input to produce a 

tensor of outputs.

# When using this layer as the first layer in a 

model, provide the keyword argument input_shape

(tuple of integers, does not include the batch 

axis), e.g. input_shape=(128, 128, 3) for 

128x128 RGB pictures in 

data_format="channels_last".







# Maxpooling layer 

model.add(MaxPooling2D(pool_size=(2, 2)))

# the only parameter here is the (spatial) size 

to be reduced by the maximum operator







# at the end the activation maps are “flattened” i.e. 

they move from an image to a vector (just unrolling)

model.add(Flatten())

# Dense is a Fully Connected layer in a traditional 

Neural Network. 

model.add(Dense(units=10, activation=’softmax’))

# Implements: 

# output = activation(dot(input, kernel) + bias)

• activation is the element-wise activation function 

passed as the activation argument, 

• kernel is a weights matrix created by the layer,

• bias is a bias vector created by the layer

# “Units” defines the number of neurons



# a nice output describing the model 

architecture

model.summary()



Layer (type)                 Output Shape           Param #   

===========================================================

conv2d_7 (Conv2D)            (None, 26, 26, 64)        640       

___________________________________________________________

flatten_3 (Flatten)          (None, 43264)             0         

___________________________________________________________

dense_4 (Dense)              (None, 10)             432650    

===========================================================

Total params: 433,290

Trainable params: 433,290

Non-trainable params: 0





•

•

•

model.compile(optimizer='adam', 

loss='categorical_crossentropy', 

metrics=['accuracy'])



fit()

•

•

•

•

model.fit(X_train, y_train, 

validation_data=(X_test, y_test), epochs=3)



Epoch 22/100

18000/18000 [==============================] - 136s 8ms/step - loss: 0.7567 

- acc: 0.6966 - val_loss: 1.9446 - val_acc: 0.4325

Epoch 23/100

18000/18000 [==============================] - 137s 8ms/step - loss: 0.7520 

- acc: 0.6959 - val_loss: 1.9646 - val_acc: 0.4275

Epoch 24/100

18000/18000 [==============================] - 137s 8ms/step - loss: 0.7442 

- acc: 0.7024 - val_loss: 1.9067 - val_acc: 0.4129





callback_list = [cb1,…,cbN]

model.fit(X_train, y_train, 

validation_data=(X_test, y_test), epochs=3, 

callbacks = callback_list)



from keras.callbacks import ModelCheckpoint

cp = ModelCheckpoint(filepath, 

monitor='val_loss', verbose=0, 

save_best_only=False, save_weights_only=False, 

mode='auto', period=1)



from keras.callbacks import EarlyStopping

es = EarlyStopping(monitor='val_loss', 

min_delta=0, patience=0, verbose=0, mode='auto', 

baseline=None, restore_best_weights=False)





#returns the class probabilities for the input 

image X_test

score = model.predict(X_test) 

# select the class with the largest score

prediction_test = np.argmax(score, axis=1)



from keras.callbacks import TensorBoard

tb = TensorBoard(log_dir="dirname")
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