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𝐼

𝐼

Λ = {"wheel", "cars", …, "castle", "baboon"}



𝐼

𝐼

Λ = {"wheel", "cars", …, "castle", "baboon"}



𝐼 ∈ ℝ𝑅 × 𝐶 × 3

• 𝑙
Λ = {"wheel", "cars", …, "castle", "baboon"}

𝐼 → 𝑙 ∈ Λ





(𝑥, 𝑦, 𝑤, ℎ, "Hawk")



𝐼 ∈ ℝ𝑅 × 𝐶 × 3

• 𝑙
Λ = {"wheel", "cars", …, "castle", "baboon"}

• 𝑥, 𝑦, ℎ, 𝑤

𝐼 → (𝑥, 𝑦, ℎ, 𝑤, 𝑙)



(𝑥, 𝑦, 𝑤, ℎ, "man") (𝑥, 𝑦, 𝑤, ℎ, "kid")

(𝑥, 𝑦, 𝑤, ℎ, "glove")



𝐼 ∈ ℝ𝑅 × 𝐶 × 3

• {𝑙𝑖} Λ = {"wheel",
"cars", …, "castle", "baboon"}

• { 𝑥, 𝑦, ℎ, 𝑤 𝑖}

𝐼 → { 𝑥, 𝑦, ℎ, 𝑤, 𝑙 1, … , 𝑥, 𝑦, ℎ, 𝑤, 𝑙 𝑁}





𝐼 ∈ ℝ𝑅 × 𝐶 × 3

• {𝑙𝑖}
Λ = {"wheel", "cars", …, "castle", "baboon"}

𝐼 → 𝑆 ∈ Λ𝑅 × 𝐶

𝑆 𝑥, 𝑦 ∈ Λ (𝑥, 𝑦)





𝐼

• {𝑙𝑖} Λ = {"wheel",
"cars", …, "castle", "baboon"}

• { 𝑥, 𝑦, ℎ, 𝑤 𝑖}

• 𝑆

𝐼 → { 𝑥, 𝑦, ℎ, 𝑤, 𝑙, 𝑆 1, … , 𝑥, 𝑦, ℎ, 𝑤, 𝑙, 𝑆 𝑁}







𝐱 ∈ ℝ𝑑

(𝑑 ≪ 𝑟 × 𝑐)

𝑦 ∈ Λ

𝐼1 ∈ ℝ𝑟1×𝑐1



𝐱 ∈ ℝ𝑑
𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …



𝐱 ∈ ℝ𝑑
𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝑜𝑖 = tanh ෍

𝑗=1:𝑑

𝑤1
𝑖,𝑗 𝑥𝑗 + 𝑏𝑖𝑥1

𝑥𝑑

𝑜1



𝐱 ∈ ℝ𝑑
𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝑜𝑖 = tanh ෍

𝑗=1:𝑑

𝑤1
𝑖,𝑗 𝑥𝑗 + 𝑏𝑖𝑥1

𝑥𝑑

𝑜1



𝐱 ∈ ℝ𝑑

𝑃(𝑙 = "doub. "|𝒙)

𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …

𝑃(𝑙 = "env." |𝒙 )

𝑃(𝑙 = "parc."|𝒙)



𝐼1 ∈ ℝ𝑟1×𝑐1

…

…… …



𝑇𝑅 = { 𝒙, 𝑙 𝑖 , 𝑖 = 1,… ,𝑁}
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𝐼1 ∈ ℝ𝑟1×𝑐1 …

…… …



By Aphex34 - Own work, CC BY-SA 4.0, 
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𝑦 =෍

𝑖

𝑤𝑖,𝑗
1 𝑥𝑖 + 𝑏1



𝑦 =෍

𝑖

𝑤𝑖,𝑗
1 𝑥𝑖 + 𝑏1



𝑦 =෍
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𝑤𝑖,𝑗
1 𝑥𝑖 + 𝑏1
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𝑤𝑖,𝑗
1 𝑥𝑖 + 𝑏1

෍

𝑖

𝑤𝑖,𝑗
2 𝑥𝑖 + 𝑏2
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1 input map 1 output map1 3x3 kernel



1 input map 2 output maps2 3x3 kernels



3 input maps 2 output maps3x2 3x3 kernels



3 input maps 2 output maps3x2 3x3 kernels



3 input maps 2 output maps3x2 3x3 kernels



3 input maps 2 output maps3x2 3x3 kernels

Quiz: how many parameters 
does this layer have?



3 input maps 2 output maps3x2 3x3 kernels

= 54 ...



3 input maps 2 output maps3x2 3x3 kernels

= 54 ...                 + 2 biases



3 input maps 2 output maps3x2 3x3 kernels

= 54 ...                 + 2 biases
= 56 trainable parameters (weights)



max 0,⋅

•

•

𝑇 𝑥 = ቊ
𝑥, if 𝑥 ≥ 0
0, if 𝑥 < 0

𝑥

𝑇
(𝑥
)

0

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



𝑇 𝑥 =
2

1 + 𝑒−2𝑥
− 1

𝑆 𝑥 =
1

1 + 𝑒−2𝑥
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Layer (type)                 Output Shape              Param #   

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

conv2d_1 (Conv2D)            (None, 28, 28, 6)         156       

_________________________________________________________________

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

_________________________________________________________________

conv2d_2 (Conv2D)            (None, 10, 10, 16)        2416      

_________________________________________________________________

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

_________________________________________________________________



conv2d_1 average_

pooling2d_1

conv2d_2 average_

pooling2d_2

dense_1

dense_2

dense_3
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𝟏 × 𝟏 × 𝑵
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𝟏 × 𝟏 × 𝐋



𝟏 × 𝟏 × 𝑵





𝑑 = 32 × 32 × 3 = 3072

http://www.cs.toronto.edu/~kriz/learning-features-2009-TR.pdf


ℓ2

𝑑 𝐼1, 𝐼2 = 𝐼1 − 𝐼2 2
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conv𝑥(⋅)
𝑑 𝐼1, 𝐼2 = conv𝑥(𝐼1) − conv𝑥(𝐼2) 2

















Fully connected

3x1 convolutional
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Fully connected

3x1 convolutional

5x5 = 25 weights
(+ 5 bias)

3 weights!
(+ 1 bias)

Quiz: how many parameters 
does this layer have?







Fully connected

3x1 convolutional



3x1 convolutional

3x1 convolutional
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https://github.com/marioZYN/FC-CNN-Demo


≈







https://github.com/marioZYN/FC-CNN-Demo
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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)









• 𝐼

•

•









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


•

•

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


•

•

•

•

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


• 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))



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


model.layers

for layer in model.layers[: lastFrozen]:

layer.trainable=False
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𝟏 × 𝟏 × 𝑵



𝟏 × 𝟏 × 𝑵



𝑴𝟏 ×𝑴𝟐 × 𝑵



𝑖 ∶ 𝒘𝒊 = {𝑤𝑖,𝑗}𝑖=𝑗:𝑁

𝐿 𝑳 𝟏 × 𝟏 × 𝑵

𝑁

𝑠1

𝑠𝑁

𝑠2

𝑠3

𝑠4

𝑜1
𝑜𝑖 = ෍

𝑗=1:𝑁

𝑤𝑗
𝑖𝑠𝑗 + 𝑏𝑖

𝑜𝑖 = 𝒘𝒊 ′ 𝒔 + 𝑏𝑖

𝑜𝑖 = (𝒘𝒊 ⊛𝒔)(0,0) + 𝑏𝑖

𝑜𝐿



𝑖 ∶ 𝒘𝒊 = {𝑤𝑖,𝑗}𝑖=𝑗:𝑁

𝐿 𝑳 𝟏 × 𝟏 × 𝑵

𝑁

𝑠1

𝑠𝑁

𝑠2

𝑠3

𝑠4

𝑜1
𝑜𝑖 = ෍

𝑗=1:𝑁

𝑤𝑗
𝑖𝑠𝑗 + 𝑏𝑖

𝑜𝑖 = 𝒘𝒊 ′ 𝒔 + 𝑏𝑖

𝑜𝑖 = (𝒘𝒊 ⊛𝒔)(0,0) + 𝑏𝑖

𝑜𝐿



𝑳 𝟏 × 𝟏 × 𝑵

𝑴𝟏 ×𝑴𝟐 × 𝑵

𝑴𝟏 ×𝑴𝟐 × 𝑳



•

•

𝑴𝟏 ×𝑴𝟐 × 𝑵

𝑴𝟏 ×𝑴𝟐 × 𝑳



…



…







https://github.com/marioZYN/FC-CNN-Demo


https://github.com/marioZYN/FC-CNN-Demo


get_weights set_weights

•

w7, b7 = model.layers[7].get_weights()

•

w7.reshape(20, 20, 10, 256)

•

model2.layers[i].set_weights(w7, b7)
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http://www.robots.ox.ac.uk/~szheng/crfasrnndemo
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𝐼 𝒓, 𝒄 Λ

http://www.robots.ox.ac.uk/~szheng/crfasrnndemo

http://www.robots.ox.ac.uk/~szheng/crfasrnndemo


(𝐼, 𝐺𝑇)
Λ

𝐼 𝐺𝑇



(𝐼, 𝐺𝑇)
Λ

𝐼 𝐺𝑇



(𝐼, 𝐺𝑇)
Λ

𝐼 𝐺𝑇













𝑓

• 𝒇𝟐 0 ≤ 𝑟, 𝑐 < 𝑓)

• 𝒇𝟐

•
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𝑛 × 𝑛 × 3 𝑛 × 𝑛 × 𝐿



𝑛 × 𝑛 × 3 𝑛 × 𝑛 × 1



𝑛 × 𝑛 × 3 𝑛 × 𝑛 × 1







http://cs231n.stanford.edu/
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a 3x3
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𝒇𝟏

𝒇𝟐

𝒇𝟑

𝑰𝟏

𝑰𝟐

𝒇𝟏 𝑰𝟏

𝒇𝟐𝑰𝟏 + 𝒇𝟏𝑰𝟐

𝒇𝟑𝑰𝟏 + 𝒇𝟐𝑰𝟐

𝒇𝟑𝑰𝟐



𝒇𝟏 𝑰𝟏

𝒇𝟐𝑰𝟏

𝒇𝟑𝑰𝟏 + 𝒇𝟏𝑰𝟐

𝒇𝟐𝑰𝟐

𝒇𝟑𝑰𝟐

𝒇𝟏

𝒇𝟐

𝒇𝟑

𝑰𝟏

𝑰𝟐



https://github.com/vdumoulin/conv_arithmetic

https://github.com/vdumoulin/conv_arithmetic
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• 𝒙𝒊



•

• 𝒙𝒊

•
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•



•

ℓ

መ𝜃 = min
𝜃

෍

𝒙𝒋

ℓ 𝒙𝒋, 𝜃

𝒙𝒋

•

•

•



minimize෍

𝒙𝒋

ℓ 𝒙𝒋, 𝜃

𝒙𝒋



•

𝑆(⋅,⋅)

•

•

•



•

minimize෍

𝒙𝒋

𝑀(𝒙𝒋)ℓ 𝒙𝒋, 𝜃

𝑀(𝒙𝒋)

•

minimize෍

𝒙𝒋

𝑤(𝒙𝒋)ℓ 𝒙𝒋, 𝜃

𝑤(𝒙𝒋) 𝒙𝒋
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• 3 × 3

• 3 × 3

• 2 × 2









• 2 × 2

•

• 3 × 3

• 3 × 3



𝐿
1 × 1 × 𝑁



መ𝜃 = min
𝜃

෍

𝒙𝒋

𝑤 𝒙𝑗 ℓ 𝒙𝒋, 𝜃

𝑤 𝒙 = 𝑤𝑐 𝒙 + 𝑤0 𝑒
−

𝑑1 𝒙 +𝑑2 𝒙
2

2𝜎2

• 𝑤𝑐

• 𝑑1

• 𝑑2



𝑤 𝒙 = 𝑤𝑐 𝒙 + 𝑤0 𝑒
−

𝑑1 𝒙 +𝑑2 𝒙
2

2𝜎2

• 𝑤𝑐

• 𝑑1

• 𝑑2



𝑤 𝒙 = 𝑤𝑐 𝒙 + 𝑤0 𝑒
−

𝑑1 𝒙 +𝑑2 𝒙
2

2𝜎2



𝑤 𝒙 = 𝑤𝑐 𝒙 + 𝑤0 𝑒
−

𝑑1 𝒙 +𝑑2 𝒙
2

2𝜎2

This term is large at pixels close to borders 
delimiting objects of different classes
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𝑠1

𝑠2

𝑠3

𝑠4

𝑜1

𝑜𝐿



•

•

𝑠1
𝑠2
𝑠3
𝑠4

𝑜1

𝑜𝐿



•

•

•

•

•



•

•

•

•

•

•



•

•

•

•







• (𝒙, 𝑦)









•

•



• 𝑛 𝑓𝑘 ⋅,⋅

• 𝑛
𝐹𝑘

𝐹𝑘 = ෍

(𝑥,𝑦)

𝑓𝑘(𝑥, 𝑦)

𝑓𝑘(𝑥, 𝑦)



𝑆𝑐 𝑐
{𝐹𝑘}

𝑃𝑐
𝑐

𝑆𝑐 =෍

𝑘

𝑤𝑘
𝑐 𝐹𝑘

𝑤𝑘
𝑐 𝐹𝑘

𝑐

𝑓𝑘(𝑥, 𝑦)

𝑤𝑘
𝑐

𝑆𝑐 =෍

𝑘

𝑤𝑘
𝑐 𝐹𝑘

𝑃𝑐 =
e𝑆𝑐

σ𝑖 𝑒
𝑆𝑖

𝐹𝑘 = ෍

(𝑥,𝑦)

𝑓𝑘(𝑥, 𝑦)



𝑆𝑐 =෍

𝑘

𝑤𝑘
𝑐෍

𝑥,𝑦

𝑓𝑘(𝑥, 𝑦) =෍

𝑥,𝑦

෍

𝑘

𝑤𝑘
𝑐 𝑓𝑘(𝑥, 𝑦)

𝑀𝑐 𝑥, 𝑦 =෍

𝑘

𝑤𝑘
𝑐 𝑓𝑘(𝑥, 𝑦)

𝑀𝑐 𝑥, 𝑦
(𝑥, 𝑦)

𝑐

𝑓𝑘(𝑥, 𝑦)

𝑤𝑘
𝑐

𝑆𝑐 =෍

𝑘

𝑤𝑘
𝑐 𝐹𝑘

𝑃𝑐 =
e𝑆𝑐

σ𝑖 𝑒
𝑆𝑖

𝐹𝑘 = ෍

(𝑥,𝑦)

𝑓𝑘(𝑥, 𝑦)









•

•

•

•

•

•





Type equation here.

𝒉 𝒈𝒄

Σ

𝒙



𝒉 𝒈𝒄

Σ

𝒙

𝒈𝒄 = RELU ෍

𝑘

𝑤𝑘
𝑐𝒂𝒌 , 𝑤𝑘

𝑐 =
1

𝑛𝑚
෍

𝑖

෍

𝑗

𝜕𝑦𝑐
𝜕𝒂𝒌(𝒊, 𝒋)



𝒉 𝒈𝒄

Σ

𝒙



•



𝒜𝑙: ℝ
𝑁×𝑀 → ℝ𝑁×𝑀

𝒙

𝒉

𝑔1 𝑔2 𝑔3 𝑔4

𝑥1 = 𝒜1(𝑥) 𝑥2 = 𝒜2(𝑥) 𝑥3 = 𝒜3(𝑥) 𝑥4 = 𝒜4(𝑥)



𝒜ℓ

high-resolution
CAM 𝒉

low-resolution
CAM 𝒈

Σ

input image 𝒙



𝒈ℓ

𝑔1 𝑔2 𝑔3 𝑔4



𝓓 ∶ ℝ𝑁×𝑀 → ℝ𝑛×𝑚

𝒉

argmin
ℎ

1

2
෍

𝑙=1

𝐿

‖𝒟𝒜ℓℎ − 𝑔ℓ ‖2
2 + 𝜆𝑇𝑉ℓ1 ℎ +

𝜇

2
‖ℎ‖2

2 (1)

𝑇𝑉ℓ1:

𝑇𝑉ℓ1 𝒉 = Σ𝑖,𝑗 𝜕𝑥𝒉 𝑖, 𝑗 + 𝜕𝑦𝒉 𝑖, 𝑗 2





http://home.deib.polimi.it/boracchi/






𝒮

ℛ
ℓ2, ℓ1, . .



ℒ 𝑥 = 𝛼 𝒮 𝑥 + 1 − 𝛼 ℛ(𝑥)

𝛼

𝜶





•

•

𝒌

𝟐𝒌



ℓ2

•











•

•

•

•



•

•

•

•



•

•

•

•



•

•

•

•

•



•

•













•

•

•

•

•

•

•

•







→



𝑯×𝑾
𝑯×𝑾









•

•

•

RPN



• 3 × 3

• 1 × 1

• 𝑘

• 𝐻 ×𝑊 × 𝑘

𝐻

𝑊



𝑘

•

→ 2𝑘

•

→ 4𝑘

•

𝐻

𝑊



•

•

•

•

•

•

•

RPN



• ∼ 300

• 300

•

•

•



•

• ∼ 300

•

•

•













𝐵



•

(dx, dy, dh, dw, objectness_score)

• 𝐶

7 × 7 × 𝐵 × (5 + 𝐶)









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















