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Krizhevsky, Alex, llya Sutskever, and Geoffrey E. Hinton. "Imagenet
classification with deep convolutional neural networks." NeurlPS. 2012.
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ImageNet Large-Scale Visual Recognition Challenge, 2012

Tasks:

* Decide whether a given image contains a particular type of object or not. For example, a
contestant might decide that there are cars in this image but no tigers.

* Find a particular object and draw a box around it. For example, a contestant might decide that
there is a screwdriver at a certain position with a width of 50 pixels and a height of 30 pixels.

Image classification * 1000 different categories
Lidaiest classes e Over 1 million images

red fox (100) hen-of-the-woods (100) ibex (100)  goldfinch (100) flat-coated retriever (100)
N * Training set: 456,567 images

»
eR4, e

tiger (100) hamster (100) porcupme(100) stlngrayHOO) Blenheim spaniel (100) Year Winning Error Rate

- . -' N 2010 28.2%
Hardest classes 2011 25.8%

muzzle (71) hatchet (68) water bottle (68) velvet (68) loupe (66) 2012 164% o
E - . % 2013 11.2%
hook (66) ~ spotlight (66) ladle (65) 2014 6.7%
2015 3.57%

Human About 5.1%

ImageNet Large Scale Visual Recognition Challenge. Russakovsky et al. arXiv preprint arXiv:1409.0575. URL:_http://arxiv.org/abs/1409.0575v1
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http://arxiv.org/abs/1409.0575v1

ImageNet Dataset

AlexNet on ImageNet

3

black widow lifeboat
cockroach amphibian
tick fireboat bumper car

drilling platform golfcart

mushroom erry Mada scar cat

e
vertible agaric dalmatian S | monkey
grille mushroom grape spider monkey
pickup Jjelly fungus elderberry titi
beach wagon gill fungus |ffordshire bullterrier indri
fire dead-man's-fingers currant howler mol

E =T v ;1'* ‘ ; i £ rl ¥

Su rc: https://cs.stnford.edu/people/ka rpathy/

cnnemd/cnn_embed_ful_lk.jpg
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Architecture

" el AT 192 192 128 2088 \ / 2048 \dense
55 Py
: 13 13 13
224 R ENER 3.1 J N
d o[\ 13 dense dense
i 1000
\ 192 192 128 Max | -
~ 2048 2048
224 ; Max. 128 Max pooling
| pooling pooling
(i
3 fully

5 convolutional layers
y connected layers

Learned 11x11x3 filters .
Key ideas:

* Rectified Linear Unit (ReLU): an activation function
* GPU implementation (2 GPUs)
* Local response normalization, Overlapping pooling

Data augmentation, Dropout
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CONVOLUTION



Convolution

e Continuous convolution

(F % g)(t /f t—T)dT:/f(t—T)g(T)dT

e Discrete convolution

(fxg)(t Zf (t —1) th—z

11— — 00 1= — 00

e 2D image I (K is a 2D filter)

(I+K)( ZZImn (i—m,j—n) = ZZI@ m,i—n)K(m,n)
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2D Convolution

K (3x3 filter)

| (7x7 image)

Kll K12 K13
K21 KZZ K23
K31 K32 K33

Liy | hz| hs| La| hLs| lLie| Ly
Ly | Lp| B3| La| Ls| Le| Iy
Iy | Lz Ls| Ly| Ls| Ll I3y
Iy | Lo | Ls| L | las| lae | Lay
Isy | Is2| Is3| Isq | Iss| Ise | Isy
Ier | T2 | Ies| lea | los | lec | Le7
Iy | Iz | Iz | Iza | Irs| 76 | 77

Output (5x5)

01 1 012 013 014 01 5

02 1 02 2 02 3 024 02 5
03 1 03 2 03 3 034 03 5
04-1 04-2 043 04-4- 04-5
05 1 052 05 3 054— 05 5




2D Convolution

K (3x3 filter) | (7x7 image) Output (5x5)
Ki1| Kiz| Kiz Lyl Lol Lzl Lal Ls| Lel Lis 014 |012 O13 | 014 O1s
Ky | Kaz| Kz k Ll Lol L3l Lal Ls| Lsl Ly — O21] 022 O3] Oa4 Ozs
K31 | Kzz2| Kz3 I3 | Ls| Lal Ls| sl I O31| Os2| Osz3| Os4| Oss

14-1 142 14-3 14-4- 14-5 14-6 14-7

Isy | Iso| Isz| Isa | Iss| Ise| Is7

161 162 163 164- 165 166 167

171 172 173 174- 175 176 177

O11 = 111 K11+ Lo Ko+ 13 Ki3+121 Ko1+ 100 Koo+ 103 Ko3+131 K31+ 132 K32+ 133 K33-+bias
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2D Convolution

K (3x3 filter) | (7x7 image) Output (5x5)
Ki1| Kiz| Kiz I K1I112 K}fz K134 Lis| Lel Lis 01| 012 b13 014 Oss
K1 | Kaz| Kz k I, K211; K?ZZZ KZ?; Ls| Lgl| I — O21] 022 O3] Oa4 Ozs
K31 | Kzz| Ksz I34 K?’Il; ng K;; Iis| Ll Is; O31| Os2| Osz3| Os4| Oss

14-1 142 14-3 14-4- 145 14-6 14-7

Isy | Iso| Isz| Isa | Iss| Ise| Is7

161 162 163 164- 165 166 167

171 172 173 174- 175 176 177

O11 = 1 K+ Lo Ko+ 113 K13+121 Ko1+122 Koo+ 103 Ko+ 131 K31+ 132 K32+ 133 K33+bias
O12 = Lo K11+ 113 K12+ 114 K13+ 122 Ko1+ 123 Koo+ 104 Ko+ 132 K314 133 K32+ 134 K33+bias
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2D Convolution

K (3x3 filter) | (7x7 image) Output (5x5)
Ki1 | Kiz2| Kiz L1 L] K11113 K124 Kf’g Lig| I 011 O12}| O13 || O14] O15s
K1 | Kaz| Kz k L] 1] K2112: K224 K235 Lel I — O21] 022 O3] Oa4 Ozs
K31 | Kzz| Ksz I3; ] I3 K3I§: K324 K335 el I3, O31| Os2| Osz3| Os4| Oss

14-1 142 14-3 14-4- 145 14-6 14-7

Isy | Iso| Isz| Isa | Iss| Ise| Is7

161 162 163 164- 165 166 167

171 172 173 174- 175 176 177

O11 = 1 K+ Lo Ko+ 113 K13+121 Ko1+122 Koo+ 103 Ko+ 131 K31+ 132 K32+ 133 K33+bias
O12 = Lo K11+ 113 K12+ 114 K13+ 122 Ko1+ 123 Koo+ 104 Ko+ 132 K314 133 K32+ 134 K33+bias
O13 = I3 K11 +114 Ko+ 115 K1z +123 Ko1+ 124 Koo+ 125 Ko +133 K31+134 K32 +135 K33 +bias
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2D Convolution

K (3x3 filter) | (7x7 image) Output (5x5)
Ki1 | Kiz2| Kiz L1 | La| L K 114 K 125 £ fé I, 011] O12 | O13|| O14 |O15
K1 | Kzz| Kz Kk L Ll I K 214 = 225 k 23( I — O21| Oz2| 023 Oz4| O35
K31 | Kzz| Ksz I3; 1 x| I3 k & K o K 2| L, O31| Os2| Osz3| Os4| Oss

14-1 142 14-3 14-4- 145 14-6 14-7

Isy | Iso| Isz| Isa | Iss| Ise| Is7

161 162 163 164- 165 166 167

171 172 173 174- 175 176 177

O11 = I Kii+lo Ko+ 113 K13+ 121 Ko1+ 122 Koo+ 123 Koz +131 K31+132 K32+ 133 K33+-bias
O12 = I1o K11+ 113 Ko+ 114 K13+ 120 Ko1+ 123 Koo+ 124 Koz +132 K31+ 133 K32+ 134 K33+-bias
O13 = 13 K11+ 114 Ko+ 115 K134+ 123 Ko1+ 124 Koo+ 105 Koz +133 K31+ 134 K32+ 135 K33+-bias
O14 = Na K11+ 115 Ko+ 116 K13+ 124 Ko1 4105 Koo+ 126 K23+ 134 K314 135 K324 136 K33+-bias
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2D Convolution

K (3x3 filter) | (7x7 image)

Kip | Kiz| Kis Ly | h2| L] L Kl]lle K}1Ze I&g

Ka1| Kzz| Kas X Iy, L Lz| I24 Kzllzs K?zze 1%3

K31 | Ks2| K3 I3y Is;| Iz3] I34 K31135 ng IE?
Iy | Lo | Ls| L | las| lae | Lay
Iy | Isz | Is3| Isa | Iss| Ise | Isy
Ier | T2 | Ies| lea | los | lec | Le7
Iy | T2 | Iz | Iza | 75| L7 | I77

O11 = I1 K11+ 1o Ko+ 113 K134+ 121 Ko1 4120 Koo+ 123 Ko3+131 K314 132 K32+ 133 K33+-bias
O12 = lo K11+ 113 K120+ 114 K134+ 120 Ko1 4123 Koo+ 104 Ko3 4132 K314 133 K324 134 K33+-bias
O13 = [13 K11+ 114 Ko+ 115 K13+ 123 Ko1 4+ 104 Koo+ 125 K23+ 133 K314 134 K324 135 K33+-bias
O14 = Na K11+ 115 Ko+ 116 K13+ 124 Ko1 4105 Koo+ 126 K23+ 134 K314 135 K324 136 K33+-bias
O1s5 = I1s K11+ 116 K124+ 117 K134+ 125 Ko14- 126 Koo 4127 K234 135 K314 136 K32+ 137 K33+-bias
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2D Convolution

K (3x3 filter) | (7x7 image)

Kip | Kiz| Kis Liy | Iia| Liz| hLa| Ls| hLe| Ly

Ka1| Kzz| Kas X K}211 K}zzz K}io’: L4 Lis| Le| L7

K31| Ksz| K3 K?311 K?322 KE: Iy | Is| Ize| I
KP411 Kf422 KF433 Ig | Ias | las | Luy
Iy | Isz | Is3| Isa | Iss| Ise | Isy
Ier | T2 | Ies| lea | los | lec | Le7
Iy | T2 | Iz | Iza | 75| L7 | I77

O11 = I1 K11+ 1o Ko+ 113 K134+ 121 Ko1 4120 Koo+ 123 Ko3+131 K314 132 K32+ 133 K33+-bias
O12 = lo K11+ 113 K120+ 114 K134+ 120 Ko1 4123 Koo+ 104 Ko3 4132 K314 133 K324 134 K33+-bias
O13 = [13 K11+ 114 Ko+ 115 K13+ 123 Ko1 4+ 104 Koo+ 125 K23+ 133 K314 134 K324 135 K33+-bias
O14 = Na K11+ 115 Ko+ 116 K13+ 124 Ko1 4105 Koo+ 126 K23+ 134 K314 135 K324 136 K33+-bias
O1s5 = I1s K11+ 116 K124+ 117 K134+ 125 Ko14- 126 Koo 4127 K234 135 K314 136 K32+ 137 K33+-bias
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2D Convolution

K (3x3 filter) | (7x7 image)

Kip | Kiz| Kis Liy | Lio| hLs| ha| hs| he| Ly

Ka1| Kzz| Kas X Iy, Lz Lz| Iz Lis| Le| L7

K31| Ksz| K3 Iy | Izz| Iz La| Izs| Lse| I3y
Iy | Lo | Ls| L | las| lae | Lay
Iy | Isz | Is3| Isa | Iss| Ise | Isy
Ier | T2 | Ies| lea | los | lec | Le7
Iy | T2 | Iz | Iza | 75| L7 | I77

O11 = I1 K11+ 1o Ko+ 113 K134+ 121 Ko1 4120 Koo+ 123 Ko3+131 K314 132 K32+ 133 K33+-bias
O12 = lo K11+ 113 K120+ 114 K134+ 120 Ko1 4123 Koo+ 104 Ko3 4132 K314 133 K324 134 K33+-bias
O13 = [13 K11+ 114 Ko+ 115 K13+ 123 Ko1 4+ 104 Koo+ 125 K23+ 133 K314 134 K324 135 K33+-bias
O14 = I1u K11+ 115 K12+ 116 K13+ 124 Ko14+- 125 Koo+ 126 K23+ 134 K314 135 K32+ 136 K33+-bias
O15 = I1s K11+116 K12+ 117 K13+ 125 Ko1+126 Koo+ 127 Ko3+135 K31 +136 K32+ 137 K33 +bias
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RGB Image Convolution

tensor " 4
\ 32 /

32 28

5x5x3 filter 32x32x3 Image 28x28x1 feature
w X wlx + bias
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RGB Image Convolution

32x32x3 Image

Prof. Songhwai Oh

Four
5x5x3 filters

Introduction to Intelligent Systems

28x28x4 feature
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Convolutional Neural Network

24

) )

32 28 24
CONV CONV
(4 5x5x3 (10 5x5x4
filters), filters),
RelLU RelLU
3 4

ReLU: Rectified Linear Unit
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Stride

. ha | ha| Bl ha| s ho| b 3x3 filter
stride 1
Ly | La| L3l La| Ls| Le| Ly
L1 | | Ls| Ly| Ls| el 137
Iyg | Lo | Lz | Lsa | Las| lie | Lsr
Is1 | Iz | Isz| Isa | Iss| Ise | Is7
Igr | Is2 | lez | Isa | les| lse | Is7
Ly | L] Iz Iza | Irs| L7e | 177

Prof. Songhwai Oh
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Stride

. b | a| hs| Ba| s ho| n 3x3 filter
stride 1
Ly | L2l Ls| La| Ls| Le| L2y
Ly | | Ls| Lyl Ls| Le| 137
Iyg | Lo | Lz | Lsa | Las| lie | Lsr
Is1 | Iz | Isz| Isa | Iss| Ise | Is7
Igr | Is2 | lez | Isa | les| lse | Is7
Ly | L] Iz Iza | Irs| L7e | 177
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Stride

stride 1

Ly | Ll hz| hLa| hs| he| Ly 3x3 filter
Ly | 2| Ls| La| Ls| | Ly
Iy | 2| B3| La| Bs| 6| Iz7
Ly | Daz| laz | laa | Ls| lie| L7
Isy | Is2| Isz| Isa | Iss| Ise | Is7
Ier | o2 | lo3 | loa | les| lse | L67
Iy | Ia| Is| s | Irs| Ize | I77

Prof. Songhwai Oh
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Stride

stride 1

Ly | Lp| hLa) ha| hs| he] Ly 3x3 filter
Ly | 2| Ls) La| Ls| Le| L
Iy | Iz| D) Ba| Bs| Le] Iz7
Ly | Daz| laz | laa | Ls| lie| L7
Isy | Is2| Isz| Isa | Iss| Ise | Is7
Ier | o2 | lo3 | loa | les| lse | L67
Iy | Ia| Is| s | Irs| Ize | I77
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Stride

stride 1

Ly | L| hLz| ha | Ls| he| Ly 3x3 filter

Ly | L2| Ls| La| Ls| Le| L => 5x5 output
Iy | | x| La | Bs| Le| f37

Ly | Daz| laz | laa | Ls| lie| L7

Isy | Is2| Isz| Isa | Iss| Ise | Is7

Ier | o2 | lo3 | loa | les| lse | L67

Iy | Ia| Is| s | Irs| Ize | I77

Prof. Songhwai Oh
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Stride

. ha | ha| Bl ha| s ho| b 3x3 filter
stride 2
Ly | La| L3l La| Ls| Le| Ly
L1 | | Ls| Ly| Ls| el 137
Iyg | Lo | Lz | Lsa | Las| lie | Lsr
Is1 | Iz | Isz| Isa | Iss| Ise | Is7
Igr | Is2 | lez | Isa | les| lse | Is7
Ly | L] Iz Iza | Irs| L7e | 177
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Stride

stride 2

Ly | Ll hz| hLa| hs| he| Ly 3x3 filter
Ly | 2| Ls| La| Ls| | Ly
Iy | 2| B3| La| Bs| 6| Iz7
Ly | Daz| laz | laa | Ls| lie| L7
Isy | Is2| Isz| Isa | Iss| Ise | Is7
Ier | o2 | lo3 | loa | les| lse | L67
Iy | Ia| Is| s | Irs| Ize | I77
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Stride

stride 2

Ly | L| hLz| ha | Ls| he| Ly 3x3 filter

Ly | L2| Ls| La| Ls| Le| L => 3x3 output
Iy | | x| La | Bs| Le| f37

Ly | Daz| laz | laa | Ls| lie| L7

Isy | Is2| Isz| Isa | Iss| Ise | Is7

Ier | o2 | lo3 | loa | les| lse | L67

Iy | Ia| Is| s | Irs| Ize | I77

Prof. Songhwai Oh
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Output Size

* N=Inputsize
e F =filtersize
e S =stride

 Qutputsize=(N-F)/S+1
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Zero Padding

oooooooolo

0|0
7x7 input
0 Zero padding with 1 pixel border
0 3x3 filter
0 => 7x7 output
0
0
0
0
00




Output Size

* N=Inputsize

e F=filter size
 S=stride

* P =padding size

 Qutputsize=(N+2P-F)/S+1
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1x1 Convolution

 Dimension reduction
* Same output size (H x W)

)

256 256
CONV

(32
1x1x128
filters)

128
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ReLU Activation

* Preserves properties of linear models
— Easy to optimize with gradient descent
— Good generalization
— Large and consistent gradients

* Overcomes the vanishing gradient problem

. ReLU

R(z) =maz(0, 2)

8 {

0
-10 -5 0 5 10
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Other Activation Functions

Sigmoid/Logistic tanh (hyperbolic tangent)
1 g(x) = tanhx
9(x) = 1+e*

tanh(x) 5

Leaky RelLU maxout
g(x) = max(ax,x),a <1 g(x) = max(a;"x + by, a,’ x + b,)
L.eakyReglu

N,
‘.
‘e
.
‘.
‘.
‘.

Maxout (n=2)
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Pooling

1 ({2110
51003 51 3
>

810|015 max pooling with 2x2 filter 8 | 5
with stride 2

0| 21|20

1 ({2110

51003 . 2 |1

81 0|l 01| 5 average pooling with 2x2 filter 25| 1.4
with stride 2

0| 21|20

* Pooling makes features invariant to local translations of input

* Dimension reduction
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