‘ONUNE LEARNING

Video 12.1
Jianbo Shi
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Recognition as a big table lookup

Image

write down all images
in a table and record
the object label

n*m

Recognition
Image bits Label

T O O I -
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“How many images are there?”

An tiny image example (can you see what it is?)

18

Each pixel has 2°= 256 values

3x18 image above has 54 pixels
54

1
Total possible 54 pixel images = 256 = 1 . 1 X 1 O

30

Prof. Kanade’ s Theorem: we have not seen anything yet!
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Bn_

18

130
Total possible 54 pixel images = 1 1 X 1 O

Compared

number of images seen by all humans ever:
24
10 billion x 1000 x 100 x 356 x 24 x 60 x 60 x 30 = 10

Total population years hours frame rate

generations days min/sec

We have to be clever in writing down this table!
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—arliest “deep” architecture

Neocognitron

Ucs
9
Ug
input »; g
Ia!fer L,. T
giﬂggﬁ:m edge recognition
extraction layer

(Fukushima 1974-1982)
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Goal: Given an image, we want to identify what class
that image belongs to.

Input: Output:

Classification Teopar‘g.lq”"’

jaguar

> J'_'l cheetah
snow leopard

Egyptian cat
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Pipeline:

Input

Bl e\
II= —_— and
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Output

A Monitor




Convolutional Neural Nets (CNNs) in a nutshell:
A typical CNN takes a raw RGB image as an input.

* |t then applies a series of non-linear operations on top
of each other.

* These include convolution, sigmoid, matrix
multiplication, and pooling (subsampling) operations.

* The output of a CNN is a highly non-linear function of
the raw RGB image pixels.
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How the key operations are encoded in standard CNNs:
« Convolutional Layers: 2D Convolution

* Fully Connected Layers: Matrix Multiplication
« Sigmoid Layers: Sigmoid function

* Pooling Layers: Subsampling
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2D convolution:

h . f ® g f - the values in a 2D grid that we want to convolve

g - convolutional weights of size MxN

N

fli=m,j—n)g(m,n)

M
h; :Z

m=0 n=

A sliding window operation across the entire grid f :
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g1

92 =

Unchanged Iage
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0.107

0.113

0.107

0.113

0.119

0.113

0.107

0.113

0.107

Blurred Image

93 =

Vertial Edges
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0.107 | 0.113 | 0.107

0[(0|0
g]. p— ol 110 g2 —1(0.113|0.119 | 0.113
0 0.170710.113| 0.107

CNNs aim to learn convolutional weights directly from the data

g3 =
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Convolutional Neural Network (CNN)

Early layers learn to detect low level structures such as
oriented edges, colors and corners
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Convolutional Neural Network (CNN)

Deep layers learn to detect high-level object structures and their parts.
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‘ 0577172605

A Cupboard Filter

.
------

A Person Filter

A Table Filter

=
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Fully Connected Layers:

Hidden Layer
Connections

). the output unit 7 in layer [

0
Wig.l) - the weight connection

between unit 7 in Iayerl
and unit 2 in layer [ + 1

Layer O Layer 1
o) = Wi + Wi oo + Wiy s
2 = Wl w1+ Way ws + Wyg s

25 = Wiy m1 + Wiy ma + Wiy s
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Fully Connected Layers:

Hidden Layer
Connections

)

Z@(l - the output unit 2 in layer [

Input Data Wi(;) - the weight connection
between unit 7 in Iayerl
and unit ¢ inlayer { + 1

Layer O Layer 1

L) _ p7(0),,
\

matrix multiplication
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Max Pooling Layer:

 Sliding window is applied on a grid of values.

* The maximum is computed using the values in the
current window.
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Max Pooling Layer:

 Sliding window is applied on a grid of values.

 The maximum is computed using the values in the
current window.
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Max Pooling Layer:

 Sliding window is applied on a grid of values.

* The maximum is computed using the values in the
current window.
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Max Pooling Layer:

 Sliding window is applied on a grid of values.

* The maximum is computed using the values in the
current window.
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Sigmoid Layer:

* Applies a sigmoid function on an input

1

(1) — (DY —
Qa f(z ) 1 1 exp (—Z(l))
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‘ONUNE LEARNING

Video 12.2
Jianbo Shi
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Convolutional Networks

Let us now consider a CNN with a specific architecture:
» 2 convolutional layers.

« 2 pooling layers.

« 2 fully connected layers.

« 3 sigmoid layers.
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24



Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

Property of University of Pennsylvania, Jianbo Shi
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:
L) L)
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:
L) L)
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

2D q@ »(2)

—)
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

1) L@ 22,2

—> ‘
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

1) L@ 22,2

-~ LI
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
Z( ) a(l) 2(2) a(2) 2(3)
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2 oM L2, ,3)®

- Ol- [
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Convolutional Networks

Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:
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Notation:

- convolutional layer output |] - fully connected layer output
‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2D a ) o) 0,0 @y

- l= 0=
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2 g L@ @) BB @y

- l= 0=
/

Final Predictions
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
D 0 @) @) L@,® @y

g g |- 0/ =1
\ /

Convolutional layer parameters in layers 1 and 2

Property of University of Pennsylvania, Jianbo Shi
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2D a9 o) L@,® @y

- Oi= 0 -0
9(2) w@® @

\/

Fully connected layer parameters in the fully
connected layers 1 and 2
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Notation:

- convolutional layer output |] - fully connected layer output
‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

2D a ) o) 0,0 @y

- l= 0=

9(2) w@® @
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

D 0 @) @) L@,® @y

- l= 0=

9(2) w@® @
1. a™ = pool(f(g") )

Property of University of Pennsylvania, Jianbo Shi
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2 g L@ @) BB @y

- l= 0=

9(2) w@® @

1. a'M = pool(f(g") * z))
2. a® = pool(f(g"®) xa))

Property of University of Pennsylvania, Jianbo Shi
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Notation:

- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass: 1
2 g L@ @) BB @y

- l= 0=

9(2) w@® @

1. aM = pool(f(g™ x z))

5 a2 — pogl(f(g(Q) " a(l)))
3 a3 — f(W(l)a(2))

Property of University of Pennsylvania, Jianbo Shi

42



Notation:
- convolutional layer output |] - fully connected layer output

‘ - pooling layer ‘ - sigmoid function f | - softmax function

Forward Pass: 1
2 g L@ @) BB @y

9(2) w@® @

1. aV) = pool(f(g'") x z))

5 a2 — pogl(f(g(Q) " a(l)))
3 a3 — f(W(l)a(2))

4 U= softmax(W(2)a(3))

Property of University of Pennsylvania, Jianbo Shi
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Notation:

- convolutional layer output |] - fully connected layer output
- pooling layer ‘ - sigmoid function f ‘ - softmax function

Forward Pass:

D 0 @) @) L@,® @y
[= /=1
w® W@

NVARRV

Key Question: How to learn the parameters from the data?
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Backpropagation
for

Convolutional Neural Networks

Property of University of Pennsylvania, Jianbo Shi
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--------------------------------------------------------------------------------------------------------------------------------------------------------
-

Prediction ‘i True Label:

2D g @@ BB Mg iy
~O=- =0 1

* *
-------------------------------------------------------------------------------------------------------------------------------------------------------

How to learn the parameters of a CNN?

* Assume that we are a given a labeled training dataset
{(@M,yM), ..., @™, y™)}

* We want to adjust the parameters of a CNN such that
CNN's predictions would be as close to true labels as
possible.

 This is difficult to do because the learning objective is
highly non-linear.

Property of University of Pennsylvania, Jianbo Shi
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Gradient descent:

* Iteratively minimizes the objective function.
 The function needs to be differentiable.

15,
1‘\..
0.5 . R
0L(6) T
9 — 9 — O — . .
90
05 . /1@%% T
2
Property of Un .



Gradient descent:

* Iteratively minimizes the objective function.
 The function needs to be differentiable.

b=0-—a—— ‘= N
9 N
0s % e
Property of Un 48



Gradient descent:

* Iteratively minimizes the objective function.
 The function needs to be differentiable.

15,
1‘\..
0.5 . R

0L(6) T
9 — 9 — O — . .
90 NN\
05 . mj@gﬁg N
1. e e
2
Property of Un
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Gradient descent:

* Iteratively minimizes the objective function.
 The function needs to be differentiable.

15,
1‘\..
0.5 . R

0L(6) T
9 — 9 — O — . .
90 NN\
05 . mj@gﬁg N
1. e e
2
Property of Un
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----------------------------------------------------------------------------------------------------------------
* *

1. Compute the gradients of the overall loss

w.r.t. to our predictions and propagate it back: Yy

. -
--------------------------------------------------------------------------------------------------------------

........................................................................................................................... s,
2D a0 e @0 @)y :

- Ol= 0 =[-1

. .
------------------------------------------------------------------------------------------------------------------------------------------------

|
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------------------------------------------------------------------------------------------------
*

*
---------------------------------------------------------------------------------------------

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*
*

PACYRRPM Y 22,2 3),®)

. .
------------------------------------------------------------------------------------------------------------------------------------------------
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-----------------------------------------------------------------------------------------------------------------------------------------------
\d *

.

True Label
PASORCY 22,2 236 L@y

|-

3. Compute the gradients oL
. to adjust the weights: oW (2) :

. *
----------------------------------------------------------------------------

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------
\g (3

4. Backpropagate the oL :
gradients to previous layers: 0z(3)

-
----------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------------------------------
\d *

PASORCY 2,2 (33 04 oy
- Ol= =10

. 0
-----------------------------------------------------------------------------------------------------------------------------------------------
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True Label :
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-----------------------------------------------------------------------------------------------------------------------------------------------
\d *

. 0
----------------------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------
* -
*

5. Compute the gradients 27
to adjust the weights: oW (1)

.
----------------------------------------------------------------------------
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True Label @
A RCY 22,2 3),®) D5y
-Ol= 0 =10 1
2
g() w2
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-----------------------------------------------------------
*

6. Backpropagate
the gradients to

°, .
---------------------------------------------------------

---------------------------------------------------------------------------------------------------------------------------------------------
\d *

I =1

. 0
-----------------------------------------------------------------------------------------------------------------------------------------------
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True Label :
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-----------------------------------------------------------------------------------------------------------------------------------------------
\d *

PACYRRPM Y 2,2 23,6 @y oy
-~ Oi= =1 1

. 0
-----------------------------------------------------------------------------------------------------------------------------------------------

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
* .

7. Compute the gradients 27
. to adjust the weights: 0g(2)

* *
-------------------------------------------------------------------------
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True Label :

Y



8 Backpropagate 97, .
i the gradients to

*

---------------------------------------------------------------------------------------------------
*

. 0
-----------------------------------------------------------------------------------------------------------------------------------------------
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True Label :
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-----------------------------------------------------------------------------------------------------------------------------------------------
\d *

. 0
-----------------------------------------------------------------------------------------------------------------------------------------------

.
--------------------------------------------------------------------
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True Label :
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‘ONUNE LEARNING

Video 12.3
Jianbo Shi
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

© True Label) :
z a 2(2) ,(2)  2(3)4(3) Dg y :

~Ol= 0 =0-0 )

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Assume that we have K=5 object classes:

Class 1: Penguin
Class 2: Building
Class 3: Chair _
Class 4: Person y T
Class 5: Bird

0.5] 0 10.1{0.2{0.1

Na
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

2(2) ,(2)  (3)g () Dg y

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

2 ‘

Property of University of Pennsylvania, Jianbo Shi
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

True Label
2(2) ,(2)  (3)g () Dg y

[= I =1

- .
--------------------------------------------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

2 ‘

= I =l

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

K
A ) exp (z;
[, = — Z Y log (yf,,) where Yi = K ( )(4)
i=1 | '

OL  OL 0f
8,2-(4) el 87;(4)
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e True Label) :
2 a 22,2 (3)4B3) (4)rg Yy
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

e True Label) :
2 a 22,2 (3)4B3) (4)rg Yy

- Ol= 0 =01

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

K
A ) exp (z;
[, = — Z Y log (y@) where Yi = K ( )(4)
i=1 | '

oL | OL| 09
8,2-(4) el 87;(4)

/

oL Y

0Gi i
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

e True Label) :
2 a 22,2 (3)4B3) (4)rg Yy

- Ol= 0 =01

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

K
L= — Z yilog (Ji) where Ui =
1=1

OL | OL| 09
8,2-(4) el 87;(4)

/

oL 00;  J4i(l—19i), if i=7
07; Ui 8z§4) — Uiy, if 1+
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

True Label
2(2) ,(2)  (3)g () Dg y

[= I =1

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Property of University of Pennsylvania, Jianbo Shi
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

|-

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Property of University of Pennsylvania, Jianbo Shi

True Label) :
2(2) ,(2)  (3)g () Dg y
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

|-

- .
--------------------------------------------------------------------------------------------------------------------------------------------------
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True Label) :
2(2) ,(2)  (3)g () Dg y
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

© True Label) :
z a 2(2) ,(2)  2(3)4(3) Dg y :

~Ol= 0 =0-0 )

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Assume that we have K=5 object classes:

Class 1: Penguin
Class 2: Building
Class 3: Chair _
Class 4: Person y T
Class 5: Bird

0.5] 0 10.1{0.2{0.1

Na
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

- l= |

* .
--------------------------------------------------------------------------------------------------------------------------------------------------

Assume that we have K=5 object classes:

Class 1: Penguin
Class 2: Building
Class 3: Chair
Class 4: Person
Class 5: Bird

OL
5,4 — Lo:5[0 Jolo.2fo.1

0.5] 0 10.1{0.2{0.1

Nagt
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© True Label) :
z a 2(2) ,(2)  2(3)4(3) Dg y :

01
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--------------------------------------------------------------------------------------------------------------------------------------------------
*

SO True Label) :
2 a 22,2 (3)4B3) (4)y Yy

- l= |

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Assume that we have K=5 object classes:

Class 1: Penguin
Class 2: Building
Class 3: Chair _
Class 4: Person y T
Class 5: Bird

OL
5,4 — Lo:5/0 Jolo.2]o.1

0.5] 0 10.1]0.2]0.1

Na

Increasing the score corresponding to the true class decreases the loss.

Property of University of Péhnsylvania, Jianbo S



--------------------------------------------------------------------------------------------------------------------------------------------------
*

- Ol= 0 =01

- .
--------------------------------------------------------------------------------------------------------------------------------------------------

Assume that we have K=5 object classes:

Class 1: Penguin
Class 2: Building
Class 3: Chair _
Class 4: Person y T
Class 5: Bird

OL
5,4 — Lo:5[0 Jolo.2]o.1

0.5] 0 10.1]0.2]0.1

Na

Decreasing the score of other classes also decreases the loss.
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SO True Label) :
z a 2(2) 2 53 Dg y
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Adjusting the weights:

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Adjusting the weights:

OL 0L 0zW¥
W@ 9z(4) oW ()

Need to compute the following gradient

Property of University of Pennsylvania, Jianbo Shi 75



-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Adjusting the weights:

Need to compute the following gradient
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label :
) ()8 L@y :

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Adjusting the weights:

OL | OL |9zW
oW @ 1949 |oW ()

Need to compute the following gradient

oL
0z(4)

was already computed in the previous step
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Adjusting the weights:

OL  OL|09zW¥
W@ 9z4[oW ()

Need to compute the following gradient
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

.

True Label
2)  ,(3)4(3) 5(4) 7

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Adjusting the weights:

Need t te the followi dient oL _ ok 0=
eed to compute eNo owing gradien oW @ — 5:@ew @)

Zz'(4) — Z Wi(lf)f(zl(ﬂ:s)) where f(z(3)) — q®
k=1

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label :
L@@ 3,6 L@y :

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Adjusting the weights:

Need t te the followi dient oL _ ok 0=
eed to compute eNo owing gradien oW @ — 5:@ew @)

Zz'(4) — Z Wi(;)f(zl(ﬂ:s)) where f(z(3)) — q®
k=1

82-(4)
ow®
ij

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

o

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Adjusting the weights:

OL 0L 0zW¥
W@ 9z(4) oW ()

Need to compute the following gradient

OL
Update rule: Wz(f) = Wz(f) — 5
oW,
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
PSRN EY 22,2 [(3)®) OF

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
PSRN EY 22,2 [(3)®) OF

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

0L 8L 0z af(z®)
Need to compute the following gradient: —az(g) 924 8f(z(3)) Oz(3)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a® @) @ [0, L@y

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

0L | 8L | 0z af(z®)
Need to compute the following gradient: 923) 524 8f(z(3)) Oz(3)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
PSRN EY 22,2 [(3)®) OF

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

0L | 8L | 0z af(z®)
Need to compute the following gradient: 923) 524 8f(z(3)) Oz(3)

oL
0z(4)

was already computed in the previous step
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
PSRN EY 22,2 [(3)®) OF

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

OL  OL| 9z [9f(z®)
0z3)  9z9[0f(23)| 023)

Need to compute the following gradient:
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

22,2 (38 L@y

1A

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:

OL  OL| 9z [9f(z®)
0z3)  9z9[0f(23)| 023)

A9 = Z W21 (D) where () = a®

Need to compute the following gradient:
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........................................................................................................................... TrueLabe|
PO CY 22,2 [(,(3),0) @q oy :

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

1=

Backpropagating the gradients:

OL OL | 0z |0f(2®3)

0z3)  9z9[0f(23)| 023)
273(4) Z (2) (3) where f(z(?’)) = a(?’)

Need to compute the following gradient:

4
02Y (@
o)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

.

True Label
PSRN EY 22,2 [(3)®) OF

-0 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

) ‘

Backpropagating the gradients:

OL OL 0z% |0f(2®3)

Need to compute the following gradient:

0z — 9z 9f ()] 920

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label :
D a® @ @ (0,0 L@y oy

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:

OL OL 0z% |0f(2®3)

Need to compute the following gradient:

0z — 9z 9f ()] 920

1
1+ exp (—z(3))

f(?) =

Property of University of Pennsylvania, Jianbo Shi
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--------------------------------------------------------------------------------------------------------------------------------------
*

True Label :

PO CY 22,2 [(3)®) OFY

*
--------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:

llllllll
3
*

*
---------

Need t i the following gradient s = o 02 10f (%)
eeqd 10 compute the 1oliowing gradient. —
0z03) 020 9f (23| 023
1
(3)y —
F(z7) = 5 T oxp (=)
Of (23

L = )1 - £

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Adjusting the weights:

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Adjusting the weights:

Need t te the followi dient oL — OL_ 0z
eed to compute the following gradient -y = ——5r =
OL
Update rule: W@gl) = W@(Jl) —Q (1)
oW,
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
2D a0 ) )00 L@y

=00 =0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

) ‘

Backpropagating the gradients:

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

.
-

True Label :
21 4@ 22,2 1238 W5y
Qi -

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:

OL OL 0213 0f(z?)
Need to compute the following gradient: 92(2) — 52 (3) 8f(z(2)) 92 (2)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
24

-0

*
--------------------------------------------------------------------------

.
-

Adjusting the weights:

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
24

-0

*
--------------------------------------------------------------------------

.
-

Adjusting the weights:

OL  OL 0z
89 — 922 §g@

Need to compute the following gradient
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-----------------------------------------------------------------------------------------------------------------
*

Adjusting the weights:

------------------------------
*

.
-

True Label
24

-0

*
-----------------------------

Need to compute the following gradient =

8@ |52

5g®)

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label :

2) L3y L@y oy

*
--------------------------------------------------------------------------

Adjusting the weights:

Need to compute the following gradient

OL
0z(2)

OL [ 0L |9z
89 ~ |922]5g@

was already computed in the previous step

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
24

-0

*
--------------------------------------------------------------------------

.
-

Adjusting the weights:

OL 9L |9z
89(2) - 92(2) 89(2)

Need to compute the following gradient
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

2 LB L@y
=0

*
--------------------------------------------------------------------------

Adjusting the weights:

0L  OL [0z
89 — 922|9g@

=33 o e F(:0) =

u=0 v=0

Need to compute the foIIowing gradient

Property of University of Pennsylvania, Jianbo Shi
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Adjusting the weights:

OL  OL |02?
89 — 92|99

Zzguv (?, u)(j—v) where f( (1)) — a(l)

u=0 v=0

Need to compute the foIIowing gradient

(2)
0z “ij a(D |
Bg( ) (i—m)(j—n)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* .

True Label
(4) 7

-0

*
--------------------------------------------------------------------------

Adjusting the weights:

0L  OL 9z
89 — 922 §g@

Need to compute the following gradient

oL
89(2)

Update rule: 9(2) _9(2) —
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

i True Label :
: 21 5@ 2(2) @) 23)g() L4y y :
Pr—

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) o0 00 L6y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Backpropagating the gradients:

OL OL 0z 9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) o0 00 L6y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Backpropagating the gradients:

OL OL | 9023 af(zM)
Need to compute the following gradient: 9-10) | 922 8f(z(1)) Hz(1)

Property of University of Pennsylvania, Jianbo Shi 106



-----------------------------------------------------------------------------------------------------------------------------------------------
* *

2 q@ 2(2) ,(2)
- ‘
—

.
-

True Label
24

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Backpropagating the gradients:

OL
Need to compute the following gradient: 920

OL
0z(2)

OL

022 af(z")

02z(2)

Property of University of Pennsylvania, Jianbo Shi
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was already computed in the previous step
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-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) o0 00 L6y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Backpropagating the gradients:

OL OL | 9023 |9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)
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Backpropagating the gradients:

OL OL | 9023 |9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)

(2) (1)
Zzg"&? Ui—u)(j—v) where f(2 (1)) — g

u=0 v=0
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Backpropagating the gradients:

OL OL | 9023 |9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)

(2) (1)
Zzg"&? Ui—u)(j—v) where f(2 (1)) — g

u=0 v=0

O (2)
“ij
3(1(1)

(i—m)(j—n)

(2)

= Imn

Property of University of Pennsylvania, Jianbo Shi 110



-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) o0 00 L6y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Backpropagating the gradients:

OL OL 0z [9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)
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Backpropagating the gradients:

OL OL 0z [9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)

1
1+ exp (—zD)

() =
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Backpropagating the gradients:

OL OL 0z [9f(zM)
Need to compute the following gradient: —82(1) — 022 8f(z(1)) Hz(1)

LDy L
f( 1) 1—|—exp(—z(1))
Of(z1)
T = 1) - )

Property of University of Pennsylvania, Jianbo Shi 113



-----------------------------------------------------------------------------------------------------------------------------------------------
* *

True Label
D a0 ) @0 L@y

-0

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

.
-

Adjusting the weights:

Property of University of Pennsylvania, Jianbo Shi 114



-----------------------------------------------------------------------------------------------------------------------------------------
*

True L I
L) ) rue Labe

22,2 BB M)y

- |

) ‘

Adjusting the weights:

OL OL 0zM)

-0

*
------------------------------------------------------------------------------------------------------------------------------------------

Need to compute the following gradient

g — 920 §g»
OL

(1) — (1) _
9mn = 9m aag(l)

Update rule:

Property of University of Pennsylvania, Jianbo Shi
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‘ONUNE LEARNING

Video 12.4
Jianbo Shi

Property of University of Pennsylvania, Jianbo Shi
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Visual illustration

Backpropagation
Convolutional Neural Networks
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Fully Connected Layers:

Forward:

f(z(l)) (I1+1)
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Fully Connected Layers:

Forward: Activation unit of interest

~

f(z(l)) (I1+1)
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Fully Connected Layers:

Forward: Activation unit of interest

~

f(z(”)

The weight that is used in
conjunction with the
activation unit of interest

T~ The output

(1+1)

Property of University of Pennsylvania, Jianbo Shi

120



Fully Connected Layers:

Forward:

h H

w® Fz0) L0+1)
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Property of University of Pennsylvania, Jianbo Shi
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Backpropagation

Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward:

- _
- | B
w® Fz0) L0+1)
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Fully Connected Layers:

Forward:

O . m
w® Fz0) L0+1)
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward: Backward:

W(l) f(z(l)) Z(l—l—l) oL

Oz (1+1)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Lavyers: A measure how much an activation
unit contributed to the loss

Forward: Backward: \
| ] || |
W(l) f(z(l)) Z(l—l—l) 0L oL

0zU+1)  9f(zD)
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

A measure how much an activation
unit contributed to the loss

Backward: \

(W(l))T oL oL
0zU+1)  9f(zD)

Property of University of Pennsylvania, Jianbo Shi 130



Fully Connected Layers:

Forward:

H

w® Fz0) L0+1)

Backward:

—|

(W(l))T oL

oL

0zU+1)  9f(zD)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Backward:

(W(l))T oL

oL

0zU+1)  9f(zD)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward: Backward:
o — e || — N
W(l) f(z_(l)) Z(l_—i—l) (W(l))T 8_L 5L

0zU+1)  9f(zD)
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Backward:

(W(l))T oL

oL

0zU+1)  9f(zD)

Property of University of Pennsylvania, Jianbo Shi
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Fully Connected Layers:

Forward: Backward:

= | A

(1) () (l_—l—l) 1174004 oL OL
W\ f(z") 2 (W) 5T 3700
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Fully Connected Layers:

Forward:

w® Fz0) L0+1)

Backward:

N L O
(W(l))T oL oL

0zU+1)  9f(zD)

Property of University of Pennsylvania, Jianbo Shi
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Summary for fully connected layers

Backpropagation
Convolutional Neural Networks

Property of University of Pennsylvania, Jianbo Shi 137



Summary:
oL _ .
1.Let 5, ” 7 where n denotes the number of

layers in the network.
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Summary:

OL .
1. Let om Ui where n denotes the number of
&

layers in the network.
2. For each fully connected layer [ :

« For each node 1 in layer [ set:

g+l
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Summary:
oL _ .
1.Let 5. %% where n denotes the number of

layers in the network.
2. For each fully connected layer [ :

* For each node 7 in layer [ set:

RES

(H—l) 8Z2(l)

(l)

- Compute partial derivatives: 9L (9 OL
ow®
i

Property of University of Pennsylvania, Jianbo Shi 140



Summary:
oL _ .
1.Let 5. ¥~ % where n denotes the number of

layers in the network.
2. For each fully connected layer {:

 For each node 7 in layer [ set:

g1

Z w (0) af(szl))
i (z+1)

— 82’2@
. o oL ()y_ 9L
« Compute partial derivatives: o ® f(z7) 5,0+D)
. Update the parameters: @ _ j® _ o9
vJ v aWzgl)
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Visual illustration

Backpropagation
Convolutional Neural Networks

Property of University of Pennsylvania, Jianbo Shi 142



Convolutional Layers:

Forward:
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Convolutional Layers: A measure how much an activation
unit contributed to the loss

Forward: Backward:

B

] ®E _ mm

oL oL

Oz (1+1) df(z1)
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Convolutional Layers:

Forward: Backward:

] ®E: E E:I

(1), OL ) = oL

sum (9 ~ ofC0)

+1)
20 ® g(z) _ ) (1
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Summary:

oL
1. Let 5.(© , where c denotes the index of a first fully

connected layer.

2. For each convolutional layer l

ij [
* For each node 7] |n Iayer set 0
9200 " 0z (l“ 9z
ij m=0n=0 “(i+m)(j+n) ij
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Summary:

oL
1. Let 5.(© , where c denotes the index of a first fully

connected layer.
2. For each convolutional layer { :

« For each node % in layer { set
0

oL OL Of(2;)
5 a Z ngna (+1) ) 5,0
Zij m=0 n=0 “li+m)(G+n) 9%

« Compute partial derivatives:

S

[
8’53) y=0x=0

L0
9 (z+1)f (v—i) (@)

Property of University of Pennsylvania, Jianbo Shi

147



Summary:

oL
1. Let 5.© , where c denotes the index of a first fully

connected layer.
2. For each convolutional layer{ :

» For each node % in layer | set
0

OL OL Of (%)
(1) “ij
9 0N Z ngna (+1) ) 5,0

. Compute partial derivatives.

S»3

f (l) —1)(x—7 )

99 (z) et 5, (z+1) ) (z—7)

oo _ @ 0L

« Update the parameters: 9;; = 9;; — RO

¥
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-----------------------------------------------------------------------------------------------------------------------------------------------
*

True Label
L2 ,@) 3,0 L@y :

~ 0=

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

) ‘

Gradient in pooling layers:
* There is no learning done in the pooling layers

* The error that is backpropagated to the pooling layer, is
sent back from to the node where it came from.

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------------------------------------------------------------------------------------------------
*

True Label

@ 23)g(3) 24

) ‘

~ 0=

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Gradient in pooling layers:

* There is no learning done in the pooling layers

* The error that is backpropagated to the pooling layer, is
sent back from to the node where it came from.

Forward Pass

Layer [ Layer [ + 1
4|5
7|8 "8

Property of University of Pennsylvania, Jianbo Shi
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-----------------------------------------------------
*

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

True Label

@ 23)g(3) 24

) ‘

~ 0=

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Gradient in pooling layers:

* There is no learning done in the pooling layers

* The error that is backpropagated to the pooling layer, is

sent back from to the

node where it came from.

Backward Pass

Layer [ Layer [ + 1
0|0 oL
0 ¢ 8zg+1)

Property of University of Pennsylvania, Jianbo Shi
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‘ONUNE LEARNING

Video 12.5
Jianbo Shi

Property of University of Pennsylvania, Jianbo Shi
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A Person Filter

=

A Table Filter

a2 : :
sl g H H
N . :
> . :

( 0577172605 . /

A Cupboard Filter

e Property of thiversity of Pennsylvania, Jianbo Shi



A Closer Look inside the Convolutional Layer :

SEMENBEMDME R
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A Closer Look inside the Back Propagation Convolutional Layer :

oL 0f(zY)
Z ngna (I+1) ) '3

m=0n=0  9%(im)(j+n)

SEREREMRME PR

Oz (l)
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-----------------------------------------------------------------------------------------------------------------------------------------------
*

True Label ;
D a® @) @ @0 L@y oy

= =0 1

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Adjusting the weights:
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o M O M M M M M M M BN BN BN M BN BN BN BN BN BN BN RN BN BN BN RN BN BN BN BN BN BN BN BN BN BN NN AN M M M BN M M M M M M mE
L4

Training Batch

ZZ (m)f (2 iy o—s)

[
875’]) yO:cO

-----------------

i’ Average the Gradient *
«_ Across the Batch !

-----------------

—_— ! —

------------------------

soE E E EEEEEEEEEE "= En
M mEEEOEOEOEOE W OE W= o.

-----------------------

@ - elementwise muBmH&%p&rﬂJniversity of Pennsylvania, Jianbo Shi 157
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Training Batch

L0
(z) ZZ (m)f 2(y—i) (a—3))

'1,_7 yO:cO

89(1) E
@ :
oL, ® OL
g(1) e dgD)
@ I ’ Average the Gradient I
i s._Across the Batch .’
oI, @ 1
dgV) : Parameter Update
[@] ' o TT T T mmmmmmmmmmmmmmne .
E 0 m 9L
5 " Oa(l)
oL © | ' g .
89(1) " : E
° 5 E = - :
E Enew g( ) old g(l) oL :

-----------------------

o M O M M M M M M M BN BN BN M BN BN BN BN BN BN BN RN BN BN BN RN BN BN BN BN BN BN BN BN BN BN NN AN M M M BN M M M M M M mE
L4

-------------------------------------------

@ - elementwise muBmH&%p&rﬂJniversity of Pennsylvania, Jianbo Shi 158



Training Batch

ZZ (m)f (2(y—iyo—5)

y=0x=

-----------------

i’ Average the Gradient *
«_ Across the Batch !

-----------------

1 —

—

o M O M M M M M M M BN BN BN M BN BN BN BN BN BN BN RN BN BN BN RN BN BN BN BN BN BN BN BN BN BN NN AN M M M BN M M M M M M mE
L4

o Parameter Update __
@ L g = O OL
5 ; Ag)
oL © : g
dg® : 5
® : :
- ' new g( ) old g(l) oL .
\ ogt)

-------------------------------------------

@ - elementwise muBmH&%p&rﬂJniversity of Pennsylvania, Jianbo Shi 159



-----------------------------------------------------------------------------------------------------------------------------------------------
*

True Label ;
D a® @) @ @0 L@y oy

= =0 1

* .
-----------------------------------------------------------------------------------------------------------------------------------------------

Adjusting the weights:
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—----------------------------.

Training Batch

--------------------------------------------

L0
(z) ZZ (z+1)f 2(y—i) (a—3))

'1,_7 yO:cO

sum (

59

sum (

oL ©
89(2)

-----------------

i’ Average the Gradient *

||
\ =B = S

sum ( T _Acrossthe Batoh '
oL, @ |
%97 Parameter Update __
sum ( = [ @0 9L
a1, ® E 89(2) :
dg(2 ! .
sum ( — fg: : - N 5
E new g(2) old g( ) oL .
(performed in a sliding window fashion) ) I‘, _________________ ?952_) S

-------------------------------------------

@ - elementwise muBFBB&%I'&rﬂJniversity of Pennsylvania, Jianbo Shi 161



Training Batch

L0
(z) ZZ (z+1)f 2(y—i) (a—3))

'1,_7 yO:cO

-----------------

i’ Average the Gradient *
«_ Across the Batch !

-----------------

1 —

—

------------------------

©

1@

o T O B O O M M M M M O O M M M M M M B BN BN BN BN M M M M N B BN BN BN BN M M M M M M AN M M M M M MM M MWW W mN
L4
- E E EEEEEEEEEE==

-----------------------
-------------------------------------------

@ - elementwise muBFBB&%I'&rﬂJniversity of Pennsylvania, Jianbo Shi 162



o M O M M M M M M M BN BN BN M BN BN BN BN BN BN BN RN BN BN BN RN BN BN BN BN BN BN BN BN BN BN NN AN M M M BN M M M M M M mE
L4

Training Batch

--------------------------------------------

or, (L . (D)
Hg@ (l) ZZ (H—l) f(z (y—i)(fc—j))
( Ii v 0955 y=0z= 00
SUmM — .
oL @
dg(2) .
B :
SUMm ( — :
or, @ OL
89(2) E _________________ 89(2)
@) Ll Average the Gradient V—
sum ( = " ._Across the Batch .’
oL |
e Parameter Update___
sum ( = E @ o 0L
or, ® E E 89(2) :
99 : l
li : : — _
SUum ( — : ; .
E Enew g(2) old g( ) oL
1 1 2 !
(performed in a sliding window fashion) . N e mmmmmmmmmmm——a- ?g(_ .) .

-------------------------------------------

@ - elementwise muBFBB&%I'&rﬂJniversity of Pennsylvania, Jianbo Shi 163



