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The bigger wave is just coming...

Machine learning will eat the world like nothing before it.

Machine Learning | 3
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Computers have just learned ...

... how to see, read, write and classity.

Jeremy Howard:

The wonderful and

terrifying implications %
of computers that .
can learn

TEDxBrussels - 19:45 - Filmed Dec 2014
Subtitles available in 12 languages

[=] View interactive transcript

Jeremy Howard Machine Learning
go.ted.com/bbZC A Short Introduction
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http://www.ted.com/talks/jeremy_howard_the_wonderful_and_terrifying_implications_of_computers_that_can_learn

‘ Ape ridga t
motorcycle on a dirt road.

Two hockey players are fighting

A group of young people
over the puck.

playing a game of frisbee.

A close up of a cat laying
on a couch.

A herd of elephants walking
across a dry grass field.

Google Research Blog, November 2014
googleresearch.blogspot.ch/2014/11/]...]

A little girl in a pink hat is
blowing bubbles.

A red motorcycle parked on the

Somewhat related to the image

&
S
Ly
.'}c‘

side of the road.

Machine Learning
A Short Introduction

A skateboarder does a tricj( A dog is jumping to ca
on a ramp. frisbee.

A yellow school bus parked in
a parking lot.

A refrigerator filled with lots of
food and drinks.
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http://googleresearch.blogspot.ch/2014/11/a-picture-is-worth-thousand-coherent.html
http://googleresearch.blogspot.ch/2014/11/a-picture-is-worth-thousand-coherent.html

Superhuman Image Recognition

— With convolutional neural networks
- 1.2 m training images, ~ 30 layers

Inside Microsoft Research, February 2015 Machine Learning | 7
blogs.technet.com/b/inside_microsoft_research/|...] A Short Introduction



http://blogs.technet.com/b/inside_microsoft_research/archive/2015/02/10/microsoft-researchers-algorithm-sets-imagenet-challenge-milestone.aspx
http://blogs.technet.com/b/inside_microsoft_research/archive/2015/02/10/microsoft-researchers-algorithm-sets-imagenet-challenge-milestone.aspx

Outline

— Introduction to Topic
— Regression Analysis
— Reputation Systems
— Dimensionality Reduction
— Artificial Neural Networks

Slides available on: Machine Learning
superintelligence.ch A Short Introduction



http://www.superintelligence.ch

About Myself
— MSc ETH Zurich in Computer Science

— Focus on cryptography and compilers

— Thus I’'m not an expert on these topics

@ Synapps ng)))d

More information on: Machine Learning | 9
www.kasparetter.com A Short Introduction
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Introduction to Topic
Definitions and Mathematical Prerequisites

Machine Learning | 10
A Short Introduction




Machine

A machine runs an algorithm which is

— a procedure for

— solving a specified problem

— In a finite number of steps

— (l.e. eventually producing an output)

Turing Machine
en.wikipedia.org/wiki/Turing_machine

Machine Learning
Introduction to Topic

11


https://en.wikipedia.org/wiki/Turing_machine

Learning

— Building predictive models from data

— Algorithms improve with “experience”

— Useful if you don’t know the solution

— Machine Learning: Learn and predict

— Data Mining: Discover new properties

Machine Learning
en.wikipedia.org/wiki/Machine_learning

Machine Learning
Introduction to Topic

12


https://en.wikipedia.org/wiki/Machine_learning

Feedback Mechanism

Categorization based on feedback:

— Supervised Learning: Given a set of
iInputs & outputs, learn a general rule

— Unsupervised Learning: Learn the
structure Iin input without training set

— Reinforcement Learning: Achieve a
certain goal in dynamic environment

Supervised Learning Machine Learning | 13
en.wikipedia.org/wiki/Supervised_learning Introduction to Topic



https://en.wikipedia.org/wiki/Supervised_learning

Tasks and Models

— Classification: Assign unseen input
to descrete categories (supervised)

— Regression: Map the unseen input
to continuous values (supervised)

— Clustering: Divide set of inputs into
a number of groups (unsupervised)
— Dimensionality Reduction: Simplify

Statistical Classification Machine Learning | 14
en.wikipedia.org/wiki/Statistical_classification Introduction to Topic



https://en.wikipedia.org/wiki/Statistical_classification

Math is your Friend

— not your enemy!

KEEP

CALM

BECAUSE

There are solutions: AW E S O M E
even to the hardest problems

Numberphile Youtube Channel Machine Learning
www.youtube.com/user/numberphile Introduction to Topic



https://www.youtube.com/user/numberphile

Dimensions and Vectors

— Dimension: A measurable extent of
a space (e.g. a direction in 3D space)

— Vector: A point in space defined by
a scalar value for each dimension

yb o ¥=xy)
V+W
X W
Vector Space with Certain Axioms Machine Learning | 16

en.wikipedia.org/wiki/Vector_space Introduction to Topic


https://en.wikipedia.org/wiki/Vector_space

Matrices and Operations

Matrix: 2-dimensional array of values
(a vector of vectors, one per column)

m-by-n matrix

a,; ncolumns NS

m —

rOws

Matrix

Multiplication:

C=A-B

Cieg=ai1-biza+aiz:bop

A

en.wikipedia.org/wiki/Matrix_(mathematics)

O|Ofe= 7|7 | T

a1,1
d
a3,1
a ]

vlol ol o

3-2~o

Machine Learning | 17
Introduction to Topic



https://en.wikipedia.org/wiki/Matrix_(mathematics)

Scalar Product

— Algebraic Definition: Element-wise
multiplication and then summation,
l.e.a-b=aibi + ab2 + ... + anbn

— Geometric Definition: Product of the
magnitudes and the cosine of angle
between them: a - b = ||a|| ||b|| cosb

—alb=a-b=0anda-a=|a|f

Scalar Product a.k.a. Dot Product Machine Learning | 18
en.wikipedia.org/wiki/Dot_product Introduction to Topic



http://en.wikipedia.org/wiki/Dot_product

Transpose

The transpose of a matrix A is another
matrix AT created by swapping the
rows and columns: [AT]; = [Al;

- (ANT=A .

- (A+B)"=AT+ BT TS

— (AB)T — BTAT 3 4
Thus:a-b=a'b > O,
Transpose Machine Learning

en.wikipedia.org/wiki/Transpose Introduction to Topic



https://en.wikipedia.org/wiki/Transpose

Transformations

A matrix with n columns and m rows
maps vectors from R" to R™: y = AX

This Is a linear transformation as
— A(X + y) = AX + Ay (additivity)

— A(ax) = aAx (homogeneity)
hold (with a being a scalar).

Transformation Matrix Machine Learning
en.wikipedia.org/wiki/Transformation_matrix Introduction to Topic

20


https://en.wikipedia.org/wiki/Transformation_matrix

Projections

A projection P is a linear transformation
with P2 = P (thus P is a square matrix).

T T T T T
=|y}). P i y|l=Ply|l=y|=FP|lvy]|.
0 z 0 0 2z

. Projection of A on B:
. C=(A-B)B/|B|?
‘. ——
B Normali-

zation
A 0080

Projection Machine Learning | 21
en.wikipedia.org/wiki/Projection_(linear_algebra) Introduction to Topic

Example: »-|s o p(‘
0 0

N TR



https://en.wikipedia.org/wiki/Projection_(linear_algebra)

Regression Analysis

Solving Overdetermined

—quations

Machine Learning
A Short Introduction

22



Problem: Finding Trend Lines

- e —_———

!

—— - —

Least Squares
en.wikipedia.org/wiki/Least_squares

% o % ¢ % % 1 f } } }
2 4
Equation of fitted line: y = 0.40x+0.51 .
1 oS S

Sum of areas = 0.51

Minimize the area of the squares

Machine Learning
Regression Analysis

23


https://en.wikipedia.org/wiki/Least_squares

Anscombe’s Quartet

Anscombe’s Quartet
en.wikipedia.org/wiki/Anscombe%27s_quartet

Machine Learning
Regression Analysis

24


https://en.wikipedia.org/wiki/Least_squares

System of Equations

m linear equations with n unknowns:

A1 T1 + Ao +- -+ Apxy, = b

— System notation; ~ “ T

1 L1 + Umo9 s phbts o Umnln = bm.-

-011- -012- -aln- -bl
n . : 2n bl.
— Vector notation: «|7|+«| 7|+ ==}
_aml | _a'mQ | _a'mn. | _bm. |
—011 S aln- -I1- -b1
" " . dzy Ggp - don T3 b
— Matrix notation: «+= | ™ | x=|7| »-=
Ax=b _a'm.l P B amn_ _In_ _bm_
System of Linear Equations Machine Learning | 25
en.wikipedia.org/wiki/System_of_linear_equations Regression Analysis



https://en.wikipedia.org/wiki/System_of_linear_equations

Gaussian Elimination

Solve Ax = b by multiplying and adding
rows to one another and substitute back

System of equations Row operations Augmented matrix
2r +y— z= 8 2 1 -=1| 8
—3r —y+ 2z=-11 -3 -1 2 |-11

-2z +y+2z= -3 -2 1 2 | =3

20 + y— z=28

O ] (2 1 —1|8]
—y+-z=1 Ly + —Ly — L, 0 1/2 1/2]1
2" 2 2 0 02 1 |5]
2;1?+1y—lz:b "9 1 1187
—Y + —z = La+ —4L, — Ly 0 1,/2 1/2 1
27 2 0 0 -1]1
—z =1 -
Gaussian Elimination Machine Learning | 26

en.wikipedia.org/wiki/Gaussian_elimination Regression Analysis


https://en.wikipedia.org/wiki/Gaussian_elimination

Solution: Orthogonal Projection

Solve overdetermined linear system
AX =y so that the residual vector
r = AX —Yy Is as small as possible.

-
N\
'\
~

Project y onto the columns of A:
ATAx = Aly and x = (ATA)'Aly.

Works for polynomials of all degrees.

Linear Regression Machine Learning | 27
en.wikipedia.org/wiki/Linear_regression Regression Analysis



https://en.wikipedia.org/wiki/Linear_regression

h L & o ah

Reputation Systems
—igenvectors of Adjacency Matrix

Machine Learning | 28
A Short Introduction




Problem: Determine Reputation

Compute a reputation score based on
opinions by other entities about subject

Basic idea: Opinions of more reputable
entities should count more than others

Applications: PageRank by Google Inc.

Reputation System Machine Learning | 29
en.wikipedia.org/wiki/Reputation_system Reputation Systems



https://en.wikipedia.org/wiki/Reputation_system

Graph with Nodes and Edges

&

. Abstract
& rethink! 5

.‘ Prevent sinks:

‘ ' 5.1% Jump to arbitrary
page with e.qg.

15% likelihood!

PageRank Machine Learning
en.wikipedia.org/wiki/PageRank Reputation Systems

30


https://en.wikipedia.org/wiki/PageRank

Adjacency Matrix

a| b |c

@ ®,
A= b|1]0]1

C 1 | 1

e >1 2| 1] 3

a| b |c
al| 0| 0103
Normalize A: A’ = b |o05| 0|03
C 1 /0.3

> 111 ] 1

Adjacency Matrix
en.wikipedia.org/wiki/Adjacency_matrix

a | T
P=|b|o0
c | O

Transition:
p! — A! . p

Machine Learning
Reputation Systems

31


http://en.wikipedia.org/wiki/Adjacency_matrix

Probabilistic Walk

— Make columns of A add up to 1

— Start at an arbitrary node

— Follow all outgoing edges

— Thus prew = A Pold
— Repeat indefinitely
— Convergestop=Ap

a [0.18
P =|b 027
c | 0.55

Machine Learning
Reputation Systems

32



Solution: Compute Eigenvector

- e ———— = — —_— e ————

tl Solve equation Av = Av

S— == = —— e —

— v Is called an eigenvector of A
— A Is its corresponding eigenvalue

— Calculate with characteristic
polynomial of square matrix A

Eigenvalues and Eigenvectors Machine Learning

en.wikipedia.org/wiki/Eigenvalues_and_eigenvectors Reputation Systems

33


https://en.wikipedia.org/wiki/Eigenvalues_and_eigenvectors

Eigenvector Visualization

AR,
il

Eigenvalues and Eigenvectors
en.wikipedia.org/wiki/Eigenvalues_and_eigenvectors

Machine Learning
Reputation Systems

34
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Dimensionality Reduction

Projecting Data with Principal Component Analysis

Machine Learning
A Short Introduction
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Goal: Reduce Dimensionality

Old Features New Features

Reduced
Data

Original
Data

Entries

retain as much information as possible
with as little information as possible ...

Dimensionality Reduction Machine Learning | 36
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Principal Component Analysis

10

-5 0 5 10

Principal Component Analysis Machine Learning
en.wikipedia.org/wiki/Principal_component_analysis Dimensionality Reduction
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Covariance Matrix

— Calculate mean of n data vectors

X=X1+X2+... +Xn)/Nn, X=[X, ..., X]
— Calculate the covariance matrix
C=X-X"/nwithX=X-X
— Compute the matrix of eigenvectors
CV = VD; D contains eigenvalues .

— Rearrange: Decreasing eigenvalues

Covariance Matrix Machine Learning | 38
en.wikipedia.org/wiki/Covariance_matrix Dimensionality Reduction



http://en.wikipedia.org/wiki/Covariance_matrix

Optimal Transformation

— Goal: Find unit vector u that maximiz.

variance of data when projected on u

— Variance: (uT-X)-(uT-X)T/n=u"Cu

— Set A=u"Cu, thus Cu=Au (U'1=UT)

— The eigenvector u with the largest ei-
genvalue is the principal component!

Computing PCA Using the Covariance Method Machine Learning
en.wikipedia.org/wiki/Principal_component_analysis Dimensionality Reduction
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Recommendation Systems

Example: If each song is a dimension,
a user’s taste can be viewed as vector.

Observation: As groups of users rate

the same kind of songs high and low,
try to distill the tastes as base vectors.

Apply Principal Component Analysis!

Recommender System Machine Learning | 40
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Lossy Compression

— Downside: New base vectors need

scerghegle |
recover the data URTIN IR

- E 2l 1Bt

— I--IIJBE n 8

— Solution: Choose  ===aiss
appropriate base ——mh
vectors (in case

of JPEG: DCT)

Data Compression Machine Learning
en.wikipedia.org/wiki/Data_compression Dimensionality Reduction
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Artificial Neural Networks
Optimizing Functions with Gradient Descent
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Popularized: Deep Learning

Artificial Neural Networks (ANNSs) are
statistical learning algorithms inspired
by biological neural networks.

ANNSs are often used to approximate
unknown functions that can depend
on a large number of inputs and are
hard to solve with handmade rules.

Deep Learning
en.wikipedia.org/wiki/Deep_learning

Machine Learning
Artificial Neural Networks
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Types of Artificial Neural Nets

— Feedforward Neural Networks:
Connections do not form any cycles

— Convolutional Neural Networks:
Also acyclic but with shared weights

— Recurrent Neural Networks:
With cycles to learn temporal pattern

Artificial Neural Network Machine Learning | 44
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Basic Setup of Neurons
e / Connection for
o

RO/

Feedforward Neural Network Machine Learning
en.wikipedia.org/wiki/Feedforward_neural_network  Artificial Neural Networks

Neuron: ;//'O\()
J

Signal Forwarding
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Activation Function

[
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weights | —
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Activation Functions

— May not be linear or layers collapse

— Sigmoid functions like f(x)=(1 +e™)"

— Also popular: 7
rectified linear ﬁ

f(x) = max(0, x) N
with threshold

Activation Function Machine Learning
en.wikipedia.org/wiki/Activation_function Artificial Neural Networks
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Optimization Problem

Goal: Find weights that minimize the
mean squared error E = V2 (f(x) — y)?

Given search space and cost function,
apply ordinary optimization algorithms:
— Evolutionary Algorithm

— Gradient Descent

Mathematical Optimization Machine Learning | 48
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Evolutionary Algorithm

Inspired by biological evolution, apply
reproduction, mutation, recombination
and selection with the mean squared
error as fithess function on parameters.

— No assumptions made about space

— Difficulty in finding a good crossover

Evolutionary Algorithm Machine Learning | 49
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Gradient Descent

— Goal: Find minimum of function F(x)

— [ake steps proportional to negative
of the gradient: x2 = x1 — yVF(x4)

— Only local minimum

— Function needs to
be differentiable

Gradient Descent Machine Learning | 50
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Partial Derivative

Derivative with respect to one variable

Example: f(x, y) = X% + Xy + y2, then the
partial derivative wrt. x is of/ox=2x+Yy

Nabla symbol V denotes the gradient:
Vf(X1, ..., Xn) = vector (af/9ox1, ..., of/0Xn)

Chain rule: (f(g(x)))" = 1'(g(x)) - ()

Partial Derivative Machine Learning | 51
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Backpropagation

Calculate the gradient of
the error with respect
to each weight.

Due to the chain
rule, the values of the
right layers can be reused.

Backpropagation Machine Learning
en.wikipedia.org/wiki/Backpropagation Artificial Neural Networks
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Convolution

The integral of the product of two func-
tions after one IS reversed and shifted:
) = [ f(t) g(t—T) dT (as a definition)

| | | | | | | I
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Feature Detection

Shift kernel across
function or image

Center element of the kernel is placed over the (0 X 0)
source pixel. The source pixel is then replaced
with a weighted sum of itself and nearby pixels.

Source pixel

Convolution kernel
(emboss)

New pixel value (destination pixel)

Kernel (Image Processing)
en.wikipedia.org/wiki/Kernel_(image_processing)

Identity

Edge detection

Sharpen

Box blur
(normalized)

Machine Learning
Artificial Neural Networks
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Convolutional Neural Networks

— Feedforward network with input tiled
such that there are overlapping areas

— Convolution where kernels also learnt
— Weight sharing reduces free variables
— Often with rectified linear units (RelLU)

— Prevent overfitting w. cross-validation

Convolutional Neural Network Machine Learning | 55
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Recurrent Neural Networks

Connections between neurons form a
directed cycle, creating internal states

Useful for processing sequences
of inputs (like speech)

Most RNNs can compute 9
anything a conventional @*
ONO

computer can compute!

Recurrent Neural Network Machine Learning | 56
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Combinatorial Explosion

Games consist of states & transitions.

Search trees grow very fast but ANNSs
can be used to learn useful heuristics!

Alpha-beta 6

pruning for : A
oot R P p0eR -
algorithm:
Combinatorial Explosion Machine Learning

en.wikipedia.org/wiki/Combinatorial_explosion A Short Introduction
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Reinforcement Learning

— Idea: Train a CNN to learn the good-
ness of actions given recent frames

— If environment cannot be controlled,
adjust current estimate after next es-
timate (temporal difference learning)

— Favor sooner rewards w. greediness
factor because no progress otherw.

Reinforcement Learning Machine Learning
en.wikipedia.org/wiki/Reinforcement_learning Artificial Neural Networks
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Reinforcement Learning (CNN)

Google develops self-learning computer program Machine Learning
www.theguardian.com/technology/2015/tfebb/25/[...] Artificial Neural Networks
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Outlook: Huge Responsibility

... In the near-term. For the long-term, see www.superintelligence.ch.

Deploy CNN

Train CNN

Campaign to Stop Killer Robots
www.stopkillerrobots.org

Machine Learning
Artificial Neural Networks
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Discussion
www.superintelligence.ch

Kaspar Etter, MSc ETH in CS
kaspar.etter@gbs-schweiz.org

gbs)

switzerland

Basel, Switzerland

15 April 2015
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