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Introduction

What have you seen up till now?

PREVIOUSLY
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Regression Kernel Methods References

Whats the focus of this part of the course

My plan
e My view on Machine Learning
e Look at each part of a probabilistic model in detail

» how do they interact
» what do they provide

e Different models

» parametric
» non-parameteric
» hierarchical

¢ You should translate what you have seen in Jens part to this

Ek
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Whats the focus of this part of the course

My plan
e My view on Machine Learning
e Look at each part of a probabilistic model in detail

» how do they interact
» what do they provide

e Different models

» parametric
» non-parameteric
» hierarchical

¢ You should translate what you have seen in Jens part to this
e Really simple data: “as there is no free lunch lets avoid eating”

Ek
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Whats the focus of this part of the course

Theme

“How [ can incorporate my knowledge/belief with observations
such that when | see data it reduces my uncertainty according to
the evidence provided in the observations.”

Ek
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Whats the focus of this part of the course
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Assignment

e Three parts aligned with lectures
Part 1 (Lecture 6 & 7)

Task: probabilistic regression
Aim: understand probabilistic objects

Part 2 (Lecture 7 & 8)

Task: probabilistic representation learning
Aim: understand probabilistic methodology

Part 3 (Self study)

Task: probabilistic model selection
Aim: show that you can extend your knowledge from 1 and 2

Ek
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References

Assignment

e Three parts aligned with lectures

e Part 3 (Self study)
» Task: probabilistic model selection
» Aim: show that you can extend your knowledge from 1 and 2
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http://www.todayinsci.com/L/Laplace_Pierre/LaplacePierre-Quotations.htm
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My view on Machine Learning

An intelligence which at a given instant knew all the forces
acting in nature and the position of every object in the
universe

TURL
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My view on Machine Learning

An intelligence which at a given instant knew all the forces
acting in nature and the position of every object in the

universe - if endowed with a brain sufficiently vast to make all
necessary calculations

TURL
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My view on Machine Learning

An intelligence which at a given instant knew all the forces
acting in nature and the position of every object in the
universe - if endowed with a brain sufficiently vast to make all
necessary calculations - could describe with a single formula
the motions of the largest astronomical bodies and those of
the smallest atoms.

TURL
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My view on Machine Learning

An intelligence which at a given instant knew all the forces
acting in nature and the position of every object in the
universe - if endowed with a brain sufficiently vast to make all
necessary calculations - could describe with a single formula
the motions of the largest astronomical bodies and those of
the smallest atoms. To such an intelligence, nothing would
be uncertain; the future, like the past, would be an open
book.

TURL

Ek
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My view on Machine Learning

The theory of probabilities is at bottom nothing but common
sense reduced to calculus; it enables us to appreciate with
exactness that which accurate minds feel with a sort of
instinct for which of times they are unable to account.

TURL

Ek

DD2434 - Advanced Machine Learning


http://www.todayinsci.com/L/Laplace_Pierre/LaplacePierre-Quotations.htm

Introduction Regression Kernel Methods References

My view on Machine Learning

It is remarkable that a science which began with the
consideration of games of chance should have become the
most important object of human knowledge.

TURL

Ek
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Probability Basics?

2Murphy 2012, p. 2.2.7.
Ek KTH
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Probability Basics®

2Matplotlib3D, /Lecturel/probBasics.py
SMurphy 2012, p. 2.2.7.
Ek
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2L\/Iatplotl:Lb3D, /Lecturel/probBasics.py
SMurphy 2012, p. 2.2.7.
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Probability Basics?
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Probability Basics?

il

pearsonr = -0.0005; p = 0.62

-2

2Murphy 2012, p. 2.2.7.
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Probability Basics?

A

pearsonr = 0.5, p =0

-2

2Murphy 2012, p. 2.2.7.
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Probability Basics?

A

pearsonr = 0.5, p=0

-2

2Murphy 2012, p. 2.2.7.
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Probability Basics®

pestsons = 00005, p= 062 peasson =05, p=0 pessson=-05.p=0
h
2 2
2
o ° o
2 - 2
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P L G e 2

2MatplotlibSD,/Lecturel/probBasics.py
SMurphy 2012, p. 2.2.7.
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Linear Regression*

yi = WX; (8)

“Murphy 2012, Ch 7.
Ek
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Linear Regression*

yi = WX; +¢ 9)

“Murphy 2012, Ch 7.
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Linear Regression*

“Murphy 2012, Ch 7.
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Linear Regression®
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Linear Regression®

URL

4

4/Lecturel/centralLimit.py
SMurphy 2012, Ch 7.
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https://www.khanacademy.org/math/probability/statistics-inferential/sampling_distribution/v/central-limit-theorem
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Linear Regression*
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Linear Regression*

p(W) (11)

“Murphy 2012, Ch 7.
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Linear Regression*

p(W) (12)
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Linear Regression*
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Linear Regression*

p(W) (15)

“Murphy 2012, Ch 7.
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Linear Regression*

p(yi|W, x;) (16)

“Murphy 2012, Ch 7.
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Linear Regression*

_ p(D|W)p(W)
p(wip) = 22T (19)
p(D) = / P(D|W)p(W)dW (20)

“Murphy 2012, Ch 7.
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Linear Regression*

_ p(D|W)p(W)
p(D) = / P(DIW)p(W)aW (22)
PWIY, X) o p(Y|W. X)p(W) (23)

“Murphy 2012, Ch 7.
Ek
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Linear Regression®

A

p(D)

“Murphy 2012, p. 5.3.1
SMurphy 2012, Ch 7.
Ek
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Linear Regression cont.
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Linear Regression cont.
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Linear Regression cont.
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®Murphy 2012, p. 7.6.1
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Wsamples

®Murphy 2012, p. 7.6.1
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p(W) p(WIX.Y) »
samples

®Murphy 2012, p. 7.6.1
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p(W|X,Y)
Wsamples

®Murphy 2012, p. 7.6.1
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Wsamples

®Murphy 2012, p. 7.6.1
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You should now be able to do the linear part of Task 2.1 and Task
2.2 of the assignment.

Ek
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1. Formulate prediction error by likelihood
Formulate belief of model in prior
Marginalise irrelevant variables
Choose model based on evidence p,((D) (Assignment)

Ek
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2. Formulate belief of model in prior
Marginalise irrelevant variables
Choose model based on evidence p,((D) (Assignment)
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Toolbox
1. Formulate prediction error by likelihood

2. Formulate belief of model in prior
3. Marginalise irrelevant variables
Choose model based on evidence p,((D) (Assignment)
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Toolbox

1. Formulate prediction error by likelihood

2. Formulate belief of model in prior

3. Marginalise irrelevant variables

4. Choose model based on evidence pa(D) (Assignment)

Ek
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Marginalisation

p(W) = / P(W6)p(0)do (24)
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Marginalisation

p(W) = / P(W6)p(0)do (25)
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Marginalisation

Nature laughs at the difficulties of integration

Ek
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Choosing Distributions

p(Y|X)p(X)
p(Y) (26)

pX|Y) =

"Wikipedia
Ek
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Choosing Distributions

_ PYX)P(X)
poxy) = P (27)

Carls intuition
“combining belief in parameters through model should not change
the family of the distribution over the parameters”

7

"Wikipedia
Ek
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Regression

Choosing Distributions

pX|Y) = oY)

Ek
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Choosing Distributions
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Reflection

e That was ALL of Machine Learning
Everything else is just details

You will have to approximate and use heuristics but always
relate to this

This is the beauty of being Bayesian

Ek
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Reflection

e That was ALL of Machine Learning
e Everything else is just details
» how to choose model

» what is the right prior
» how to integrate

¢ You will have to approximate and use heuristics but always
relate to this

Ek
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Ek

Reflection
e That was ALL of Machine Learning

e Everything else is just details

» how to choose model
» what is the right prior
» how to integrate

¢ You will have to approximate and use heuristics but always
relate to this

e This is the beauty of being Bayesian
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Example: Image restoration’

"Lecturel /imageExample.py
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Example: Image restoration’

p(Y|X,0) = N (WX, o2l) (31)
yi = %(xf +x9 +xP) (32)

7Lecturel/imaquxample .py
Ek
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Example: Image restoration’

(_

p(Y|X,0) = N (WX, o2I) (33)
yi = %(x,‘ + X7 +x7) (34)

p(X|Y,0) o< p(Y|X, 0)p(X) (35)

"Lecturel /imageExample.py
Ek
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Dual Linear Regression®

_ p(Y|W, X)p(W)
p(WY,X) = oY) (36)
N N
p(YIW,X) = Hp(v,-rw, X) = HN (yil-, o®1) (37)
p(W) = N(0,721) (38)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

_ P(Y|W, X)p(W)
N N
p(Y|W.X) = Hp(viIW, X) = HN (yil-, o®) (40)
p(W) = N (0, 72I) (41)
P(WIY,X) o p(Y|W, X)p(W) (42)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

N
,O(le,X) X H 1 e—ig(WTx,-—y,-)T(wa,-—y,-) 1 e_#(wTw)
i

V2mo? Vo2
(45)
_ 1 e # (W'X—y)"(W'X~y) 1 e ﬁ (wW'w) (46)

V2ro? V272

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

N
,O(le,X) X H 1 e—ig(WTx,-—y,-)T(wa,-—y,-) 1 e_#(wTw)
i

V2mo? Vo2
(47)
_ 1 e # (W'X—y)"(W'X~y) 1 e ﬁ (wW'w) (48)

V2ro? V272

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

Jw) = JWTX -y (WX y) + oW (49)

2

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

J(w) = %(WTX —yI(wIX —y)+ %wTw (50)
O o) = ToxTw™X — vy o 2
5wJ(w) = 22X (W X-y)+ 22w (51)

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

J(w) = %(WTX — )T WIX —y)+ %WTW (52)
%J(w) - %sz(wa )+ %Zw (53)
w= —%XT(WTX —y) = (54)

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

J(w) = %(WTX —y)TwWX —y)+ %wTw (55)
O o) = LoxT(wTX vy 4 A
5wJ(w) = 22X (WwX-y)+ 22w (56)

N
1
w= —XXT(WTX —y)=Xla= ; anXn (57)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

J(w) = %(WTX —y)Tw'X —y)+ %WTW (58)
w=X"a (59)

Formulate Dual

J(a) = %aTXXTXXTa —a' XXy + %va + %aTXXTa (60)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

[K]j = X/ X (61)

J@) = %aTKKa —aKy + %yTy + %aTKa (62)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

[K]j = X7 x; (63)
J(@) = %aTKKa —aKy + %yTy + gaTKa (64)

1
Q= _X(w X;j — YI) (65)

N
W= Z a;iX; (66)

i
=a=(K+)y (67)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

[Klj = XX, (68)

J@@) = %aTKKa —aKy + %yTy + %aTKa (69)
a=(K+ )y (70)

y(x.) =w'x, =a'Xx, =a'k(X,x,) = (71)

= ((K+ A\)7'WTk(X, x,) = k(x,, X)(K+ XDy (72)

8Murphy 2012, p. 14.4.3.
Ek
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Dual Linear Regression®

8Murphy 2012, p. 14.4.3.
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Dual Linear Regression®

Linear Regression
1. See data (x;, y)f-V

2. Encode relationship in parameter W

3. Throw training away data

4. Make predictions using W

e Do NOT throw away data
» Make predictions using relationship to training data
¢ Model complexity depends on data (i.e. it adapts)

8Murphy 2012, p. 14.4.3.

Ek KTH
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Dual Linear Regression®

1. See data (x;, y)f-V

2. Encode relationship in parameter W
3. Throw training away data

4. Make predictions using W

e Do NOT throw away data
» Make predictions using relationship to training data
¢ Model complexity depends on data (i.e. it adapts)

¢ Non parametric regression
8Murphy 2012, p. 14.4.3.

Ek KTH
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Kernels

k(xi,%;) = o(%i) o (x;) = [|o(x;)[]]|6(X;)][cos(6) (75)

Ek
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Kernels

X € R? (76)
(XI%))% = (Xi1 X1 + XizX2)? = (77)
= XAXA + 2Xi1 Xj1 X2 X2 + XipXip = (78)

= (xF, V2xi1 Xi2, Xg) (X7, V2x;4 X2, x5)" = (79)

= o(x;)"p(x;) (80)

Ek
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Kernels
x € R? (81)
(XI%))% = (Xi1 X1 + Xi2X2)? = (82)
= XAXF + 2Xj1 Xj1 Xi2Xj2 + X,22Xj% = (83)
= (Xi21 ; \/§Xi1 Xiz,X,-zz)(Xﬁ , \/§Xj1 ng,xfz)T = (84)
= o(x))"o(x)) (85)

9
®Murphy 2012, p. 14.2.3
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Next Time

e November 25th 8-10 E2

e Continue with Kernels
» relation to co-variance

* Non-parametric Regression
» Gaussian Processes

Start Assignment
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Next Time

e November 25th 8-10 E2

e Continue with Kernels
» relation to co-variance

* Non-parametric Regression
» Gaussian Processes
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Introduction Regression Kernel Methods

References

Next Time

Practical Session 1
e November 21st, 15-17 in Q31
e My best friend the Gaussian
» Multiplication
» Marginalisation
» Recap: Matrix derivatives

e Things that you will need for
Assignment 1

Ek
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