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Introductory Comments

Why Probability?

Information given in terms of data (measurements, observations,...) is inherently uncertain.

Probability Theory and Statistics provide proper mathemtical tools to quantify and manipulate
uncertainties.

The idea behind quantifying the likelihood of certain events to occur is simple. Suppose you
conduct a random experiment, e.g. a fair coin-toss, and record the number n(N) of “heads”
among N tosses. The limit P of the fraction n(N)/N, as the number N of experiments tends to
infinity, is the “probability” - a number between zero and one - of “heads” to happen.

To put this on firm mathematical grounds one treats “events” as subsets A, B, . . ., of a “sample
space” Q2 of possible outcomes from which instances/samples are drawn. “Measure” and
“Probability Theory” serve as a proper framework. An exhaustive treatment of these topics
requires a course by itself. This section introduces some relevant basic notions and a
corresponding “way of thinking” to an extent needed in the context of Data Science and Machine
Learning.
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Probability: Basic Notions

PrObabmty Spaces Proper framework: Measure Theory ...

Key notions:
@ Sample or “outcome” space Q;

@ Set of “events” B comprised of subsets of Q, i.e., B C 22. Only those subsets of Q qualify
as events that can be measured,;

@ The probability distribution function or probability measure (function) P returns probabilities
of events, i.e., P: B — [0, 1].

P, B are subject to certain structural requirements:
@ P(Q)=1;
o QICQ,jEN,QjﬂQ/:@,j;ék,:>

P(U9) =Y P@):

jEN jEN

@ Biso-algebra: (a) Qe B; (D) Ac B = A°:=Q\A€B;(C)A € B,ic N= J,cyA €B

de Morgan’s law ((Au B)® = A° n B%): (b), (c) = ﬂjEN A€ B;

Definition 1

A tripel (€2, B, P) is called probability space
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Probability: Basic Notions

Examples

Flipping a fair coin: (discrete probability space) Q = {H, T}, B= {0, {H},{T},{H,T}} ~

P@) =0, P({H}) =P({T})=1/2, P{H,T}) =1

Flipping a fair coin twice: Q = {HH, HT, TH, TT}, #(Q) = 22 = 4;
Maximal o-algebra: B = 2%, #(B) = 16
events: at most one head: {HT, TH, TT}; at least one head: {HH, HT, TH}, etc.

P(HH) = P(HT) = P(TH) = P(TT) = 1/4, P({HH, HT}) = 1/2, P({HH, HT, TH}) = 3/4, ...etc.

A sub-c-algebra: all events with first toss fixed: A:= {HH,HT}, B := {TH, TT},
B={0,AB,Q}
P(A)=P(B)=1/2

Borel field: Suppose 2 is a metric space (openness of subsets is defined) ~ the minimal subset
of o-algebra in 22 that contains all open subsets of Q is a o-algebra (Borel- o-algebra)
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Probability: Basic Notions

Properties of Probability Measures

Q P(A%) =1-P(A);
@ P(Bn A% = P(B) - P(AN B);
© P(AUB) = P(A) + P(B) — P(AN B);
Q P(Uicz A) < Xicz P(A);
@ {Ci}iz apartition of @ = P(A) = 3.7 P(AN C));
Q AcCB= PA) < P(B).
Exercise: verify these statements

Lebesgue measure: measures subsets of RY (volume measure); details on Lebesque integration
will be provided when needed for essential understanding, here only some comments on the
basic ideas: for D C R? define the Lebesgue outer measure as

A*(D) :=inf { Z voly(Rk) : (Rk)ken any sequence of d-hyperrectangles with D C U Rk}
keN keN
Define the Lebesgue o-algebra B(RY) of Lebesgue measurable sets by
B(RY) := {D Cc RY: A*(A) = A*(AN D) + A*(An D°), V A C R%}

One can show that this is indeed a o-algebra with measure A (\(D) = A*(D) when D € B(RY)).
But there exist subsets of RY that are not measurable! (see Vitali sets)
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Random Variables

Random Variables

(92, B, P) probability space, X a measurable space, a function X : Q — X is called measurable if
for any measurable set S C X

{weQ: X(w)e St eB, Px(Xe8):=P{we:Xw)eS}).
A measurable function X : Q — X is called a (n X-valued) random variable. When X = R we
just say “random variable”.
Example: 2-coin toss
1 if Hoccurs in ith coin toss
2 if T occurs in ith coin toss
NX=H+b
x| 2 3 3 4
Q|HH HT TH TT

2) X = #(heads): let us illustrate how a random variable can be used to generate from the
original probability space a new one:
Q PO | x Py
HH 14 | 2 1/4 { 0 with probability 1/4
~ X=

HT  1/4 1/4 1 with probabilty 1/2  ~  ({0,1,2},2{%12} pyy
TH 1/4 1/4 2 with probability 1/4

1
1
TT /4 | 0 1/4
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Random Variables

Induced Probability Space

In general, consider a probability space (2, B, P), X : Q — X a random variable. This induces a
probability space

(X, B(X),Px), Bx(X)={X(A): Ac B}, Px(G)=P(X"'(G)), G € Bx(X).
One sometimes writes X ~ (X, Bx(X), Px).
X can be quite general, even a function space. To a large extent it suffices, however, to consider
X = R to introduce the basic facts about random variables. Typical scenario:

@ sample space X = R (continuous random variable, or X = N, X = Z, T finite or
countable (discrete random variable);

@ event space B(R) the Borel o-algebra of the real line, generated by all open intervals (or
half-lines, or closed intervals,...);

@ probability measure:

Px(A) := Pw € Q: X(w) € A} = P(X"1(A)) =: P(X € A), Ac B(R);

Implicit assumption: B(R) = Bx(R), i.e., X~ 1(A) € B(Q) for all A € B(R).

Example: X(w) = |w|, (2 = [-1,1], B([—1,1]), A\/2) ~ sample space X(Q2) = [0,1] =: X,
event space Bx([0, 1]) = B([0, 1]) (Borel-o-algebra), probability measure

Px(A) = P(X(w) € A) = A{w € [-1,1] tw € A, —w € A})/2 = A(A), A€ B([0,1]);

eg: P((3.3)) = 2L+ 2UB4D g3y -
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Conditional Probability and Baye’s Rule

Conditional Probability

Probability space (2, B, P)

Definition 2

If A, B € B, and P(B) > 0, then the conditional probability of A given B, denoted P(A|B), is

P(AN B)

P(AIB) := =5

(5.1)

Interpretation: P(A|B) is the probability that an outcome of an experiment is in A if one knows it
isin B.
Simple facts:

@ AC B= P(AB) = P(A)/P(B) < 1;

@ BC A= P(A|B) = P(B)/P(B) = 1.

Note: Conditioning on an event B means that B becomes the sample space for a new probability
space for which P(-|B) is the probability measure, i.e.,

Q— B B—- {AnB:AcB}, P — P(|B)
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Conditional Probability and Baye’s Rule

Example

3 doors, numbered 1, 2, 3; a prize has been placed randomly behind one door

e Jack bets that the prize is behind door 1;
e Nancy opens door 2 and reveals, no prize behind door 2;
e Nancy asks Jack: “do you want to switch your bet to door 3?”

Jack uses the following probabilistic model to decide whether to switch:

Q={1,2,3> = {(D,N): D,N € {1,2,3}}
D = random variable that prize is behind door D,
N = random variable that Nancy opens door N;

Define a probability measure P:

Since Jack bets 1, Nancy never opens 1; N = D leaves no decision to be made, so should not influence decision; since each
door is equally probable (D = 1, N = 2), (D = 1, N = 3) have probability { - 1; D = 2, 3 happens with pobability § leaving as
relevant events only N = 3, 2, respectively

D 1 1 1 2 2 2 3 3 3

N 1 2 3 1 2 3 1 2 3
1 1 1 1 1 _ 1 1 _ 1 1 1

Prob |0 3-3=5 3:-3=g 0 0 5:1=5 0 gz-1=35 0

Jack should switch if P(D = 1|N = 2) < P(D = 3|N = 2). Since P(D = 1|N = 2) + P(D = 3|N = 2) = 1 (why?) Jack
should switch if P(D = 3|N =2) > 0.5

P(D=3,N=2) 1/3 2 )
P(D=3|N=2)= = - :5 ~~  switch
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Conditional Probability and Baye’s Rule

Baye’s Rule

Baye’s Rule:
ABeB
P(B|A) - P(A
P(A|B) = %. (5.2)
In fact,

P(An B) PL2 P(AB) - P(B) = P(B|A) - P(A) = (5.2)

More generally: A; € B,i € Z, disjoint events partitioning 2, then

P(B|A;) - P(A)
Yiez P(BIA) - P(A)’ (5.3)

P(Ai|B) =

since

P(B) =3 P(BNA) "L2 " P(BIA) - P(A).

ieT ieT
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Conditional Probability and Baye’s Rule

Statistical Independence

Two events A, B € B are (statistically) independent if and only if

P(AN B) = P(A) - P(B). (5.4)

Independence = P(A|B) = P(A), P(B|A) = P(B).

Example: 2-coin-toss: the two events “first toss = head” (HH, HT) and “second toss = head”
(HH, TH) are independent.

A, ..., An € B are mutually independent iff

D

k
forany {ir,....ik} C{1,....n}, k<n, = P( A,-],)=HP(A,].)
=1

j=1

-
Il
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CDF and PDF

CDF and PDF

Consider a probability space (€, B, P) and a random variable X ~ (R, B(R), Px):
Cumulative Distribution Function

Prob(X < x) := Fx(x) := Px(X < x) = P{w € Q: X(w) < x}), x€R. (6.1)

Recall: {w € Q: X(w) < x} € B(R).

For a discrete random variable, this is understood as a step function which is continuous from the
right.

Proposition 3

F is a CDF iff
@ im0 F(X) =1, limy—y— oo F(x) = 0;
@ F is non-decreasing;
© F is right-continuous, i.e., for every xo € R, limy 1xo F(X) = F(xo);

0 fore > 0 3 M such that Prob(|X| > M) < e (no complete mass concentration at infinity).
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CDF and PDF

CDF and PDF

For a discrete random variable X ~ (Z, B(Z), Px) the Probability Mass Function (PMF) is defind
as

fx(x)=P(X=x)=P({we Q: X(w)=x}), xeI (6.2)

For a continuous random variable X ~ (R, B(R), Px) the Probability Density Function fx is given
by

Prob(X < x) := Fx(x) = / fe(t)dt, ~ Px(A) = P(X € A) = /fx(t)dt:: /dFX (6.3)
A A

—oo

Note: (Fundamental Theorem of Calculus) if fy is continuous, then fx(x) = Fj(x)

Proposition 4

A function fy(x) is a PMF or PDF if and only if
@ f«(x) >0 forallx;

> fx(x) =1 ifX :— Tis discrete; / fx(x)dx =1 if X is continuous.
XET R
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CDF and PDF

CDF and PDF

Blue curve: CDF P(x) = Fx(x)
Red curve: PDF  p(x)

Interpretation: the probability of X falling into an interval (x, x + dx) is given approximately by
p(x)dx. This becomes precise when §x — 0 which reflects that the density is the derivative of

the cumulative distribution.
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CDF and PDF

Conditional CDF and PDF

Let X ~ (R, B(R), Px), A € B(R) ~» Conditional CDF

Px({X(w) :w € Q, X(w) < x}NA)

Px(X < x|X € A) := )

Px({X<x}nA)
Px(A)

briefly:

Again: differentiation yields Conditional PDF
Example: fix z € (0,1), X ~ ([0, 1], B([0, 1]), A), conditioning on x > z:

0, it x<z
Px(X <x|X>2z)=

=, it x>z
PDF: 1
fXix>2(X) = Fyxs,(X) = T3
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Joint Probability and Marginals

Joint Probability Measure

Consider two random variables X : Q — X, Y : Q — Y (on (Q, B, P)), A € B(X), B € B(Y),

Pxy(AB):=P(XcAYeB)=P{weQ: X(w)eA Yw)e B})

(in the discrete case Py, y(x,y) == P(X =X, Y =y),(x,¥) € X X V)
One has the following equivalent ways of expressing this (as an exercise)

Pxy(AB) = P(weR:Xw) EAIN{weR: V() eB) =PX (AN Y ()
P AT B)P(YT(B) = PIX € AlY € BIP(Y € B)
= P(YT'(B)X"(A)P(X"'(A)) = P(Y € BIX € A)P(X € A) 7.1)

Suppose {J} is a partition of Y: ~~
D Pxy(Ad) = D> P(XeAYed)=> P(YeJXecAPXecA)
J J J

= P(X € A)=Px(A) (ince,P(Y€cJXeA=1) (7.2)

called marginal probability since one variable is “summed out”
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Joint Probability and Marginals

Notational Conventions: Marginals

X, Y discrete:

Pxy(X=x,Y =y) = Pxy(x,y) ~ Px(x)=Pxy(x)=>_ Pxy(x,y) sumrule
yey
X, Y continuous, recall (6.3), think of the partition {J} to become finer and finer, summation —
integration, P(Y € J) = Py(J) = [ dFy ~ (Fubini’s Theorem)
J

Px,y(A) = [P(X €AY =y)dy, fxy(x)= [fxy(x y)dy,
y hY (7.3)
fx,y (X, ) = fy x(y|x)fx ().

Sometimes for p(X, Y) = fx y(x,y) = %FX,y(X, y) just briefly:

p(X) = [ p(X. Y)Y, p(X, ¥) = P(YIX)P(X)
N

Baye’s Rule:

p(Y1X) - p(X)
XY)=——F"—"——+
p(X]Y) p(Y)
Interpretation: p(X) <« “prior distribution”; p(Y') «++ “data distribution”; p(X|Y) +> “posterior

distribution” given the “data/observations” y; p(Y|X) <> “likelihood (of the data, given the prior X)
function.
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Joint Probability and Marginals

Independent Random Variables

The random variables X, Y are called independent if the joint distribution factors into its
marginals (see (5.4)):

Pxy(AB) = PXeAYecB)=PH{we:Xw)eANn{we: Y(w)eB})
P(X € A)- P(Y € B) = Px(A) - Py(B), (7.4)

i.e., the events {w € Q: X(w) € A}, {w € Q: Y(w) € B} are statistically independent (see
(5.4)). In particular this means P(X € A|Y € B) = P(X € A).
In terms of densities: p = fx

p(X, ¥) = p(XIYV)P(Y) = p(X) - (V) (7.5)

Integration: Simplified notation X ~ (X, B(X), Px) ~ X ~ (X, B, P) (often X = R)
f: X — R measurable

/ 0P = sup {3 (infuee, () P(E }, (7.6)
X

{(EYiez iz

where the supremum is taken over all partitions { E; };cz of X. Often one writes dP(x) = p(x)dx.
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Joint Probability and Marginals

Identically Distributed Random Variables

Definition 5

Random variables X, Y are called identically distributed (i.d.) if for every set A € B(R)

Px(X € A) = Py(Y € A) ie, P{w € R: X(w) € A}) = P({w € R: Y(w) € A}). (7.7)

Note: two identically distributed (i.d.) random variables X, Y need not be the same
Example: 2-coint toss X = number of Heads, Y = number of Tails, hower

X and Y areid. & Fx(z)=Fy(2), Vz
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Joint Probability and Marginals

A “Fruitful” Example a summary of the previous notions

Experiment: two boxes (red and blue), the red one r contains 2 apples, a, and 6 oranges, o, the
blue one b contains 3 apples and 1 orange;

randomly pick a box and from that box select randomly a fruit, each fruit being picked equally
likely. Having observed the type of fruit (a or 0), the fruit is put back.

Suppose we repeat this process many times finding that in 40% of the cases the selected box
was r; ~» probabilistic model: the identity (color) of the box is a discrete random variable B(ox)
taking n = 2 values in X = {r, b}, and P(B=r) = 0.4 ~ P(B = b) = 0.6. Likewise, the identity
of the fruit is also a random variable, denoted by F(ruit), taking m = 2 values in {a, o} = ).

Question 1: suppose we have picked randomly a box that turned out to be blue b. Then, the
probability of selecting an apple is just the fraction of apples in the blue box which is 3/4, i.e.,
P(F = a|B = b) = 3/4. Similarly

1 1
P(F=aB=r)=, P(F=oB=r)=, P(F=aB=bt)=,, P(F=0B=b)=
(7.8)

~~ overall probability of selecting an apple:

P(F:a):P(F:a|B:r)P(B:r)+P(F:a|B:b)P(B=b):%-i+7-—=—

~P(F=0)=1-P(F=a)= 5
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Joint Probability and Marginals

[llustration (see [1, Chapter 1, § 1.2))

lllustration of a distribution over two variables X, taking 9 values, and Y, taking 2 values;

p(X,Y) p(Y)

[TTTHRE

N

p(X) pX|Y =1)

ol AL (i

Top left: sample of 60 points drawn from a joint probability distribution over X, Y;

Remaining figures: histogram estimates for the marginals p(y), p(x) and the conditional density
p(X|Y =1).
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Joint Probability and Marginals

A “Fruitful” Example, Cont’d

Question 2: suppose we have selected an orange and we ask which box did it come from most
likely. Now we ask for the probability over the box conditioned on the identity of the fruit. We
know the probability over the fruits conditioned on the boxes. Baye’s Rule allows us to reverse
the conditional probabilities:

_P(F=oB=rPB=r) 3 4 20_2

P(B = r|F = R
(B=rlF=0) P(F = o) 470 9 3

Since P(B=r|F=0)+P(B=bl[F=0)=1~ P(B=blF=0)=1-2/3=1/3

Interpretation of Baye’s Theorem: if we had been asked for the identity of the box before being
told the selected fruit, the most complete information is provided by P(B). This is called Prior
Probability (available before knowing the identity of the fruit). Once we are told F = o, Baye’s
Theorem allows us to compute P(B|F) which is called the Posterior Probability, the probability
obtained after observing F.

More generally, in terms of densities p = fx y: F = Y = o represents observed data w while

B = X = r stands for the unknown parameters x whose posterior probability is to be estimated.

Then Baye’s Theorem reads

p(w[x)p(x)
p(w)

where p(w|x) is called the likelihood function

p(x|w) = in words: posterior « likelihood x prior (7.9)
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Joint Probability and Marginals

A “Fruitful” Example, Cont’d

Note: integrating (7.9) on both sides over x and using that [ p(x|w)dx = 1, yields
xd

pw) = [ pwlp(x)dx. (7.10)

xd

Note: the prior probability of selecting the red box was P(B =r) = % so we were more likely to
select the blue box. However, after observing the selected fruit, we find that the posterior
probability of selecting the red box is P(B = r|F = 0) = % so the red box is actually more likely
to be selcted

Intuition: the proportion of oranges in the red box is higher which makes it more likely to come
from the red box ~ likelihood function.

If the fraction of oranges and apples were the same in both boxes, the identity of the fruit would
not provide any additional information and P(F|B) = P(F) so that P(B, F) = P(B) - P(F) and
the probability of selecting a particular fruit is independent of which box has been picked. In this
case the random variables B, F are independent.

Remark: When X ~ (X, B, P) is a random variable and f : X — R a measurable function, the
f(X) is also a random variable.
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Joint Probability and Marginals

Baysian Probabilities

So far: probabilities are viewed as frequencies of repeatable events - the “frequentist’s point of
view” in statistics.

Baysian Interpretation of Probability: probabilities provide a quantification of uncertaintiy. For
instance, will the Arctic cap have disappeared by the end of the century? This cannot be
assessed by inference from repeated events numerous times.

Instead: we have an idea of how quickly the ice is melting, e.g. based on an existing physical
(mathematical) model.

If we obtain fresh evidence, e.g. by new satellite measurements or novel forms of diagnostic
information, we may revise our estimation of uncertainty to be used in subsequent actions or
decisions.

Now the issue becomes to quantify “degrees of belief” by numerical values. This can be done in
an axiomatic way which eventually leads to “rules” for manipulating “degrees of belief” that are
equivalent to the sum- and product rules of probability.

We'll compare later merits or disadvantages of frequentist versus Baysian approaches.
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Expectation and Variance

Statistical M ome ntS Expectation

X ~ (X, B, P): the Expectation of a function f : X — R is a “weigted average” of the function
values according to the underlying probability density p(x) = fx(x) (see (7.6)):

E[f] := Z f(x)p(x) (discrete), E[f] :== /f(x)p(x)dx (continuous) (8.1)
X

xXex

Expectations are typically approximated via sampling (see Theorem 11 later below)
1N
E[f]~ — > f(x), (82)
j=1
where the x; are i.i.d. (independent, identically distributed) random samples from X'. Note: the

samples x; will cluster in regions where p attains large values.
Marginals, conditional expectations: X, Y random variables

ExlfC )] = [ fxy)ax, Bxlfly) = Sl i= [ 100p(xly)a. ®3)
X X
Let 1,4(x) denote the (set) characteristic function, i.e., 14(x) = 1 if x € A and zero otherwise.
Then
E[14(X)] = / p(x)dx = Prob(X € A), (8.4)
A

the expectation of set-characteristic functions completely describes the probability distribution.
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Expectation and Variance

Variance d =1

Variance describes the fluctuation of f around its mean (everything is analogous in the discrete case 3~ <+ [):

valf] = E[(f-E[)?] = / (F(x)? — 2f()EIf] + E[2)p(x)cix
X

_ / f(x)2p(x)dx — 2E[f] / f(x)p(x)dx + E[f]2 / p(x)dx
X X X

= E[f?] - 2E[f]? + E[f]? = E[*] — E[f]. (8.5)
Also since E[c] = c for any constant ¢ one easily verifies

var[X 4 ¢] = var[X], var[cX] = c®var[X], c constant. (8.6)

Remark 6

Since [ (f(x) — E[f])p(x)dx = E[f] — E[f] = O, Lecture I, Theorem 24 = var[f] is the square of
X

the Lo(X, p) best approximation error of f by constants:

varlf] = inf / (F(x) — ¢)2p(x)dx. 8.7)
X

E[X], var[X] are given by the first and second order moments [ xp(x)dx, [ x2p(x)dx.
X X
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Expectation and Variance

Moments for Independent Random Variables

For random variables X, Y ~ (R, B(R), P), one has

ElaX + 8Y] = oE[X] + BE[Y]. (8.8)
if X, Y are independent, one has
E[XY] = E[X] - E[Y], (8.9)
and
var[X + Y] = var[X] + var[Y]. (8.10)

v

Proof: Letp = fx y. ~ E[aX + 8Y] = [ (ax + By)p(x, y)dxdy = « [ xp(x)dx + B [ yp(y)dy (marginals) = (8.8).
R2 R R
Concerning (8.9), one has
7.5
E[XY] = / xyp(x, y)axay & / xyp(x)p(y)dxdy

R2 R2

= ([ewi) ([ wetidy) =500 B = (89)
R R

As for (8.10),
varlX + Y] = E[(X + V)] — BIX + Y2 = E[X? + 2XY + Y?] — E[X]? — 2E[X]E[Y] — E[Y]?
= E[X?] + 2E[XY] + E[Y?] — E[X]? — 2E[X]E[Y] — E[Y]? = E[X?] — E[X]? + E[Y?] — E[Y]
= var[X] + var[Y]. O
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Expectation and Variance

Variance d > 1

LetX = (X1,...,Xn) ", Y= (Y4,..., Yn)T be vectors of random variables (with joint distribution
P). The Covariance of X and Y is the rank-one matrix

covX,¥] = E[X-EX])(Y-E[Y])']
E[XYT] — E[X]E[Y] " (8.11)
Exercise: Verify the last equality!
Abbreviate: var[X] := cov[X, X], so that
var[X] = E[XX"] — E[X]E[X] . (8.12)
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Expectation and Variance

The CharaCteriStiC FunCtion better understanding of PDFs

The characteristic function of a random variable X with density p(x) is defined as

ex(s) = E[e™] / p(x)e~ " dx. (8.13)

In other words, defining the Fourier transform of a function g as

(Fg)(s) == [ g(x)e~"*adx,
/

the characteristic function of a random variable X with density p is the Fourier transform of the
underlying probability density
ex(8) = (Fp)(s)- (8.14)

Just as the expectation of the set-charactersitic function completely characterizes a distribution,
the expectation of basic Fourier modes e~/s* does as well. By properties of the Fourier
transform, if the characteristic functions of random variables agree so must the random variables.
There are a number of important applications of the characteristic function, among them a
convenient proof of the Central Limit Theorem (see later below).
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Expectation and Variance

Properties of Characteristic Functions

The characteristic function always exists, is uniformly continuous and ox(0) = 1, |px(s)| < 1.
Moreover, if a random variable has kth moments, one has

E[XK] = (—iY*¢$)(0),

where i is the imaginary unit 2 = —1. This follows directly from corresponding properties of the
Fourier transform.

Remark 9

For any affine transformation aX + b of a random variable X one has px.p(s) = e~ (as).

Proposition 10

Suppose that X, Y are jointly distributed independent random variables. Then

ex+v(8) = px(8) - oy (8)- (8.15)

Proof: oxy(s) = [ p(x,y)e"5Ndxdy "= [ p(x)p(y)e~*e~isV dxdy = px(s) - oy (s)D
R2 RxR
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Law of Large Numbers and Tail Bounds

Law of Large Numbers ...

Write briefly:  Prob(g(x) > €) := P({x € &N : g(x) > ¢}).

The Law of Large Numbers states in great generality that the mean of independent samples of a
random variable with bounded variance becomes arbitrarily close to its expectation.

Letxq,...,Xxy be iid. samples of a random variable X ~ (X, B, P). Then
Xy 4+ Xy var[X]
_— - > < . .
Prob(’ N ]E[X]’_e) VR e>0 (9.1)

The proof is based on two basic but important inequalities: Markov’s inequality and Chebyshev’s
inequality as well as on Lemma 7.
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Law of Large Numbers and Tail Bounds

Markov’s Inequality

Let X ~ (R, B, P) be a nonnegative random variable. Then one has fora > 0

Prob(X > a) < ]E[TX]. (9.2)

Proof: Let p = fx denote the density so that

E[X] = 7xp(x)dx = jxp(x)dx + 7Oxp(x)dx > 7xp(x)dx
0 a a

0

> a/p(x)dx > aProb(X > a),
a

which proves the assertion. The same argument works for the discrete case.

Under the above assumption one has Prob(x > bE[X]) < 15, b > 0.
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Law of Large Numbers and Tail Bounds

Chebyshev’s Inequality

Markov’s inequality bounds the tail of a distribution in terms of the mean. It is used to prove
Chebyche’s inequality which offers the following (in some sense sharper) tail bound.

Theorem 14

Let X ~ (R, B, P) be a random variable. Then for c > 0

var[X] .

Prob(|X — E[X]| > ¢) < 2 (9.3)
Proof: Y := | X — E[X]|? is a nonnegative random variable and, by definition, E[Y] = var[X].
Thus, Markov’s inequality gives
(9.3)
Prob(]X — E[X]| > ¢) = Prob(|X — E[X]|? > ¢?) = Prob(Y > ¢?) < % = Va(r:[le.
O
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Law of Large Numbers and Tail Bounds

Proof of Theorem 11

By Chebyshev’s inequality (9.3)

N 1N X N X N
1 VZI[N 2 /] 86) Var[Z/=1 7| (8.10) 2_jq var[X]
Prob(’N SoX - ]E[X]’ >e) < = D R
j=1
_ var[X]
- Ne2 ’
since the X; are i.e.d. This proves the assertion. O
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Law of Large Numbers and Tail Bounds

Exercises

There are some general ideas behind bounding excess probabilities (tail bounds). The following
exercises are to hint at them and will be taken up later again.

Exercise 15

o Show that for any non-negative random variable X

(oo}
E[X] = / Prob(X > t)dt (9.4)
0
and re-derive Markov'’s inequality (assume that for the CDF F}(x) = p(x)).

9 Let ¢(t) be any strictly monotonely increasing non-negative function. Show that for any
random variable X and any t € R

E[o(X
Prob(X > t) < M (9.5)
(1)
e Re-derive Chebyshev's inequality from (2): for an arbitrary random variable X andt > 0
one has Var[ X]
Prob(|X —E[X]| > t) < (9.6)

v
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The Gaussian Basic Definitions, Properties

CENSERE

The perhaps most important distribution is the normal or Gaussian density

p(x) = N(X|p,0) = ¢21ﬂ7exp{ = P} (10.1)

involving two parameters: the mean p and the variance o2 (o is called standard deviation). In
fact, straightforward calculation ~~

E[X] = / XN (X, o)dx = p,  E[X?] = / XN (X, o)X = 12 + 02 (10.2)

—o0

(8.5) ~ var[X] = E[X?] — E[x]2 = 02

N(z|p, 6?)
B = 1/0? is called precision.

Remark 16

N (x|, o) attains its maximum (called “mode”)
at its mean p and N (ulu, o2) = —J= (find the
zero of the derivative).

o

) One writes X ~ N (p, 02)
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The Gaussian Basic Definitions, Properties

More Comments ...

? one has ¢ (2) = —zp(2), ¢ (2) = (2

1
Note: For ¢(z) := \/%e 2Z —1e(2)
1 /x— d a?
2y_ L (XTH g 2y, a 2y _
N(X|u,0?) = o_ga( - ) = N o) =0, N (K, 0o =0,
i.e., N(x|u, 02) attains its maximum at the mean 1 and has inflection points at  + o

99.7% of the data are within
3 standard deviations of the mesn
95% withen
2 standard devistions
68% within
|+ 1 standard —|
deviation ‘

u+3a

u-20 p-a " uto u+2o

w30
For the normal distribution, the values less than one
standard deviation away from the mean account for 68.27%
of the set; while two standard deviations from the mean

account for 95.45%; and three standard deviations account
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The Gaussian Basic Definitions, Properties

Higher Moments of Gaussians

Mean and expectations are first and second order moments. Plain and absolute moments are
the expectations of corresponding powers of the random variable: E[X*], E[|X|¥]. Bounds on
moments of a probability density provide important structural information and lead e.g. to so
called tail bounds used in quantifying the performance of estimators in machine learning. For the
centered Gaussian X ~ A(0, ¢2) it can be shown that

2] = { ok it kisodd B[IX] = ok — 1)“{ 2 i Kisodd 103)
o(k — 1)1 if Kk iseven 1 if  kiseven
271 . -
where nl! := Hj:ﬂ (n — 2j). For non-centered densities N (-], 02)
Order Non-central moment Central moment
1 u 0
2 w4+t I
3 18+ 3uc? 0
4 #t+6u*o* +30* 30*
5 #4104 0* + 150t 0
6 u® +15u*0* + 45p%0* + 150° 150°
7 u" +21p%0% + 1054° 0 + 105p0° 0
8 u® + 2807 4 210p%0* + 4204%0° + 1050 | 10508
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The Gaussian Basic Definitions, Properties

A FirSt Application of the Law of Large Numbers

Draw two points z,y € RY where the components z;, y; are realizations of independent random variables Z, Y ~ N/(0, 1). We
are interested in the expected (squared) distance ||y — ZHS = Zf:1 - z/-)z. Foreachj € {1,...,d} one has

E[(Y; — Z)2] = B[Y?] + E[Z2] - 2E[Y;Z] = var[¥]] + var(Z}] — 2E[YJE[Z] © var[¥}] + var(Z] = 2

since E[Y;] = E[Zj] = 0. Then Theorem 11 says that

J Ly _ 2
Prob(|1az1:(Yj ~ZP-2[>¢) < % 50, as d — oo. (10.4)

As seen above, all higher moments of Gaussians (expectation of powers of Gaussians) are finite, the right hand side indeed
var[(Y—2)2]
de2

tends to zero as the dimension grows. Thus, with probability at least 1 — the instances satisfy

@-ad<|ly—zll3 < @+ed (105)
Since by the above argument E[(Y; — Z))?] = ]E[Y/?] + ]E[ij] =2,i.e., E[||Y|I3] = E[||Z||3] = d, one concludes that y and z

are nearly orthogonal with high probability. Rescaling Y, Z to unit length and choosing y as the north pole, almost all z

concentrate near the equator. A detailed discussion will follow later.
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The Gaussian Advanced Proberties

Properties of Gaussians

(1) The substitution (x — p)/o — z transforms X ~ N (u, o) to standard form Z ~ A(0, 1)

1 7 1(’(—_&)2 1 7 1,2
— [ e 2\~° dx:—/e—éz =1
oVen Ve

— 00

(2) The Fourier transform of a Gaussian is a Gaussian. Specifically, one has: (see (8.14))

Proposition 17
92(8) = (FN(10,1))(s) = V2rN(sl0,1) = &2, Z~ N (0,1). (106)
More generally, when X ~ N (u,02) one has

ox(8) = (FN(|n, 02))(s) = V2re St N (0s]0,1) = e~ 275 ~isn, (10.7)

v

Corollary 18

For independent Gaussian random variables X ~ N (pux,0%), Y ~ N(uy,0%) the sum X + Y is
also Gaussian. More precisely

X +2Z ~ N(ux + py, 0% + 02). (10.8)

v
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The Gaussian Advanced Proberties

Proof of Proposition 17 and Corollary 18

1,2
Proof of Proposition 17: Abbreviate g(z) := (27r)_1/287 2% = N/(2]0, 1) and note that g’ (z) = —2zg(z). Applying the

Fourier transform to both sides, yields on the one hand

(F0)e) = [ o@Dz = ~ [ (~is)a(z1e™dz = (is)(Fa)(s).
R

R

which has to equal

i d i d
- /zg(z)e_’szdz - /g(z)(—/‘)_‘ L eiszgr — i % (Fg)(s).

ds ds

R R
Therefore
d S d 2
a5 (F9)(s) _ s o /E(‘Fg)(s/)dsl _ s
(Fa)(s)

Fos) 2
Since X = oZ + p, Remark 9 says that
ox(8) = Pz u(s) = € oz(05) "2 VBTN (o]0, 1),

which is (10.7).
Proof of Corollary 18: Let px., y denote the density of X + Y. Then, by (8.14) and Proposition 10,

8.14 10.7) i — 1262462y (10.7
(Foxan)(s) = oxsv(s) 27 ox(s)py(s) 'E) e BUxtHy) g 2% (Tt ry) (12D

which confirms (10.8).

2

-2 In((fg)(s))fln((fgxon:ln«fg)(s)):f% = (108).

(FN(lux + py. ox + o9))(s),

O
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The Gaussian Advanced Proberties

Further Properties of Gaussians

It follows, as in the proof of Corollary 18 from the same factorization of the characteristic function
of independent random variables, that for independent X; ~ N(;, aj?)

1< 1 1 >
ZXNN(IZN,,Z ) E;)QNN(E;W,?;@), (10.9)
Convolutions: f, g € La(R), (fx 9)(x) = ff x —y)g(y)dy € L1(R). One easily verifies that

(F(fx9))(s) = (FF)(s) - (F9)(8), (10.10)

i.e., under the Fourier transform convolution becomes a pointwise multiplication.

Proposition 19

The convolution of two Gaussians densities is a Gaussian density, i.e.,

(N Clixs o%) * N(clpy, 09))(X) = N(X|ux + py, 0% + o). (10.11)

Proof: By (10.10), (F(N(- |l"Xa‘7x) * Ny, 02))(s) = (FN(ux, 03))(S) - (FN(-Imy, 0%))(s) which by (10.7),
2 2
equals e~ S(ex 1) 6= 3k oL pqain by (10.7), this is (FA(|x + oy, o2 + a2))(s). ]
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The Gaussian Advanced Proberties

An Approximation Aspect

Probability density function
1 Cumulative distribution function

The red curve is the standard normal distribution X

One sees from the figures that small variance concentrate the density around the mean. The corresponding PDFs become closer
and closer to a a step function. Since the integrals of the densities (by normalization) stay always equal to one the family

{N(-]0, 02)}0>0 form a so called approximate identity. This means that for a given function f, the convolutions

(F = NCI0, o)) = [ 1IN (= y10, 0y = [ flx = y)N (10, o)o
R R

tend to fin Lp(R), say
lim ||f — (f*N(-\O,az))HLp(R) =0 (10.12)
o—0

This agrees with (10.11) since  lim, _o(N (-1, 0%) * N(-]0, 02))(x) = limy o N'(X|p, 0% + o) = N(x|p, 0%).
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The Gaussian Advanced Proberties

Multivariate Gaussians

For a vector X € R? of random variables the d-variate (or spherical) Gaussian density is:

1

AT exp { - %(x — A (k- ) (10.13)

N(X|p, A) =

where: 1 € R is called the mean and A € R?%9, symmetric positive definite, the (co)variance of
X. We'll verify that this terminology is justified.

A special case: suppose that X is a vector of independent random variables X, ..., Xy, which
are jointly distributed X; ~ N(-|u,02),j=1,...,N. Independence means (see (7.5)) that the
joint probability density is the product of the marginals which are the univariate Gaussians. That
is

N
p(x) = [JN(lu, 0%) = N(XI(1 ..., 1) T, T), T :=diag(0?,....0%) =0l (10.14)
j=1
which is an N-variate Gaussian with mean (u, ..., u)"T € RN and variance o2l
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The Gaussian Advanced Proberties

Transformation to Standard Form a useful tool

By Lecture |, Theorem 32: A= UAUT, A~" = UA—'UT for some orthogonal matrix U and
diagonal matrix A

(=) TA™ (x = ) = (UT (x — 1)) TA='UT (x — ) = |A~"/22]3 where z:= U (x — p).

Setting 0',-2 := \j, this yields (since |det(UT )| = 1, see section on unitary matrices in Lecture I)

JECIEIT

27 1 X —1
(2m)9/2|detA|[1/2 —p) AT (x—p)
( ) /2|d€tA‘1/2 /g( )e 2

RA

= 7/Q(UZ+ ~Eh 2ijzzlzdz
T @RI o ue

= /g(Uz+u)HN(Z]|0,02)dZ

Jj=1

= /g(Uz + n)N (2|0, N)dz. (10.15)
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The Gaussian Advanced Proberties

Multivariate Gaussian: Expectation, Variance

Proposition 20

LetX ~ N(p, A), u € RY, A € RI%9, symmetric positive definite. Then

EX| =p,  var[X] = A. (10.16)
Proof: By (10.15),
roof: By (10.15) E[X] = /xN(x|,u,A)dx - /(Uz+u)/\f(z|0,/\)dz, A=unuT.
Rrd RA
The subsequent arguments use that N'(z|0, A) = 1—[;_1:1 N(z]o, ajz) (A =t 01-2 > 0) is a product of 1d-centered (normalized)
Gaussians, ie. [nGlo.ah =1, [znGlo.ahdz =0, [ Z#N(510.07)dz = uf + o (10.47)
R R R

By (10.15),

E[X] = /(Uz + WIN ([0, Ntz = U ( / 2N (20, A)dz) + /N(z|o, Az =04 p=p = 1.rel in (10.16).
RA RA RA
Regarding the variance, we use (8.12) and observe first that, by (10.17),
/zkz,/\/(z|o, Nz = 5y /z,%N(zk|o, oBydz "2 5y (02 + 1) = 8y ol
rd R
Moreover, (Uz + p)(Uz + ) T = U@z U7 +Uzu " +pz U7 + up’ = a' + a2 +a’ +a*. Again, by (10.17),

/a‘N(z|o, A)dz = Udiag(o2, . .., o2)UT = A, /an(z\O, Ndz =0, q=2,3, /a‘w(z\o, Ndz = up T
Rrd Rrd Rrd

~+ second relation in (10.16). [m}
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The Gaussian Gaussians in Various Contexts

The Central Limit Theorem

The Gaussian distribution plays a pivotal role in a number of contexts. We briefly mention some
of them here.

The Central Limit Theorem (CLT): states that properly normalized sums of independent random
variables with bounded variance tend to a normal distribution. This result comes in numerous
quantified formulations. A classical variant reads as follows.

Theorem 21

Let X1, Xz, ..., Xn be a sequence of i.i.d random variables with expectation E[Xj] = . and
variance var[Xj] = o2 for all j. Consider the sample mean

1
Svi= (X + Xp 4o+ X).
Then v/N(Sy — 1) 4N (0, a2). This convergence in distribution means (see (6.1))

— 00 ZER

lim sup |Probgw (VN(Sy — ) < 2) — /N(X\O,az)dx =0. (10.18)

— 00

v

This says that the CDF of the sequence of random variables v/N(Sy — 1) tend uniformly to the
CDF of the Gaussian density A/(:|0, o2).
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The Gaussian Gaussians in Various Contexts

Sketch of a Proof of Theorem 21

{Xy,..., Xy} iid. samples of a random variable with mean p and variance o2; by Lemma 7, X1+ - -+ Xy has mean N

and variance No2. Consider the random variable

N N
Then, since the Y; are i.i.d. N
ea(®) = e 1y () €19 11} v, (s/VR) = gy, (s/ VR)Y;
Claim: )
Jim ez (s) = lim oy, (s/vVN)N = e T pointwise. (10.19)

To that end, observe
— U _ i —isy ’ _ _
PO =1, ¢ (&= —i [ e ™y~ 0= -izm]=o,
R

and
Y, (6) = (=i [P ™y~ o 0 =~ [ Vpiy)dy = ~BYE] = —val¥i] = —1.
R R
Taylor’s Theorem then says
s 2 &2 2

oy, (s/VN) = oy, (0) + —= ¥, (0) szw’y’1(0)+o((%):1——+o(i), (

NG + oy ) - 0. (10.20)
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The Gaussian Gaussians in Various Contexts

Sketch of a Proof of Theorem 21

Since €X' = limp_y 0o (1 + %)n one concludes from (10.20) that

wzy(8) = (1 “on T o( ))N — e’1252, N — oo, (pointwise),

because all higher order terms vanish in the limit. This confirms the claim (10.19).

_1g2
Recall from (10.6) that e~ 2° = @z(s) when Z ~ N(0, 1). Now we invoke Levy's Continuity Theorem. It states that pointwise
convergence of characteristic functions of a sequence of probability measure implies that the limit is the characteristic function of
a probability measure to which the measures then converge uniformly.

This implies that the densities of Zy, approach N/(-|0, 1) in distribution. Since Zy = 4 (Sy — ) this yields
Z,

VN , 1 2

sup [Prob( — (Sy — <z 7/—e_2dx —0, N—

z;% ( o (v = = ) Vor >
—oo

Since Pmb(@(s,\, —p) < z’) = Prob(W(SN — ) < crz’), replacing oz’ by z and noting that

o | 2 A —%(1)2
R E— = o
7](;0 7= 2 dx = j;o ¢ dx, (10.18) follows. O
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The Gaussian Gaussians in Various Contexts

lllustration

Bernoulli distribution: Let p € [0, 1], X ~ B(1, p) is a random variable taking the value 1 with
probability p and the value 0 with probability g = 1 — p. The PDF (PMF) over k € {0,1} =: X' is

g=1—-p if k=0,
One can check (Exercise)

fx(k;P)={ P k=T }=pk(1p)"‘, ke {0,1}. (10.21)

E[X] =p, var[X] =p(1 —p) = pq. (10.22)
This is a special case of the binomial distribution Y ~ B(N, p) obtained by taking the sum of i.i.d
Bernoulli trials X; ~ B(1, p)
N
Y =>"X ~ B(N,p). (10.23)
j=1

The Central Limit theorem applies. Here are a few binomial instances for various values of N,
p=1/2:
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The Gaussian Gaussians in Various Contexts

Parameter Estimation

A typical estimation problem: suppose we have a data set of N observations/instances
X=(x1,...,xy)T € RN of the scalar random variable X. Suppose that these observations are
drawn independently from a Gaussion A/ (-|, o?) whose 1 and variance o2 are unknown.

Recall that the samples x; are called i.d.d. - independent identically distributed. We know from
(7.5) and (10.14) that the joint probability density for the random variable X obtained by the i.i.d.
random draws X; is the product of the marginals which are the univariate Gaussians, i.e.,

N
NI, om) ") = [N (Kl 0%) =, T o= oI (10.24)
j=1

which is an N-variate Gaussian.

Question: How could one estimate the values of 1 and o2 from an instance x of X?
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The Gaussian Gaussians in Various Contexts

Maximizing the Likelihood Function of Gaussians

Suppose a Gaussian process with unknown mean and variance is observed through
independent samples collected in a data vector x.

A possible way of estimating p, o from the data x is to maximize the likelihood function
L(u, 02;X) = N'(X|u, 02) over u, o2. That means one seeks parameters u, o2 that are most likely
for the given data (rather than fitting the specific observations best in a least squares sense).

Maximizing A (x|, 02) is most conveniently done by maximizing its logarithm
1 N N
log NV (|, 02) = ~5.% ;(xj —p)? = 5 log(c?) — 5 log(2m)  (log-likelinood function).  (10.25)

Maximizing over p, yields:

N
1
pML = x; sample mean. (10.26)
j=1
Maximizing with respect to o2 yields:
1N
o2y = N > (% — pme)?  sample variance w.r.t. sample mean (10.27)
j=1

Note: the joint maximization of 11, o2 decouples in this case! verify this.
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The Gaussian Gaussians in Various Contexts

[llustration ([1, Chapter 1, § 1.2])

-'J\"f(r n |r” ‘72)

lllustration of the likelihood function for a Gaussian density (red curve); the black points denote a
data set of values xp, and the likelihood function corresponds to the product of the blue values.
Maximizing the likelihood involves adjusting the mean and variance of the Gaussian so as to

maximize this product.
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The Gaussian Gaussians in Various Contexts

Maximizing the Likelihood Function of Gaussians

Note: for each draw x one obtains estimates upy; = pa(X), ope = ope (X) which will vary over
repeated draws.

umL, om depend on the random draws X and are therefore random variables. Hence we can
compute the expectation of these quantities: show that

E[um] = p, E[o2,] = (N; ! )o?. (10.28)

Thus, the maximum likelihood estimate systematically underestimates the true variance by the
factor % This results from computing o,zm based on the sample mean not the true mean.

(10.28) ~

N 1 &
&IZVIL N1 U%/IL =N_1 Z(Xj — p)?
j=1

is an unbiased estimator. These are special effects reflecting a more general feature of maximum
likelihood methods.
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The Gaussian in Information Theory

Given a (discrete) random variable X, a core question in Information Theory is: how much
information is received when observing a specific value x of X. Intuitively, observing a highly
unlikely event provides more information than observing a probable event (a certain event would
give no additional information). Therefore any “measure of information” must be related to the
underlying probability density p = fx. ~~

Objective: look for a quantity h(x) which is a monotonic function of p(x) and expresses the
“information content” of realizations of X;

Structure of h(x): if X, Y are independent jointly distributed events, commonly observing both
events should provide the same information as observing them separately, i.e.,

h(x,y) = h(x) + h(y). Since by independence (see (7.5)), p(x, y) = p(x) - p(y), the sum has to
stem from a product, i.e., h should be the logarithm of p. It is a convention to use the logarithm
for base two since this relates directly to binary code length:

h(x) : —logs p(x) > 0. (Note: if p(x) is small h(x) is large). (10.29)

Now suppose a sender wishes to transmit values (samples) x of a random variable X to a
receiver. The average amount of information transmitted in the process is its expectation w.r.t.
the underlying density (convention: p(x) log, p(x) = 0 if p(x) = 0)

H(X]:=— Z p(x)log, p(x), continuous case: H[X] := — /p(x) log, p(x)dx. (10.30)
XeEX X

H[X] is called the entropy of the random variable X.
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An Example

Suppose the random variable X has 8 equally likely states, i.e. p(x) =1/8,x € {1,2,...,8}.
Thus, a message has 3 bits. Its entropy is

H[X]=— ! log, ; 3 (bits).

'8

Now suppose the possible states x; are unevenly distributed

101 01 1 1 1 1 1
p(x)‘2 2 8 6 6 64 64 64
Then
1 1 1 1 1 1 1 4 1
H[X]=—(=1 —+ =1 - | lo | bits
X1 ==(3lo82 5 + loga 4 + glogz g + {5 loga 75 + g7 loga ) = 2 (bitS)

Thus non-uniform distribution has a smaller entropy than a uniform one (entropy can be
interpreted as a measure for the amount of “disorder”)
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An Example

How to transmit the states? In the example 3 bits suffice to transmit a value. Can one use less by
exploiting information content?

Idea: use shorter code for probable events and longer codes for less probable events; one hopes
on average the shorter ones will be used more frequently in favor of overall shorter code.

Example:

X ‘ X1 Xo X3 X4 X5 Xe X7 X8

code' 0o 10 110 1110 111100 111101 111110 111111 ~

average code length 3, - . p(x)code(x):

1 1 1 1 1
LR S . 444._ .6=2(bi
p 1ty 2tg 3t qgdta gy =200

i.e., he amount of entropy. (Note: one cannot use shorter code words because one needs to
distinguish the states).

There is a general relation between entropy and code length. Shannon’s so called Noiseless
Coding Theorem (1948) states that the entropy is a lower bound for the code length = number of
bits needed to transmit the state of a random variable.
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Gaussians Maximize Entropy

Proposition 23

Among all continuous random variables X on R with mean . and variance o2 the entropy is
maximized by X ~ N (u, 0?).

To see this consider the Lagrangian

Lp 2o, M) = = [ B (o + 2o (1= [ px)ae) + 31 (o2 = [ plx)(x - w)Pa)

R R R

The Lagrange multiplier Ag ensures that the integral of p is one, which is necessary for a density, while X, controls the variance
of X. The constrained maximum of the first summand H[X] is obtained by the global maximizer of L over (p, Ag, A1). The global
extremum must be a critical point of the Lagrangian, i.e., the tripel (p, g, A1) for which the variation of L vanishes (zero of the
derivative). More precisely, find (p, Ag, A1) such that

1
lim —(L(p + t6f, Ao, A1) — L(p, Xg, Aq)) =0 V &f
t—0 t

Straightforward computation ~ [ §f(x)(In p(x) + 1+ Ag + A1 (x — p)?)dx = 0 for all §f =
R

2
p(x) = e (H30+Aq (—u)?)
2 2
Solving the constraint equations [ e~ (TTA0TM X =1 ) gy = [ = (1TX0) g~ MX—1) gy — 1,
i R

2
e~ UH20)e= M=) (x — 1)2dx = o2 yields Ay = 1/(202), e(1+20) = 5+/Zr, which shows that
R

l(x;&

2
_1 e 2@ ) _ 2
= v e = N(xX|p, o). [m]
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Preliminary Remarks

Model scenario: suppose we have measurements/observations (t, y1), - - ., (tm, ym) taken to
understand an underlying physical law. For instance, the y; could be fuel consumption rates of
an engine under certain driving conditions {;. The searched for law could be described as a
function of t taking values y. Finding that function would allow one to predict fuel consumption
under any other driving conditions ¢. This suggests an ansatz

y(t) =y(t:x1,. -, Xn), (11.1)
where xq, ..., Xp are (unknown) parameters that are to parametrize (a sufficiently good
approximation of) the law. In principle, y(-; X1, . . ., Xn) could be a non-linear function of the

parameters x;. Deep Neural Networks are currently very prominent examples of highly-nonlinear
such parametrizations. In many applications a simpler linear ansatz

y(t) =" x¢(t), (11.2)

j=1

suffices though and should be understood first. Here the ¢;(t) are suitably chosen (background
information) ansatz-functions such as polynomials, trigonometric functions, splines, wavelets,
radial basis functions, etc.
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A Simple Regression Model

In this section we adopt the following model assumptions:
o The values t; (which could by imposed by technological constraints, like boreholes for
geophysical exploration) are considered here as deterministic quantities.
Measurements are never accurate. Therefore, the y; are considered as instances/samples
of some random variables Y;. Data uncertainty and model-mismatch are then treated by a
noise model.
e Statistical inference with reasonable confidence therefore requires (substantially) more
measurements y; than unknown parameters x;, i.e., m > n.
For a linear ansatz (11.2) this leads to the following Linear Regression Model:

n
Yi=>axc+F, i=1...,m (ax:=¢(t), i=1,....mk=1,..,n). (113)
k=1
In brief: Y = Ax 4+ F. Thus, Y = (Y,..., Ym) " is a vector of random variables whose
realizations form the vectory = (y1,...,ym)". The vector F = (F;,..., Fn) T is another random

vector representing model- or measurement errors. The x; are unknown and unobservable
parameters “explaining” the measurements.

Goal: find an estimate X for the “true” parameters x = (xq,..., Xs) " clouded by the noise.
Under such assumptions the Least Squares Estimator turns out to be the best one can do:

X = argmin||Az — Y2, A:=(a )", €R™", Y =Ax+F. (11.4)
ZERN T
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Linear Estimators

@ We know from Lecture |, Theorem 45, (6.18) that the solution of (11.4) is characterized by
the normal equations

|AX — Y|z =min < ATAX=A'Y & X=(ATA)'A"Y, (11.5)

and thus the result of a linear operator.

@ Therefore, X is called a linear estimator. Since Y is a random variable, X is also a random
variable. For each realization y of Y, the realization X of X is the solution of the
(deterministic) least squares problem minycgn ||AX — y||2.

@ We call

m
X=CY=> c v, forsome C€R"™™, (ckthe columns of C) (11.6)
p

a linear estimator where the matrix C is independent of (the non-observable) x but may
depend only on the observable A. The following theorem says that the least squares
estimator is in some sense optimal among all linear estimators.
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The Best linear Unbiased Estimator

Model: Y = Ax+F, F noise vector, E[F] = 0 = E[Y] = Ax

Theorem 24

Assume thatF = (F,...,Fm)T is a vector of random variables F; with zero mean E[F;] = 0,
i=1,...,m (no systematic error), uncorrelated, i.e., E[F;F;] = 0, i # j, with equal variance
var[F;] = o2, i.e., the covariance matrix has the form

var[F] = E[FF "] = (E[FFA])]_, = o°l. (11.7)

Then, if A has full rank, N - 9 T
X=(A"A'A'Y (11.8)
is the Best Linear Unbiased Estimator (BLUE), i.e.,
@ itis unbiased which means E[X] =x, var[X] = o2(ATA)~;
Q it minimizes the variance among all linear unbiased estimators, i.e., for any X of the form

(11.6) one has . ~
var[X] — var[X] is positive semi-definite. (11.9)
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Proof of Theorem 24: We'll use several times that for any verctor of random variables X and
deterministic matrix B one has E[BX] = BE[X], see (8.8).
- The estimator is linear because Y — X = (AT A)~1ATY is a linear mapping.

- Expectation: E[X] = (AT A)~1ATY = (AT A)~1AT Ax = x because E[F] = 0
- Variance: since

X=(ATA)'ATY, (ATATAT(Y-F)=(ATA) AT Ax =x,
one obtains X —x=(ATA)TATY - (ATA)"'AT(Y-F)=(ATA)'ATF ~
X=x)X—x)T =(ATA)TATFFTA(ATA) ',
and thus (E is linear, (8.8))
E[(X-x)X—x)"] = (ATA)'ATE[FFTJA(ATA)~" = o2(AT A)~"
Regarding (11.9), suppose X = CY (C € R"%™) is an arbitrary linear estimator with E[X] = x.

Then
x = E[CY] = E[CAX] + E[CF] = CAx.

=CAx  =CE[F]=0
Since this has to hold for any x one concludes CA = | € R"*". The particular choice
CT =BT =A(ATA)' (11.10)

satisfies CA = I. We show next that this is the only possible choice that minimizes the variance.
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Proof of Theorem 24 continued: The condition CA=1= AT CT means that the columns & of
CT (rows of C) solve the linear systems

Aci=¢, j=1,....n (11.11)

Since m > n this system of linear equations is in general underdetermined in which case the
solutions are not unique. Letb/ = BTe/ = A(AT A)~'e/ denote the jth column of the above
particular choice B from (11.10). Then, any solution & has the form (see Lecture I, Exercise 9,
page 16) _ ) .

=b+w, wecker(AT).

Thus, every solution C that solves ATCT =lisoftheformCT =BT + W = A(ATA)~1 + W
with ATW = 0. Now, one verifies (as above)

varX] = E[X-x)(X—x)"] =0%CCT =o?((ATA)TAT +WT)(AATA)~" +W)
2(ATA) T+ 2WTW.
So, whenever W + 0, the variance of X is larger than that of X, which finishes the proof. O
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Maximum Likelihood Estimator

There is a further important property of the least squares estimator X from (11.8) which holds
when the noise model F satisfies in addition to the above assumptions from Theorem 24

_1(z
Fi ~ N(0;62), fi(2)= ! ez(f’) i=1,...,m, (11.12)

i.e., the error components centered Gaussians with equal variance 2. By (10.13) and (10.14),
the joint density of Y = Ax + F is then (because E[Y] = E[AX] + E[F] = Ax)

m 1 2
(5oz) “e 2 P 2E = w(ylax,0%1) = Lixy)
2102

which is called the Likelihood Function. Given the observations y € R™ the vector X that best
explains the observations - “most likely” value - is the one that maximizes the density and hence
the Likelihood Function. An estimator X is called maximum likelihood estimator if

L(X;y) > L(x';y) VX €R". (11.13)

Clearly, L(X;y) is maximal when ||AX — y||2 is minimal. Therefore:

Proposition 25

Under the above assumptions on F the least squares estimator X is also the maximum likelihood
estimator.
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Comments

The various optimality properties of the least squares estimator should not be misread regarding
the quality of the resulting estimation:

(2]

var[ﬁ] depends not only on F (through the value of o) but also on the matrix A. First, A is
required to have full rank. But even if this is the case, the smallest singular value o of A
could be very close to zero which means that o, 2 = ||(AT A)~||2 is very large, and so is
the variance. In other words, the estiamted values may fluctuate very much around the
expected components in x.

Recall the initial example where A = (¢x(1;)){4Z, € R™*" and the ¢(t) were some basis

functions such as polynomials or splines. While the linear combinations 7 _; xk¢x(t)
cannot vanish for all ¢, unless the coefficients xi are all zero, since they form a basis, it
may very well happen that such a linear combination can vanish at finitely many points. In
this case the matrix A does not have full rank. For instance, a polynomial of degree n can
have n zeros.

If, on the other hand, we use more and more measurements, i.e., sample the basis
functions more and more densely, it becomes harder and harder for the linear combination
2221 Xk Pk (t) to attain values close to zero simultaneously at all points #. This is expected
to increase the smallest singular value and therefore decreases the variance of the
estimator. In the limit the smallest singular value of A depends on the condition of the
basis, see Lecture |, page 31.

Upshot: the relation between the number of measurements m and the number n of
parameters to be estimated plays a critical role. This issue will be addressed in more depth
later in the context of learning algorithms for regression.
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Comments

One would, of course, like to understand the behavior of ||X — X||> when m and n vary. Since X is

a random variable the quantity g(X) := ||X — x||» is also a random variable, so a meaningful
question would be to bound quantities like

E[|IX —x|5] or Prob(|X —x|5 >n), (11.14)

depending on m, n, where expectation and probabilities refer to the distribution underlying F.
Note that, by Exercise 15, (1), the second quantity gives sharper information.

Remark 26

@ E[|IX —x|3] =E[(X —x)T (X — x)] is different from var[X] = E[(X — x)(X — x) T ].

@ Verify: E[|X — x|[3] = 374 var[X]].

@ Markov’s inequa/Aity (Theorem 122 gives a first simple estimate for the seconq quantity in
(11.14): Prob(g(X) > n) < E[g(X)]/n. However, that requires knowing E[g(X)].

@ Anidea is to estimate E[g(X)] from the empirical mean lN Zj’i 1 9(¥/), where the %/ are the
least squares solutions with respect to independently drawn y/ of Y.

v

Central Issue: (addressed in the next lecture) derive refined tail bounds for (large) sums of
random variables on deviations from corresponding expectations.
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Comments on Numerical Aspects

While understanding the effect of noise on estimation is a core issue in this lecture, one should
be aware that the numerical computation itself, needed to compute the least squares solutions, is
subject to numerical errors as well. The theoretical considerations, in particular (11.5), suggest to
simply solve the normal equations AT AXx = A"y. There is, however, a wrinkle about this option:

@ A may have a large condition number x3(A) = o1 /on;
@ Using SVD it is easy to show that (A" A) = xo(A)? (Exercise), i.e., the actual numerical

system has a possibly much larger condition number 012/0,2,, causing significant loss of
accuracy in the computations.

Alternate Strategy:

@ Calculate the QR factorization A = QR (see Lecture |, Theorem 37) and compute
y:=Q'y. Wewrite yas (') 7, (¥3)") " with §' € R", §2 € R™=". Note, that R has
block form R = ('g) where R € R"X" is upper triangular.

@ Note: (using Lecture |, Proposition 15, (3))

A% - y|I} = |@R% — QQ"y|5 = |Q(R% — ¥)II3 = [|R% — V|13 = IR — §" |15 + IV®]13-

This is minimized if and only if X = §_19‘ which requires solving an (n x n) upper

triangular system. Note! by Lecture |, Proposition 15, (4), one has x2(R) = x2(A), so
squaring of the condition is avoided!
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