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Introduction

0.0.1 About this course

These are rudimentary notes for STA437/2005 that contain more
technical part of the lecture that will be presented in class on black-
board. Some multivariate methods will be presented on slides and so
not treated in detail here.

Traditionally multivariate statistics is taught with a lot of focus on
the multivariate normal distribution and the underlying statistical
inference. I will be more brief on this part trying to get some basic
overview of more modern methods for analyzing multivariate data.

My idea for this course is to mix two styles: (i) give a deeper theo-
retical insight into the underlying linear algebra and canonical multi-
variate distributions/models, (ii) give some taste for modern state-of-
the art methods. For this reason, the lecture will be mostly given on
blackboard but occasionally I will present some slides to give a more
high-level overview of more recent material. The tutorials will also
mix theory and practical considerations.

0.0.2 Prerequisites

To understand better what you are expected to know, note that one
of the prerequisites for STA437 is STA302. A prerequisite for STA302
is MAT223 or MAT224 or MAT240. Students should have knowledge
of linear algebra from these courses and its applications to linear
models from STA302.

Multivariate statistics very heavily relies on matrix algebra and,
more generally, on linear algebra. I will try to briefly recall some key
facts when we need them but there will be no time to discuss these
results in detail so they are assumed. Please make sure you have all
the right background. There are no shortcuts here. The more you
understand linear algebra, the more successful you will be in under-
standing this course and many other data analysis methods you will
encounter in the future. The material gathered in Appendix A of *
should be more than enough. For deeper understanding check, for
example, Chapter I in * or Jason Siefken’s course book for MAT223.

* Kanti V Mardia, John T Kent, and
Charles C Taylor. Multivariate analysis,
volume 88. John Wiley & Sons, 2024

> Gilbert Strang. Linear Algebra

and Learning from Data. Wellesley-
Cambridge Press, Wellesley, MA, 2019.
ISBN 9780692196380


https://artsci.calendar.utoronto.ca/course/sta302h1
https://artsci.calendar.utoronto.ca/course/mat223h1
https://artsci.calendar.utoronto.ca/course/mat224h1
https://artsci.calendar.utoronto.ca/course/mat240h1
https://github.com/siefkenj/IBLLinearAlgebra/blob/master/README.md
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0.0.3 Complementary courses

There are several courses that are complementary to STA437/STA2005.
For example, it is natural to discuss some classification algorithms in
the context of multivariate statistics. However, this is covered in de-
tail in STA314 so we will mostly omit this here. Some important ex-
amples are k-means, hierarchical clustering, and linear discriminant
analysis3. Another related course, STA414/2104, focuses on unsuper-
vised learning and we recommend students to take this course to get
a full picture where the methods we learn here can be applied.

0.0.4 Computational statistics

Although the lecture focuses on theory and methods, the computa-
tional aspect of this course is critical for building and verifying the
correct intuition. Occasionally, we provide R code for your conve-
nience. If you are not fluent in R, I recommend using Al to generate
complementary code or to translate it into Python or Julia.

To report typos/mistakes, write me: piotr.zwiernik@utoronto.ca

I would like to thank Luis Sierra Muntané for his help with improv-
ing the notes.

Last update: March 26, 2025

3 We will talk about Gaussian mixtures,
which give access to classification
methods that, in a sense, generalize
both k-means and LDA.


piotr.zwiernik@utoronto.ca
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1
Preliminaries

We start by recalling basic notation and facts. This part of the
lecture notes is quite fast-paced because we refresh material that
should be known from earlier courses. Please fill out all the details.

1.1 Basic Linear Algebra

We use standard notations such as R™ to denote the set of all m-
dimensional real vectors x = (x1,...,Xy) and R"*™ to denote the set
of all n x m real matrices A = (A;;). All vectors in R™ are treated as
column vectors, that is, we take R" = R"*1,
Recall that a matrix A € R"*™ represents a linear function from
R™ to R". For every x € IR™, the vector Ax lies in IR". Checking that
the function f(x) = Ax is linear should be straightforward?. " Make sure you see why.

1.1.1  Matrix-Vector Multiplication Ax

Let x € R™ be a vector, with x = (x1,...,%y), and let A € R"*" be
a matrix. Recall that the matrix-vector product Ax is defined by the
rule:

m
(Ax); = Z% Ajjxj,
]:

which states that the i-th entry of the vector Ax € IR" is the inner
product of the i-th row of A with the vector x.

An important alternative interpretation of Ax is that it is a lin-
ear combination of the columns of A with coefficients given by the
entries of x:

AX = xja1+ -+ xmam, (1.1)
where a; € R™ denotes the j-th column of A. +— Exercise 1.4.5

Example 1.1.1. In the least squares problem from linear regression, we have
a data matrix X € R™P with rows x1, . .., X, and a vector of observations

y = (y1,...,yn) € R™. The least squares estimator E € IRP minimizes Recall that ||x|| = v/xTx is the Eu-
clidean distance.
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n

ly = XBI* = Y (vi —x/ B)*,
i=1
where XP represents the prediction. The interpretation of X as a linear
combination of the columns of X helps us understand that the least squares
problem finds the point in the column space of X that is closest to y.

Example 1.1.2. Let eq,..., e, € R™ be the canonical unit basis. We have
Ae; = ajfori =1,...,mand so A maps the canonical unit basis of R™
toay, ..., aw. If m = n and the columns of A are linearly independent, the
vectors ay, . .., any also form a basis of R™ and so A represents a change of
basis.

1.1.2  Rank-One Matrix xy '

A rank-one matrix is formed by the outer product of two vectors.
Specifically, if x € R" and y € R, the outer product xy ' € R"*" is
defined as:

A:xyT with Ajj = xiy; foralli=1,...,n,j=1,...,m.

The resulting matrix has rank* at most one because all rows (or
columns) of the matrix are scalar multiples of each other.

1.1.3 Matrix Multiplication AB

Matrix multiplication extends the concept of matrix-vector multipli-
cation to two matrices. Let A € R"*" and B € R™*?. The product
AB € R™"*? is defined by the rule:

m
(AB)ix = ) AijBjk,
j=1
which means that the (i, k)-th entry of AB is the inner product of the
i-th row of A with the k-the column of B.
Alternatively, we can view matrix multiplication as a sum of rank-
one matrices. Let ay, ..., a; be the columns of A and bq,...,b,, be
the rows of B. Then:

m
AB = Y ajb/, (1.2)
j=1

which expresses AB as the sum of rank-one matrices formed from
the columns of A and the rows of B.
Example 1.1.3. Suppose X € R"*? is a data matrix with rows x1, ..., Xn.

Then the matrix %XTX can be written as:

1
XX =
n

*>Recall that the rank of A is the number
of linearly independent rows (or equiv.
columns).

< Exercise 1.4.8



This matrix will play an important role in this course. Note that if the rows
of X are independent and identically distributed (i.i.d.) samples from some
distribution with mean zero and covariance matrix L = E[x;x;'], then by
the law of large numbers, we have:

1

1 n

—XTX:—E xix;" Ly as n— oo

n n=
1=

1.1.4 Singular Value Decomposition (SVD)

The singular value decomposition (SVD) is one of the most impor-
tant linear algebra tools in this course. It decomposes any matrix into
a product of three matrices: two orthogonal matrices and a diagonal
matrix.

Denote by O(m) the set of orthogonal m x m matrices:

O(m) ={UecR™™ . UU" = I,}.

An orthogonal matrix has the property that its rows (and columns)
form an orthonormal basis for R™. Note that if U € O(m) then
det(U) = +1, which follows from multiplicativity of the determinant
and the fact that det(l,,) = 1. An orthogonal matrix U is called a
rotation matrix if det(U) = 1 but this terminology is often used for
all orthogonal matrices.

Theorem 1.1.4 (Singular Value Decomposition). Let A € R™*™ with
n > m. 3 Then there exist orthogonal matrices U € O(n) and V € O(m)
such that:

A=UDVT,
where D € R™™ is a “diagonal” matrix with non-negative entries on the
diagonal:
n
D = , 01202 - >0y > 0.
Om
0717711 e Onfm

The values oy, . .., 0, are called the singular values of A. The singular
values are always uniquely defined.

Denote the columns of U by u;,...,u, and the columns of V by
v1,...,Uy. Note that, byany i =1,...,m,

AZJ,’ = UDBZ' = (T,Ue,» = O;U;

and so each v; is transformed into a scaled versionof u;, i = 1,...,m.
We refer to v;’s are right singular vectors and to u;’s as the left singu-
lar vectors.

PRELIMINARIES 11

Here 5 denotes convergence in dis-
tribution. You know the definition for
scalar random variables: X L’ if,
foralle > 0, P(|X, — X| > €) — 0.
In other words, | X, — X| L) Now,
given a sequence of random vectors
(X,) we say it converges in probability
if | X, — X|| 5 0, where || - || is the
Euclidean distance. Similarly, for a
sequence of random matrices (S, ), we
have S, % Sif ||S, — S||r - 0, where
Il - |l is the Frobenius norm.

Defining equation uu' =1, implies
that U1 =U" and so U'U = I,,, too.

3The case n < m can be treated analo-
gously.

0, € R" is the zero vector and 1, € R"
is the vector of ones.
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The singular value decomposition expresses A as a sum of rank-
one matrices: Note that uy41, ..., u, do not feature

A = (71u1VT + et opu vl here so they are pretty much irrelevant.
= 1 mWm V-

1.1.5 Spectrum of a symmetric matrix

Let A € R™ ™ be a square matrix. A non-zero vector v € R" is

called an eigenvector of A if there exists a scalar A € R such that: Think about a geometric meaning of
this equation.

Av = Av. (1.3)

In this case, A is called an eigenvalue of A corresponding to the
eigenvector v.
The matrix A has at most m eigenvalues (counting multiplicities).
The eigenvalues are the real roots of the characteristic polynomial
det(A — )\Im).4 < Exercise 1.4.7

Denote by 5" the set of all m x m symmetric matrices. #We can extend this definition to com-
plex eigenvalues and eigenvectors. The
fundamental theorem of algebra tells

m L
Lemma 1.1.5. If A € §™, then all its eigenvalues are always real, and the us that the characteristic polynomial

eigenvectors corresponding to distinct eigenvalues are orthogonal. always has m complex roots (count-
ing with multiplicities). This is not so

Proof. Since A € S™, it is symmetric, so A = A'. Suppose Av = important for our course.

Av, where A = a + ib with a,b € R (i.e., assume for the sake of " ={AeR™": A=A}

contradiction that A could be complex). Recall that the standard inner
product in C™ is (x,y) = ¥/, x;7;, where 7 is the complex conjugate
of y (if y = a + bi then § = a — bi). If x,y € R" then (x,y) = x"y and
S0

v Av = (v, Av) = (v, Av) = A||v|.

But, by the symmetry of A,
viAv = (Av) v = (Av,0) = (Av,v) = A|v|]%
This implies
Allv]? = Allvl?.

Since ||v||? # 0, it follows that A = A, which implies that A € R.
Therefore, all eigenvalues of A are real.

Now, for the orthogonality of eigenvectors corresponding to dis-
tinct eigenvalues, let vi and v; be eigenvectors corresponding to
distinct eigenvalues A; and A, of A. Then

Avy = Avy and Avy = Ayvy.

Taking the inner product of the first equation with v, and the second
with v, we get

V2TAV1 = /\1V2Tv1 and vlTsz = /\zvlTvz.
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Since A is symmetric, V; Avy = VIAVz. Therefore,
T T
AV, Vi = Agvy Vo

Since Ay # Ay, it must be that virvz = 0, so v; and v; are orthogonal.
This completes the proof. O

This directly gives the following fundamental result.

Theorem 1.1.6 (Spectral Theorem for Symmetric Matrices). If A € §™,
then there exists an orthogonal matrix U € O(m) and a diagonal matrix
A € R™ ™ such that:

A=UAUT,

where the diagonal entries of A, denoted by Ay, ..., Ay, are the eigenvalues
of A. The columns of U, denoted by uy, ..., uy, are the corresponding
eigenvectors of A, i.e.,

Au; = Au; foralli=1,...,m.

The spectral theorem provides a full diagonalization of a symmet-
ric matrix, allowing us to express it as a sum of projections onto its

eigenvectors: Question: In what sense is the matrix
m uiu;r a projection matrix?

T
A= )\iuiui .

i=1

Each term in this sum is a rank-one matrix corresponding to an
eigenvalue and its associated eigenvector.

1.1.6  Positive definite matrices and quadratic forms

Every symmetric matrix A € S defines a quadratic form

p
g(x) = x"Ax = Y Ajxixj.
=1

By definition, A is called positive semi-definite (PSD) if g(x) > 0 for

all x. If the inequality is strict for all non-zero x, then A is positive Notation S’} suggests that the set of
definite (PD). The set of PD matrices is denoted by S’ and the set of PSD matrices is the Euclidean closure of

) . —m the set of PD matrices, which is indeed
PSD matrices is denoted by S . true.

< Exercise 1.4.15
1.2 Random vectors and matrices

This section covers the fundamental concepts of random vectors, ran-
dom matrices, and their associated mean and covariance structures.
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1.2.1  Mean and Covariance

Let X = (Xy,...,Xm) € R" be a random vector with a probability

density function f(x). The expectation (or mean) of a scalar-valued For discrete distributions we can take f
to be the probability mass function and
replace integration with summation.

function g¢(X) is defined as:

Elg(X)] = / g0 f(x) dx.

We assume that all necessary integrals converge, ensuring that the
expectation is finite.

Now, consider a random vector X = (X1,...,X;y) € R™ or a
random matrix S = (S;;) € R"*™. When we refer to E[X] or E[S], we
mean that the expectation is applied element-wise:

E[X] = (E[Xi])iZ;, E[S] = (E[S;])s;

We denote the mean vector of X € R™ as:
0= E[X] = (E[X\],..., E[Xn]) = (11, pm).
The covariance matrix of X, denoted by %, is defined as:
£ = var(X) = E[(X - )(X = ) ].

The diagonal elements of X represent the variances of the individ-
ual components of X:

%jj = B[(X; — py)?] = var(X;),

while the off-diagonal elements represent the covariances between
the components:

i = E[(Xj — pj) (Xi — pr)] = cov(X;, X).

Recall from Section 1.1.6 the definition of PSD matrices. The co-
variance matrix X is always positive semi-definite. Indeed, for any
vector u € R™, we have:

u' var(X)u = Zui“jIE(Xi — i) (Xj—pj) = ]E[Zui(Xz‘ — i) ):uj(Xj —pj)] = Blu" (X—p))?,
ij i j

which is always nonnegative. The covariance matrix X is positive
definite unless there is a linear combination of the components of X
that is degenerate.

Example 1.2.1. Consider a covariance matrix ¥ € S5™. Since covariance
matrices are symmetric and positive semi-definite, they admit a spectral
decomposition:

L =UAU",
where A = diag(Aq, ..., Aw) contains the eigenvalues (which are non-
negative). This decomposition is useful in multivariate statistics, for exam-
ple, when performing Principal Component Analysis (PCA).
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More generally, for two random vectors X € R” and Y € RY, the
covariance matrix between X and Y is given by:

cov(X,Y) = E[(X — E[X])(Y —E[Y])T] € RP*1.
In particular, the variance of X is just the covariance of X with itself:
var(X) = cov(X, X).
1.2.2  Linearity of Expectation and Bilinearity of Covariance

The following properties of expectation are straightforward but im-
portant. They can be verified by checking each coordinate:

Lemma 1.2.2. Let X € R™ be a random vector, and S € RP*1 be a random
matrix. Let b € R" be a vector and let A € R"*FP, B € RT*™ be matrices.
Then

E[AX +b] = AE[X] +b.

Moreover,
E[ASB] = AE|[S]B.

Proof. For the first equality, we check it on each coordinate. The i-th
entry on the left is

m m
]E(Z Al]X] + bz) = Z Al]]E(X]) + b;,
=1 =1

which is the same as the i-th entry of AE[X] + b on the right. For the
second equality, we see that the (i, j)-th entry of the matrix on the left
is
E[) | AiSkiBijl = ) AilE[Ski|By;

k1 k,1
with the same conclusion as before. O
Lemma 1.2.3. Consider random vectors X € RP, Y € RY. Then
1. cov(X,Y) = cov(Y,X)" (symmetry).
2. cov(X+ X, Y) = cov(X,Y) + cov(X',Y) (additivity).
Moreover, for any matrices A € R"*P, B € R™*1

cov(AX,BY) = Acov(X,Y)B"

and
var(AX) = Avar(X)A'.

Exercise 1.2.4. Prove this lemma. Hint: Use the definition of the covariance
and Lemma 1.2.2.

15
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1.3 Sample Quantities

We now turn to the sample analogs of the mean and covariance ma-
trix, which are important when working with observed data. Sup-
pose we observe an i.i.d. sample xq,...,x, € R". We collect these
observed vectors into a data matrix X € R"*™ where each row corre-
sponds to one observation.

Two sample statistics are particularly important: the sample mean
and the sample covariance matrix.

1.3.1  Sample Mean

The sample mean vector is defined as:

1& 1

- Z X; = 7XT 17‘[/

n ! n

where 1, is the vector of all ones in IR”. This vector summarizes the
central location of the sample.

1.3.2 Sample Covariance Matrix

The sample covariance matrix is an estimator of the population co-
variance matrix. It measures the variability and linear relationships
between the components of the random vector across the sample. It is
defined as:

Sn:

|-

i(xi — %) (X — Xn) " (1.4)
i=1

We define the centering matrix as the matrix

1

H=1I--
n

1,1}

The matrix H is symmetric, idempotent (H? = H), and projects any
vector in R” onto the space orthogonal to the vector 1,,. This matrix
is used to remove the effect of the sample mean from the data and it
gives us a useful alternative formulation of S,,.

Lemma 1.3.1. The sample covariance matrix can be written as:

1

.= —X"HX.
n

S
Proof. The rows of the matrix
X—-1,%, = X—11,1,X = HX

are precisely x; — X;,;. Using Subsection 1.1.3, we see that S, defined
in (1.4) has a matrix representation %XTH THX, which concludes the
proof by the fact that H is symmetric and idempotent. O

< Exercise 1.4.24



Exercise 1.3.2. Show that the kernel of H is the span of 1,,. Conclude that
rank(H) =n — 1.

In statistical software like R, the function scale(X, center =
TRUE, scale = FALSE) can be used to center the data matrix X by
subtracting the column means.

1.3.3 Properties of Sample Statistics

Now, suppose that the sample x4, ...,x, € R" comes from a popu-
lation with the same distribution as the random vector X € R™. As
before, we collect the sample as rows in the data matrix X € R™"*"™.
Suppose that E[X] = y and var(X) = X are the population mean and
covariance, respectively.

We now examine some properties of the sample statistics.

Lemma 1.3.3. The sample mean X,, is an unbiased estimator of the popula-
tion mean:

Next, we compute the variance of the sample mean.

Lemma 1.3.4. The variance of the sample mean is:
1
var(x,) = EZ'
Proof. Since the components of the sample are i.i.d., we can apply the
bilinearity of covariance:

1{ 18, 14 )
var El;x,» = cov E;xi’ﬁ in :,TzZCOV(Xi/Xj)

These two lemmas show that X, is a decent estimator of  and its
distribution quickly concentrates around u. To show one version of
this concentration phenomenon, recall the most basic probabilistic
inequality.

PRELIMINARIES

Recall that the rank of a matrix is the
maximal number of linearly indepen-
dent row /columns.

Note that cov(x;,x;) = 0 by indepen-
dence.

< Exercise 1.4.25

17
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Lemma 1.3.5 (Markov inequality). If Z is a non-negative random vari-
able, then

P(Z>1) < g.

Proof. We have>
tP(Z >t) = E[tl(Z >1t)] < E[Z1(Z >t)] < EZ,
where the last inequality follows because Z > 0. O

Proposition 1.3.6. The sample mean satisfies the following concentration
inequality
tr(X)

nt?

P(l[xn —pll = t) <
Proof. Consider Y = ||X, — u|| so that
Y =% = pl? = &= )T (n = p1) = (o — ) (R — ) ).
We have
EY2 = t(E((R— 1) (%a—p))) = tr(var(X)) = Ltr(L).

Thus, using the Markov inequality, we get

_ tr(X)
P(lx:—pl =2 t) = P(?>#) < ==

O

This is only a very simple concentration bound which works un-
der minimal assumptions. Much sharper bounds can be found if the
distribution of the sample is more structured.

Finally, we consider the bias of the sample covariance matrix.

Lemma 1.3.7. The sample covariance matrix Sy is a biased estimator of the
population covariance matrix X. Its expectation is:
n—1

E[Sy] = ——.

Proof. Expanding S, in terms of x; — y and X, — p, we get

n
Sn:1
n

Yo (i — ) = (R — ) (% — ) — (R — ) "

i=1

Expanding this expression, we find:

Taking expectations, we get

B[S, = élﬁuxi — 10— 1)~ B[(%0 — 1) (%0 — )T,

5 We use the fact that E1{X € A} =
P(X € A)

We use the fact that R = R'*! and so
(o — 1) (R — 1) = (% — ) (% —
#)). Moreover tr(AB) = tr(BA)
whenever AB and BA are both well
defined.
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Since E[(x; — p)(x; — #) '] = Zand B[(%y — ) (Xs — ) ] = %, we

n 4

have 1 1

E[S,] = Z—-% = 2",

n n
Simplifying, we find
n 2 n—1
E = z - = L.
1Sl n—1 n—1 n

This result shows that S, is a biased estimator of ¥ with E(S, —

¥) = — 1%, which is asymptotically negligible.

~ n

1.3.4 Correlation and Sample Correlation

In many cases, it is useful to measure the linear relationship between
the components of a random vector using the correlation rather than
the covariance. The correlation matrix normalizes the covariance
matrix so that all diagonal elements are equal to 1.

If 3 is a covariance matrix, we define the diagonal matrix Dy =
diag(XZ11, ..., Zmm). The correlation matrix R is given by:

R = Dy'/*zDg V2.
The elements of R are:
1 ifi=j,
i = \/?Tu if i # .

The correlation matrix measures the strength of the linear relation-

ship between pairs of variables, with R;; taking values in the range
[—1,1]. The value Rij = 1 indicates perfect positive correlation, while + Exercise 1.4.26
R;jj = —1 indicates perfect negative correlation.

The sample correlation matrix is defined in the same way as the
population correlation matrix, but using the sample covariance ma-
trix S, instead of X. That is, the sample correlation matrix R is given
by:

R— D;}/zSannl/Zl
where Dg, is the diagonal matrix of the variances of the components
in the sample.

The correlation matrix is often preferred over the covariance ma-
trix when the variables have different units or scales, as it provides a
dimensionless measure of linear dependence.

19
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1.4 Exercises

In this section we provide some additional exercises that will help
you to refresh the basic concepts and practice the new ones.

Exercise 1.4.1. Consider a matrix A € R3*3 and a vector x = (1,2,3) €
IR3. Let

1
A=10
5

N = N
S = W

Compute Ax using both interpretations of matrix-vector multiplication: (i)
by taking inner products of rows with x , and (ii) as a linear combination of
the columns of A.

Exercise 1.4.2. Let x = (1,2,3) € R¥®and y = (4,5,6) € R3. Compute
the matrix xy . Arque why this matrix has rank one. Compute tr(xy ")

and x"y. Is it a coincidence that these two numbers are equal?
Exercise 1.4.3. Suppose A = uv' is a rank-one matrix where u € R"
and v € R"™ . Show that for any vector x € R™ , the vector Ax is a scalar

multiple of w. What does this imply about the image of A?

Exercise 1.4.4. Let A € R3*? be the matrix:

1
A=10
4

S W N

Compute the singular value decomposition (SVD) of A by finding orthog-
onal matrices U and V, and a diagonal matrix D such that A = upv'’.
(Also try to do it in R/Python.)

Exercise 1.4.5. Prove (1.1) by showing that the i-th entry of both expres-
sions for Ax is the same. Specifically, verify that the equality holds for each
coordinatei =1,...,n.

Exercise 1.4.6. Let A € R™*™ and x € R™. Suppose A represents a linear
transformation, and x is a unit vector (||x|| = 1). Explain the geometric
meaning of the vector Ax.

a) What can you say about Ax if A is orthogonal? (here m = n)
b) What if A is a diagonal matrix with positive entries?

Exercise 1.4.7. Show that eigenvalues defined in (1.3) can be equivalently
characterized as the roots of the characteristic polynomial det(A — AlLy,).

Exercise 1.4.8. Prove (1.2) by expanding both sides of the equation and
verifying that the (i,k)-th entries match for each i and k.



PRELIMINARIES

Exercise 1.4.9. Let A € S? be the matrix

A_@ ;).

Compute the eigenvalues and eigenvectors of A by solving the characteristic
equation and verify the spectral theorem by expressing Aas A = UAU,
where U is an orthogonal matrix of eigenvectors and A is the diagonal
matrix of eigenvalues.

Exercise 1.4.10. Let A € R" ™. Express the singular values of AA" and
AT A in terms of the singular values of A.

Exercise 1.4.11. Let A € S™ be a symmetric matrix with eigenvalues
Ayeeo A

a) Show that the largest eigenvalue of A can be characterized as Aygx =

T
maxszxH:l x' Ax.

b) Using this, prove that Aygy > Ltr(A).

m

Exercise 1.4.12. Prove that the covariance matrix ¥. is always positive
semi-definite. Specifically, show that for any non-zero vectoru € R™,

u' Zu > 0. Explain why this result implies that all eigenvalues of a covari-
ance matrix are non-negative.

Exercise 1.4.13. Suppose you have the following data points in R? :
(1,2),(2,4), (3,6). Compute the sample mean vector and the sample co-
variance matrix for this dataset.

Exercise 1.4.14. Consider the matrix

AeR>™ A=

U = W N =
N U1 = W DN
N O O B W
e g O U1 B~
O 0 NI O U1

Use the singular value decomposition (SVD) to find a rank-2 approximation
of A. Express this approximation as a sum of two rank-one matrices.

Exercise 1.4.15. Show that A € S™ is positive definite if and only if all its
eigenvalues are strictly positive. Hint: You can use Theorem 1.1.6.

Exercise 1.4.16. Let A € S be a symmetric positive definite matrix with
eigenvalues A1, ..., Ap.

a) Prove that adding a small perturbation el (where I is the identity matrix
and € > 0 ) to A preserves positive definiteness.

b) How do the eigenvalues of A + €l relate to those of A ?

21
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Exercise 1.4.17. An antisymmetric matrix is a square matrix whose trans-
pose equals its negative (ie., AT = —A). Let A € R™ ™ be an antisym-
metric matrix, show that

* [, — Aand I, + A are nonsingular matrices

o (Ly — A)~Y (I, + A) is an orthogonal matrix.

Exercise 1.4.18. Suppose A,B € S'}. Show that (i) A+ B € S, (ii) for
every a,b > 0, B(aA+bB) 1A € S".

Exercise 1.4.19. Prove that the eigenvalues of an idempotent matrix are
either Oor 1.

Exercise 1.4.20. Show that X € R"*™ is such that XX is invertible, then
the eigenvalues of X(XTX)~1XT are either 0 or 1.

Exercise 1.4.21. Consider the power series for the real exponential function,
given by

X xk

e = 2 F

k>0 "

For a symmetric matrix A € S, we want to apply the same idea to compute
//eA ” as

k A2

A
A ._ a0 = 4.
et = Zk' _Im+A+2'+ )
= K !

1. Use the spectral decomposition of A to find a simple expression for A in
terms of the spectral decomposition of A.

2. Use the previous point to come up with a simple simple expression for e
in terms of the spectral decomposition of A.

3. Compute e for

A=

22 04
04 28|

Exercise 1.4.22. Show that if the eigenvalues of a symmetric matrix

A € S™Mare Ay, ..., Ay, then for any k € IN, the eigenvalues of AK are
/\’1‘, cee, A’fn. If A is invertible (i.e., all A; # 0), the same result holds for all
integer powers k € Z.

Exercise 1.4.23. Let X € R™*™. Show that the matrix X X has rank less
than or equal to n. Conclude that it cannot be PD if n < m.

Exercise 1.4.24. Show that the matrix H = I, — %lnlz is symmet-
ric, idempotent (H?> = H), and projects any vector in R" onto the space
orthogonal to the vector 1.

Exercise 1.4.25. The mean squared error (MSE) of the sample mean is
defined as MSE = E| X, — u||%. Show that if we allow the underlying
dimension m grow together with n then the MSE may not be negligible.
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Exercise 1.4.26. Prove that the correlation matrix R satisfies R;; € [—1,1]
for all i,j. Hint: One idea is to use the fact that R is positive semidefinite.

Exercise 1.4.27. Show that if Y = aX + b then corr(X,Y) = £1.

Exercise 1.4.28. Consider the random vector X = (X1, X, X3, X4) with
the following covariance matrix

— = kW

1
3
1
1

_ W =
W = = =

Let the random vector Y = (Y1,Y,,Y3) be

Yi=Xi—Xo, Yo=X1+Xo—2Xs, Ys=X;+Xp+X;—3Xs
(a) Compute var(Y).

(b) Which components of Y are uncorrelated?

Exercise 1.4.29. Let X € IR™ be a random vector with mean vector y and
covariance matrix X, also let A € R™*™ be a fixed matrix. Prove that

E(XTAX) = tr(AZ) +pu' Ap.

23






2
Multivariate Normal Distribution

Multivariate normal distribution is the most important distribu-
tion in multivariate statistics. Here we give a relatively streamlined

treatment. If you are interested in more details, see Chapter 4 in *. *Kanti V Mardia, John T Kent, and
Charles C Taylor. Multivariate analysis,
2.1 Definition and basic properties volume 88. John Wiley & Sons, 2024

The multivariate normal distribution is fundamental in multivariate
statistics due to several key reasons:

1. It is highly tractable: closed under linear transformations, condi-
tioning, and marginalization.

2. It provides a good approximation for sample distributions via the
Central Limit Theorem.

3. It frequently arises naturally in the modelling of physical phe-
nomena. See, for example, the work of Gaufs in the context of
measurement errors, the work of Einstein on Brownian motion,
Galton board, and many other examples.

As a result, the multivariate Gaussian distribution appears in many
generative models, such as (Bayesian) linear regression, Gaussian
Mixture Models, Probabilistic Principal Component Analysis (PPCA),
Factor Analysis, Linear Dynamical Systems, Gaussian Processes,
Gaussian Conditional Random Fields, autoencoders, etc.

2.1.1 Recall Univariate Gaussian

Recall that X ~ N(u,0?) has the density

1 _1G=—p?
e 2 o, x € R.

fx(x) =

2o

If X ~ N(p,0?) then EX = y and var(X) = o2.
If Xj ~ N(uj, a]-z) for j = 1,...,m are independent, then the vector

X = (X], ceey Xm) has the del’lsity2 for x = (xl, ey xm) ?Recall that if X has independent
entries then its density is the product of
densities of the individual entries.
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1
i 277
e j

1
iras

where £ = diag(d?, ...

fx(x)

(xj=1j)?

1

2

- (an)m/z(det(Z))l/Ze_

(x—p) "= (x—p)

,02). Here we used the fact that the deter-

minant of a diagonal matrix is simply the products of its diagonal

entries.

2.1.2  Definition of Multivariate Normal

The vector X = (Xj, ..

., Xm) is said to have a multivariate normal

distribution with mean vector y € R™ and covariance matrix X € S/

if it has the density

1
fx(x) = [aRe

(det(z))fl/ze*%(X*#)Tzfl(xfﬂ)‘

(2.1)

We denote this distribution by Ny, (y,Z). The random vector Z ~

Ny (0, Iy) is called standard normal and its density if

¢(z) =

o321
(2m)m/2 .

It is extremely useful to think about any multivariate normal distri-

bution as an affine transformation of the standard normal distribu-

tion.

Proposition 2.1.1. If Z ~ Ny, (0, I;) then X = p +XV2Z ~ Ny (u, 2).

Proof. Recall the formula for the change of variables: If Z is a ran-

dom vector with density p, and X = G(Z), with G bijective and
differentiable, then the density of X is

px(x) = pz(G71(x))|det VG .

We apply this in our situation, where G(z) = u + £1/2z and
G 1(x) = 272(x — ). In this case VG~! = £71/2 and so

px(x)

= (V2 (x— p))(detx) /2,

which gives exactly the formula in (2.1).

It is easy to check that if X ~ Ny, (u,X) then

EX=upu

and var(X) = L.

This could be derived by computing the corresponding integrals, e.g.

EX = [rm xfx(x)dx. However, working with Gaussian distributions

we should get accustomed to more algebraic proofs. For example,
show first that if Z ~ N,;(0, I;,) then EZ = 0 and var(Z) = I,;, which
can be directly inferred from the univariate result and by indepen-

dence of the components of Z. To conclude the general result, we can

then use Lemma 1.2.2, Lemma 1.2.3, and Proposition 2.1.1.

7

x € R™,

Note that ||z]|2 = 2z z.

< Exercise 2.7.3

-35

Figure 2.1: Contour plot of the two-
dimensional density of the Gaussian
distribution with mean (0,0) and
correlation p = 0.6.
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2.1.3 Geometric Interpretation

The contours of the density fx in (2.1) are ellipsoids? (c.f. Figure 2.1.2) 3 Recall that an ellipsoid in R™ is a
quadratic surface which, for fixed

defined by the set of points x such that
y p A1, ..., Am,c, is defined by the equation

=

(x—m) = (x—p) =% A )

To see this explicitly, consider the spectral decomposition & = UAU "

so that =1 = UAUT. Define a new variabley = U (x — ) (an
affine change of coordinates by translation and rotation), and then:

y

s,

m
(x—u)' =M x—pu) =y'Aly =}
st

>

j

Hence, the contours are ellipses aligned with the eigenvectors of %,
with axis lengths proportional to the square roots of the eigenvalues
of X.

2.1.4 Mahalanobis Distance

Fix a covariance matrix . An important concept in multivariate

normal theory is the Mahalanobis distance If Y = I,, we recover the Euclidean
distance.

Ix—ylz = /(x—y) "= (x—y).

This distance takes into account the covariance structure of the data. Recall that x2, has stochastic represen-
tation Z? + ... + Z2,, where Z; are i.i.d.
Proposition 2.1.2. If X ~ Ny, (1, %), then (X — p) T2 1 (X — u) ~ x2,. N(0,1).
We leave the proof as an exercise. <+ Exercise 2.7.13

2.1.5 Characteristic Function

If X is a random variable then the characteristic function of X is a
function defined by ¢x(s) = Ee®X, where i is the imaginary unit

(> = —1). For a random vector X = (Xj,..., X;;) in R™ we define the
characteristic function as

Px(t) = Eeit' X, where t = (t1,...,tm).

One of the important properties of characteristic functions is that
they define the underlying probability distribution uniquely.
Recall that the characteristic function of Z ~ N(0,1) is:

$z(s) = E[e®?] = e~5/2

From this, we can derive the characteristic function for X = y +0Z ~
N(u, 0'2):
(PX(S) _ E[eisX] _ eisyfazsz/Z' (2.2)
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For the multivariate case, let Z = (Z1,...,Zy) ~ Ny (0, I;). Then:

142 1

_ it'zy _ . it:Z; B =3t = L|t?
¢z(t) = Ele" 7] = J[E" = JJe 27 = e 21",

Thus, for X = p + Y1727 we get:

T 1/2 T i(51/20\T it ity —L1¢T
¢X(t) — et (MHZVEZ) it g iRV T2 it y¢z(21/2t) — pit p—gt Zt,

(2:3)
which gives the formula for the characteristic function of the multi-
variate normal distribution for general y and X.

2.1.6  Alternative Characterization of the Gaussian distribution

The characteristic function provides an alternative characteriza-
tion of the multivariate normal distribution. Specifically, we say
that X ~ Ny (p,X) if, for every u € R"™, the linear combination
u'X ~N(u"y,u"Zu).
To prove that this defines the same distribution, let ¢x(t) denote
the characteristic function of the vector X. Sinceu' X ~ N(u'y,u Zu),
by (2.2), for any u € R™, we have:

(PuTX(S) _ eis(uTy)f%(uTZu)sz_

On the other hand,

Purx(5) = E[e™ X] = px (su).

: . _ ittt
Comparing these two expressions, we conclude that ¢x(t) = e 2

as in (2.3), which proves the claim.

2.2 Linear Transformation and Marginal Distribution

By Proposition 2.1.1, if Z ~ N,(0, I;;) then p + ¥1/27 ~ Ny (p,2). In
this section, we generalize this result. More generally, for any matrix
A € RP*™ and vector b € RP,if X ~ Ny (y,%), then the linear
transformation AX + b is distributed as:

AX +b~ Np(Au+b,AZAT). (2.4)

This again follows easily by using the characteristic function. Let
Y = AX + b then

47Y(S) — ]EeisT(AX-&-b) — eisTbng(ATs) _ eisT(Ay+b)—%sTA2ATs

4

which is the characteristic function of the Gaussian distribution with
mean Ay + b and covariance AZAT.

This is the crucial observation here.
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Consider now a subvector X' = (Xj,...,X,) of the vector X =
(X1,..., Xp, ..., Xm) with p < m. We have X' = AX where A =
[Ip[0p s (m—p)] € RP*™, where 0, (,,—,) denotes the matrix of zeros
with p rows and m — p columns. Using (2.4), we get that X’ has
Gaussian distribution with mean y/ = Ay and covariance ¥/ =
AZAT. Note that 4’ = (y1,...,jip) and ¥/ is the submatrix of &
corresponding to rows/columns in {1,...,p}.

More generally, for any subset I C {1,...,p} denote by X; =
(Xj)ies the subvector of X with coordinates indexed by I. Similarly,
by £ 1 denote the submatrix of X with rows/columns in I. We get
the following result.

Proposition 2.2.1. Suppose X ~ Ny, (u,Z) and let I C {1,...,m}. Then
the distribution of X is Gaussian with mean uy and covariance Xj 1.

< Exercise 2.7.14
We now discuss an important result regarding independence. Re-

call that if X; 1l X; then cov(Xj, X;) = 0. The reverse conclusion is
typically not true but it is true for multivariate Gaussian distribu-
tions. Indeed, suppose X ~ Ny (y, X) and suppose that X;; = 0 for
some i, j. By Proposition 2.2.1, the marginal distribution of (X;, X;) is
Gaussian with mean (y;, y1;) and covariance

i 0

X =

Since X ;| is diagonal, so is its inverse, and so the joint density of
(Xi, X;) factorizes, showing that X; 1l X;. Indeed, this density is

simply
1 —L(x‘—y»)z—L(x»—y»)z 1 1 (xi— 4)2 1 —L(X'—y')z
fii(xi,xj) = sz i T 2T = ( ¢ 2 i H ) e Zi .
271’\/?2]] RV 27'[21‘,‘ A /27'(2]]

More generally, we have the following result:

Lemma 2.2.2. Suppose X ~ Ny, (u, ). Then AX 1L BX if and only if
ALB' =0.

The proof is left as an exercise. + Exercise 2.7.15

2.3 Conditional Distribution and Conditional independence

In the previous section we saw that Gaussian distributions are closed
under taking margins. In this section we show that they are also
closed under conditioning. We then discuss conditional indepen-
dence in Gaussian distributions.

29
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2.3.1 Conditional distribution

Suppose X ~ Ny (u,Z). Split X = (X4, Xp) into a p-dimensional

subvector X4 and a (m — p)-dimensional subvector Xp. This induces For example, X = (X1, Xp, X3,X4), A =
{1,3}, B= {2,4} so that X, = (X],Xg)

corresponding splits in the mean vector y = (y4, yp) and the covari- and Xy — (X, Xa).

ance matrix:

s _ Yaa ZaAB
XpA XBB

Theorem 2.3.1. The marginal distribution of X4 is Gaussian with mean
i and covariance X4 4. The conditional distribution of Xp|Xa = x4 is
Gaussian with mean:

E(Xp | Xa =xa) = up+EpaZ, 4 (xa—pa),
and covariance:
var(Xp|Xa = x4) = Xpp — ZB,AZZ}AZA,H

Proof. The first part was proved in Proposition 2.2.1. For the second
part, define the new variable Xp.4 := Xp — Xp, AZZ}AX A, which is
Gaussian as an affine function of a Gaussian vector. Computing the
expectation and the covariance matrix, it can be shown that

XB.a ~ Nin—p(pp — ZB,AZZ}AP‘A/ZB,B - ZB,AZZ}AZA,B)~
Note that
cov(Xp.4,X4) = cov(Xp, Xa) — ZB,AZZ}AZA,A = Xpa—2ga =0

and so Xp.4 L X 4. Thus, we can decompose Xp as a sum of two
independent terms

Xp = Xp.a +ZpaZ 4 Xa.

In particular, given X4 = x4, the conditional distribution of Xp is
Gaussian with mean and covariance as stated in the theorem. O

2.3.2  Conditional Independence

Let A = {i,j} and consider splitting the vector X into X4 and X,
where B = {1,...,m} \ A. By Theorem 2.3.1, the conditional covari-
ance matrix of X4 given Xp is:

YAA— ZABZEE%ZBA S Si_

The variables X; and X; are conditionally independent given the
variables in Xp if and only if the conditional covariance matrix has a
zero off-diagonal entry. Equivalently, we have %;; = ZiBZgéZB]-. This
leads to several useful equivalent conditions:
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Proposition 2.3.2. Suppose X ~ N(0,X). Fixi,j € {1,...,m} and let
B={1,...,m} ~{i,j}. The following conditions are equivalent:

(i) X; 1L X;|Xp,
(i1) Zij = ZiBZEI}ZBj,
(iii) Kjj = 0, where K = ¥~ is the precision matrix.

-1

(iv) The linear regression coefficient vector B;p ¢y = Zi,BU{j}ZBu{j},Bu{j}

has a zero entry in the j-th index.

We are not going to prove this in class but the proof is relatively
elementary with a bit of annoying bookkeeping. We provide it for
your convenience.

Proof. The equivalence of (i) and (ii) is clear from the discussion
above. For the other implications we rely on standard formulas for
block matrices. To show equivalence with (iii) we use the formula
for the inverse of a block matrix that we develop independently in
Section 2.3.3. From the formula it follows that

Kaa = (Zaa—LaslgpZpa) - (25)

We have (ii) if and only if X4 4 — 2 A,BZ];%ZB, A is diagonal. By (2.5),
this is equivalent to K4 4 being diagonal, which is equivalent to (iii).
For the equivalence between (iii) and (iv) use Proposition 2.3.3 again
to conclude that

Kisugy = —KiZisogy Seogyauqn)

-1

Since K;; > 0, then Kj; = 0 if and only if the j-th entry of Zi,BU{j}ZBu{j},Bu{j}
O

is zero.

The relationship between conditional independence and zeros in
the precision matrix K is fundamental in Gaussian graphical models,
which we will cover later in this course; see Chapter 8.

2.3.3 Partitioned Inverse*

Let X ~ N(0,X) and consider the partition of X into two subvectors
X4 and Xp. Set

Kaa Kap

K=yxy1=
Kpa Kpp

7

where K is the precision matrix.

31
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Proposition 2.3.3. We have the following formulas for the blocks of the
precision matrix in terms of the blocks of X.:

Kaa = (Zaa—ZasZppipa)
Kap = —KA,AZA,BZE,};,
Kgp = Zg}g + Zg}_c;ZB,AKA,AZA,BZE,}g

Proof. We verify that these formulas satisfy 2K = I,. For instance,
consider multiplying the first block row of X by the first block col-
umn of K:

YaaKaa+ZapKpa=244Kan— ZA,BZE,}E;ZB,AKA,A =(Zaa— ZA,BZ;E}BZB,A)KA,A =1L

Similarly, multiplying the first block row of X by the second block
column of K gives:

SaaKap+Za8Kes = —L44KaaZaplpp+ZasEpp+ 245 5264Ka4X4 855
= —(Zaa—Za8Z5584)KaaZapEss+Ea855p
= 0

The remaining cases can be checked similarly. O

This partitioned inverse result is useful in various scenarios, such
as Gaussian graphical models and Bayesian networks. We already
saw an application in the previous subsection.

2.4 Estimation of Parameters

Suppose we have data X € R"*", where the rows x; € R" are
ii.d. samples from Ny, (p,X). A natural way to estimate y and X is
through the Maximum Likelihood Estimator (MLE). In this section,
we show that the MLEs i and satisfy:

1 n
H = Xn = 7in/
mia

and

2.4.1 The Likelihood Function

Let f(x) denote the density of Ny, (i, 2) as given in (2.1). After taking
logs, we get

log f(x) = —% log(27) + %logdet(z_l) —1(x- W) T (x — ).
The log-likelihood of the data x4, ..., x; is:

n
(u, Zlogf x;) = const+ — logdet Y (x (xi — 1)-
i=1 i=1

I\)M—‘
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2.4.2  Optimize over u

Using basic calculus, the derivative of the log-likelihood with respect
to p is:4 4 Verify that Vy(b'y) = band

Vyy 'Ky = 2Ky.
(Vl - (Z Xi — n;”) < Exercise 2.7.18
Setting this equal to zero gives the MLE for p:
'y
= — X; = X
i3

We get this result irrespective of what X is as the only thing we used

is that X is invertible>. 5 Recall that ker(A) = {x: Ax =0} and
A is invertible if and only if ker(A) =
{o}.

2.4.3 Optimize over &

Knowing that i = X,, we now optimize ¢(X,,X) over X. For this,
we first rewrite /(x,, %) in a suitable form. It is convenient to list the
following useful observation.

Useful observation: We know that the trace satisfies tr(AB) = tr(BA)
whenever both multiplications are well defined. In particular, for any

two x,y € R"” we have This can be checked easily directly as
_ . . tr(xy ") = Lilxy )it = Lixiyi = xy.
xy = tr(x'y) = tr(yx '),

where yxT € Rm>m, Using this, we get Note that the trace is a linear function:
; tr(aA +bB) = atr(A) + btr(B).
{(%y,X) = const+ Zlogdet(x™!)—1 Y tr((xi — %) (xi — %) =)
i=1
n
= const+ 7 logdet(X™ tr(1 Z — %) (xi — %) ' 271)

= const+ Zlogdet(Z!) — 7tr(5n2 b,

where S, = 1¥7 | (x; — %u)(x; — %) is the sample covariance
matrix.

To optimize £(ji, %) over X, we rewrite the log-likelihood in terms
of K=%1

£(1, K) = const + glog det(K) — gtr(SnK). (2.6)

We are not going to show this formally here but this function is a
strictly concave function of K = £~1. In particular, every local
maximum is a global maximum and if a global optimum exists, it
is unique.

Useful observation: Another useful observation is that for any two
A BeS"

AjjBjj
Z 7=

i,j=1
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In particular, this defines an inner product on $, which is called the

trace inner producté. ¢In the literature it is common to de-
Using this, we easily check that Vg tr(S,K) = S,. It can be also note (4, B) := tr(AB). More generally,
& y 1 k tr(5.K) e if A,B € R™™ then tr(ABT) also
shown that Vg logdet(K) = K=" = X; for a formal derivation check defines an inner product.

p. 641 here. Thus, taking the derivative of ¢(X,, K) with respect to K
and setting it equal to zero gives the MLE for X: & = S, as long as S,
is positive definite. In the case when n < m, the matrix S, cannot be

positive definite? and so the MLE does not exist. 78y = 1XTHX has rank at most n and
n <m.

2.4.4 Independence of X, and S,

If x1,...,x, is a sample from N(p,X) then x, ~ N(u, %Z) and the
sample covariance matrix S, is another random quantity of interest.

Proposition 2.4.1. In the Gaussian sample, the sample mean %, = 1XT1,,

and the sample covariance S, = %XTHX are independent.

Proof. Since S, = 1XTHX = 1(HX)T(HX), it is enough to show that Recall H = I, — 11,1] € S and
X, is independent of HX. Since both ¥, and HX have Gaussian distri- H? = H
butions, independence can be checked by computing the covariance.

Since the k-th row of HX is x; — X, we check

cov (Xp, Xg — Xn) = cov(Xy,Xg) —var(X,) = 5 var(xy) — ;X = 0.

2.5 Hotelling’s T? Distribution*

Hotelling’s T? distribution is a multivariate extension of the univari-
ate Student’s t-distribution. It is particularly useful in testing hy-
potheses about the mean in a single population or equality of means
in two multivariate populations.

2.5.1 Testing equality of means in two univariate populations

Recall that if you have a pair of samples x;, i = 1,...,n from N(jiy, (72)

and Yis i=1,...,mfrom N(yy, 0'2) then we can test Hy : Hx = My us- Note that we assume that the variance

ing the two-sample t-test. To see this, define in both distributions is the same.
1 1 n—1 m—1

S$= ——— ,—x)? —7)? = S S

n+m—2[l;(xl %) +2(y] 7)) n+m-—2 1+n+m—22

to be the pooled sample variance estimator of ¢%. Define the test

statistic -
t = 7y. (2.7)
SGi+ )

n m

To analyze its distribution, we first formulate the following lemma.


https://stanford.edu/~boyd/cvxbook/bv_cvxbook.pdf
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Lemma 2.5.1. Ifxq,...,x, is a random sample from N(u,c?) then
% Yy (xi = %)~ Xy

Proof. Recall that H = I, — %Llln is a symmetric PSD matrix satis-

fying H? = H. Letx = (x1,...,%,) and recall that Hx has entries As many proofs in multivariate statis-
x; — %. Tt follows that Y, (x; — )2 = x' Hx. Let H = UAU". Since tics, this one combines some basic

. . . 5 . i results in linear algebra with properties
H is a projection matrix, A = A® and so the diagonal entries of A of the Gaussian distribution.

are either 0 or 1. Since rank(H) = n — 1 it follows that A;; = 0 and
A =1fori=2,...,n—1. Define z = U x. Since x ~ Ny (u1,0%1I,),
it follows that z ~ Nn(yUTl, Uzln). Moreover, U'1 = V/neq, where
e; = (1,0,...,0). Denote z,_1 = (za,...,2z,) obtained from z by
dropping the first coordinate. Then, in particular,

1
-z, 1 ~ N,_1(0,1,_1).
O_Zn 1 n l( n 1)
We have . . .
T T T
ﬁx Hx = pz Az = pznflzn,l
and we already noted that z;lr_lzn_l ~ X%—l' O

Proposition 2.5.2. Under Hy, the statistic t, defined in (2.7), has t-Student
distribution with n + m — 2 degrees of freedom.

Proof. Recall that t-student distribution with » degrees of freedom
has stochastic representation

t, = with U ~ N(O, 1), Ve~ X%, uilLv. U 11 V denotes independence of U, V

u
VV/r
Recall that * ~ N(py,02/n), § ~ N(py,0?/m) and so, by indepen-
dence, under H

-7 ~ NO0,62 2 +1)) andso U:=——2_ ~ N(0,1).
n m
Define V = %’2725 and note that
17
P o %—&-% _ u
1 v
?S m+n—2
We have ) . 1
n-+m-— n— m—
V = 2 S = 72 S1+ 2 Sy.

By Lemma 2.5.1, %Sl ~ x>, and ’”‘7—’2152 ~ X2,_;. Moreover, both
these random variables are independent. It follows that V ~ an n_os

which concludes the proof. O
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2.5.2  Hotelling distribution

The Hotelling distribution describes the behavior of Hotelling’s T2
-statistic, a key tool in multivariate hypothesis testing. It generalizes
the Student’s t-distribution to the multivariate case and is commonly
used to test hypotheses about the mean vector of a multivariate nor-
mal population.

Although we do not derive the Hotelling’s distributions from
the first principles here, we link it to another standard distribution
called the F-distribution. Recall that if X7 ~ )(51 and X, ~ )(32 are
two independent chi-squared random variables, then the random
variable: F, = Xid)

+ Bdy,dy (XZ / dz)

degrees of freedom.

follows an F -distribution with d; and d»

The Hotelling’s T?(d;,d;) is a simple rescaling of the F-distribution.

Definition 2.5.3. The Hotelling’s distribution T?(dy,d,) satisfies

dqdy

Tz(dlle) = WFdl,dz—dl-i-l'

Given a sample x, ..., X, from Ny, (p,X) with n > m (so that S, is
invertible) define the following statistics:®

D* = (n—1)(%n — ) ' S; (%0 — 1),

Remark 2.5.4. Note that D? is invariant under nonsingular linear trans-
formations x — Ax + b.

Theorem 2.5.5. We have D> ~ T?(p,n —1).

We omit the proof. If you are interested in details, check Corol-
lary 4.5.6 in 9.
2.5.3 Multivariate Test for Equality of Means

Consider now a sample Xy, ..., X, from N, (yy,X) and a sample
Yi,---,Ym from Ny (py,X). We can extend the ideas from the uni-
variate case to define a multivariate test. Let

1
S = m [nSx +m5y] ,

where Sy and Sy are the sample covariance matrices for the two sam-
ples™. Define the test statistic:

D? = (%n — ym)Tsfl(’_‘n —Ym)-
Theorem 2.5.6. Under Hy : pix = py, we have

D2 T2 (p,n+m —2).

n+m

Figure 2.2: The density of Fy, 4, for
different combinations of dy, d>.

8 Recall that (%, — p) LL Sy.

9 Kanti V Mardia, John T Kent, and
Charles C Taylor. Multivariate analysis,
volume 88. John Wiley & Sons, 2024

* Note that S is an unbiased estimate of
2.
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For details, if you are interested, see Theorem 4.6.1 in **. 1 Kanti V Mardia, John T Kent, and
Charles C Taylor. Multivariate analysis,

In practice, we can implement this test in R using the function ’
volume 88. John Wiley & Sons, 2024

HotellingsT2(X, Y) in the package ICSNP. Note that the assumption
of equal covariance matrices for the two populations can sometimes
be problematic, but when the assumption approximately holds, this
multivariate test is often more powerful than performing a series of
univariate tests.

2.6  Gaussian Processes in Multivariate Statistics

Gaussian Processes (GPs) are a powerful tool in statistics and ma-
chine learning for modeling continuous, multivariate data. A Gaus-
sian Process is a generalization of the Gaussian distribution over a
finite set of points to a distribution over functions. In this section we
give only basic definitions and some practical examples. We omit
many important computational aspects. Our goal is simply to illus-
trate that very basic results on the multivariate normal distribution,
lead to powerful techniques.

2.6.1 Definition of a Gaussian Process

A Gaussian Process on the set T can be defined as follows:

Definition 2.6.1. A Gaussian Process on a set T is a collection of random
variables X1 := (X¢)te such that for any n € IN and any collection of
points t1, ..., t, in T, the vector (Xy,, ..., X,) has a multivariate normal
distribution.

Effectively a Gaussian process Xr is defined by specifying the
mean function m : T — R such that m(t) = EX; and the kernel
function k: T x T — R such that k(t,#') = cov(X;, Xy).

Although T can be pretty much arbitrary, we will assume that it is
a metric space; often T = R".

The kernel function must be symmetric (k(t,t') = k(#,t)) and it
satisfies that for alln € IN and all ¢y,...,t;, € T the matrix X € G"
defined by ¥;; = k(t;,t;) is positive definite. Such functions are very
well studied in mathematics and their theory is very rich.

The choice of the kernel function k(t,t') plays a crucial role in de-
termining the properties of functions sampled from the GP, such as
smoothness and periodicity. Typically the kernel functions k(x, x")
considered are decreasing functions of the distance ||x — x'} between
x and x". Roughly speaking, if the kernel function is such that the
correlations between points drops slowly with the distance, the re-
alizations of the corresponding Gaussian process will be relatively
smooth.
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Popular choices include the squared exponential kernel and the
Matérn kernel. If T C R then the exponential kernel is defined as

ke(x,x') = o?exp (—%Hx - x’H) ,
The exponential kernel generates functions that are not differentiable.

This makes it suitable for modeling rough or jagged processes.
Matérn kernel is defined as

bt = 2 (VEEELY g, (varles X))

’ T'(v) l v 1 ’
where v > 0 controls the smoothness of the kernel, £ > 0 is the length
scale, controlling the distance over which points are correlated, 02 >
0 is the signal variance, K, is the modified Bessel function of the
second kind of order v, and I'(+) is the gamma function.

2.6.2 Example: Gaussian Processes for Spatial Data in R

Gaussian Processes are commonly applied in spatial statistics to
model observations that are correlated across geographic locations. In
this example, we use Gaussian Processes to model temperature data
observed at various locations, capturing spatial dependencies across
the region.

Suppose we observe temperatures across a grid of spatial loca-
tions. We can model the temperature at any given location as a sam-
ple from a Gaussian Process with a spatial covariance structure, such
as the exponential or Matérn kernel, which are popular choices for
spatial modeling.

# Load required packages
library(geoR) # For spatial data simulation
library(fields) # For spatial GP modeling and visualization

# Set up a grid of locations

set.seed(42)

n <- 100

locs <- expand.grid(x = seq(0®, 1, length.out = n), y = seq(0, 1,
- length.out = n))

# Generate spatially correlated temperature data
true_cov <- exp(-rdist(locs) / 2) # Exponential covariance function
temp <- t(chol(true_cov)) %*% rnorm(n * n)

# Plot the spatial data
image(matrix(temp, n, n), main = "Simulated Temperature Data",

xlab = "Longitude", ylab = "Latitude")

In this code:

e We set up a grid of 100? = 10,000 locations over [0, 1]2.

Figure 2.3: The exponential kernel as a
function of r = ||x — X/|| for different
values of £ and o = 1.

Matém Kermel for Differe

10l

Figure 2.4: The Matérn kernel as a
function of r = ||x — X/|| for different
choices of the hyperparameters.

Latitude

0.0 0.2 0.4 0.6 0.8 1.0

Longitude

Figure 2.5: Simulated Gaussian Process
on a 2D grid with the exponential
kernel.
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¢ We generate spatially correlated temperature data with an expo-
nential covariance function.

In simpler terms, the grid defined points x;; € [0,1]* fori,j =
1,...,100. Now a big covariance matrix can be constructed whose en-
tries correspond to the covariance between the sites x;; and xi;. Now
we generate a single distribution from this big 10000-dimensional
Gaussian distribution. The resulting simulated temperature distribu-
tion is given in Figure 2.5.

Remark 2.6.2. Handling a large Gaussian distribution as described above
can be computationally costly, so in practice, the sample is generated entry
by entry by leveraging the properties of Gaussian distributions in a smart
way.

Next, we use Gaussian Processes to make predictions about the
temperature at unobserved locations by fitting a GP model to our
simulated data.

On a high level this is quite straightforward.

1. Add to the earlier grid any additional points you would like to
include in the predictions.

2. Using the kernel function, compute the joint distribution of the
training and test data.

3. Then, using the standard formulas, compute the conditional dis-
tribution of the test data given the training data (this is all Gaus-
sian!).

The conditional mean gives you predictions and conditional covari-
ance helps you quantify uncertainty.

In practice, you would also like to learn hyperparameters of the
kernel function. This could be done using the maximum likelihood
approach. For computational reasons often working with Gaussian
Processes, we rely on Bayesian statistics. There are some standard
packages to make this more convenient. Consider for example the
following code.

library(spBayes)

# Fit a Gaussian Process model with the correct covariance model
fit <- spLM(temp ~ 1,
coords = as.matrix(locs),
starting = list("phi" = 1, "sigma.sq" = 1, "tau.sq" = 0.1),
tuning = list("phi" = 0.1, "sigma.sq" = 0.1, "tau.sq" = 0.1),
priors list("phi.Unif" = c(0.01, 1),
"sigma.sq.IG" = c(2, 1),
"tau.sq.IG" = c(2, 1)),
cov.model = "exponential", # Specify the covariance model
n.samples = 1000)

39
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# Predict at new locations

new_locs <- expand.grid(x = seq(0, 1, length.out = 50), y = seq(0, 1,
— length.out = 50))

pred <- spPredict(fit, pred.coords = as.matrix(new_locs))

# Visualize the predictions

image(matrix(pred$p.y.predictive, 50, 50),
main = "Predicted Temperature Data",
xlab = "Longitude",

In this step:

* We fit a Gaussian Process model to the spatial temperature data
using the spLM function from the spBayes package.

e We make predictions at a set of new locations and visualize the
GP-based temperature predictions.

2.6.3 Example: Nonparametric regression using GPs*

In machine learning, Gaussian Processes are often used for non-
parametric regression. This is outside of scope of this class so we
provide this example only to complete the picture but it can be safely
omitted.

Consider the following code. Here, unlike in the previous exam-
ple, we code all relevant formulas from scratch.

# Load required libraries
library (MASS) # For multivariate normal sampling
library(ggplot2) # For fancy plotting

# Define a squared exponential (RBF) kernel
rbf_kernel <- function(x, y, length_scale = 1, sigma_f = 1) {
sigma_f"2 * exp(-0.5 * (outer(x, y, "-")"2) / length_scale”2)}

# Generate training data from noisy sine function
set.seed(42)

n_train <- 10

Xx_train <- seq(0, 10, length.out = n_train)

y_train <- sin(x_train) + rnorm(n_train, sd = sqrt(0.1))

# Define test points where predictions are needed
Xx_test <- seq(0, 10, length.out = 100)

# Compute covariance matrices

length_scale <- 1 # Length scale of the RBF kernel
sigma_f <- 1 # Signal variance

sigma_n <- sqrt(0.1) # Noise variance

K <- rbf_kernel(x_train, x_train, length_scale, sigma_f) + diag(sigma_n"2,
- n_train)

K_s <- rbf_kernel(x_train, x_test, length_scale, sigma_f)

K_ss <- rbf_kernel(x_test, x_test, length_scale, sigma_f)

# Predictive mean and covariance
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K_inv <- solve(K)
mu_s <- t(K_.s) %*% K_inv %x*% y_train # Transpose K_s for predictive mean
cov_s <- K.ss - t(K.s) %x% K_inv %*% K_s # Correct covariance calculation

# Sample from the posterior predictive distribution
n_samples <- 5
y_samples <- mvrnorm(n_samples, mu_s, cov_s)

# Create a data frame for the test points and GP predictions
gp_data <- data.frame(x = x_test,GP_Mean = as.vector(mu_s),True_Function =
— sin(x_test))

# Add the GP samples to the data frame

gp_samples_df <- data.frame(x = rep(x_test, times = n_samples), Sample =
— factor(rep(1l:n_samples, each = length(x_test))),Value =

— as.vector(t(y_samples)))

# Create a data frame for the training points
train_data <- data.frame(x = x_train, y = y_train)

# Plot using ggplot2
ggplot() +
# True function
geom_line(data = gp_data, aes(x = x, y = True_Function),
color = "black", linetype = "dashed", size = 1, alpha = 0.7) +
# GP mean
geom_line(data = gp_data, aes(x = x, y
color = "lightpink2", size =
# GP samples
geom_line(data = gp_samples_df, aes(x = x, y = Value, group = Sample),
color = "springgreen3", alpha = 0.5) +
# Training points
geom_point(data = train_data, aes(x = x, y =vy),

GP_Mean),
2

1.2) +

color = "blue", size = 2) +
# Labels and theme
labs(title = "Gaussian Process Regression",

X = "',y = "F(x)") +
theme_minimal (base_size = 14) +
theme(legend.position = "none")

This code first defines a grid of n = 10 equally spaced points
X1,..., Xy in the interval [0,10]. For each of these points, we generate
an observation y; ~ N(f(x;),0?) with ¢> = 0.1. These are the blue

dots in Figure 2.6. These are our noisy observations from the function

f(x) = sin(x) (the dashed line).

Having the training data, the test data and a fixed kernel function
(here the Gaussian kernel) we can compute the covariance matrix in
the underlying Gaussian process (over all the point). Then we can
sample from the conditional distribution' of the test data given the
training data. Doing it multiple times gives us the greenish curves in
Figure 2.6. We can also compute the conditional mean and also plot
it. This is the pink curve.

2 All the relevant formulas already
appeared earlier!

Gaussian Process Regression
15
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Ficure 2.6: Illustration for GPs applied
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2.7 Exercises

Exercise 2.7.1. Two random vectors X € R? and Y € RY are independent
ifP(X € A Y € B) = P(X € A)P(Y € B) for all (measurable) sets
ACRP,BCRY Let f: RPF — Rand g : RT — IR be two functions.
Show that if X 1LY then f(X) 1L g(Y).

Exercise 2.7.2. Given X ~ Ny, (y,X), show that X — u has the same
distribution as ©1/27, where Z ~ Ny (0, Iy ).

Exercise 2.7.3. Suppose we want to generate a sample of n observations
from Ny, (0,X). Using R or Python, write a code that does it by sampling
independently a bunch of univariate N (0, 1) variables and transforming
them approprietly.

Exercise 2.7.4. Consider two random vectors X ~ Ny, (px, Xx) and Y ~
Ny (py, Zy). Show that if X and Y are independent, the joint distribution
of (X,Y) is multivariate normal with mean (ux, py) and block diagonal
covariance matrix.

Exercise 2.7.5. Let X1, Xy ~ Ny, (y,X) with X7 1L Xp, and define Y =
X1 + Xy. Find the distribution of Y.

Exercise 2.7.6. Let Y be an n X p matrix of observed responses, where
each row y; is a p-dimensional random vector from a multivariate normal
distribution: y; ~ Np(p, L), and the rows are independent. Assume that we
model the mean of Y as a linear function of a set of m predictors given in the
n x m design matrix X, i.e.,

E[Y] = XB,

where B is a m X p matrix of regression coefficients. The residuals are
defined as:
E=Y-XB,

where B = (X" X)~1XTY is the ordinary least squares estimator of B. The
i-th row of E is denoted as E;, which represents the residual vector for the i-
th observation. Derive the covariance structure of the residuals by explicitly
computing:

cov(E;, E;),
foralli,j € {1,...,n}. Express your result in terms of ¥, X, and the

projection matrix P = X(X"X)~1XT.

Exercise 2.7.7. Let X ~ Ny, (u,X). Use the spectral decomposition of X to
transform X into independent standard normal variables.

Exercise 2.7.8. Let X ~ N, (0,X) and suppose that X is singular (i.e.,
X is not invertible). Prove that in this case, there exists alinear subspace
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L C R"™ such that P(X € L) = 1. If L is the minimal linear subspace
with this property then what is its dimension? Hint: var(u'X) = 0 if and
only of P(u' X = 0) = 1, and algebraically, u is an eigenvector of ¥ with
eigenvalue 0.

Exercise 2.7.9. Let X ~ Ny, (0, (72Im) and let U be any orthogonal matrix.
Show that the distribution X is the same as the distribution of UX. Would
the answer be the same if the mean of X was not zero?

Exercise 2.7.10. Let X1, Xy ~ Ny, (u,X) be independent. Consider the
random vector Z = X1 + Xp. Prove that the covariance matrix of Z is 2.

Exercise 2.7.11. Suppose X ~ Ny, (p,X). Let X denote X with the
first entry removed. Consider the linear regression of Xy on the remaining
variables

X; = a+w X q+¢ with e 1l X ;.

Show that the linear regression coefficients w can be expressed in terms
of the blocks of the covariance matrix ¥. Hint: What is the relationship
between these coefficients and conditional variances?

Exercise 2.7.12. Suppose X ~ Ny, (u,X). Show that the correlation matrix
R = DY2ED~1/2, where D is the diagonal matrix of variances, is also
positive semidefinite. Show that the space of correlation matrices is a convex
set.

Exercise 2.7.13. Prove Proposition 2.1.2. Hint: Let Z = £~ V/2(X — ).
Show that Z ~ Ny, (0, I,,) and use the fact that the sum of the squares of
independent standard normal variables has a chi-squared distribution.

Exercise 2.7.14. Complete all the details of the proof of Proposition 2.2.1.
Exercise 2.7.15. Prove Lemma 2.2.2.

Exercise 2.7.16. Suppose X1, Xy ~ Ny, (0,X) are independent and Y =
X1 — Xy. Derive the distribution of Y. How does the covariance structure of
Y compare to that of X; and X, individually?

Exercise 2.7.17. Let X ~ Ny, (u,X). Show that for any a € R™, the
probability P(a' X > c) depends on both a' y and a' La. Derive a formula
for this probability in terms of the c.d.f. of the standard normal distribution.

Exercise 2.7.18. Consider the functions f,g : R" — R given by f(x) =
a'xand g(x) = x" Ax for a € R" and A € S". Show that Vf(x) =
and Vg(x) = 2Ax.

a

Exercise 2.7.19. Let X1, Xy ~ Ny, (0,X) be independent. Consider the
X1+ Xp

random vector Z =
X1 — X5

>, answer the following questions:

 Find the distribution of Z;

43
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o Argue whether X1 + Xj is independent of X1 — X5?

Exercise 2.7.20. Consider the following three-dimensional multivariate
Gaussian

4 3/2 1/2 1
X ~ N3(u,2), wherepy=|0|, Z=[1/2 3/2 1
3 1 1 2

(i) Find the conditional distribution of the subvector (X1, X2) | X3.

(ii) Without calculating the inverse of the covariance © ™' explicitly, arque
what will be the value of the (1,2) entries of &~ 1.

(iii) Define Y1 = Xq + Xo, Yo = Xp + X3 and Yz = X3 + Xj. Derive the
distribution of (Y1,Y2).



3
Non-normal distributions

Multivariate Gaussian is obviously not the only distribution
widely considered to model multivariate continuous data. In this
chapter, we provide a very brief treatment of some of the key ideas
involving distributions beyond the multivariate normal.

3.1 Elliptical distributions

3.1.1  Spherical distributions

Recall that O(m) denotes the group® 2 of m x m orthogonal matrices, * The set O(m) is a group because
-1
that is, U € R™*™ such that U'U = I,,. A random vector X € R™ is gﬁvft.o(m) then UV~ € O(m).
ecK 1t
said to have a spherical distribution if for any U € O(m), the random *Note that if U € O(m) then
vector X is equal in distribution to UX, i.e., |det(U)| = 1.

XL Ux vueo(m).

One example of a spherical distribution is the standard normal
distribution Z ~ Ny, (0, I,;). More generally, if Z ~ N, (0, I,;) and

T > 0 is a positive random variable independent of Z, then3 3 This is sometimes called the common
variance model. Note that the entries
X = L 7 of Z are independent. Although the en-
ﬁ tries of X will be uncorrelated (can you

show it?), they will not be independent.
has a spherical distribution. To see this, let U € O(m). Then ) they P

1
YTuze Y, g
T T

iR

since UZ 4 Z and UZ 1l t. Therefore, X has the same distribution as
UX, satisfying the definition of spherical symmetry.

Uux =

Moment structure: The spherical symmetry implies that the mean
of X must be zero and the covariance matrix must be proportional to
the identity matrix, i.e., + Exercise 3.5.2

E(X) =0, var(X)=cly

for some constant ¢ > 0. In the case of X = %Z with Z ~ N(0, Iy),

v

we have Var(X) = ]E[‘L'_l]lm. < Exercise 3.5.4
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3.1.2  Independence of || X|| and X /|| X||

An important property of spherical distributions is the independence
of the norm of X, denoted || X| := vV XTX, and the direction of X,
represented by the unit vector X /|| X||. To see this, note that for any
UeO(m),
X 4 UX ux X
P pr— pr— u .
X[ ux X [1X]]

Thus, ”—§” is invariant under orthogonal transformations, meaning
it must have a rotationally symmetric distribution. The only rota-
tionally symmetric distribution on the unit sphere is the uniform
distribution. Therefore, ||XT\| has a uniform distribution on the unit
sphere in R, independent of the length || X||.

3.1.3 Formal arqument using polar coordinates®

To formally show that || X|| and X /|| X|| are independent, we use a
change of coordinates to polar coordinates.
Polar coordinates: In R?, polar coordinates are given by:

x1 =rcos(f), xp=rsin(h), r>0, 0<6<2m
This generalizes to R with the transformation:
x =ru(0),

where 6 = (64,...,0,,_1) are the angular coordinates, and r = ||x|| is
the radial coordinate. Specifically, for i = 1,...,m we have#:

i—1
u;j(0) = cos(Gi)l—[Osin(Gj), sin(6p) =1, cos(6y) =1.
j=

The angles 6; are constrained by:
OSGJSTE, jzl,...,m—z, 0§6m71<27-['

Recall that for a function f : R" — R, its Jacobian at x € R", if
exists, is the matrix Jf(x) of the partial derivatives Jf(x) = [g—g} €
R™*". The determinant of the Jacobian matrix of the polar coordi-
nates transformation x = ru(0) is

m—1 )
J(r,8) = "1 I sin™(6i1).
i=2

The reason why we care about this determinant is that it appears in
the change of variables formula.

4+ Check that [|x|| = r.
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Independence of radial and angular components: Suppose X has a
density f(x) that only depends on ||x||, i.e., f(x) = g(||x||?) for some
function g. When changing variables to polar coordinates, we find:

m—1 .
F(x)dx = g(r?)r™dr I sin™(6;1)de.
i=2

Thus, we see that the density separates into a product of a radial
component g(r2)r"~1dr and an angular component, showing that ||x||
and x/||x|| are independent.

3.1.4 Elliptical distributions as affine transformations of spherical dis-
tributions

An elliptical distribution is a generalization of the multivariate normal
distribution. A random vector X € R™ is said to have an elliptical
distribution, denoted X ~ E(u, %), if X can be written as:

X=pu+x2z,

where Z is a spherical random vector (e.g., standard normal) and
x1/2 is the square root of a positive semi-definite matrix X. This form
includes the multivariate normal as a special case; recall Proposi-
tion 2.1.1.

Why do we care? The main reason is that elliptical distributions al-
low us to model distributions that look similar to multivariate normal
but have much heavier tails. This makes it suitable to model extreme
events or data with outliers, which are common in many real-world
applications such as finance, insurance, and environmental studies.
For example, in finance, the heavy tails of elliptical distributions can
capture the higher likelihood of extreme losses or gains compared
to the Gaussian model. By maintaining properties like symmetry
and linear correlation structures, elliptical distributions strike a bal-
ance between flexibility and mathematical tractability, making them a
valuable tool for robust modelling in high-dimensional settings.

3.1.5 Covariance and correlation matrix

Note that in elliptical distributions, X is called the scale matrix and
does not directly represent the covariance of X. However, it holds
that:

Var(X) = cX

for some constant ¢ > 0. Therefore, the correlation structure of X is
governed by %, even though the exact covariance requires calculating
C.
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3.1.6  Scale mixture of normals

A key example of elliptical distributions is the scale mixture of nor-
mals, which admits the stochastic representation:

1
X=u+-——=x27, .
Bt NG (3.1)

where Z ~ Ny, (0, I,,) and T > 0 is a random variable independent of
Z. This framework captures several important distributions:

e If T = 1, we recover the multivariate normal distribution.

o Ift ~ % X%, then X follows a multivariate t-distribution with k
degrees of freedom.

e If k =1, we obtain the multivariate Cauchy distribution.
e If T ~ Exp(1), we get the multivariate Laplace distribution.

Note that X may be a complicated distribution but conditionally
on 7, X is simply Gaussian. Thus, many efficient approaches to work-
ing with scale mixture of normals, use this structure.

Note that, if X satisfies (3.1), the Mahalanobis distance satisfies

Y = Xyl = HizIP £ 3,
with 7 1L x2,. This generalizes Proposition 2.1.2. We can plot the
distribution of Y = || X — p||2 for different choices of T and m =
10; see Figure 3.2. Note that this picture does entirely show how
dramatically different is the tail behavior of all the density plots. The
x-axis finishes at 75 and the mass of the x30 density (corresponding
to the Gaussian case) is negligible. This is not however true for some
of the other densities. For the multivariate Laplace distribution this
probability is 0.124, which is definitely not negligible. As Table 3.1

show, much more extreme events can happen with non-negligible

probability.
Case P(Y >75) P(Y >500) P(Y>1000) P(Y > 10000)
Gaussian 0.000 0.000 0.000 0.000
t100 0.000 0.000 0.000 0.000
tao 0.000 0.000 0.000 0.000
ts 0.019 0.000 0.000 0.000
Laplace 0.124 0.020 0.010 0.001
151 0.277 0.109 0.077 0.024

To see why this may be relevant in practice, consider a simple
example of returns for four stocks. We can compute the sample ver-
sion of the Mahalonobis distance and compare its distribution to

Comparison of 1D Density Functions with Heavy Te

Figure 3.1: Examples of 1-d densities
that are generalized by the scale mix-
ture of normals. Note that the tails are
generally heavier than for the Gaussian
distribution.

Table 3.1: Proportion of Samples Ex-
ceeding Thresholds
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x3, which corresponds to the Gaussian case. Consider the following
code.

# Load necessary libraries

library(quantmod) # Fetch stock data
library (MASS) # Mahalanobis distance
library(ggplot2) # Plotting

library(latex2exp) # LaTeX labels
library(dplyr) # Data manipulation

# Define stock tickers and date range
tickers <- c("AAPL", "MSFT", "GOOG", "AMZN")
start_date <- as.Date("2020-01-01")

end_date <- as.Date("2024-01-01")

# Add more stocks if needed

# Download stock prices
getSymbols(tickers, src = "yahoo", from = start_date, to = end_date,
— auto.assign = TRUE)

# Convert to adjusted closing prices

prices <- do.call(merge, lapply(tickers, function(ticker)
— Cl(get(ticker))))

colnames(prices) <- tickers

# Compute daily log-returns
returns <- na.omit(diff(log(prices)))

# Compute Mahalanobis distances

mu <- colMeans(returns) # Mean vector

sigma <- cov(returns) # Covariance matrix
mahalanobis_distances <- mahalanobis(returns, mu, sigma)

# Degrees of freedom (equal to number of assets)
df <- ncol(returns)

# Generate theoretical chi-squared density
Xx_seq <- seq(0, max(mahalanobis distances), length.out = 500)
chi2_density <- dchisq(x_seq, df = df)
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Figure 3.2: The distribution of [|X — /|2
for some choices of T and with m = 10.
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# Compute kernel density estimation (KDE) for Mahalanobis distances
density_mahalanobis <- density(mahalanobis_distances)

# Define tail thresholds
thresholds <- ¢(10,20, 50, 75)

# Compute tail probabilities
tail_probs <- data.frame(

Threshold = thresholds,

Empirical_Prob = sapply(thresholds, function(t)

— mean(mahalanobis_distances > t)),

ChiSq_Prob = sapply(thresholds, function(t) 1 - pchisq(t, df = df))
)

# Print the table
print(round(tail_probs,3))

# Plot: Density of Mahalanobis Distance vs. Chi-squared Distribution

ggplot() +
geom_line(aes(x = density_mahalanobis$x, y = density_mahalanobis$y),
— color = "blue", linewidth = 1.2, label = "Empirical Density") +
geom_line(aes(x = x_seq, y = chi2_density), color = "red", linetype =
— "dashed", linewidth = 1, label = "Chi-squared Density") +
labs (
title =

— TeX("Density of Mahalanobis Distance vs. $\\chi”2_d$ Density"),
x = TeX("Mahalanobis Distance"),
y = "Density"
) +
theme_minimal() +
annotate("text", x = max(density_mahalanobis$x) * 0.6, y =
< max(density_mahalanobis$y) * 0.9,
label = "Empirical Density", color = "blue", size = 5) +
annotate("text", x = max(density_mahalanobis$x) * 0.6, y =
— max(chi2_density) * 0.9,
label = "Chi-squared Density", color = "red", size = 5)

In Figure 3.3 we compare the sample density of the Mahalanobis
distance with the density of )(ﬁ, which corresponds to the Gaussian
case. From the picture it looks that the sample density is much more
concentrated around zero. However, we can easily confirm that this
distribution has much heavier tails. For example, the mass of the x2,
over the interval (25,0) is totally negligible. On the other hand the
empirical distribution has there mass 0.022.

3.2 Copula models

A copula is a statistical tool that allows us to model the dependence
structure between random variables separately from their marginal
distributions. This is especially useful when modeling multivariate
data where the marginal distributions are not Gaussian.>

Definition 3.2.1. A copula function (or simply a copula) is a multivariate
distribution function with uniform marginals. A copula function in m
dimensions is typically written C(u), uw = (uy,..., Up).

Empirical Density

Chi-squared Density

0 25 50 75
Mahalanobis Distance

Figure 3.3: Comparison of the sam-
ple distribution of the Mahalanobis
distance and the density of x2.

5 Recall that the CDF of the uniform
Uu(0,1) distribution is F(u) = u and
so C : [0,1]™ — [0,1] must satisfy
C(ul,l,. . .,1) = Uuj.



3.2.1 Sklar’s theorem

The foundation of copula theory is Sklar’s Theorem.

Theorem 3.2.2 (Sklar, 1959). Given a continuous random vector X =
(X1,..., Xm) with joint c.d.f. F and marginal c.d.f.s Fy,..., Fy, there exists
a unique copula C such that for all x = (x1,...,Xm)

F(x1,...,xm) = C(F1(x1),---, En(xm)). (3.2)

Conwversly, for any given one-dimensional c.d.f.s Fy, ..., Fy and a copula C,
(3.2) defines an m-variate c.d.f. F with marginal c.d.f.s Fy, ..., Fy.

The copula C : [0,1]" — [0, 1] captures the dependence between
the components of X, while the marginal distributions Fy, ..., Fy,
describe the behavior of each component independently.

To understand Sklar’s theorem, consider the case when m = 1.
Here C(u) = u for u € [0,1] and the CDF of X is indeed C(F(x)) =
F(x). Note also that, if X is a univariate continuous random variable
with c.d.f. F® then F(X) ~ U(0,1). Indeed,

P(F(X)<u) = P(X<F ') = F(F () = wu
Let now X = (Xy,..., Xim) be a random vector with c.d.f.
F(xy,...,xm) = P(Xy3<xq,-., X < xp).

Set U; = Fi(X;). ThenU = (Uj,...,Uy) has marginal uniform
distributions with c.d.f.
P(Uy <ug,enn, U < i) =P(Xy < F7 1), Xn < FrH ()
=F(F; (u1), ..., Fy (um))
=:C(u).

(33)
Note that C defined here is the same as C in (3.2) and Sklar’s theo-

rem states that such C is defined uniquely.

3.2.2  Simple example

Consider the following joint cumulative distribution function (CDF):

0 ifx<Oory <0,
Exy(1,0) x2y? if0<x<land0<y<]1,
x,y) =
Xy 1 ifx>1landy>1,

min(x?,y?) otherwise.
The marginal CDFs are:
0 ifx<O,
Fx(x) =<9 x% if0<x<1,
1 ifx>1,

NON-NORMAL DISTRIBUTIONS

°If X is continuous then F is strictly
increasing almost surely.
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and
0 ify<0,
Fr(y) = {y* if0<y<1,
1 ify>1

The inverse CDFs are for u,v € (0,1):
Fyl(u) = vu, F (o) = o.
Thus the copula is given by:
C(u,v) = Fxy(Fx'(u), Fy ' (v)).
Substituting Fy ' (1) = /u and F; ! (v) = /v, we get:
uo ifu<lo<l,
u fu<lo>1,

v ifu>10v<l1,
1 fu>1v>1,

C(u,v) =

3.2.3 Invariance under monotone transformations

Suppose that Y; = f;(X;), where each f; is a strictly increasing (and
so invertible) transformation. It is important to note that X and Y
define the same copula. Indeed, let F, G be the CDFs of X and Y
respectively with individual CDFs denotes as F;, G;. In the light of
(3.3), it is enough to show that

F(F (1), o By ) = GG (1), ., G (1)
Now note that

Gi(y:) =P(Y; <yi) =P(X; < f ' (1) = EB(f (v1),
which shows that G; = F; o fi’l, or equivalently, Glf1 = fio Flfl.
Similarly,

G- ym) = FUf W), fon (Ym)

Using these two equations we get that
G(Gr (1), -, Gy (um)) = F(fT NGy (1)), fin (G (um))) = F(E(u), -, By (um)

as claimed.

3.2.4 Density of a copula

The p.d.f. ¢(u) of a copula C(u) is obtained by differentiation. We Recall that for a continuous distribution
have with CDF F(x1,...,Xu), its density
( ) amc(u) f(x1,...,xm) is given by
clu) = ———. .
aul"'aum flxt, .., xm) = 9 F(xy,...,%m).

X1 - -+ OXpy
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Using the fact that C(u) = F(F; ' (u1),...,F, (um)) and the chain
rule, we have

__fx
c(u) = T filx)” (3-4)

3.2.5 Gaussian copula

The Gaussian copula is derived from the multivariate normal distri-
bution. Suppose X ~ Ny, (p,X) is a normal random vector. Since a
copula is unchanged if components undergo a monotone transforma-
tion, w.l.o.g. we may assume y; = 0 and £; = 1 for all i so that the
marginal distributions are standard normal. The CDF of N(0,1) is
denoted by ®(x).
Using formula in (3.4) the corresponding density is + Exercise 3.5.21

c(w;X) = det(x)"1/? exp{—%xT(Z*l —In)x}, where x; = & ().

(3:5)
The most popular choice for X is the equicorrelation matrix ¥ =
(1—p)Ln+p11", where — 15 < p < 1. For this choice det(X) = (1 —
)" 1 (14 (m—1)p). So for example the density of a two-dimensional
Gaussian copula is

1 p?(x2 +x3) — 2px1x,
clu; = ———eX - . .6
Example 3.2.3. We can use Gaussian copula to model the joint distri-
bution of Xy ~ Exp(1) and X, ~ Exp(1). The c.d.f. of Exp(1) is
F(x) = 1—e™*. The Gaussian copula is defined as: Cy(uq,uz) =
@, (DY (uy), D (uz); p), where D, is the c.d.f. of the bivariate normal

distribution with variances 1 and correlation p. By Sklar’s theorem, the joint
c.d.f. of Xy and X, is then:

FXerZ (xl, xz) = Cp (FXl (xl), FXZ (xz)) .
To simulate data from this model:

1. Generate a sample from a 2D normal distribution with correlation p:

1 p
(o 1])

2. Transform the marginals to the uniform distribution via the standard
normal c.d.f:
Uy =9(2y), Uy =D(Zy).

3. Transform the uniform marginals to the exponential distribution:

X1 = —ln(l—Ul), Xzz —ln(l—Uz).
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3.2.6 Archimedean copula*

In addition to Gaussian copulas, there are other families of copulas,
such as Archimedean copulas, which are popular in applications due
to their simplicity. An Archimedean copula is defined using a gen-
erator function ¢ : (0,1) — [0,00) that is strictly decreasing and
convex with lim,_,o+ ¢(x) = oo and lim,_,;- ¢(x) = 0. Set p = ¢~ 1,
which is monotone decreasing on (0, c0) with lim,_,o+ ¢(x) = 1 and
limy_se0 ¢(x) = 0. Assume that i is completely monotone function,
that is, suppose that ¢ is infinitely differentiable, and that the deriva-
tives alternate in sign: (—1)kp®)(x) > 0 for all x € (0,00), k > 1.

The m-variate Archimedean copula generated by ¢ is given by:

Clut, ..., um) =9 (¢p(ur) + -+ ¢(um)) .
It can be shown that C defines a valid c.d.f. with density

m
c(w) = " () T]¢' (), wherev; = ¢p(1;), v =v1 + ...+ 0p.
i=1
Some well-known Archimedean copulas include:
e Clayton copula: ¢(t) = (¢t — 1) for 6 > 0.
e Gumbel copula: ¢(t) = (—1logt)? for 6 > 1.
e Frank copula: ¢(t) = —log (%) for 6 # 0.

3.2.7 Example

Suppose that we observe some data x(l),. .., x") from F, which we
model with a copula. Just to illustrate how this can be used in real
examples, we use copulas to model the dependence structure of

returns of five random stocks. First plot their correlation structure.

library(quantmod)
library(copula)
library(PerformanceAnalytics)

# Define stock tickers and date range

tickers <- c("AAPL", "MSFT", "AMZN", "GOOG", "TSLA")
start_date <- "2020-01-01"

end_date <- "2023-01-01"

# Download adjusted closing prices
getSymbols(tickers, from = start_date, to = end_date, src = "yahoo")
prices <- do.call(merge, lapply(tickers, function(x) Ad(get(x))))

# Calculate daily log returns
returns <- na.omit(ROC(prices, type = "continuous"))
colnames(returns) <- tickers

# Plot the returns
chart.Correlation(returns, histogram = TRUE, pch = 19)
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We fit a Gaussian copula to the multivariate log returns. We start
by fixing a copula model - in this case Gaussian. By (3.2) we can ex-
press the CDF F of the data in terms of the copula and the marginal
CDFs F;. However, the marginal CDFs of the data are not known.
Given the sample, it is natural to consider the empirical CDF

~

Ly
Fi(xi) = 72]1{)(1' §xi}.
3

In particular,

~ rank of x(t)
F(x") = L

in the j-th column of X

Thus, we first convert returns to pseudo-observations by mapping
) ._

; E(xgt) ). This results in a new transformed data
matrix U. Consider the following code.

through E’s, u

# Convert to pseudo-observations
u <- pobs(as.matrix(returns))

# Fit a Gaussian copula
cop_model <- normalCopula(dim = ncol(returns)) # Gaussian copula
fit <- fitCopula(cop_model, u, method = "ml") # Maximum likelihood

# Extract fitted parameters (correlation matrix)
rho_matrix <- getSigma(fit@copula)

print("Fitted correlation matrix:")
print(rho_matrix)

The correlation matrix looks very simple but remember that we still
have the marginal distributions, which adds additional flexibility. We
can now simulate new returns based on the fitted copula model and
the original marginal distributions.

# Simulate from the fitted Gaussian copula
simulated_copula <- rCopula(nrow(returns), fit@copula)

# Transform copula samples to the original marginals
simulated_returns <- data.frame(
AAPL = qnorm(simulated_copulal,1], mean = mean(returns$AAPL), sd
< sd(returns$AAPL)),
MSFT = qnorm(simulated_copulal,2], mean = mean(returns$MSFT), sd =
< sd(returns$MSFT)),
AMZN = qnorm(simulated_copulal,3], mean = mean(returns$AMZN), sd
< sd(returns$AMzZN)),
GO00G = qnorm(simulated_copulal,4], mean = mean(returns$G00G), sd
< sd(returns$G00G)),
TSLA = qnorm(simulated_copulal,5], mean = mean(returns$TSLA), sd =
< sd(returns$TSLA)))

# Compare empirical and simulated correlations
empirical_corr <- cor(returns)
simulated_corr <- cor(simulated_returns)
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> print(rho_matrix)

L1 L2 13[4 [
[1,] 1.000 0.655 0.655 0.655 0.655
[2,] ©.655 1.000 0.655 0.655 0.655
[3,] 0.655 0.655 1.000 0.655 0.655
[4,] 0.655 0.655 0.655 1.000 0.655
[5,] 0.655 0.655 0.655 0.655 1.000
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cat("Empirical Correlation Matrix:\n")
print(empirical_corr)

cat("\nSimulated Correlation Matrix:\n")
print(simulated_corr)

# Scatterplot matrix of simulated returns
pairs(simulated_returns, main = "Simulated Returns (Gaussian Copula)", pch
— =19, col = rgh(0, 0, 1, 0.5))

# Overlaid density plots for one stock (e.g., AAPL)
plot(density(returns$AAPL), col = "blue", main =

— "Density of AAPL Returns: Empirical vs Simulated", lwd =
lines(density(simulated_returns$AAPL), col = "red", lwd = 2)
legend("topright", legend = c("Empirical®, "Simulated"), col = c("blue",
- "red"), lwd = 2)

2)

3.2.8 Applications of copula models

Copulas have a wide range of applications, especially in fields where

understanding the dependence between random variables is crucial.
Some important applications include:

¢ Finance and risk management: In finance, copulas are used to
model the joint behavior of asset returns or risk factors. They are
particularly useful for modeling tail dependencies, which refer
to the joint likelihood of extreme losses or gains. The Gaussian
copula, for instance, was famously used in pricing collateralized
debt obligations (CDOs), although the limitations of copulas in
capturing extreme co-movements were highlighted during the
financial crisis of 2007-2008.

¢ Insurance and actuarial science: In insurance, copulas allow ac-
tuaries to model dependencies between different types of claims,
such as health claims and life insurance claims. By understanding
the joint risk, insurers can set more appropriate premiums and
reserves for correlated risks.

¢ Environmental sciences: Copulas are used to model the depen-
dence structure between extreme environmental events, such as
floods or droughts. This is important for designing infrastructure
that can withstand correlated extreme events. For instance, the
joint probability of high rainfall and river overflow can be better
understood with copulas, leading to more informed decisions in
flood risk management.

® Multivariate survival analysis: In medical statistics and survival
analysis, copulas are used to model the time until the occurrence
of multiple types of events (such as death, disease relapse, or re-

covery) that may be dependent on each other. Archimedean copu-

las are particularly popular in this context due to their tractability.

Density

15 20

10

Density of AAPL Returns: Empirical vs Simulated

—— Empirical
7 — Simulated

-0.15 -0.10 -0.05 0.00 0.05 0.10

N =755 Bandwidth = 0.004501
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3.3 Gaussian mixture models

A Gaussian Mixture Model (GMM) is a probabilistic model that
assumes the data is generated from a mixture of several Gaussian
distributions, each with its own parameters. Formally, a random
vector X € R™ is said to follow a GMM if its density function is a

weighted sum of multivariate Gaussian densities: <+ Exercise 3.5.25
K
f(x) = Y meNum (% pe, Zi), (3.7)
k=1

where 713 > 0 are the mixture weights such that Z,Ile T, = 1,and
Ny (X; g, ) denotes the multivariate normal density with mean
tx € R™ and covariance matrix X € S,

Figure 3.3 provides two simple examples of 2D and 3D datasets
that are generated from mixtures of two Gaussian components.

2D Gaussian Mixture 3D Gaussian Mixture

% Gaussian Mixture

Remark 3.3.1. At this point it is not clear how to handle such a compli-

cated distribution efficiently. For example, given fixed parameters values,

how can we generate samples? We will see in Section 3.3.2 that this model + Exercise 3.5.26
admits a simple latent variable representation, which can be exploited in

various ways.

3.3.1  Why use Gaussian mixtures?
Gaussian mixtures offer several advantages:

¢ Flexibility: They can model complex distributions by combining
simple Gaussian components. A GMM can approximate almost
any continuous probability distribution by increasing the number
of components K.

¢ Multimodality: GMMs are particularly useful for modeling data
with multiple modes (clusters), where each Gaussian component
models one mode.
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¢ Easily interpretable: Each Gaussian component has an intuitive
interpretation (mean, covariance, weight). It is a natural model if
the population comes from different sub-populations.

Gaussian mixtures form a popular model based clustering method.
In this context, for simplicity, we often assume X; = X fork =
1,...,K

3.3.2  Gaussian Mixture as a latent variable model

Let Z € {1,...,K} be a discrete random variable such that P(Z =
k) = m fork = 1,...,K. Moreover, suppose that the conditional
distribution of X given Z = k is Ny, (pix, X¢). Then the marginal
distribution of X is the same as given in (3.7) (check!)

Remark 3.3.2. Many popular probabilistic machine learning methods model
data distribution p(x) from a joint p(x,z), which is specified by setting the
marginal distribution p(z) of a latent variable and the conditional p(x|z).
Models of that form lead to many highly tractable exact and approximate
estimation procedures.

3.3.3 Likelihood inference for GMMs

Suppose we have data x1,...,x;, € R" from the Gaussian mixture
model with a known number of K components. Fitting a GMM to a
dataset involves estimating the parameters 6 = {71y, g, Z }X_,, which
by default is done by maximizing the log-likelihood function

n n K
0(0) = ) logf(x;) = ) log(} mxNm(xi; pir, Z))-
i=1 i=1 k=1
The likelihood function for GMMs is a complicated multimodal func-
tion of the parameters § and maximizing it directly may be hard. In
fact it is not even bounded! However, we can use the latent represen-
tation of the GMM to perform the Expectation-Maximization (EM)
algorithm.

Remark 3.3.3. Note that we assume that K is fixed throughout the whole
analysis. In practice, K is not always known. In this case, learning K is a
separate task, which we do not discuss here in detail.

3.3.4 Appendix: Expectation-Maximization (EM) Algorithm

Suppose we have data xi, ..., X, with distribution fx(x;6). The goal
is to estimate the parameter 6 that maximizes the likelihood. In this
section we deal with the situation when the model for X is specified
as the margin of a larger model incorporating a latent vector Z. Many
models in statistics and machine learning are of this form.

< Exercise 3.5.31
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The EM algorithm is particularly useful when the marginal like-
lihood of X is difficult to compute, but the complete data likelihood
(i.e., the joint likelihood of X and Z) is easier to work with.

Consider the complete data (x1,z1), ..., (x4, z,), where we ob-
serve only x1,...,x, as before. Assume that the joint model depends
on the parameter vector 6.

The algorithm iteratively estimates 6 by alternating between two
steps:

(0) Initialize 6°, a reasonable initial guess for the parameter.

(E-step) Compute the expected value of the complete data log-
likelihood /F

06(6) = ilogﬂx,«,zi;e)

with respect to the conditional distribution of the latent variables
Z, given the observed data X and the current parameter estimate
6°. This gives the function:

n

Q(6;60) = Ez)x o [£r (6)[X,6°) = Z]Ez\x,eﬂ [log f (xi, Z;6)| X = x;,6°].
i=1

(M-step) Maximize the expected complete log-likelihood with re-
spect to 0:
ol = arg max Q(8;6y).

Update 8° «+— 6! and repeat until convergence.

Under mild conditions, it can be shown that each iteration of the
EM algorithm increases the observed data log-likelihood. Specifically,
after each E-step and M-step, the likelihood satisfies the inequality:

00 > ¢(6Y).

This property ensures that the algorithm makes progress toward
maximizing the likelihood at every step.

While the EM algorithm is guaranteed to increase the likelihood
at each step, it may not necessarily converge to the global maxi-
mum. Instead, the algorithm converges to a local maximum of the
likelihood function. Convergence can be understood through the
following results:

3.3.5 EM Algorithm for Gaussian Mixture Models (GMM)
The complete data log-likelihood for GMMs is given by:

EP(Q) = Z ﬂ(zi = k) [lOg Nm(xi,' yk,Zk) + 10g ﬂk] .

59



60 METHODS FOR MULTIVARIATE DATA (STA437)

Here, Ny, (x; py, i) denotes the Gaussian probability density function
for component k with mean yj and covariance matrix 2.
E-step
In the E-step, we compute the expected value of the complete
data log-likelihood, given the current parameter estimates 0 =
{n, 1%, 59} Specifically,

™=
M»

Q(6;60) = Ez)x,0,[1(Z = k)| X = x;,00] [log N (xi; pix, Z) + log 7]

i

N
T
I,

P(z; = k|X = x;,00) [log Nu (x;; px, i) + log 7]

I
™=
1=

Il
—_
>
Il
—_

we compute the posterior probabilities, or the responsibilities, that
each point x; belongs to component k:
7T1(()Nm (x;; yg, 22)
K . :
Y1 71 Nin (xi5 17, )

wi = P(z; = k|x;, 6°) =
Using these responsibilities, the expected complete log-likelihood is:

n K
Q(6;60) = Y ) wik [log Niu(xi; ptxe, i) + log 1] .
i=1k=1
M-step
In the M-step, we maximize Q(6;6y) with respect to the parame-
ters 0 = {7y, ux, i }. This leads to the following updates:

1 2
e = - Z Wik, Deriving the updates for 71, and py is
ni3 relatively straightforward. The update
" on X requires either some persistence
o Zi:1 WikX; or some experience with calculus of
Me = Z’L Wik ! matrix-functions. We live this as an
i=1 "1 .
exercise.
n T
Lity Wi (Xi — phie) (i — i)

e = i1 Wik

These updates have intuitive interpretations: jiy is the weighted av-
erage of the data points assigned to component k, where the weights
are the posterior probabilities wj; ik is the weighted covariance ma-
trix of the points assigned to component k; 7y is the proportion of
points assigned to component k.

The EM algorithm iterates between the E-step and M-step until
convergence, at which point the log-likelihood no longer increases
significantly.

3.3.6  Example: EM Algorithm for Gaussian Mixture Models (GMM)

Suppose we have a dataset where each observation is drawn from
a mixture of two Gaussian distributions. The goal is to estimate the
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parameters (means, covariances, and mixing proportions) of these
Gaussian components using the Expectation-Maximization (EM)
algorithm.

Assume the data consists of n points in 2D, where each observa-
tion x; comes from one of two Gaussian distributions. Let 7ty repre-
sent the mixing proportion of the k-th Gaussian component, yy the
mean vector, and X the covariance matrix for component k, with
k = 1,2. The dataset is a mixture of these distributions with some
overlap.

Data Simulation We can generate a 2D dataset from two Gaussian
distributions, one with
2 1 05

u— ,Z:
=1, = los 1

and the other with

1 -0.3

7
= , q =
=1y =103 1

The mixing parameter is 711 = 0.4 = 1 — 71p. We use the following R
code:

set.seed(123)

n <- 300 # number of points

pi_true <- c(0.4, 0.6) # true mixing proportions

mu_true <- list(c(2, 2), c(7, 7)) # true means

sigma_true <- list(matrix(c(1, 0.5, 0.5, 1), 2), matrix(c(1, -0.3, -0.3,
-~ 1), 2)) # covariances

# Sample labels from a multinomial distribution
z <- rbinom(n, size = 1, prob pi_truel2])

X <- matrix(0, nrow = n, ncol = 2) ©
# Generate points from the two Gaussians K <
for (i in 1:n) {
if (z[i] == 0) {
x[1, ] <- MASS::mvrnorm(1l, mu_true[[1]], sigma_true[[1]]) o
} else {x[i, ] <- MASS::mvrnorm(1l, mu_true[[2]], sigma_true[[2]])}
} o
L]
# Plotting the data points with color corresponding to the group g ; ; é é
plot(x, col = z + 1, pch = 19, main =
— "Generated Data from a Gaussian Mixture",xlab = "X1", ylab = "X2") X1
legend("topright", legend = c("Group 1", "Group 2"), col = c(1, 2), pch =
- 19) Figure 3.4: This is how the data looks
like when we color points by group
assigment. In practice, this group
This code generates a dataset from two Gaussian distributions assigment is not observed.

with different means and covariances.

EM Algorithm for GMMs Now we apply the EM algorithm to esti-
mate the parameters of the Gaussian mixture model. The following R
code implements the EM algorithm:
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# Function to calculate Gaussian density
dGaussian <- function(x, mu, sigma) {exp(-0.5 * t(x - mu) %*% solve(sigma)
< %*% (x - mu)) / sqrt(det(2 x pi * sigma))}

# Initial estimates

K <- 2 # number of components

pi_hat <- c(0.5, 0.5) # initial guess for mixing proportions

mu_hat <- list(c(@, 0), c(1, -1)) # initial guess for means
sigma_hat <- list(diag(2), diag(2)) # initial guess for covariances

# Modified EM algorithm to extract responsibilities at specific iterations
em_gmm_with_responsibilities <- function(x, K, pi_hat, mu_hat, sigma_hat,
— steps_to_plot, max_iter = 100, tol = le-4) {

n <- nrow(x)

d <- ncol(x)

log_likelihoods <- numeric(max_iter)
responsibility_snapshots <- list()

for (iter in l:max_iter) {
# E-step: Compute the responsibilities
gamma <- matrix(0, n, K)
for (i in 1:n) {
for (k in 1:K) {
gamma[i, k] <- pi_hat[k] * dGaussian(x[i, ], mu_hat[[k]],
— sigma_hat[[k]])
}
gamma[i, ] <- gamma[i, ] / sum(gamma[i, ]) # Normalize

}

# Save responsibilities if requested
if (iter %in% steps_to_plot) {
responsibility_snapshots[[as.character(iter)]] <- gamma

}

# M-step: Update parameters
N_k <- colSums(gamma)
pi_hat <- N.k / n
for (k in 1:K) {
mu_hat[[k]] <- colSums(gamma[, k] * x) / N_k[k]
sigma_hat[[k]] <- matrix(@, d, d)
for (i in 1:n) {
sigma_hat[[k]] <- sigma_hat[[k]] + gamma[i, k] * (x[i, ] -
< mu_hat[[k]]) %*% t(x[i, 1 - mu_hat[[k]])
}
sigma_hat[[k]] <- sigma_hat[[k]] / N_Kk[k]
}

# Log-likelihood computation
log_likelihood <- 0
for (i in 1:n) {
temp <- 0
for (k in 1:K) {
temp <- temp + pi_hat[k] * dGaussian(x[i, ], mu_hat[[k]],
— sigma_hat[[k]])
}
log_likelihood <- log_likelihood + log(temp)
}

log_likelihoods[iter] <- log_likelihood




# Check for convergence
if (iter > 1 && abs(log_likelihoods[iter] - log_likelihoods[iter - 1])
-~ < tol) {
log_likelihoods <- log_likelihoods[1l:iter]
break
}
}

list(pi = pi_hat, mu = mu_hat, sigma = sigma_hat, log_likelihood =
— log_likelihoods, responsibilities = responsibility_snapshots)

# Run the EM algorithm and save responsibilities after specific steps
steps_to_plot <- c(1, 2, 30)

result <- em_gmm_with_responsibilities(x, K, pi_hat, mu_hat, sigma_hat,
— steps_to_plot)

# Plotting responsibilities
par(mfrow = c(3, 1))
for (step in steps_to_plot) {
gamma <- result$responsibilities[[as.character(step)]]
colors <- rgbh(gamma[, 1], 0, gamma[, 2], alpha = 0.6) # Red for
— component 1, Blue for component 2
plot(x, col = colors, pch = 19, main = paste("Step", step), xlab = "X1",
- ylab = "X2")
}
par(mfrow = c(1, 1))

# Plot log-likelihood progression
plot(result$log_likelihood, type = "o", main =

< "Log-Likelihood Progression", xlab = "Iteration", ylab =
— "Log-Likelihood")

When playing around with this simulation you can pay closer atten-
tion to the following problems:

* Are the estimated values of the parameters close to the true value?
¢ [t this model identifiable?

¢ In this simulation we chose K = 2 both in simulations and in the
estimation step. In practice we do not know K so we may want to
check a bunch of different values. Think how this could be done
but in an ad hoc and formal way.

3.4 Higher order moments and cumulants*

For a random vector X = (Xj,..., Xy) its moments are the expres-
sions
Mgk, = B[XM Xk

1"'km

and k := ky + ... 4+ ky, is the order of this moment. The corresponding
central moments are

E[(X1 — E(X1))" -+ (X — E(Xu))™].
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Figure 3.5: Colorings of the data points
according to their posterior probabilities
after 1,2, and 30 iterations of the EM
algorithm.
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Note that the second order central moments are covariances.
Moments can be obtained from the moment generating function

Mx(t) = Eet'X

by computing the corresponding higher order partial derivatives and
evaluating att =0

ak

ky = = Mx(t
1 km akltlakmtm X( )

My

t=0

Cumulants are different quantities, closely related to moments.
They are defined in the same way as moments through the cumulant
generating function Kx(t) = log Mx(t)

ak

Chyoky = 7 Kx(t
RN o1ty - - kmt,, x(t)

t=0

It can be shown that the first order cumulants are the means, EX;, the
second order cumulants are the covariances cov(X;, X;), and the third
order cumulants are equal to the third order central moments.

It is not hard to check that the moment generating function of
X ~ Ny(p,2)is

Mx(t) = exp{u't+ 1t'xt}

and consequently, the cumulant generating function is a quadratic
polynomial
Kx(t) = p't+3t'zt.

One important consequence of this fact is that all cumulants of order
three or higher are zero.

One fundamental characterization of the Gaussian distribution is
the following.

Theorem 3.4.1 (Marcinkiewicz). The cumulant generating function
Kx(t) is a polynomial if and only if X is Gaussian.

This result allows us to conceptually model departure from Gaus-
sianity by allowing nonzero higher order cumulants. Naturally, most
of the literature focuses on the third order cumulants also known as
skewness.

3.5 Exercises

Exercise 3.5.1. Suppose that x,y € R™ satisfy ||x|| = ||y||. Show that
there exists an orthogonal matrix U such that y = Ux. Conclude that if
f(x) = f(Ux) forall U € O(m) then f depends on x only through its
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norm ||x||. Hint: Consider an orthonormal basis with x/ ||x|| as one of the
basis vectors and another orthonormal basis with y/||y|| as one of the basis
vectors.

Exercise 3.5.2. Show that if X has spherical distribution, then EX = 0 and
var(X) = cI, for some ¢ > 0.

Exercise 3.5.3. Let S"~! = {x € R™ : ||x|| = 1} be the unit sphere
in R™. Let Z have uniform distribution on S™~'. Show that EZ = 0
and var(Z) = LI,. Hint: Z is spherical. Moreover, tr(var(Z)) =
tr(E(ZZ")) =E(Z2"Z).

Exercise 3.5.4. Suppose X = %Z with Z ~ N(0, Iy), where T > 0 is
a random variable independent of Z. Show that EX = 0 and var(X) =
E[t 1.

Exercise 3.5.5. If Z has a spherical distribution show that

1. The characteristic function 7 (t) is of the form ¢(||t||?) for some ¢.
2. Show that each component has characteristic function ;(s) = ¢(s?).
3. Show that if one component of Z is Gaussian then Z is Gaussian.

Exercise 3.5.6 (*). Suppose X has elliptical distribution. Use the previous
exercise to show that if one component of X is Gaussian then X is Gaussian.

Exercise 3.5.7 (*). Show that if Z is spherical with independent compo-
nents then Z is standard normal. Hint: You will need to use the Cauchy’s
functional equation and the fact that the characteristic function is always
continuous.

Exercise 3.5.8. Let X ~ N,,(0,%). Show that ¥~1/2X has a spherical
distribution. Explain why this property supports the use of spherical distri-
butions as a generalization of the multivariate normal.

Exercise 3.5.9. Let Z € R™ have spherical distribution. Show that BZ is
elliptical for any fixed matrix B € RP*™.

Exercise 3.5.10. Suppose X ~ E(u,X), an elliptical distribution. Show
that any linear transformation AX + b, where A € R"™™ and b € R", is
also elliptically distributed.

Exercise 3.5.11. Prove that if X ~ E(0,L), then the correlation structure
of X is determined by X. Explain why % is called the scale matrix rather
than the covariance matrix.

Exercise 3.5.12. Let X = ﬁZ, where Z ~ Ny, (0, I) and T ~ X%/k.
Show that X follows a multivariate t-distribution with k degrees of freedom.
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Exercise 3.5.13. The multivariate Laplace distribution can be derived

as a scale mixture of normals. Specifically, for a random vector X € R?
following a multivariate Laplace distribution, the density can be expressed
as:

(x) = 2 /°° 7xTZ_1x e=s/2 J
fx(x) = Q2|22 Jo OF 2s sm+2)72 4%

where X is the covariance matrix and s is the scaling variable.

(a) Based on this representation, conclude that the multivariate Laplace
distribution is constructed by scaling a normal distribution with an
exponentially distributed random variable:

X|S=s ~ Ny(0,s%), S~ Exp(1/2).

(b) For the univariate case (m = 1), simplify the above expression to derive
the probability density function of the univariate Laplace distribution
with scale parameter b > 0.

(c) Use the PDF from part (a) to compute the cumulative distribution
function (CDF) of the univariate Laplace distribution. Verify that the
resulting CDF is:

1,x/b ;
ie"/ ifx <0,

FXx =
=Vt fxso

Exercise 3.5.14. Consider the polar coordinates transformation for X €
IR3. Write the explicit transformation formulas and compute the Jacobian
determinant for this case.

Exercise 3.5.15. Consider the random vector X = (Xy, Xy), where X is
uniformly distributed on the unit square in R?, i.e., the probability density
function of X is

411/ lf*lSXl,Xle,

0, otherwise.

f(xl/ x2) =

Answer the following questions.
1. Argue whether X follows spherical distribution.

2. Determine which of the following vectors follow the same distribution as

X:
(X (=X (X - 1x,
Yl - ’ YZ - s Y3 - 1 V3 .
Xl XZ 7X1 + TXz
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Exercise 3.5.16. Simulate data from a three-component Gaussian mixture
model in R?. Fit a GMM to the data using the EM algorithm and compare
the estimated parameters to the true values. Interpret the results.

Exercise 3.5.17. Using Sklar’s theorem, show how a Gaussian copula can
be used to model the joint distribution of X1 and Xj that both have the c.d.f.
of the form F(x) = 1 — (1)* for some fixed shape parameter a > 0 (Pareto
distribution with scale parameter 1). Simulate data from this model and
compute empirical and theoretical correlations.

Exercise 3.5.18. Derive the relationship between the density of a multivari-
ate elliptical distribution E(y,X) and its associated spherical distribution.

Exercise 3.5.19. Simulate data from a Clayton copula and compare its tail
dependence properties to a Gaussian copula.

Exercise 3.5.20. Consider a multivariate t-distribution with k degrees of
freedom. Derive its marginal distribution for a single component X;, and
compute its mean and variance.

Exercise 3.5.21. Verify (3.5) that gives the density of the Gaussian copula
model. Then check also (3.6).

Exercise 3.5.22 (Properties of Copulas). Let X1, Xy be two continuous
random variables with cumulative distribution functions (CDFs) Fy(x) and
F>(x), respectively.

(a) Show that the random variables Uy = Fy(X7) and U, = F,(Xp) are
uniformly distributed on [0, 1].

(b) Explain why the function C(uq,uy) = P(Uy < uq, Up < uy) defines a
valid copula.

Exercise 3.5.23 (Gaussian Copula). Consider a bivariate normal random
vector (X1, Xp) ~ N(0,X) with correlation p.

(a) Derive the Gaussian copula density formula for this model.

(b) Generate 5000 samples from a Gaussian copula with p = 0.7 and
transform them to have marginal exponential distributions with mean 1.
Plot the resulting scatterplot.

Exercise 3.5.24 (Fitting a Copula to Data). Download stock return
data for 3 stocks (e.g., AAPL, MSFT, AMZN) and estimate their empirical
copula.

(a) Compute the empirical copula function.

(b) Fit a Gaussian copula and compare its dependence structure to the
empirical copula.

67
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(c) Use a Kendall’s tau test to check the fit of the copula model.

Exercise 3.5.25. Equation (3.7) provides the density of the Gaussian mix-
ture model. Verify this function indeed integrates to 1.

Exercise 3.5.26. Propose an algorithm to generate samples from this model
for fixed values of all parameters. Hint: Check Section 3.3.2.

Exercise 3.5.27 (Mixture of Two Gaussians). Consider a Gaussian mix-
ture model (GMM) in RR? with two components:

f(x) = N (1, 21) + (1 = 1) Na(p2, Za)-
(a) Show that the density f(x) is not necessarily unimodal.

(b) Simulate 5000 samples from a GMM with
H1 = (2,2), Y1=h, mw= <—2, —2), o =05, m=0.5.
Plot the scatterplot of the samples.

(c) Apply the Expectation-Maximization (EM) algorithm to estimate the
parameters.

Exercise 3.5.28. Consider a vector X = (X1, Xp) whose distribution is a
mixture of two Gaussian distributions with parameters: 1y = 0.6, 1, = 0.4
and

1 0 2 1
: - S = .
0 1 ], u2 = (0,0), Xy [ 1 2 ]

Denote by f1(x), f2(x) the densities of the two Gaussian components.
Suppose f1(3,3) ~ 0.013 and f,(3,3) ~ 0.005. Explain how you can use
this information to compute the probability that the observation (3,3) comes
from the first Gaussian component.

w=(12),% =

Exercise 3.5.29. Consider a vector X = (X1, Xp) whose distribution is a
mixture of two Gaussian distributions with parameters: my = 0.7, mp = 0.3

10 4 0
; =(0,0), X» = .
01] #2 = (0,0), Xp [04]

and

m=(1,2),% =

Suppose we get a i.i.d. sample of size 5 from the Bernoulli distribution with
parameter 0.3 (probability of 1) and the sample is (1,1,0,1,0) suppose we
also have an i.i.d. sample from the bivariate standard normal:

0.04| |098| (048| |—-0.81| |—-0.16
1.31|(0.88|710.97| | 028 |"| 1.94 |~
Without any explicit calculations, explain how you can use it to get a sample
from the given mixture distribution.
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Exercise 3.5.30 (Likelihood of a Gaussian Mixture Model). Consider a
Gaussian mixture model with K components:

K

f(x) =) N (% pie, Ze).
=1

(a) Write down the log-likelihood function for a sample x1, ..., Xy.
(b) Show that the log-likelihood function is not convex in general.

(c) Explain why the EM algorithm can still find reasonable parameter
estimates.

Exercise 3.5.31. Consider the Gaussian mixture model with a fixed number
of components K. Suppose that a sample x1, . .., Xy, is observed and take the
corresponding log-likelihood function. We will show that this function is not
bounded.

1. Consider the density f(x;u,0?) of the uniform normal N(u,0?). What
happens to f(x; u,0?) when o> — 0 for a fixed u? Specifically, evaluate
f(x; 4, 0%) when x = p.

2. Now consider a GMM with K = 2 and 11 = 0.5, 71y = 0.5. Let x1 be
one of the data points. Show that if one component, say Ny, (x; py, 1),
collapses onto xq (i.e., u; = x1, X1 — 0), then the likelihood becomes
arbitrarily large.

Exercise 3.5.32 (Exercise 3.2.2, Mardia et al.). 7 Let ug, u1, ..., uy be 7 Kanti V Mardia, John T Kent, and
univariate Poisson random variables with parameters Ay, Ay — Ag, ..., Ay —
Ao, respectively. Write down the joint distribution of x; = ug + u;, i =
1,...,m, and show that the marginal distributions of x1,...,x,, are all

volume 88. John Wiley & Sons, 2024

Poisson. For m = 2 and writing (x1,x, = (x,y), show that the p.m.f. is
given by

by & x0) y0 Ay
xly! = oam bmort’

f(x,y) = exp(—=A1— A2+ Ao)

where s = min{x,y}, a=MAM—Ay,b=2Ay—Ag, A1 > Ag >0, Ay > A,
and x") = x(x — 1) --- (x — r 4+ 1). Furthermore
A aro
E(y[x) = b+ 5%x, var(ylx)=0b+ A—%x.

Exercise 3.5.33 (Exercise 3.2.5, Mardia et al.). A random vector has a
multivariate t distribution if its density is of the form

Cp detx—1/2
v (= ) T2 () TP

S(t;pE) =
where
_ I'((v+p)/2)
P (u)p/ 2T (v/2)
and v is known as the number of degrees of freedom.
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(i) Let xj =y;/(S/\/V),j=1,...,p, where y ~ Ny(0,1,), S% ~ x2, and
y and S are independent. Show that x has the density g, (x;0,I;).

(ii) For v =1, the distribution is known as a multivariate Cauchy distribu-
tion. Show that its characteristic function is

exp{in't — (t'Zt)1/2}.

Exercise 3.5.34 (Exercise 3.2.7, Mardia et al.). Let e; be the i-th canonical
unit vector in R™. Let y; for j = 1,2,... be a sequence of i.i.d. random
vectors such that P(y = e;) = a; fori = 1,...,m; we have a; > 0 and
Yiai=1

(i) Show that E(y) = a, var(y) = diag(a) —aa’,

(it) Let x =Y.i qy;. Show that x has the multinomial distribution.

7.

(iii) Show that E(x) = na, var(x) = n[diag(a) — aa

(i) Verify that [diag(a) — aa']1 = —, and hence, conclude that var(x) is
singular.

Exercise 3.5.35 (Kurtosis and Moments). The kurtosis of a random
variable X is defined as
E[X*]

(B[X2])>
(a) Compute the kurtosis of the standard normal distribution N (0, 1).

(b) Compute the kurtosis of the Laplace distribution with mean o and vari-
ance 1.

(c) Compare the results and explain why the Laplace distribution has heav-
ier tails.

Exercise 3.5.36 (Cumulants of a Normal Distribution). The cumulant
generating function of a random variable X is defined as

Kx(t) = log E[¢'X].
(a) Compute Kx(t) for X ~ N(0,1).
(b) Show that all cumulants of order k > 3 are zero.

Exercise 3.5.37 (Cumulants and Heavy Tails). Consider a Student’s
t-distribution with k degrees of freedom.

(a) Compute the third cumulant of a t-distributed random variable.

(b) Compare the behavior of the t3 and N(0,1) distributions using cumu-
lants.



Exercise 3.5.38 (Dependence in Gaussian Mixture Models). Suppose
X ~ N;(0, I) with correlation p. Now, let Z ~ Bernoulli(0.5), and define

Y=(1-2Z)X+ZW,
where W ~ Ny (0, I) is independent of X.
(a) Show that Y follows a Gaussian mixture model.
(b) Compute the correlation between Y1 and Y,.

(c) Explain why the dependence structure is different from that of a Gaus-
sian model.
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4
Principal Component Analysis

The primary challenge in multivariate statistics is managing a
large number of variables, potentially in the millions. One approach
is to model these variables directly using high-dimensional statistical
techniques. Alternatively, dimensionality reduction methods can
be applied to derive a smaller set of variables that capture the most
significant relationships in the data. These derived variables often
serve as effective substitutes for the original data.

This chapter provides a comprehensive introduction to Principal
Component Analysis (PCA). While the lecture slides illustrate simple
examples of how PCA can project a multivariate dataset onto two
dimensions for visualization and insight, the following sections care-
fully develop the underlying theory. For a nice motivating example
see Figure 4.1 taken from the paper’.

* Novembre et al, Genes mirror geogra-
phy within Europe, Nature, 2009

Figure 4.1: Principal Component
Analysis (PCA) applied to genetic

data from individuals across Europe,
illustrating how the first two principal
components mirror the geographical
distribution of populations. Each point
represents an individual, color-coded
by their country of origin, with clusters
forming a map-like structure of Europe.
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4.1 Principal components

We start with the following problem. Given a random m-vector

X ~ (u, %) find a scalar random variable Z = u " X with the largest We write X ~ (i, %) to denote that
variance. This is not well defined if we allow u to be any vector in EX = and var(X) = Z.
R™. Thus, we constrain to # € R™ such that |[u|| = 1. We say that u is

a unit vector. Unit vectors define directions.

Recall var(u ' X) = u" Zu. Thus we solve a constrained problem
maximize u'Xu subjecttou u=1.

Since we optimize a continuous function over a compact set, this
optimum must be attained. We encode the constraint ||u| = 1 as
T

|lul|> = u"u =1 to avoid dealing with square roots.

The Lagrangian is
L=u'Su—AMu"u—-1)

and every optimum of the original problem must be a stationary

point of the Lagrangian. We get We derived these gradient formulas
earlier.

VuL = 2Xu —2Au.

This shows that every stationary point of L must correspond to an
eigenvector of ¥ with A being the corresponding eigenvalue. If u is
such an eigenvector then the value of the original function is

wW'Su = Au'u = A

Thus, the stationary point of L that gives the maximal value of the
original function is the eigenvector corresponding to the maximal
eigenvalue of X (which will be always strictly positive).

Suppose that we have now identified u; as the first principal direc-
tion and A as the corresponding variance.

We can now look for other linear combinations uncorrelated with
u; X with maximum variance. The uncorrelation condition is

0 = cov(u] X,u'X) = u] Zu = AMuj u.
Since A1 > 0, equivalently ulT u = 0. This amounts to solving
maximize u'Xu subjecttou'u =1and u] u = 0.
Here the Lagrangian is
L=u'Su—AMu"u—-1)—vuiu
The stationary points satisfy Zu — Au = Fu;. If v # 0 we geta
contradiction with u"1; = 0% and so v = 0. But in this case, we >Multiplying by u] from the left,

we get ulTZu - /\u]Tu = v/2,or
equivalently, (A1 — A)uf u =v/2.
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easily show that u, has to be the eigenvector of X corresponding

to the second largest eigenvalue A,. And we can continue in this
way obtaining m random variables Z; = ulTX, i, Ly = urTnX. By
construction, the variables Z; are uncorrelated and they are ordered
by the size of their variance.

Recall the spectral theorem in Section 1.1.5, which states that we
can decompose ¥ = UAUT, where U is an orthogonal matrix and
A is diagonal with positive diagonal entries. The columns of U are
eigenvectors and the diagonal entries of A are the corresponding
eigenvalues. If the entries of A are in decreasing order, the columns

of U are the subsequent principal directions and the PCA transforma-

tion Z = (Zy,...,Zy) satisfies

Z = U'X.

4.2 Principal Components for Observed Data

Suppose we have samples x,...,x,; € IR". Write them as rows in a
data matrix X € R"*™. We then standardize the data so that each
column has mean zero and variance one3. Denote the normalized
data matrix by X.

We can then compute the sample correlation matrix S, = %f(—rf(
and proceed exactly as above, replacing X with S,,. We again write
the spectral decomposition S, = UAU", where U is the matrix of
loadings.

We can now use it to project the data to a d-dimensional subspace
withd < m. Let uy,...,uy be the first d principal directions*. The
scores are the images of the centered data points X, ..., X, in the
coordinate system defined by the d loadings. These are the points,

Y1i,--.,¥Yn, given by

Ty Ty
yi = (g Xj, ... 4y %))

In other words, Y € R"*4 with rows Vi, --
the first d columns of XU.

,Yn is obtained by taking

4.3 Simple Graphics for PCA

4.3.1  Scree Plot and Fraction of Variance Explained

Suppose that U is the matrix of principal directions, that is, S, =
UAU". Then tr(S,) = Ay + - - - + Ay It follows that

S+ +Smm =M+ +An

and so the total variance is preserved by PCA.

3 In practice, we normalize data so

that the diagonal entries of S, are all
equal to 1. To see why this is important,
perform a simple experiment: Take

any preferred dataset and multiply one
of the observed variables by a large
number (e.g., by 1000 when changing
units from kilograms to grams). See
how this affects the results.

4 These are the first d columns of U,
assuming the diagonal entries of A are
in the decreasing order.

Recall from linear algebra that if

ui, ..., uy is an orthogonal basis of a

linear subspace V C R" and v € V,
then v = (v uy)uy + - + (v )y

Note that S;; = Var(e; X) and so
A1 > max;(S;;).
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Often, most of the variance is explained by a small number of
principal components. The amount of the total variance explained by
the first k principal components is

A+ Ay
A+ Ay

and we can choose k, for example, so that this ratio is at least 0.9.

€ [0,1]
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50 |- -
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Principal Component
In R, simply run princomp(data, cor=TRUE).
4.3.2 Biplot

In the slides, we presented a number of biplots. What is this? A PCA
biplot is a graphical representation that shows both the observations
(data points) and the principal components’ directions (loadings)

in a single plot. It provides insight into how the original variables
contribute to the principal components and how the observations
relate to each other in the space of the principal components.

The idea is simple. We compute the first two principal directions
u1,uy € R™ and each observation in the dataset is projected onto
the principal components. These projections were called scores in
Section 4.2. They are computed as (u] x;,u; x;) fori = 1,...,n. This
is our 2-dimensional dataset.

The loadings represent the contribution of each original variable to
the principal components. Loadings are the coefficients of the linear
combinations that define each principal component. Concretely, these
are obtained from the first two columns of the loading matrix U. In a
biplot, these are typically shown as arrows or vectors, indicating the
direction and strength of each variable’s influence on the principal
components.

4.4 PCA and Affine Approximating Subspaces

As before, let X € R™™™ be the data matrix representing n points
x; in R™. We again assume the data points in X are centered and

Figure 4.2: An example of the Scree
plot. Here the first three components
capture most of the variance. If 2;; = 1
for all i, then ;\7; x 100% is the percent-
age of the variance explained by the i-th
component.
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normalized. In this case S, = %XTX is a correlation matrix. Recall
that S, = UAU is the spectral decomposition of S, and so the SVD
of X must be of the form X = VDU for some orthogonal V and
the diagonal entries of D are the singular values of X. In this way
%XTX = %UDTDUT and we get the relation A = %DTD.

Every d-dimensional affine subspace of R™ can be written as y +
L, where L is a d-dimensional linear subspace of R” and y € R™.
Without loss we can assume p € L5,

Let {wy, ..., wy} be an orthonormal basis of £. Then, each x €
u + L is of the form

x = pu+ Wz,

where W is the matrix with columns w1, ..., w; and z € R4, By
orthogonality, we have W' W = I;. Since p € £, W u = 0.

To compute the distance of x; to u + £, we find the orthogonal
projection of x; onto this subspace. Analytically, we solve

minimize |x; — (4 + Wz;)||*> subject to z; € RY.
We easily check that the optimal z; satisfies
5= Wi(xi—p) = Wi
and so the projection of x; onto the affine subspace y + £ is
Xi == u+ WIW x;.

The goal is to find an affine subspace of dimension d that mini-
mizes the sum of squared distances between the points x; and their

Figure 4.3: An example of a biplot with
scores as blue dots and loadings as
brick-red arrows.

5Indeed, we can uniquely decompose
asu+ovwithu € Land v € L+ and so
u+L=v+L.
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projections onto this subspace. That is, we aim to solve the following
optimization problem:

n n
minimize ) ||%; — xi||? = Y ol — (I — WW x|
i=1 i=1
subject to y € R, W € R"™*4, WTW = I;. Optimizing first with
respect to y we get

= (In—WWHx, =0,

where we used the fact that the data are centred. Thus, equivalently
we have

n
minimize ) [|x; — %;||2 subject to W' W = I, (4.1)
i=1

where &, = WIW Tx;.

Let ||A||f = \/tr(AAT) denote the Frobenius norm of A®. We have 6 The space R"*™ admits a natural
inner product (A, B) = tr(ABT). The

Zn: ” N ||2 ||X )A(Hz HX XWWT ”2 Frobenius norm is the induced norm:
U e F- IAlle = VTAA) = /5 42

i=1 ]

Note that XWW T has rank < d. Thus, the following result is relevant. + Exercise 4.8.10

Theorem 4.4.1 (Eckart-Young Theorem). Given X € R™*™ with SVD

X = VDU and the problem: minimize || X — M||p subject to rank(M) <
d, the solution is given by M = VD,U ", where Dy is obtained from D by
zeroing out all but the first d diagonal entries.

For a proof and a more detailed discussion, see Section 1.9 in 7. 7 Gilbert Strang. Linear Algebra

Using this result, it is enough to show that there is a W with and Learning from Data. Wellesley-
Cambridge Press, Wellesley, MA, 2019.

WTW = I; such that M = XWW ' or, in other words, ISBN 9780692196380
vD,U" = VDU TWW?', (4.2)
Taking W = Uy as the first d columns of U we easily verify (4.2).
Indeed,
T T
vbu'uy,u; = vD 1(,)1 u; = vD u(;i = VD u(;i = vbyu'

4.5 Principal Component Regression (PCR) and Probabilistic PCA
(PPCA)

4.5.1  Principal Component Regression

In some cases, PCA can be used as a preprocessing step in regression
to reduce the dimensionality of the data and remove multicollinear-
ity. By using the first few principal components as predictors in the
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regression model, we can obtain more stable estimates of the regres-
sion coefficients and improve the interpretability of the model.

Suppose y € IR" is the observations of the dependent variable
and X € R"*™ represents the observations of the m covariates. In
the standard linear regression setting we learn the linear regression
coefficient B by minimizing ||y — XB||?. The resulting OLS estimator
has bad statistical properties if the columns of X are colinear, which
cannot be avoided if m is larger than n. In this case, it is a natural
approach to construct a low dimensional PCA embedding of the orig-
inal data. Using r principal components we get a new data matrix
Z € R that represents the scores in R". Now we could estimate
a new linear regression coefficient § € R” by minimizing ||y — Z6||?
exactly as before.

4.5.2  Probabilistic PCA

There is a related generative model in which we model a random
vector X through the linear relation

X=u+WZ+e, Z~N/(0,1), e~ Nyu0,0%*,), Z 1l e

To have a concrete example, supposer = 1, m = 2, 4 = (0,0),
and W = (1, }). Sampling Z from N(0,1) produces blue points in
Figure 4.5.2. Additionally, sampling ¢ ~ N> (0, I) and adding it to
the corresponding blue points gives the red points, which are the
samples from the underlying PPCA model.

Latent Points (Before Adding Noise) Observed Points (After Adding Noise)

x  Latent Points (1 + W2) x 3 Latent Points (i + WZ) x
% Observed Points (X)

X2
o
X2
o -
ol
Xl
0o 1
R
x % X
* XX x
x \‘){\
x
X x

-1 xx X x
,1282‘ X Xy Xxx
X -1 X *
# R ¥
B3 X *
- 3 g x x
2 L —
x
< X
x
—4 -2 0 2 4 —4 -2 0 2 4
X1 X1

It is not hard to see that X|Z is Gaussian and so X is also marginally
Gaussian with mean y and covariance 021, + WW . Tt turns out that
this model admits a closed-form formula for the MLE, which mimics
the PCA solution.

79
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Theorem 4.5.1. With the notation as above, let S,, = UAU" with the
diagonal entries of A\ satisfying Ay > --- > Ay. The MLE in the PPCA

model satisfies

1 ¢
F’l:;l;xi/
- v

i=r+1
W - ur<Ar - E’ZL)%Q,
for any orthogonal matrix Q.

Note that the column span of W is the same as the column span of
U, and so the MLE corresponds to PCA.

4.6 PCA and Matrix Completion*

Suppose that now X € R"*™ contains some missing data denoted as
NA. We would like to be able to:

1. Estimate the missing entries.
2. Compute the PCA in the presence of missing data.
We saw in Theorem 4.4.1 that SVD(r) solves
minimize||X — M||% subject to rank(M) < r.

Let O € {0,1}"*™ be such that ();; = 0 if the corresponding entry
of X is Na and ();; = 1 otherwise. Define () o X as the Hadamard
(entrywise) product:

0 if Xij = NA,
(QoX);j= _
Xjj otherwise.

The optimization problem for estimating missing entries and per-
forming PCA is:

minimize||Q o (X — M)||3  subject to rank(M) < 7.

4.6.1  Hardimpute Algorithm

The hardimpute algorithm iteratively solves the matrix completion
problem:

1. Initialize M® = 0,,xs,.
2. Iterate until convergence:
o X*=QoX+ (Iyxm —Q)o ML

o« M/ = arg Minyf.rank(M)<r X — M”%
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4.7 Appendix: Covariance matrix estimation in high dimensions

In PCA we use the sample covariance matrix S, as a natural estima-
tor of the population covariance matrix . We note however that this
is only a good estimator when 7 is much larger than m. Otherwise,
we may need to use an alternative estimator. In this section we very
briefly overview some of the existing techniques.

4.7.1 Motivating alternative estimators

As noted in Section 1.3.3, the sample covariance matrix is a natu-
ral estimator due to its small bias, which diminishes rapidly as n
increases. Furthermore, it can be shown to be asymptotically Gaus-
sian under the assumption that the underlying dimension m remains
fixed. However, this asymptotic analysis becomes inadequate in sce-
narios where # is not significantly larger than m, as the standard
assumptions no longer hold.

For concreteness, suppose that we measure quality of this estima-
tor by analyzing the distance ||S,, — 2| in the operator norm

|ISn — Z|| := max ||(Sy — Z)u]|.
[lul=1

Under mild moment conditions, an argument based on the classi-
cal law of large numbers (and continuous mapping theorem) can be
used to show that the difference ||S, — X|| converges to zero in prob-
ability as n — oo. Consequently, S, is a consistent estimator of the
population covariance X in the classical setting.

What happens when we also allow m to tend to infinity? To make
this question a bit more formal, consider sequences of problems
(Sn, %) indexed by the pair (n,m), and suppose that we allow both n
and m grow with their ratio remaining fixed, say m/n = v € (0,1). In
Figure 4.4 we plot the results of simulations for the case when X = I,
with each sample x() ~ N(0, I,;)).

Using n samples we compute S, and compute its eigenvalues.
They should be all nonnegative and actually positive if n > p. We
then construct a histogram for these eigenvalues. Since in our sim-
ulations # is large (we take n = 1000), classical theory suggests, all
eigenvalues should be close to 1 as S, should be close to ;. But this
is not what we observe. It actually seems that the eigenvalues follow
a distribution that is well spread out; cf. Figure 4.4.

This situation has been well studied in random matrix theory. The
underlying eigenvalue distribution is called the Marchenko-Pastur
law. Define Apin = (1 — \/7)2 and Amax = (1+ \/7)2 then the law

81
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admits density

1
fMP(A) = m ()Lmax - )L) (/\ - /\min) for Amin <A < Amax.

If you want to play around with this, this is R code that produces
one of the plots in Figure 4.4.

# Load necessary libraries
library (MASS)
library(ggplot2)

# Simulation parameters

n <- 1000 # Number of samples
p <- 200 # Dimensionality
n_sim <- 100 # Number of simulations

# Function to compute eigenvalues of the sample covariance matrix
compute_eigenvalues <- function(n, p) {
data <- mvrnorm(n = n, mu = rep(0, p), Sigma = diag(p)) sample_cov <-
< cov(data) # Compute sample covariance matrix
eigen(sample_cov)$values # Return eigenvalues

}

# Perform simulations

set.seed(42) # For reproducibility

eigenvalues_list <- replicate(n_sim, compute_eigenvalues(n, p), simplify =
< FALSE)

all_eigenvalues <- unlist(eigenvalues_list)

# Parameters for the Marchenko-Pastur density

gamma <- p / n # Aspect ratio

lambda_min <- (1 - sqrt(gamma))”~2 # Lower bound of the MP support
lambda_max <- (1 + sqrt(gamma))”~2 # Upper bound of the MP support

# Marchenko-Pastur density function
mp_density <- function(lambda, gamma) {
if (lambda >= lambda_min && lambda <= lambda_max) {
return((1 / (2 * pi = gamma)) * sqrt((lambda_max - lambda) * (lambda -
< lambda_min)) / lambda)
} else {return(0)}
}

# Generate MP density values
lambda_seq <- seq(lambda_min, lambda_max, length.out = 500)
mp_values <- sapply(lambda_seq, mp_density, gamma = gamma)

# Plot normalized histogram and MP density

ggplot(data = data.frame(eigenvalue = all_eigenvalues), aes(x =

- eigenvalue)) +
geom_histogram(aes(y = ..density..), bins = 50, color = "black", fill =
— "skyblue", alpha = 0.5) +
geom_line(data = data.frame(lambda = lambda_seq, density = mp_values),
— aes(x = lambda, y = density), color = "deepskyblue4", size = 1.2) +
labs(title =
— "Comparison of Eigenvalue Histogram and Marchenko-Pastur Density",

x = "Eigenvalue",y = "Density") + theme_minimal()

The Marchenko-Pastur law is an asymptotic result, albeit with
a non-classical flavor, as it allows both the sample size n and the

C i of Eigenvalue Hi: and —Pastur
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Figure 4.4: The histogram of eigenval-
ues and the corresponding Marchenko-
Pastur law for n = 1000 and p = 200
(equiv. v = 0.2) on the top, p = 500
(equiv. ¥ = 0.5) in the bottom.
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dimension m to diverge simultaneously. Similar to classical asymp-
totics, it provides an approximation for the distribution of eigenval-
ues even when n and m are finite. When m is not negligible relative
to n, this approximation significantly outperforms the classical one.

4.7.2  Review of alternative estimators

If the covariance matrix has some special structure, incorporating
this structure in the estimation procedures can greatly help in high-
dimensional scenarios. Regularization introduces constraints or
penalties to improve the stability and accuracy of covariance esti-
mates. Key approaches include:

Linear shrinkage. The linear shrinkage estimator is given by:
/Z\:ridge = (1=A)Sy+ ALy,

where A € [0,1] is the shrinkage parameter. Choosing A appropri-
ately (e.g., via cross-validation) balances bias and variance, ensuring
better performance in high-dimensional settings.

The intuition behind shrinking toward the identity matrix arises
from several considerations. First, as we already noted, in high-
dimensional settings where p ~ n or p > n, the sample covariance
matrix S, is often unstable, highly variable, or even singular (non-
invertible). Adding A, stabilizes the estimate by ensuring that fridge
is well-conditioned and invertible. Second, the shrinkage estima-
tor introduces bias by pulling S, toward I,,;, but it reduces variance,
which can dominate in high dimensions. A well-chosen A balances
this trade-off, leading to improved estimation accuracy for the covari-
ance matrix.

Graphical Lasso (Sparse Precision Matrix Estimation). For many
high-dimensional datasets, it is reasonable to assume that vari-

ables are conditionally independent given others. In Section 2.3.2 we
showed that, at least in the Gaussian case, certain type of conditional
independences correspond to zeros in the inverse covariance matrix.
In situations, where K = £~ ! is indeed sparse we can leverage this by
using the graphical lasso:

K= argrélirol {tr(S,K) — logdet(K) + A||K]1 },
—

where penalizing ||K||; = ¥;; |K;j| with penalty parameter A >
0 promotes sparsity. The resulting estimate K can be inverted to
approximate X. We discuss this estimator in much more detail in
Chapter 8.

83



84 METHODS FOR MULTIVARIATE DATA (STA437)

Factor Models. In many applications, the data can be modeled as
having a low-rank structure plus noise. A covariance matrix in such
settings can be decomposed as:

Y=LL"T +V¥,

where L € RP*" (r < p) is a low-rank factor matrix, and ¥ is a
diagonal matrix capturing idiosyncratic variances. Estimation could
proceed by minimizing reconstruction error:

in||S, — LLT —¥|3.
min (|5, Iz

’

We discuss the closely related Factor Analysis model in Chapter 7.

Thresholding-Based Methods. A simple and effective approach for
high-dimensional covariance estimation is to threshold small entries
in S,, which helps reduce noise and enforce sparsity. For a given
threshold T > 0, the thresholded covariance estimate is:

Lithresh = [(Sn)l] ’ H('(Sn)l]| > T)]l',]' :
Thresholding methods rely on the assumption that most entries in
the covariance matrix are small or zero, which is common in many
applications.

Banding and Tapering for Structured Covariance Matrices. For
structured data, such as time series or spatial data, covariance matri-
ces often exhibit banded or tapering structures, where correlations
decay with distance. It is them natural to impose this structure in the
estimation process. For an illustration what we mean here, consider
the problem in Exercise .

Tyler’s scatter estimator. This estimator came from the robust statis-
tics and it assumes that the data come from an elliptical distribution
centred at the origin. The objective is to estimate the scale matrix X.8

Suppose X ~ E(0,X) and set Y = £~1/2X. Then Y has an spherical
distribution, so that Y/||Y|| has a uniform distribution on the unit
sphere in R™. It is easy to show that the covariance matrix of such a
vector is %Im. Hence

1 T 1 —-1/2 Ty—-1/27 _ 1
ElfrYY'] = Elggagt /2XX'27?] = 11,

or equivalently,

]E[XTzlfl)(XXT] = W (4-3)
Now suppose we observe a random sample x(, ..., x(" with the
same distribution as X. The sample version of (4.3) is given by 9

8 Recall from Section 3.1.5 that the
covariance matrix in the elliptical
distribution is a multiple of the scale
matrix ¥, var(X) = cX for some ¢ > 0.

< Exercise 3.5.3

We could use our Mahalonobis distance
notation: || X2 = X" 1X.

9 To estimate [Ef(X) is it natural to use

1y F(x).
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T

1 N, )T
;xU)Tz—lx([)x(Z)X(l) = wk (4-4)

Under mild conditions on the data (e.g. n > m and no linear depen-

dence in the data), it turns out that (4.4) has a unique solution s, say,
defined up to a scalar multiple. The estimator is typically computed

using an iterative fixed-point algorithm:

1. Start with an initial positive definite matrix %(°), such as the sam-
ple covariance matrix.

2. Iterate the update rule:

giken) _ g 200
n i x0T 0y -1x06)

4.8 Exercises

Exercise 4.8.1. Suppose you apply PCA to a dataset and find that the first
two principal components explain 95% of the variance. What does this tell
you about the structure of the data?

Exercise 4.8.2. Let X ~ Ny (0,%). Show that PCA transformations
preserve normality, i.e., the principal components also follow a normal dis-
tribution. Show that in this case the principal components are independent.

Exercise 4.8.3. Explain how the PCA can be obtained from the SVD of the
underlying data matrix X. For simplicity assume that the data points are
centered.

Exercise 4.8.4. Why is it necessary to standardize the data (zero mean, unit
variance) before applying PCA when variables are measured on different
scales?

Exercise 4.8.5. Show that the principal components are uncorrelated by
computing the covariance matrix of the transformed variables.

Exercise 4.8.6. Suppose we perform PCA on a dataset where one variable is
a linear combination of the others. What will happen to the eigenvalues, and
how will this affect the principal components?

Exercise 4.8.7. Suppose we obtain the first k principal components of a
dataset. How can these be used for dimensionality reduction? What are the
consequences of choosing a very small or very large k?

Exercise 4.8.8. Perform PCA on the following dataset:
2

N 01 WO =

4
6
8
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Compute the covariance matrix, find the eigenvalues and eigenvectors, and
project the data onto the first principal component.

Exercise 4.8.9. If the first principal component explains 80% of the total
variance, what does this imply about the structure of the data? Provide an
example where most of the variance is captured by one component.

Exercise 4.8.10. Show that the matrix AB with A € R**! and B € R!*™
has rank < 1.

Exercise 4.8.11. Consider a sample xV, ..., x\") from the three-dimensional
Gaussian distribution N3(0,X), where ¥ is assumed to take the form

Y = = (a—b)I; +b1315 .

(S S RN
SR
[T

Propose an estimator for the covariance matrix and check its performance
using simulations. Bonus question: The Sylvester’s determinant theorem
states that for any two matrices A,B € R™*" it holds that det(I,, +
ABT) = det(I, + B" A). Use this fact to find conditions on a, b that assure
that ¥ is positive definite.



5
Some Other Dimension Reduction Methods

Dimensionality reduction techniques beyond PCA are often nec-
essary when the underlying data structure is nonlinear or when
variance-based methods like PCA do not capture enough of the es-
sential relationships in the data. The goal of this chapter is to show
what are the possible ways to handle non-linearity with preserving
some of the computational advantages of linear methods. We do it
by introducing two state-of-the-art techniques: Uniform Manifold
Approximation and Projection (UMAP). This part of the lecture will
be presented on slides and will be relatively high-level.

5.1 Multidimensional Scaling (MDS)

Multidimensional Scaling (MDS) is a statistical technique used to
represent data points in a lower-dimensional space while preserving
their pairwise distances as faithfully as possible.

5.1.1  Problem Setup

Given n objects, let A = [J;;] be an n x n dissimilarity matrix. A
dissimilarity matrix is simply a symmetric matrix with zero diagonal
entries and nonnegative off-diagonal entries. Its entry J;; represents
the dissimilarity between objects i and j. In our setting, the objects
will be the data points x3,...,x;, € R™ and 51-/- will be their mutual
distances, but this setting is much more general.

The goal of MDS is to find a configuration of points {y1,y2,...,yn}
in a d-dimensional space (d < m) such that:

dij = |lyi—vyjl =~ d

5.1.2  Classical MDS Solution

Classical MDS assumes that for some m € N and xq,...,x,; €
R™ such that the dissimilarities ¢;; are Euclidean distances, 6;; =
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[xi —xj||l. Let A® A = [(512]] be the matrix of squared dissimilarities
(Hadamard product of A with itself). Note that the entries of o dl Do not confuse XX with XTX.
satisfy (XXT)M = x;rxj and

512] = ||X,‘ — X]'H2 = (XXT)Z‘/{ + (XXT)]',]' — Z(XXT)Z',]‘.
Equivalently, using matrix algebra,
A®A = diag(XX")11" + 11" diag(XX") —2xX .

Recall that the centering matrix H = I, — %11T satisfies H1 = 0 and
SO
B := —%H(A ®A)H = HX(HX)" = XX'.

A natural way to get a lower-dimensional embedding of the centered
data Xq,..., X, in a d-dimensional space that approximately preserves
the mutual distances is by approximating the matrix B with a rank d
matrix YYT with Y € R"*?. We already saw in Theorem 4.4.1 how to
solve this problem. In this way we obtain yy,...,y» € RY such that
¥ ({xi,xj) — (yi, y;))? is minimized

As suggested by Theorem 4.4.1, we first perform eigenvalue de-
composition: B = VAV, or equivalently, singular value decompo-
sition of HX. Then, we select the top d eigenvalues A1, Ay, ..., A  (as-
sumed positive) and their corresponding eigenvectors u1,uy, ..., u,.
The n x d configuration matrix is:

Y = U;AY?,

where U, contains the top d eigenvectors, and A;/ 2 is the diagonal
matrix of the square roots of the top d eigenvalues.

Below is a simple example demonstrating classical MDS using
simulated data:

# Generate sample data and apply classical MDS
set.seed(42)

library (MASS)

library(ggplot2)

# Generate sample data
X <- mvrnorm(100, mu = rep(0, 5), Sigma = diag(5))

# Compute distance matrix and apply MDS
dist_matrix <- dist(X)
mds_result <- cmdscale(dist_matrix, k = 2)

# Plot the results
data <- data.frame(Xl = mds_result[, 1], X2 = mds_result[, 2])
ggplot(data, aes(x = X1, y = X2)) +
geom_point(color = "blue", alpha = 0.7) +
ggtitle("Classical MDS Projection") +
xlab("MDS Dimension 1") +
ylab("MDS Dimension 2") +
theme_minimal()
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The above code generates 5-dimensional data and applies classical
MDS to project it onto a two-dimensional space, preserving the pair-
wise distances as much as possible. Extend this code to compare the
original distances to the one obtained by MDS.

5.1.3  Duality between Classic MDS and PCA

The solution for classical MDS was given by the top d eigenvectors
of B = HX(HX)" € S". On the other hand, the d principal direc-
tions in PCA with data X were defined as the top d eigenvectors of
(HX)"HX € s™.

Suppose n < m. Let u; € R™ denote the i-th principal component
loading vector, where ||u;|| = 1andi = 1,...,m. Thus, we have
(HX)THX = UAU", where U = [uy,...,uy] and A € S™ is the
diagonal matrix with the corresponding eigenvalues. By the singular
value decomposition we have, HX = VA/2UT for some V € O(n).
Here A/2 € R™ ™ is a matrix such that (A1/2);; = /A; fori =
1,...,m and all the other entries are zero. Thus,

A0
0

HX(HX)" =V vl

Recall from Section 4.2 that the scores in PCA after taking the first
d principal directions are given by the first d columns of HXU =
VA2, In other words, we get the following result.

Theorem 5.1.1. Consider the data X € R"*™. The classical MDS problem
on 8;j = ||x; — x;|| for i # j is equivalent to the PCA problem on the centred
data HX.

5.2 Laplacian Eigenmaps (Spectral Embedding)

Laplacian Eigenmaps, also known as spectral embedding, is a non-
linear dimensionality reduction technique that constructs low-
dimensional representations of data while preserving local geometric
structure. It is widely used in manifold learning and graph-based
machine learning.

5.2.1  Problem Setup

Let xq,X2,...,X, be data points in a high-dimensional space R".
The goal is to map these points into a low-dimensional space IR?
(d < m) such that local proximity relationships in the original space
are preserved.

We start by constructing a weighted graph G = (V,E, W), where:

e V={1,2,...,n} represents the data points.

89
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¢ E represents edges between points based on some notion of prox-
imity (e.g., k-nearest neighbors or e-neighborhoods).

* W is the weight matrix, where Wj; represents the similarity be-
tween points x; and x;.

For simplicity of the exposition we assume that G is connected and
all edge weights are strictly positive.
Two common methods to define W are:

* Binary Weights:

1, if x; is a neighbor of x;,
Wij =
0, otherwise.

e Heat Kernel:

202

<_|xi—xj|2> £ i hbor of x.
exp , 1 X] 1sane1g or or x;,

Wl']‘ =

0, otherwise.

Here, o > 0 controls the scale of the similarity.

5.2.2  Graph Laplacian

To compute the Laplacian Eigenmaps, we first define the graph
Laplacian, which captures the structure of the graph.

The degree matrix D is a diagonal matrix where D;; = 27:1 Wi
represents the degree of vertex i. Since G is connected and all weights
are positive, also all diagonal entries of D are strictly positive. The
graph Laplacian is defined by

L:=D-W. (5.1)

In Exercise 5.5.2 you will show that L is a positive semi-definite ma-

trix with non-trivial kernel, L1 = 0. All its off-diagonal entries are

non-positive. Under the assumption that G is connected and all edge

weights are strictly positive we can also show that rank(L) = n — 1.
The normalized graph Laplacian is

Ly =D V2LD7V/2,

Note that Ly has 1s on the diagonal.

5.2.3  Objective Function

Laplacian Eigenmaps minimize an objective that preserves local
distances by penalizing large differences between embeddings of

< Exercise 5.5.2
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connected points. Let yy,...,yn € R? be the embedding coordinates
of the points and let Y € R"*? be the corresponding data matrix. The
objective is:
o1
minimize 5 ZwinYi — ysz (5.2)
if
with respect to Y € R™*4. The interpretation here is clear. If the
weight W; is high, that is when x; and x; are close, it enforces y; and
y; to be close too.
To efficiently deal with this objective function, we formulate the

following result.

Lemma 5.2.1. We have 3 ¥; ; Wys|lyi — y;||* = tr(YTLY).

Proof. We use similar arguments as in Section 5.1.2. Note that (YYT)i,]- =
leyj and that the diagonal entries of 11T W and W11 are in both

cases equal to the diagonal entries of D*. Also, directly by definition, “Indeed, (11T W);; = ¢/ 11T We; =
W1 = D1. We also easily verify that the matrix 1! Wejand (W11');; = ¢/ W11 e; =
e] W1. Both quantities are equal be-
E = diag(YY')11" 411" diag(YY") —2YY' cause W is symmetric.

has entries E;; = [ly; — ysz and so %21’,]’ Wiilly: — y]-||2 = 1 tr(WE).
Since D is a diagonal matrix and E has zeros on the diagonal, we get
that tr(WE) = —tr(LE). Since L1 = 0 we get also that tr(LE) =
—2tr(LYY"). It follows that

3 Willyi —yill> = 3(WE) = —3tr(LE) = tr(LYY),
2

which concludes the proof. O

By Lemma 5.2.1, the optimization problem in (5.2) is equivalent
to minimizing tr(Y' LY) with respect to Y € R"*%. To avoid trivial
solutions (e.g., Y = 0), we impose:

e Orthogonality constraint: Y' DY = I,.
e Centering constraint (optional): Y™ D1 = 0.
The optimization problem becomes:
minimize tr(Y'LY) subjecttoY DY =1I;and Y' D1 =0.
Denoting Y = D'/2Y we equivalently get

minimize tr(Y'LyY) subjectto Y'Y =1I;and Y D¥?1=0.
i (5:3)
Denote by yj,...,y; the columns of Y. The constraints in (5.3) say
that yq,...,y, are orthonormal and they are all orthogonal to the
vector yg = D'/?1. This vector is special as it corresponds to the
eigenvector of Ly with eigenvalue 0.
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To link (5.3) to a known optimization problem, note that
tr(Y'LyY) = y{ Lay1 +--- +y] Laya-

We know from our discussion PCA that the optimal solution can be
found by first optimizing y; Lyy; subject to ||ly1|| = Land y; L yo,
then proceed recursively, at each step = 2,...,d optimizing y, Lyt
subject to the restriction that ||y¢|| = 1and y; L yo,...,yt—1. The
solution is obtained by finding the first d 4 1 eigenvectors of the
eigenproblem:

Lyy = Ay,

corresponding to d + 1 smallest eigenvalues, disregrading the first
eigenvector, and stucking the reminaing d vectors as columns of Y.

5.2.4 Example: Twisted curve

To have a simple illustration of this method, consider data that align
along a twisted curve as depicted in Figure 5.1. The following code
takes the corresponding data (blue points on the curve) and feeds
them both to PCA and Laplacian eigenmap method.

# Load libraries
library(Rdimtools)
library(ggplot2)
library(scatterplot3d)
library(gridExtra)

# Generate twisted curve data

set.seed(123)

<- 1000

<- 1.5 x pi x (L + 2 % runif(n)) # Angle
<- t % cos(t)

<- t x sin(t)

<- 106xt # Add height to the roll
twisted <- data.frame(x = x, y =y, z = z)

N < X >

# Plot 3D twisted curve
scatterplot3d(twisted$x, twisted$y, twisted$z, color = 'blue',
main = "Twisted curve", xlab = "x", ylab = "y", zlab = "z")

# Convert twisted curve data to matrix
twisted_matrix <- as.matrix(twisted)

# Apply PCA

pca_result <- prcomp(twisted_matrix, center = TRUE, scale. = TRUE)
pca_2d <- as.data.frame(pca_result$x[, 1:2]) # Select first 2 principal
— components

colnames(pca_2d) <- c("PC1", "PC2")

# Apply Laplacian Eigenmaps

lapeig_result <- do.lapeig(twisted_matrix, ndim = 2, type =
— c("proportion", 0.1))

lapeig_2d <- as.data.frame(lapeig_result$Y)
colnames(lapeig_2d) <- c("LE1", "LE2")

/400 600 8001000 200.40A.600

N
o
!
a
o
o

10 15

Figure 5.1: Twisted curve in 3D.
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# Plot PCA result Principal Component 1
pl <- ggplot(pca_2d, aes(x = PCl, y = PC2, color = z)) + Eigenmaps Projection
geom_point() +
labs(title = "PCA Projection", §°°25 z
x = "Principal Component 1", y = "Principal Component 2") + 2 1250
theme_minimal() £ oo 1000
% 750
# Plot Laplacian Eigenmaps result ?’“-025 500
p2 <- ggplot(lapeig_2d, aes(x = LEl, y = LE2, color = z)) +
geom_point() + oo -0.025  0.000 0.025
labs(title = "Eigenmaps Projection", Laplacian Dimension 1
x = "Laplacian Dimension 1", y = "Laplacian Dimension 2") +
theme_minimal() Figure 5.2: PCA and Laplacian eigen-
map projections of the twisted curve
# Display plots side by side using gridExtra data. The coloring corresponds to the
grid.arrange(pl, p2, ncol = 2) value of the z-axis.

As observed in Figure 5.2 the principal directions chosen by PCA
project the data so that points that are very far away from each other
get glued together. On the other hand the nonlinear embedding
defined by the eigenmap separated all the points. In other words,
the method is able to learn the underlying manifold and propose an
embedding that preserves the geometry.

5.2.5 Theoretical background story*

I did not provide any explanation behind the Laplacian eigenmap
method. This story is however very beautiful and I recommend you
to read about this if you have the necessary background. On a very
high level: The Laplace operator A is a second-order differential
operator in IR". For each twice differentiable function it is defined by
m. 52 f
Af = —.
f ; ox?

The spectrum of the Laplace operator consists of all eigenvalues A €
R for which there is a corresponding eigenfunction f with Af = Af.
This is known as the Helmholtz equation. If () is a bounded domain
in R, then the eigenfunctions of the Laplacian are an orthonormal
basis for the Hilbert space L?(Q)).

Now, more generally, on a smooth Riemannian manifold M, the
Laplace-Beltrami operator A, is a differential operator that gener-
alizes the Laplacian from Euclidean space. Eigenfunctions of A 4
(solutions to A f = Af) reveal the intrinsic geometry of the man-
ifold. When we do not have explicit access to the manifold M, we
work with a discrete approximation using a graph constructed from
the data points {x;} C M. The graph Laplacian acts as a discrete ver-
sion of the Laplace-Beltrami operator. As the number of data points
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increases and the graph becomes finer, L converges to Ay under cer-
tain conditions. In particular, the eigenvectors of L approximate the
eigenfunctions of A .

5.3 Uniform Manifold Approximation and Projection (UMAP)

One of the limitations of PCA is that it works well only when the first
2-3 principal components capture most of the variability in the data.
Multidimensional scaling (MDS) and Laplacian eigenmaps attempt
to address this by preserving local distances and capturing some
nonlinear patterns. However, both methods have notable drawbacks.
MDS becomes slow and impractical for large datasets, while Lapla-
cian eigenmaps tend to focus too much on local structure and often
distort the global arrangement, causing distant points to collapse
together (a problem known as ‘crowding’).

UMAP (Uniform Manifold Approximation and Projection) was de-
veloped to address these issues by offering a better balance between
local and global structure. Unlike eigenmaps, UMAP retains both
local neighborhoods and the broader shape of the data, producing
more meaningful embeddings. Additionally, UMARP scales efficiently
to large datasets and is more robust to parameter choices. This makes
UMAP a powerful tool for visualizing complex data and uncovering
patterns that methods like PCA or eigenmaps might miss.

This exposition is based on the excellent tutorial by Ghojogh et
al.?, while the original UMAP paper offers more technical details.

5.3.1  Key idea

Consider data xj, ..., x, in R™, where R™ can be very big. Like for
eigenmaps, the key idea of UMAP and many similar methods is to
embed the data points into a much lower dimensional subspace R?,
say y; = UMAP(X;) so that two points y; and y; are close to each other
if and only if the corresponding x;, x; are close to each other.

5.3.2  Example: Applying UMAP to the Iris Dataset

Before we present the method, we will see it in action.

The Iris dataset is a classic example in multivariate statistics. It
consists of 150 observations of iris flowers, with four continuous
features (sepal length, sepal width, petal length, petal width) and a
categorical label (species).

A linear method like PCA can give some separation between
species in the first two principal components, but this separation
is not always very distinct. UMAP, on the other hand, attempts

> Benyamin Ghojogh, Ali Ghodsi, Fakhri
Karray, and Mark Crowley. Uniform
manifold approximation and projection
(umap) and its variants: tutorial and
survey. arXiv:2109.02508, 2021


https://arxiv.org/pdf/2109.02508
https://arxiv.org/abs/1802.03426
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to preserve both local and global structures of the data in a low-
dimensional embedding. As a result, UMAP often produces a more
visually separable and intuitively meaningful representation.

The following code compares the performance of both PCA and
UMAP on the Iris dataset.

# Load necessary libraries
library(umap)

# Load the Iris data

data(iris)
iris_data <- iris[, 1:4] # numeric features
iris_labels <- iris$Species # species labels

set.seed(123)

#### UMAP ####
umap_result <- umap(iris_data)

PCA Projection of the Iris Dataset

# UMAP Plot

plot(umap_result$layout, col = as.integer(iris_labels), pch = 19, xlab = . ¢ ¢ setosa
~ 9 o e @ versicolor

< "UMAP1", ylab = "UMAP2", main = "UMAP Projection of the Iris Dataset") . . :; o’ virginica

legend("topright", legend = levels(iris_labels), col = 1:3, pch = 19)

PC2
0
L
.
;
:
>3
<
.
e
3
.D

#### PCA ####
pca_result <- prcomp(iris_data, scale. = TRUE) b .
pca_scores <- pca_result$x

-2 -1
.
.

-3 -2 -1 0 1 2 3
. . . PC1
# PCA Plot using the first two principal components
plot(pca_scores[, 1], pca_scores[, 2], col = as.integer(iris_labels), pch UMAP Projection of the Irs Dataset
- =19, xlab = "PC1", ylab = "PC2", main =
< "PCA Projection of the Iris Dataset") © 4 o sewsa
legend("topright", legend = levels(iris_labels), col = 1:3, pch = 19) < virginica

UMAP2

&
A
¢

In the resulting plots, we see that observations from the same
species form relatively distinct clusters. Compared to a simple PCA ‘ ‘ ‘ ‘
plot, these groups may be more compact and better separated. This e
suggests that UMAP can capture nonlinear relationships and subtle
differences between classes that PCA might not.

. ‘

5.3.3 High-level description of the algorithm

The UMAP algorithm performs dimensionality reduction in three key
steps:

1. construction of a k-nearest neighbor (kNN) graph,
2. initialization using Laplacian eigenmap embedding,

3. optimization via stochastic gradient descent (SGD) to minimize a
carefully designed cost function.

Below, we provide more details for each step.
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5.3.4 Step 1: Data Graph in the Input Space

Consider a training dataset X € R"*™, where n is the sample
size. We first construct a k-Nearest Neighbors (kNN) graph for this
dataset, with k = 15 by default. More precisely, we construct a graph
such that each node, represented by a data point x;, is connected to
another point x; if x; is among the k closest neighbors of x;. Here the
distance is arbitrary but we often use the Euclidean distance. For
each data point x;, let \V; denote its set of k nearest neighbors.

We further refine this procedure as follows. For each pair of points

x; and its neighbour x; € ;, we compute the probability pji € (0,1) + Exercise 5.5.3
that x; selects x; as a neighbor:
I O k1 (5.4)
Pjji p o; ’ 5-4
where p; is the distance from x; to its nearest neighbour3, and o; is a 350 that the closest point in A/; becomes
scaling factor computed such that the total similarity to neighbours is aneighbour with probability 1.
normalized:
Z p jli — log2
This is a directional sirmlarlty measure, but we symmetrize it to
ensure symmetry between points: <+ Exercise 5.5.4
Pij = Pjli T Pij — Pj|iPilj- (5-5)

5.3.5 Data Graph in the Embedding Space

UMAP aims to create a lower-dimensional embedding Y = [y1,...,yx] €
R™*“ of the original data X € R"*", where d << m. The similarity
between two points in this embedding space is measured as:

1
qij = BT (5.6)

1+ally: — ;]
where a > 0 and b > 0 are hyperparameters typically set to a ~ 1.929
and b =~ 0.7915.

We still need to explain better how the embeddeding y,,...,y,
is defined. The goal of UMAP is to make the data graph in the low-
dimensional embedding space as similar as possible to the graph
in the input space. This is achieved by minimizing the fuzzy cross-

entropy cost: + Exercise 5.5.5
< Exercise 5.5.6

pi —p
C(yl,...,yn)—Z<Pz;10gq] (1 pz,)IOg q”>- (5.7)

i# i ij

This cost function has two terms: the attractive force (first term),
which brings neighbors closer in the embedding, and the repulsive
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force (second term), which pushes non-neighbor points apart. Min-

imizing this function ensures that points that are neighbors in the

input space are also neighbors in the embedding space and vice

versa. < Exercise 5.5.7

5.3.6  Step 2: Initialization using the spectral embedding

UMAP initializes the embedding yj, ...,y in a low-dimensional
space using a Laplacian eigenmap discussed in Section 5.2. The spec-
tral embedding step ensures that the initial positions of points in the
low-dimensional space approximate the global structure of the graph,
reducing the computational burden on the subsequent optimization
phase.

5.3.7 Step 3: Training Algorithm

To refine the initial embedding, UMAP minimizes the cost function
in (5.7), which depends on yy, ..., y, through (5.6). UMAP employs
stochastic gradient descent (SGD) to optimize the cost function c.
Unlike traditional gradient descent, which updates all points simul-
taneously, SGD: 1. Samples pairs of points (y;, yj) randomly in mini-
batches. 2. Updates y; and y; incrementally based on the gradient of
c1 with respect to their positions.

5.4 Autoencoders*

Autoencoders provide another approach to dimensionality reduction,
offering a neural network-based alternative to methods like PCA,
MDS, eigenmaps, and UMAP. While UMAP is effective at preserving
local and global structures, it is a non-parametric method that does
not directly produce a model for embedding new data. Autoencoders
address this limitation by learning a parametric mapping from the
input space to a low-dimensional representation, making it possible
to quickly embed new data without retraining.

UMAP and autoencoders differ in their approaches to dimension-
ality reduction. UMAP focuses on preserving local neighborhoods
using a graph-based approach, while autoencoders minimize recon-
struction error through neural networks. UMAP often produces more
interpretable global structures when the manifold is well-defined, but
autoencoders can model more complex nonlinear patterns, especially
when using deep networks. Additionally, UMAP is non-parametric,
meaning it requires re-computation for new data points, whereas
autoencoders, as parametric models, can quickly embed new data
once trained. Unlike UMAP, autoencoders can also incorporate la-
bels during training to produce class-aware embeddings. Moreover,

97
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it is possible to combine the two approaches: an autoencoder can
be trained on UMAP embeddings, blending UMAP’s neighborhood
preservation with the generalization capabilities of a neural network.
An autoencoder consists of two neural networks: an encoder,
which maps input data X € R"*? to a lower-dimensional represen-
tation Z € R"*? with p < d, and a decoder, which reconstructs the
input from Z. The training objective is to minimize the reconstruction
error, typically measured using mean squared error (MSE):

Ix; — |,

-

L(X,X) =

S|

i=1

where X is the output of the decoder.

In summary, autoencoders offer a parametric, flexible approach
that can learn mappings from high-dimensional data to low-dimensional
representations. They are valuable for supervised learning, efficient
generalization to new data, and can complement methods like UMAP
to combine local neighborhood preservation with powerful, learned
embeddings.

We can use the code below to do some basic dimensionality reduc-
tion on the MNIST dataset. We provide UMAP results for compari-
son.

library(keras)
library(umap)
library(ggplot2)
library(gridExtra)

# Load MNIST dataset

mnist <- dataset_mnist()
x_train <- mnist$train$x / 255
X_test <- mnist$test$x / 255

# Flatten the images (from 28x28 to 784)
x_train <- array_reshape(x_train, c(nrow(x_train), 784))
X_test <- array_reshape(x_test, c(nrow(x_test), 784))

# Autoencoder architecture
input_layer <- layer_input(shape = c(784))

# Encoder
encoded <- input_layer %>%
layer_dense(units = 128, activation = 'relu') %>%
layer_dense(units = 64, activation = 'relu') %>%
layer_dense(units = 2, activation = 'linear') # 2D embedding
# Decoder
decoded <- encoded %>%
layer_dense(units = 64, activation = 'relu') %>%

layer_dense(units = 128, activation = 'relu') %>%
layer_dense(units = 784, activation = 'sigmoid')
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# Compile Autoencoder
autoencoder <- keras_model(input_layer, decoded)
autoencoder %>% keras::compile(
optimizer = keras::optimizer_adam(amsgrad = TRUE),
loss = keras::loss_mean_squared_error()

# Train Autoencoder
history <- autoencoder %>% fit(
x_train, x_train,
epochs = 20,
batch_size = 256,
validation_data = list(x_test, x_test)

# Encoder Model for Dimensionality Reduction
encoder <- keras_model(input_layer, encoded)
low_dim_embeddings <- encoder %>% predict(x_test)

# Plot Autoencoder results
embedding_df <- data.frame(
X1 = low_dim_embeddings|[,1],
X2 = low_dim_embeddings[,2],
label = as.factor(mnist$testsy)

pl <- ggplot(embedding df, aes(x = X1, y = X2, color = label)) +
geom_point(alpha = 0.6) +
labs(title = "2D Representation (Autoencoder)") +
theme_minimal()

# Run UMAP for comparison
umap_result <- umap(x_test, n_neighbors = 15, min_dist = 0.1, n_components
= = 2)

# Plot UMAP results
umap_df <- data.frame(
X1 = umap_result$layout[,1],
X2 = umap_result$layoutl,2],
label = as.factor(mnist$test$y)
)

p2 <- ggplot(umap_df, aes(x = X1, y = X2, color = label)) +
geom_point(alpha = 0.6) +
labs(title = "2D Representation (UMAP)") +
theme_minimal()

grid.arrange(pl, p2, ncol = 2)

The resulting plot in given in Figure 5.4. From this picture we see
that Autoencoder does not do a great job separating the groups.
UMAP seems to be much better at this. On the other hand, Autoen-
coder learns the function that gives this lower-dimensional embed-
ding. For any new dataset, we can apply
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2D Representation (Autoencoder) 2D Representation (UMAP)
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e 1 e 1
o 2 o 2
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o 5 o 5
o 6 o 6

7 7

8 8
> 9 > 9

-25 0 25 50 75 -4 0 4
X1 X1

As an exercise, you can play around with different network archi-
tectures (e.g. the number of layers to see if the performance of the
Autoencoder can be improved.

5.5 Exercises

Exercise 5.5.1. Suppose C € S". Show that Cii +Cjj —2C;; > 0. Show
that the distances dlzj = Cji + Cj; — 2C;; satisfy the triangle inequality.

Exercise 5.5.2. Show that the graph Laplacian matrix L in (5.1) is positive
definite and it has at least one zero eigenvalue.

Exercise 5.5.3. Show that p;); defined in (5.4) lies in the interval (0,1).

Exercise 5.5.4. Show that symmetrized probability p;; in UMAP defined in
(5.5) is nonnegative.

Exercise 5.5.5. Let p,q be two probability distributions over some space
X. Define the Kullback-Leibler divergence KL(p,q) = E,log %. Show
that KL(p,q) > 0 and it is equal to zero if and only if p, q define the same
distribution. Hint: Use the Jensen’s inequality and the fact that —log is a

strictly convex function.

Exercise 5.5.6. Suppose X; ~ Bern(p;) and Y; ~ Bern(q;) are all inde-
pendent. Show that the Kullback-Leibler divergence between the distribution
pof X = (Xy,..., Xm) and the distribution q of Y = (Y1,...,Yn) is given
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by the formula

m

i 1-p;
KL(p,q) = ; (Pi log i + (1 —pi)log 1_’51.) :

Exercise 5.5.7. Show that the expression in (5.7) is always nonegative and
it is equal to zero if and only if p;; = q;j for all i # j.

Exercise 5.5.8. Implement classical MDS on a random dataset. Compare
the distances between the original points and the MDS embedding.

Exercise 5.5.9. Compare PCA, UMAP, and Laplacian Eigenmaps on the
Iris dataset. Which method better separates the species?

Exercise 5.5.10. Modify the Laplacian Eigenmaps code to explore the effect
of changing the number of neighbors in the graph.

Exercise 5.5.11. Use an autoencoder on the MNIST dataset to reduce
dimensionality. Compare the results with UMAP.

Exercise 5.5.12. Explain why classical MDS and PCA give the same
embedding for Euclidean distances.

Exercise 5.5.13. What is the significance of the first nonzero eigenvalue of
the graph Laplacian in Laplacian Eigenmaps?

Exercise 5.5.14. Show that the graph Laplacian L is positive semi-definite
and has at least one zero eigenvalue.
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6
Canonical Correlation Analysis

In this chapter, we consider two datasets X € R"*? and Y €
R"*9 that represent observations of vectors X € R” and Y € RY,
respectively. The goal is to find non-zero linear combinations a ' X
and b' Y with the largest possible correlation. Canonical Correlation
Analysis (CCA) addresses this problem by finding pairs of linear
combinations from each dataset that are maximally correlated.
Example 6.0.1 (Human Connectome Project). The Human Connectome
Project collects data on brain connectivity patterns (e.g., from functional
MRI scans) and behavioral measures (e.g., cognitive performance, personal-
ity traits, and lifestyle factors). Let X represent brain connectivity features
and Y represent behavioral and demographic variables. Canonical Correla-
tion Analysis (CCA) can uncover pairs of linear combinations from these
two sets that are maximally correlated, revealing how certain patterns of
brain activity relate to cognitive abilities or mental health outcomes. For
instance, one canonical pair may indicate that increased connectivity in spe-
cific brain regions is strongly associated with better working memory and
fluid intelligence.

6.1 Population CCA

We proceed similarly like for PCA by first discussing the population
case.

6.1.1 Principal Correlation Vectors

Let Xxx = var(X), Zyy = var(Y), and Exy = cov(X,Y). The
correlation between a' X and b'Y is given by

aTZXyb
\/aTZXXa bTZyyb

This expression can be challenging to optimize directly. To simplify,

p(a,b) =

we reparametrize the problem using « = Z%&u and = Z%/Yzb. This
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transforms the correlation expression into

B ocTZ;(%(/ZZXYZ;}l/Zﬁ _ a'MB & ! B
plop) = S = e = (r) M ()

where we define the matrix

_ y—1/2 -1/2
M = Z TxyZyy .
To maximize the correlation, we now solve the following optimiza-
tion problem:

maxa' MB subjectto || = ||B]| = 1.

wp

The Lagrangian for this constrained optimization is given by:
L=2"MB—o(a'a—1)—c'(B"B—1).
At a stationary point, we get the following system of equations:
MB=coa« and M'a =B

By computing « " MB from both expressions, we conclude that ¢ =
o’. From this, it follows that

M'MB=0?8 and MM'w = c?a.

Thus, the optimal « is the eigenvector of MM corresponding to the
largest eigenvalue, and the optimal S is the eigenvector of M M cor-
responding to the same eigenvalue. This eigenvalue, say Aj, satisfies
A1 = 0%, where 0 is the largest singular value of M.

Remark 6.1.1. If we decompose M using the Singular Value Decomposition
(SVD), M = UDV'T, where U and V are orthogonal matrices and D is
zero outside of the diagonal, then MM'" = UDD'U" and M"M =
VDDV, The eigenvectors of MM are the left singular vectors of M,
and the eigenvectors of M M are the right singular vectors of M. The
singular values are the canonical correlations.

6.1.2  First r Principal Correlation Vectors

As in PCA, we can recursively find more canonical correlation di-
rections after obtaining the first one. Let a1, by be the first pair of
canonical correlation vectors. To find the next pair (ay, by), we solve
the following constrained problem:
T : _ _ T, _gTp —
m%xoc MPB subjectto |af|=]Bll=1 and a a;=p B, =0.
@,

The solution corresponds to the second largest singular values and
their corresponding left and right singular vectors. Repeating this
process provides the subsequent pairs a3, b3, ..., ar, b;.
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6.1.3 Correlations Between Canonical Correlation Variables

Let7; = a/ X and ¢ = b{ Y be the first pair of canonical correlation
variables. The covariance between #; and ¢; is given by

cov(n1,¢1) = uIZXybl = oc]—M,Bl =01,
where 07 is the largest canonical correlation. Moreover,
cov(n1,¢2) = af Txyby = a] MB, = coa] ay = 0.
This can be easily generalized.

Theorem 6.1.2. Let 17; = a] X and ¢; = bY fori=1,...,r be the first
r canonical correlation variables. The covariance matrix of § = (1,...,1r)
and ¢ = (1, ..., ¢r) is block-diagonal:

()

where D, = diag(07, ..., 0v) contains the first v canonical correlations.
Hence, the variables 11, ..., 10, and ¢, . .., ¢r are uncorrelated across differ-
ent pairs but correlated within each pair.

I, D,
D, I

4

6.2 Sample CCA

In practice, we do not know the population covariance matrices
Yxx, Zyy, Lxy- Instead, we estimate them from data. Let X € R"*P
and Y € R"*1 represent the two datasets, and let Sxx, Syy, Sxy de-
note the sample covariance matrices of X and Y*. As long as Sxx
and Syy are invertible, we can apply the same procedure as for the
population case, using the sample estimates?.

The sample CCA maximizes the sample correlation between linear
combinations of X and Y:

uTSXyb
\/aTSXXu bTSyyb

The sample canonical correlation vectors can be found by solving the

p(a,b) =

generalized eigenvalue problem for the matrix
o — c—1/2 -1/2
M = Sy “SxySyy/~.

We then compute the SVD M = UDV'T € RP*q and, like before,
we denote the columns of U and V by «a;, B; respectively. We then
compute q; = S;&/ztxi and b; = S;},/Z[Si.

Based on these calculations, we can get the canonical correlation
variables

n, = Xa;, ¢; = Yb; fori=1,...,r. (6.1)

* Note that in this setting we need joint
observations of X and Y. If such joint
observations are not available (e.g.
these variables come from different
domains and so cannot be observed
jointly) we need to employ other
techniques that assume some latent
joint structure.

*>Recall from Section 4.7 that there may
be better ways to estimate the underly-
ing covariance matrix. This is especially
important in high-dimensional situa-
tions.



106 METHODS FOR MULTIVARIATE DATA (STA437)

6.3 Practical Considerations and Applications

6.3.1 Data Preprocessing

Before applying CCA, both datasets X and Y should be centered to
ensure that the covariance matrices reflect the relationships between
the variables, not the differences in their means. If the variables have
different scales, it may also be necessary to standardize them to have
unit variance.

6.3.2  Applications

Canonical Correlation Analysis (CCA) is widely applied in fields
where understanding relationships between two datasets is crucial.
In neuroscience, CCA is used to uncover associations between brain
activity, such as EEG or fMRI signals, and behavioral responses or
external stimuli. This helps researchers understand which neural
patterns correlate with specific cognitive or motor activities.

In genomics, CCA identifies relationships between gene expres-
sion levels and phenotypic traits. By analyzing how combinations
of genes relate to observable characteristics, it aids in discovering
genetic influences on traits or diseases.

Marketing research also benefits from CCA. When consumer sur-
vey data, such as preferences and opinions, are paired with purchas-
ing behavior records, CCA reveals which combinations of attitudes
drive purchasing patterns. This insight helps businesses tailor their
marketing strategies effectively.

Additionally, CCA is vital for multimodal data fusion. For ex-
ample, when both image and text data are collected for the same
observations, CCA highlights how visual patterns align with tex-
tual descriptions, supporting tasks such as cross-modal retrieval and
analysis.

In economics and finance, CCA explores connections between eco-
nomic indicators, such as inflation and unemployment, and financial
metrics, like stock prices and interest rates. Such analyses help reveal
how macroeconomic trends jointly influence financial markets.

6.4 Interpretation and Visualization of CCA Results

Interpreting CCA results requires clear visualization techniques that
reveal relationships between canonical variables and the original
data. Below are three common approaches:
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6.4.1 Biplots

Biplots illustrate the relationship between original variables and
canonical variables. Typically, pairs of canonical variables (17, ¢;),
(15, ¢5), and so on are plotted in 2D; see (6.1) for definitions. Orig-
inal variables are shown as vectors, with their length and direction
indicating their correlation with the canonical variables.

. . Heatmap of Canonical Correlation Coefficients (Larger Example)
6.4.2  Heatmaps of Canonical Correlations " ‘ S g
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6.5 Example: Real Data Analysis in R

To demonstrate Canonical Correlation Analysis, we will use the Eig“;e 6:: A simple example of correla-
10N heatmap.
mtcars dataset, which contains various automobile attributes. We P

will split the dataset into two groups of variables:

e Group 1 (X); Variables related to performance: mpg (Miles per
gallon), hp (Gross horsepower), drat (Rear axle ratio).

e Group 2 (Y); Variables related to design: wt (Weight (1000 Ibs),
gsec (1/4 mile time), gear (Number of forward gears).

Our goal is to identify pairs of canonical variables that capture the
strongest relationships between these two groups of variables.

Step 1: Load and Preprocess Data

We load the mtcars dataset and split it into two groups of vari-
ables. All variables are standardized to ensure comparability.

#Load necessary library and data
library(CCA)
data(mtcars)

#Group 1: Performance-related variables
X <- mtcars[, c('mpg', 'hp', 'drat')]

#Group 2: Design-related variables
Y <- mtcars[, c('wt', 'gsec', 'gear')]

#Standardize the datasets
X <- scale(X)
Y <- scale(Y)

Step 2: Perform Canonical Correlation Analysis
We use the cancor function in R to compute the canonical correla-
tions and the corresponding canonical variables.
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# Perform CCA
cca_result <- cancor(X, Y)

#Print the canonical correlations
print(cca_result$cor)

The canonical correlations are the correlations between the canon-
ical variables derived from the two datasets. For this dataset, the val-
ues are: 0.94, 0.75, 0.22, indicating a strong relationship between
the first pair of canonical variables.

Step 3: Extract Canonical Variables

The canonical variables for X and Y can be computed using the
canonical weights.

# Extract canonical weights
x_weights <- cca_result$xcoef
y_weights <- cca_result$ycoef

# Create a data frame for weights

weights <- data.frame(
Variable = c(colnames(X), colnames(Y)),
Canonicall c(x_weights[, 1], y_weights[, 1]),
Canonical2 = c(x_weights[, 2], y_weights[, 21),
Canonical3 = c(x_weights[, 3], y_weights[, 31))

# Compute canonical scores
x_scores <- as.matrix(X) %+% x_weights
y_scores <- as.matrix(Y) %*% y_weights

# Create a data frame for visualization
scores_df <- data.frame(
Canonical_X1 = x_scores[, 1],
Canonical Y1 = y scores[, 1],
Canonical_X2 = x_scores[, 2],
Canonical Y2 = y scores[, 2])

Now we can plot scatter plots for the first two canonical variables
in both groups.

library(ggplot2)

# Scatterplot for the first pair of canonical variables
ggplot(scores_df, aes(x = Canonical X1, y = Canonical_Y1)) +

geom_point(color = "blue", size = 3, alpha = 0.7) +
geom_smooth(method = "lm", color = "red", linetype = "dashed") +
labs (

title = "Canonical Variables: First Pair",

x = "Canonical Variable 1 (X group)",

y = "Canonical Variable 1 (Y group)") + theme_minimal()

# Scatterplot for the second pair of canonical variables

ggplot(scores_df, aes(x = Canonical_X2, y = Canonical_Y2)) +
geom_point(color = "green", size = 3, alpha = 0.7) +
geom_smooth(method = "lm", color = "red", linetype = "dashed") +
labs(
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025 =

nical Variable 2 (Y group)
Y
\

title = "Canonical Variables: Second Pair",
x = "Canonical Variable 2 (X group)", S0z -

The plots above shows the relationship between the first pair and P omcavatae Yoy

the second pair of canonical variables. A strong linear relationship is
evident, reflecting the high canonical correlation of 0.94 and 0.75.

6.6 Exercises

Exercise 6.6.1. Consider two centered random vectors X € RP and Y € R?
with covariance matrices Lxx, Lyy, and Xxy. Show that the canonical
correlation problem

max uTZXyb
ab \/aTZXxﬂ bTZyyb

is equivalent to the following generalized eigenvalue problem:

al A ZXX 0 a

b| 0 Zyy| |b|’
Exercise 6.6.2. Prove that the first pair of canonical correlation vectors
a1, by are solutions to the singular value decomposition (SVD) problem:

0 2xy
Yyx 0

M=33/Sxy2 /2 =UDV".

where ay and by are the left and right singular vectors corresponding to the
largest singular value.

Exercise 6.6.3. Show that the squared canonical correlations are roots of
the equation det(ZXyZ;,ll/Zyx — AXxx) = 0 and the canonical correlation
vectors satisfy

Zxyw; = A Xxx«;.

Exercise 6.6.4. Suppose that X and Y are jointly Gaussian with mean zero
and covariance matrix:

LxXx XXy
Tyx Zyy
Show that the canonical correlation variables (1;, ¢;) are jointly Gaussian
and derive their joint distribution explicitly.

Exercise 6.6.5. Let X € R” and Y € R7 be two random vectors. Show that
if Xxy = 0, then all canonical correlations are zero and interpret this result.

Exercise 6.6.6. The canonical correlations oy, 0, ..., 0y are typically or-
deredas oy > 0y > -+ > 0y > 0. Show that if X and Y are independent,
then all canonical correlations satisfy o; = 0.
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Exercise 6.6.7. Consider a special case where p = q = 2 and the covariance
matrix of (X,Y) is given by:

1 08 05 03
08 1 06 04
05 06 1 09
03 04 09 1

Compute the canonical correlations numerically.

Exercise 6.6.8. In the case where p = q = 1, show that canonical correla-
tion analysis reduces to finding the Pearson correlation coefficient between X
and Y.

Exercise 6.6.9. Derive the form of the canonical correlation vectors for the
case where X, Y are multivariate normal with a known block structure in
their covariance matrix.

Exercise 6.6.10. Show that the canonical variables 11, ..., 1, and ¢1, ..., ¢;
are mutually uncorrelated across different indices but correlated within each
pair.

Exercise 6.6.11. Write a function in R that computes the canonical correla-
tion coefficients using the ‘svd’ function instead of ‘cancor’. Apply it to the
‘mtcars’ dataset and compare the results.

Exercise 6.6.12. Consider the problem of high-dimensional CCA where
p,q > n. Discuss the problems that arise in computing CCA in this setting
and suggest possible reqularization techniques to mitigate these problems.

Exercise 6.6.13. Modify the R code in the notes to include a permutation
test for statistical significance of the canonical correlations.

Exercise 6.6.14. Explain why standardizing variables (subtracting the
mean and dividing by standard deviation) before performing CCA can affect
the canonical correlation results.

Exercise 6.6.15. Suppose that instead of maximizing correlation, we want
to find pairs of vectors (a,b) that maximize the mutual information between
a' Xand b"Y. How would this change the formulation of the problem?

Exercise 6.6.16. Discuss how CCA can be extended to nonlinear relation-
ships using kernel methods (Kernel CCA). Provide an example of a kernel
function that could be used.
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Factor analysis and Independent Component Analysis

Factor Analysis (FA) and Independent Component Analysis (ICA)
are two foundational methods for understanding dependencies and
uncovering latent structures in multivariate data. FA models the
dependence between observed variables by assuming that their vari-
ation can be largely attributed to a few common latent factors. ICA,
on the other hand, seeks to decompose observed signals into sta-
tistically independent components, making it particularly useful in
applications like blind-source separation. Both methods share con-
ceptual connections with Probabilistic Principal Component Analysis
(PCA), discussed in Section 4.5.2. In this chapter, we motivate and
explore these models, highlighting their theoretical foundations, prac-
tical applications, and relationships to modern multivariate analysis
techniques.

7.1 Motivating examples

In this section we provide some examples to build some intuition
behind factor analysis and related models. In all this examples, latent
representations of the data have an intuitive interpretation and allow
to significantly reduce the underlying dimensionality.

7.1.1 FA: Motivating Examples

Example 7.1.1 (Capital Asset Pricing Model (CAPM)). In finance, the
Capital Asset Pricing Model (CAPM) provides a foundational framework
for understanding stock returns. Suppose we observe the returns of m stocks
denoted by X1, Xo, ..., Xm. According to CAPM, the returns of individual
stocks can largely be explained by their sensitivity to a single common factor,
often referred to as the market return. This is mathematically represented as:

Xi=pi+wiZ+e, i=1,...,m,

where Z is the market return (common factor), w; is the sensitivity (or
loading) of stock i to the market, y; is the mean return of stock i, and ¢; is
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the idiosyncratic error, assumed to be uncorrelated across stocks.

As we will see in this chapter, FA generalizes CAPM by allowing
for multiple latent factors that jointly explain the dependence struc-
ture of stock returns. For instance, additional factors could account
for sector-specific trends or macroeconomic variables like interest
rates or inflation.

The origins of FA can be traced back to early studies on human
intelligence. We now present this classical example.

Example 7.1.2 (Human Intelligence and Pearson’s Work). In the early
20th century, Charles Spearman and Karl Pearson investigated relationships
between scores on different cognitive tasks. Spearman hypothesized the ex-
istence of a single general intelligence factor (Z) that underlies performance
in various tests, such as mathematics, verbal reasoning, and spatial visu-
alization; we denote these tasks by (X1, ..., Xy ). This relationship can be
expressed as:

X = ]/lieriZJrei, i=1,...,m,

where X; represents the score on the i-th test, Z is the general intelligence
factor, w; is the loading of test i on Z, and €; represents unique abilities or
measurement noise.

Later studies expanded the model to include multiple latent fac-
tors representing specific abilities like memory, language, or reason-
ing. FA formalizes these models, enabling researchers to estimate the
latent factors and their relationships with observed variables.

The next example links to recommender systems and the famous
Netflix challenge. This is not directly related to the Factor Analysis
model discussed here but it uses similar principles.

Example 7.1.3 (Recommender systems). Recommender systems deal
with a large user-item interaction matrix, where rows correspond to users,
columns correspond to items (e.g., movies, books, or products), and entries
represent interactions such as ratings, purchases, or clicks. However, the
observed data is often sparse, with many missing entries.

It is typically assumed that the observed interactions (e.g., user ratings)
are influenced by a small number of underlying latent factors:

o Latent user preferences: Each user has a set of preferences or tastes, such
as a liking for action movies, romantic comedies, or documentaries.

o Latent item attributes: Each item can be described by its attributes, like
genre, production quality, or popularity.

We then model the interaction X;j (e.g., the rating of user i for item j) as a
linear combination of:
Xi]' = Zl-TA]' + €ij,
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where z; is the latent vector for user i, A; is the latent vector for item j, €;;
captures noise or unique factors not explained by the latent structure. Such
a latent model may provide massive dimensionality reduction making the
model computationally efficient. By estimating the latent factors z; and A,
the model predicts missing entries in the matrix (e.g., whether a user will
like an unwatched movie).

7.1.2 ICA: Motivating Examples

Independent Component Analysis (ICA) aims to separate observed
signals into independent components. Here are two motivating ex-
amples that highlight its importance:

Example 7.1.4 (Cocktail Party Problem). Comnsider the classic cocktail
party problem, where multiple people are speaking simultaneously, and you
have several microphones placed around the room. Each microphone captures
a mixture of the voices due to overlapping sound waves. We model this as:

X=WZ2Z,

where X is the observed mixed signal (from the microphones), Z is the vector
of independent source signals (e.g., individual voices), W is the mixing
matrix describing how the source signals combine. The goal of ICA is to
recover the (unobserved) independent signals Z and the mixing matrix W
using only the observed mixed signals Z, without prior knowledge of W or
Z.

Example 7.1.5 (Biomedical Signal Processing (EEG/MEG Data)). In
neuroscience, ICA is widely used to analyze data from electroencephalogra-
phy (EEG) or magnetoencephalography (MEG), which record electrical or

magnetic activity in the brain. The observed signals are mixtures of:

* Neural signals originating from different brain regions.

o Artifacts, such as eye movements, muscle activity, or electrical interfer-
ence.

ICA helps disentangle these sources by assuming that the neural and artifact
signals are statistically independent. This enables researchers to isolate
brain activity and remove unwanted artifacts, significantly improving the
interpretability of the data.

7.2 Definitions

In factor analysis (FA), the idea is to explain the correlations among
a set of m observed variables by introducing a set of » unobserved
latent variables, or factors, where r < m. The FA model for a random

113
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vector X € IR™ assumes that each observed variable can be expressed
as a linear combination of these common factors, plus a unique error
term. Specifically, the FA model can be written as:

X=u+WZ+e, (7.1)

where Z € IR’ is the vector of common factors (latent variables),
assumed to follow a standard normal distribution Z ~ N,(0, I;),
W € R™*" is the factor loading matrix, which relates the common
factors Z to the observed variables X, and ¢ € IR™ is the vector of
unique factors (specific errors) with e ~ Ny, (0,¥), where ¥ is a
diagonal matrix. We assume Z 1l e.

The factor loadings in W represent the relationship between each
observed variable and the common factors Z. The unique variances
in ¥ represent the variance in each observed variable that is not
explained by the common factors. If an entry of ¥ is small, it means
that the corresponding variable is well explained by the common
factors. The interpretation of W is less clear and we will discuss
this in more detail in Section 7.3.2 with a notable example given in
Section 7.6.

Note that this model is almost exactly the same as the Probabilis-
tic PCA model in Section 4.5.2 with the only difference that in PCA
Y = 0?1, for some o2. One important consequence of simpler as-
sumptions of PPCA is that the model results in closed formulas for
the MLE. In the case of FA, maximizing the likelihood function re-
quires the EM algorithm or some other numerical scheme.

The Independent Component Analysis model assumes a very

similar stochastic representation’ * In practice, both before applying ICA
and FA, the data are centred. So, with
no loss of generality, we could assume

X =u+Wz, # = 0 throughout.

which effectively corresponds to the FA model withe = 0 (Y =
0,:xm)- Here however the main difference is that typically it is as-
sumed that r = m with W invertible and also that Z ~ (0, I,) with
independent components but not necessarily jointly Gaussian. We
will comment more on that in a second.

7.3 Model Implications and identifiability

7.3.1  The covariance matrix

Since X in (7.1) is an affine combination of independent Gaussian
vectors, it is Gaussian itself. It is clear that EX = u. Moreover, the
covariance matrix X of the observed data X can be derived from the
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model as follows:

Y =var(WZ +¢)
= Wvar(Z)W' + var(e) (7.2)
=WW' +¥.

Thus, the model imposes the constraint that the covariance matrix X

can be decomposed into two parts: a low-rank? matrix WW ", which 2 Note that rank(WW ') < r.
captures the shared variance among the variables due to the common

factors, and a diagonal matrix ¥ that captures the unique variances

of each observed variable (i.e., the variance not explained by the

common factors).

7.3.2  Lack of identifiability and Varimax notation

Unlike in PPCA, the loadings in Factor Analysis are assumed to have
a meaning. This follows because the latent variable in this contexts
often has a clear interpretation as in the example we gave earlier.

In this section we show that we should be very careful trying to
interpret the estimated loading matrix because there are infinitely
many loading matrices that explain the data equally well.

To see this, note that for any orthogonal matrix U € O(r) it holds
that WW T = WU(WU)'. Thus, in the factor analysis model the
parameters (W, ¥) lead to the same observed distribution as the
parameters (WU, ¥) for any U € O(r). We say that the model is not
identifiable.

There are several approaches to pick the canonical loading ma-
trix from the set of all equivalent ones. Usually this is resolved by

rotating the factor loadings to satisfy an arbitrary constraint such as To get some idea why this quantity

makes sense note that we can rewrite

_ o (7.1) by defining & = ¥~/2¢ ~ N(0, I,;)):

wWiy-lw is diagonal, (7.3) Y & } ©In)
tildeX = ji + WZ +&.

where the diagonal elements are written in decreasing order. Similarly as in PCA, it is natural to
assume that the columns of W are

orthogonal. In other words W' W is
a unique W, proposed by Kaiser in 1958. Its rationale is to provide diagonal.

The varimax method of orthogonal rotation is another way to get

axes with a few large loadings and as many near-zero loadings as
possible. This is accomplished by an iterative maximization of a
quadratic function of the loadings.

Let W € R™*" be a matrix of unrotated loadings. This could
be, for example, the output of the maximum likelihood estimation
procedure. Let U € O(r) leading to the rotated loading matrix WU.
We choose U using the varimax criterion that maximizes the sum of
variances of the squared loadings within each column of the loading
matrix, where each row is properly normalized.



116 METHODS FOR MULTIVARIATE DATA (STA437)

More concretely, let M € R™*" be the matrix with entries

(Wu)z
Mij = e
Zk:l(wu)zj

Note that the entries of M are nonnegative and, by definition, M1, =
1,,. In other words, M is a stochastic matrix3. In the varimax ap- 3 A stochastic matrix is a nonnegative
proach, we choose U by maximizing |M — 11,1, M||2, the Frobe- matrix whose rows all sum to 1.
nius distance from M to the matrix %lmll M.
To understand this better, note that this distance is zero if and
only if H;,M = 0, where H,, = I, — %1m1m is the centering matrix.
In other words, each column of M is constant. By maximizing the
distance over U we obtain M such that in each column there are a
few big entries and the remaining entries are negligible.
The varimax rotation is implemented in the base package in R.

# Example data: unrotated factor loadings
loadings <- matrix(c(e.7, 0.3, 0.2, -0.5, 0.8, 0.4), nrow = 3)

# Apply varimax rotation
rotated <- varimax(loadings)

# View rotated loadings
print(rotated$loadings)

7.3.3 Identifiability via Non-Gaussianity*

An alternative and more robust approach to establish the identifia-
bility of the matrix W in factor analysis and independent component
analysis (ICA) relies on the assumption of non-Gaussianity of the
underlying components.

One way to understand the issue of non-identifiability in the Gaus-
sian setting is to observe that, if Z ~ N, (0, I;), then for any orthog-
onal matrix U € O(r), the transformed vector UZ has the same
distribution as Z. In particular, the entries of UZ remain indepen-
dent, regardless of the choice of U. This invariance to orthogonal
transformations is a special property of Gaussian distributions, which
does not generally hold for non-Gaussian random vectors.

To formalize this, we cite a result by Kac that highlights the
uniqueness of the Gaussian distribution in maintaining independence
under orthogonal transformations:

Theorem 7.3.1 (Kac). If Z = (Z3,Z,) is a random vector such that If U € O(2) has a zero, it must be
Zy L Zy and (UZ)1 1L (UZ); for some orthogonal matrix U € O(2) with Orfl(’f ﬂae elgh{; mai‘;es of the form
all entries non-zero, then Z follows a Gaussian distribution. { 0 i]]’ Lz] 0 }

Example 7.3.2. For a simpler illustration of this result consider two in-
dependent variables (Z1, Zy) distributed uniformly on [0,1]. Their joint
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Original Data (Independent) Rotated Data (Not Independent)

Rotated Y

—06 -04 -02 00 02 04 06
X Rotated X

samples are depicted on the top in Figure 7.1. Rotating these data by 45
degrees, results in the bottom picture. We can think of it as a sample of the
vector (Y1, Ya), which is a rotation of (Z1,Z,). From the picture it should
be clear that Y1 and Y, cannot be independent as the support of Y1 depends
on Y, and vice versa.

Theorem 7.3.1 can be generalized to higher dimensions in a suit-
able sense, illustrating that Gaussian distributions are uniquely char-
acterized by their invariance under orthogonal transformations that
preserve independence.

In the context of ICA, this property of Gaussian distributions is
exploited to establish identifiability of the mixing matrix:

Theorem 7.3.3 (Comon). IfEZ = 0, var(Z) = I, the components of
Z are independent, and at most one of them is Gaussian, then the mixing
matrix W can be identified up to permutations of its columns and sign
changes.

The assumption of non-Gaussianity also allows for other estima-
tion techniques. In the Gaussian distributions the whole information
about the distribution is contained in the mean vector y and the co-
variance matrix X. In general, higher order moments can also be
exploited. We briefly explain this in the next section.

7.4 Fitting FA and ICA

Several methods exist for fitting the Factor Analysis (FA) and Inde-
pendent Component Analysis (ICA) models. One of the most com-
mon approaches for FA is maximum likelihood estimation, where we
aim to find the parameters A and ¥ that maximize the likelihood of
the observed data given the factor analysis model. For ICA, maxi-
mum likelihood is often replaced by the method of moments, which
leverages higher-order statistics.
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Figure 7.1: Rotating data coming from
two independent variables breaks
independence.
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7.4.1  Maximum Likelihood Estimation for FA

Maximum likelihood estimation in FA aims to find parameters W
(the factor loading matrix) and ¥ (the diagonal covariance of unique
variances) that best explain the observed covariance structure in (7.2).

Joreskog’s method simplifies the maximum likelihood estimation
by providing an analytic update for the loading matrix W and itera-
tively optimizing over ¥. The key idea is to iteratively: (1) Update W
using an analytic formula. (2) Numerically optimize ¥.

Theorem 7.4.1. Let ¥ be fixed, and let S, = ¥~1/25,¥~1/2, Using the
spectral decomposition, write

§n == u1~\uT.
Then, the values of W that maximize the likelihood function are of the form
W = U,0Q forany Q€ O(m),

where U, is obtained from the first r columns of U (corresponding to the
largest eigenvalues) and O is a diagonal matrix with i-th entry equal to

\/max{0, A;; — 1}.
Proof Sketch. We have

Y= Y+WW' = ¥V2(L, + WV ¥1/2,

If ¥ is fixed then maximizing the log-likelihood function log det %!
tr(S,£ 1) is equivalent to maximizing

log det(IL, + WVVT)*l — tr(SNn(Im + WWT)A)-

The rest of the proof is essentially the same as the proof of Theo-
rem 4.5.1 with the additional restriction that 0 = 1. O

We now describe this method in detail:
Initialization: Start with an initial guess for ¥(9), typically the diago-
nal elements of the sample covariance matrix .
Update W: For a fixed ¥, update the loading matrix W analytically
by solving:
w=zxv-12y,

where V = ¥ + WW is the fitted covariance matrix, and U, consists
of the eigenvectors corresponding to the r largest eigenvalues of
v-l/2gv-1/2,

7.4.2  Method of Moments for FA and ICA

Another approach to fitting FA and ICA models is the method of
moments, which leverages statistical moments of the data.
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In general the method of moments refers to estimating procedures
where the population moments can be explicitly expressed as func-
tions of the model parameters m(6). Then we try to solve /i = m(0),
where 71 refers to the corresponding vector of sample moments. Of
course, in general there is no guarantee that such equation has a solu-
tion or that this solution is unique so typically additional theoretical
analysis is required. When there is no solution, a decent alternative is
given by minimizing ||m — m(6)||4. 4 This is referred to as the Generalized
In FA, the covariance structure of the observed data X is modeled Method of Moments.
as in (7.2). The method of moments matches the sample covariance
matrix Sy to its theoretical counterpart .. The estimation involves
solving:
minimize (S0 — (AAT +9) 1.

However, this approach should not be preferred over the MLE pre-
sented in the previous section.

The method of moments approach is particularly effective for
ICA, where the assumption of non-Gaussianity enables us to exploit
higher-order moments such as skewness and kurtosis; see Section 3.4
for some definitions. The assumption of non-Gaussianity ensures that
W is identifiable up to scaling and permutation.

One example of this algorithm is the JADE algorithm that takes
a look at the fourth cumulant of the data. Since X = WZ and W is
invertible, we have Z = AX with A = WL, By independence of
the components of Z the m x m x m x m table M that contains all
4-th order cumulants of Z is diagonal. Moreover, by multilinearity
of cumulants, its (i, j, k,1)-th (assuming i, j, k, I are not equal) entry
satisfies

m
0 = cum(Zi,Z]-,Zk,Zl) = Z Aii’Ajj’Akk’All’Cum(Xi’/Xj’/Xk’lXl’)'
i’,j’,k’,l’:l

This gives quartic equations in the entries of A that we solve by re-
placing the array of cumulants of X by its sample estimator. This
is essentially what the JADE algorithm does. The following code
presents some simple illustration.

library (JADE)

# Generate synthetic data
set.seed(123) # For reproducibility
n <- 1000 # Number of samples

# Create two independent components

Z1 <- runif(n, -1, 1) # Uniform distribution
Z2 <- rt(n, df =5) # t-distribution with 5 degrees of freedom
Z <- cbind(Z1/sd(Z1), Z2/sd(Z2)) # Combine into a matrix

# Create a mixing matrix
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W <- matrix(c(2, -1, 1, 2), nrow = 2)

# Generate mixed signals
X <- Z %*x% t(W) # Mixed signals: observed data

# Apply the JADE algorithm
ica_result <- JADE(X, n.comp = 2)

# Check the estimated W (mixing matrix)
print(ica_result$A)

Note that in the code below we have

W — 2 1 and na 074 210 .
-1 2 211 —-0.76

The matrices do not look that similar. However, W can be identi-
fied only up to permuting columns and swapping their signs so we
should compare W with permuted W where the two columns are
swapped.

7.5 Choosing the Number of Latent Components

Determining the appropriate number of latent components r in factor
analysis is crucial for balancing model complexity and explanatory
power. An optimal choice of r ensures that the model captures the
underlying structure without overfitting or underfitting the data.
Several established methods can guide this selection, including
Horn’s parallel analysis, information-theoretic approaches, scree
plots, and Velicer’s Minimum Average Partial (MAP) test. In this
section we cover Horn’s parallel analysis.

If there was no latent signal in the data and only random noise,
then the sample correlation matrix should be close to the identity
matrix. But we already saw in Section 4.7 that this closeness becomes
tricky in high dimensions and it may depend on m and n. Horn’s
idea was to compare the eigenvalues of the sample correlation matrix
with the values obtained from Monte-Carlo simulations where mul-
tiple samples from the standard normal are used to compute sample
correlation matrices and then the distribution of each consecutive
eigenvalue is computed by averaging across the experiments.

Mathematically, let X be an n x m data matrix. Define the sample
correlation matrix R as:

R, =D"'/25,D71/2,

where S, is the sample covariance matrix and D is the diagonal ma-
trix of variances of the variables.
Horn’s Parallel Analysis consists of the following steps:
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1. Compute the eigenvalues Ay > Ay > --- > Ay of the sample
correlation matrix R;,.

2. Generate B simulated datasets X(t) € R"*" p = 1,..., B, where
the entries of each X(?) are drawn independently from a standard
normal distribution N(0,1).

(b)

3. Compute the sample correlation matrix R;,’ for each simulated
dataset X(®).

4. Compute the average (or percentile-based) eigenvalues from the
null distribution:

1 B
/\}jandomZEZ)\](h), j=1,...,m.
b=1

5. Compare the observed eigenvalues A; with the corresponding
eigenvalues from the null distribution. Retain factors where:

. random

This procedure ensures that the retained factors explain more
variance than what would be expected under pure noise. Parallel
analysis provides an empirical, data-driven alternative to heuristic
criteria such as Kaiser’s rule (retaining eigenvalues greater than 1),
and is particularly useful in high-dimensional settings where random
noise can inflate eigenvalues.

7.6 Illustrative application

Here is an example using real data to illustrate how Factor Analy-

sis can be used in practice. We use the psych package and the bfi
dataset from the psych package, which contains responses to the Big
Five Personality Test. The dataset consists of 2,800 observations (sur-
vey responses). It includes 25 personality-related questions that mea-
sure the Big Five Personality Traits: Openness (O), Conscientiousness
(C), Extraversion (E), Agreeableness (A), Neuroticism (IN). Responses
are recorded on a Likert scale (1 to 6), where higher values indicate
stronger agreement with the statement. Additionally, the dataset con-
tains demographic information such as gender, education, age. We
are going to discard these demographic data and try to show that the
survey responses do support the existence of five latent personality
traits.

# Load necessary packages
library(psych)

# Load the Big Five personality dataset from the psych package
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data(bfi)

# Select a subset of personality trait variables (excluding demographic
— variables)
bfi_subset <- bfi[, 1:25] # Selecting only the 25 personality questions

# Remove missing values
bfi_subset <- na.omit(bfi_subset)

# Determine the number of factors using parallel analysis
fa_parallel <- fa.parallel(bfi_subset, fa = "fa")

# Extract the suggested number of factors, with a fallback to a default
- (e.g., 5)
num_factors <- ifelse(!is.na(fa_parallel$ncomp), fa_parallel$ncomp, 5)

# Print chosen number of factors for debugging
print(paste("Number of factors chosen:", num_factors))

# Fit a Factor Analysis model with a safe fallback for nfactors

if ('!'is.na(num_factors) && num_factors > 0) {
fa_model <- fa(bfi_subset, nfactors = num_factors, rotate = "varimax")
print(fa_model$loadings) # Print factor loadings
fa.diagram(fa_model) # Visualize the factor structure

} else {

< print("Error: No valid number of factors found. Try specifying nfacto

N3
s mani sl

In the code we try to automatically get the number of latent factors
and the answer is. .. five. When we learn loadings using the varimax
rotation we get that the latent traits correpond exactly to what we
would hope; see Figure 7.2.

7.7 Exercises

Exercise 7.7.1 (Basic Properties of Factor Analysis). Consider the Factor
Analysis model in (7.1). Show carefully that the marginal distribution of X
is Gaussian and rederive its mean and covariance matrix.

Exercise 7.7.2. If X is a Gaussian random vector whose covariance matrix
can be written in the form ¥ = WWT + ¥, show that there exist factors
Z, € such that (7.1) holds.

Exercise 7.7.3. If WWT = WWT, show that W = WQ for an orthogonal
Q.

Exercise 7.7.4 (Identifiability in FA). Show that if (W,¥) satisfies the FA
model, then for any orthogonal matrix U € O(r), the pair (WU, ¥) defines
the same observed distribution for X. What does this imply for parameter
estimation?

Exercise 7.7.5 (Maximum Likelihood Estimation in FA). The log-

[ 3RRASHRIRIRIRRNAARRNEES
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likelihood function in FA is given by:

W, ¥) = [mgdet(wa F) + tr(Sp(WW T +‘P)*1)} .

_n

2
Explain why maximizing the likelihood is difficult and why iterative meth-
ods such as EM are required.

Exercise 7.7.6 (Choosing the Number of Factors). Implement one of the
methods to determine the number of factors in FA. Test it using a simulated
dataset.

Exercise 7.7.7 (Comparison with PCA). Consider a dataset where all
observed variables are generated from a latent factor model. Compare FA and
PCA in terms of:

o The estimated loadings

o The explained variance

o The ability to recover the true latent factors
Which method is more appropriate and why?

Exercise 7.7.8 (Generalization to Non-Gaussian Factors). In standard
FA, the latent factors Z are assumed to be Gaussian. Suppose instead that Z
follows a multivariate Laplace distribution. What impact would this have on
estimation and inference?

Exercise 7.7.9 (ICA and FA Differences). ICA is based on a similar
decomposition to FA:
X =WZ.

However, ICA assumes that the components of Z are independent but not
necessarily Gaussian. Explain why ICA requires non-Gaussianity for identi-
fiability.

Exercise 7.7.10 (Deriving the ICA Objective Function). A common
ICA method minimizes mutual information. Show that for a random vari-
able Z with independent components, minimizing the mutual information
1(Z4,Zy,...,2y) is equivalent to maximizing the sum of marginal en-
tropies Y_; H(Z;) under a fixed covariance constraint.

Exercise 7.7.11 (Fourth-Order Cumulants in ICA). The JADE algorithm
for ICA uses fourth-order cumulants to estimate the independent compo-
nents. Derive the fourth-order cumulant tensor for a 2D random vector and
show how it can be used to separate sources in ICA.

Exercise 7.7.12 (FA vs ICA in High Dimensions). In high-dimensional
data where m >> n, discuss the advantages and disadvantages of FA and
ICA. How does the curse of dimensionality affect estimation in these mod-
els?

123






8
Graphical Models

In this chapter we only cover basics of graphical models and pro-
vide a short introduction to Gaussian graphical models. If you are
interested in more details of this beautiful theory, see *.

8.1 Introduction

Graphical models are an important tool for representing and ana-
lyzing the relationships between variables in multivariate data. They
combine ideas from graph theory and probability to describe how
variables depend on each other. These models provide a clear and
structured way to understand complex systems, making them very
useful in modern statistics and data science.

Let X = (Xj,...,Xm) be a random vector. A graphical model for
X consists of a graph G = (V,E), where V := {1,...,m} is a set
of nodes representing the random variables, and E is a set of edges.
If there is an edge between two nodes i and j, we write ij € E. In
graphical models, if ij ¢ E, X; and X; are conditionally indepen-
dent given some other variables. This way of showing how variables
depend on each other is helpful for tasks like prediction, testing hy-
potheses, and choosing the right model.

Graphical models are used in many areas of science and industry.
In genetics and biology, they help uncover how genes interact and
how biological processes work. In finance and economics, they help
understand how different financial factors affect each other and how
risks spread through a system. Graphical models also form the basis
of many machine learning methods?.

There are three main types of graphical models. Undirected graph-
ical models, also called Markov random fields, represent relation-
ships where the direction does not matter. Directed graphical models,
or Bayesian networks, show relationships with a specific direction,
often representing cause-and-effect. Mixed graphical models com-
bine both directed and undirected edges to describe more complex
relationships. Each type of model is suited to different kinds of prob-

* Steffen L. Lauritzen. Graphical Models,
volume 17 of Oxford Statistical Science
Series. Clarendon Press, Oxford, 1996.
ISBN 978-0-19-852219-5

> The computational aspects of graphi-
cal models are treated more in detail in
STA414. Here we focus on modelling
and statistical aspects.
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lems.

In this chapter, we will focus on undirected graphical models
because they are easier to understand and widely used. Directed
and mixed models will be mentioned briefly, but we leave a deeper
discussion of these models for more advanced studies.

8.2 Appendix: Conditional independence

Independence and conditional independence are fundamental distri-
butional restrictions that are both statistically interpretable and allow
for scaling down very high dimensional problems. For that reason
they have also a considerable impact on machine learning.
Suppose we have a random vector X € R™ with density f(x)3. Let
X = (X4, Xp) be an arbitrary split with X4 € RF and X3 € R,
The marginal density fp of Xp is

fe(xp) = /kaX(XApr)dxA

and we have the analogous definition of the marginal density f4 of
X 4. We say that X4 is independent of Xp if the joint density factor-
izes f(x) = fa(xa)fp(xp) for all x € R™; we write X4 Ll Xp. It can
be shown that X4 1l X if and only if X; 1l X; foralli € A, j € B.
Let f4p be the conditional density of X4|Xg, that is,
_ fx(xa,xp)

Xalxg) =
faip(xalxp) Fa (x5)
Note that if X4 1L Xp then, equivalently,

fap(xalxp) = fa(xa).

This characterization of independence gives also its convenient inter-
pretation: If we want to predict (or sample etc) X4 then the informa-
tion about Xp is irrelevant.

Now consider a split X = (X4, Xp, Xc). We say that X4 is
conditionally independent of Xp given X, which we denote by
Xy AL Xp| X, if

fauBic(xa,xg|xc) = fajc(xalxc)fpic(xplxc)
or equivalently

Fasoc(xalxexc) = fausic(xa,xp|xc)
A|BUC -
[BU ' fBic(xalxc)

= fajc(xalxc)-

In other words, if we want to predict (sample, etc) X4 after observing
the value of X then an additional observation of Xp should not
change our predictions.

3 The same definitions hold for discrete
variables. In this case f is the probabil-
ity mass function and integrals below
should be replaced with sums.
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8.2.1 Testing independence

Suppose we observe some bivariate dataData: (X3,Y7), ..., (Xu, Yn)
iid. from bivariate distribution Px y. How would you test if the
components of the underlying vector are independent? We con-
sider testing problem: Hy : X 1L Y, H; : X JL Y. There are many
tests of independence. For example, we know that if X; 1L X, then
corr(Xy, Xz) = 0. We could then compute the sample correlation and
try to draw conclusions from this. Many popular independence tests
are based on the sample correlation or on its nonparametric version
the Kendall’s 7. Consider the following code.

> set.seed(l); n <- 200; rho <- 0.2; Z <- runif(n);

> X <- runif(n)”2+sqrt(rho)*Z; Y <- runif(n)+sqrt(rho)*Z
> cor.test(X, Y, method = "pearson")$p.value

[1] 0.03417231

> cor.test(X, Y, method = "kendall")$p.value

[1] 0.01100592

Here we sample a bivariate vector with some non-negligible depen-
dence structure. The vector is highly non-Gaussian so the standard
test based on the Pearson correlation (using Fisher’s z-transform) is
generally not valid, and we see that the p-value is rather high when
we use this test. The nonparametric test based on the Kendall’s tau is
better behaved.

8.2.2  Some cautionary examples

I want to emphasize however that, using such tests is in general a
very bad idea. Remember, corr(X;, Xp) = 0 is not equivalent to
independence! One important cautionary example is the dataset
considered by Bowmané& Azzalini (1997) on aircraft wing span and
speed data.

> library(sm); set.seed(1l);

> X <- aircraft$Span

> Y <- aircraft$Speed

> cor.test(X,Y)$p.value

[1] 0.7816014

> dcor.test(X,Y,R=1000)$p.value
[1] 0.000999001

The correlation based tests all retain the null hypothesis simply be-
cause the sample correlation is —0.01 and so, very close to zero. But
these two variables are very highly dependent, just dependence is
non-linear. Here the distance correlation test is a nonparametric test
of dependence that works under general assumptions, its p-value is
nearly zero, confirming dependence in the data.

I have another cautionary example regarding conditional inde-
pendence. This one is often referred to as the Simpson’s paradox.
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Consider the admission figures of the grad school at UC Berkeley
in 1973: 8442 (44%) men, 4321 (35%) women admitted. A group of
statisticians started looking into these data trying to understand
this potential disparity. Is there a dependence between the random
variable representing the gender and another binary random vari-
able representing The conclusion becomes strikingly different if we
condition on a third variable, the department: Try to think what is

Department | Men: Applicants | Men: Admitted | Women: Applicants | Women: Admitted
A 825 62% 108 82%
B 560 63% 25 68%
C 325 37% 593 34%
D 417 33% 375 35%
E 191 28% 393 24%
F 373 6% 341 7%

a possible explanation for this seemingly paradoxical situation? As
the original study puts it: “Measuring bias is harder than is usually
assumed, and the evidence is sometimes contrary to expectation.”4.

Figure 8.1 gives yet another illustration for what the Simpson
paradox is. Here we observe 2D dataset with points corresponding to
two groups (regions). In each group the effect is clearly positive but if
we analyse the data jointly the trend is negative.

8.3  Graphs and Conditional Independence

A graph G = (V,E) consists of a set of nodes V. = {1,...,m} and
edges E. Nodes represent random variables, and edges represent
direct dependencies or associations between the variables. A simple
example with m = 5 is given in Figure 8.3. This will be the running
example in this chapter.

Graphs can be represented in multiple ways. An adjacency ma-
trix is a square matrix A where A;; = 1 if there is an edge between
nodes i and j, and Aij = 0 otherwise. For example, for the graph in
Figure 8.3, the adjacency matrix is

01110
1 01 00
A=11 1 0 0 1
1 00 01
00110

Another way to represent a graph is by listing for each node the
set of all its neighbors. In our running example: N7 = {2,3,4},

Nz = {1,3}, N3 = {1,2,5}, N4 = {1,5}, and N5 - {3,4}.

4 Bickel et al, Sex Bias in Graduate
Admissions: Data From Berkeley, Science,
1975

Striking Example of Simpson's Paradox

Figure 8.1: Simpson’s paradox in action.

2

4 5

Figure 8.2: A simple graph with five
nodes and six edges.



A clique is a subset of nodes in an undirected graph where every
pair of nodes is connected by an edge. A maximal clique is a clique
that is maximal with respect to inclusion (no other clique strictly
containing it).

A path is a sequence of nodes connected by edges. A cycle is a
path that starts and ends at the same node.

Separation in graphs is a crucial concept for us. We say that two
subsets A, B C V are separated from each other by a subset C C V if
every path between any node i € A and j € B necessarily contains a
node in C; we write A L B|C. For example, in Figure 8.3, A = {2} is
separated from B = {4,5} by C = {1,3}. However, C' = {1} does not
separate A from B.

8.3.1  Graph factorization

An important defining concept in graphical models is that of factor-
ization with respect to G. Let G be an undirected graph with nodes
V = {1,...,m} and maximal cliques Cy,...,Cy. Forany C C V, x¢c
denotes a subvector of x, xc = (X;);ec-

We say that density> f(x) of X factorizes according to G if

f(x) = []¢c(xc) forallxe X, (8.1)

ceC

where ¢c(xc) > 0.° For the graph in Figure 8.3,

f(x1,x0,x3, x4, x5) = P123(x1, X2, ¥3) P14 (X1, Xa)P35(x3, X5) Pas (x4, X5).

We define the graphical model M(G) as the set of all distributions on
X that factorize with respect to G.

8.3.2  Conditional Independence and Graph Separation

Conditional independence and separation are the core ideas linking
graphs to probabilistic models. In undirected graphs, conditional
independence is determined by the concept of graphical separation
called the Global Markov Property: If a set of nodes C separates A
from B in the graph, then X4 1L Xp|Xc. For example, in the graph in
Figure 8.3, X L {Xy, X5} [{ X1, X2}

The most fundamental result of graphical models that links the
Global Markov property with factorization is the Hammersley-
Clifford theorem.

Theorem 8.3.1 (Hammersley-Clifford theorem). Let f > 0 be a density
function for X = (Xy, ..., Xm). Then the following are equivalent:

(F) f factorizes according to G = (V,E).
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In the running example, the maximal
cliques are {1,2,3}, {1,4}, {3,5}, {4,5}.
On the other hand, {1,3} is a clique but
it is not maximal.

> When we say “density” we mean
the density function for continuous
distributions or the probability mass
function for discrete distributions.

® This is a notion of simplicity, which
states that the distribution can be glued
in a specific way from simpler pieces.

< Exercise 8.6.2
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(G) X4 1L Xp|Xc whenever C separates A and B in G.
(P) X; 1L Xj| Xy iy forall ij & E7

By the Hammersley-Clifford theorem, graphical models could be
equivalently defined by specific conditional independences.’

In what follows, we discuss two most important versions of undi-
rected graphical models. One for Gaussian distributions and the

other for finite discrete distributions.

8.4 Gaussian Graphical Models

Gaussian Graphical Models (GGMs) describe the conditional inde-
pendence structure of multivariate normal distributions. They are
widely used in statistics, machine learning, and computational biol-
ogy due to their interpretability and mathematical tractability.

8.4.1 Definition and Properties

We already learned about the multivariate normal distributions, and
many of its properties will become essential here in this chapter. In
particular, recall Proposition 2.3.2, which states that K;; = 0 if and
only if X; 1L X;| Xy 4;;,- By the Hammersley-Clifford theorem?, this
is equivalent to density factorization with respect to the graph that
represents the support of the inverse covariance matrix K = 71,
namely the graph G given by

(1,]) é E < Kij =0.

Moreover, by the Global Markov Property, we get a way of reading
from the graph other more complicated conditional independences.
Slightly abusing notation, we write

M(G) = {Zes™: Zi;l:OifijeéE}.

In other words, we associate the Gaussian graphical model over G

with the family of covariance matrices for distributions in M(G). The

graphical model makes no restrictions on the mean vector.

8.4.2  Estimation with fixed G

Given n ii.d. samples x1,...,x;, € R" consider the sample covari-
ance matrix S, as defined in (1.4). Throughout we assume that the
sample comes from N(y, %), ¥ € M(G). A natural way to estimate
parameters in a Gaussian graphical model M(G) is by maximizing

the log-likelihood function. This results in a consistent and asymptot-

ically normal estimator by standard results.

7(P) is called the Pairwise Markov
Property.

8 For simplicity, in this lecture, we
work only with positive distributions
for which the Hammersley-Clifford
theorem applies.

9 Note that the Gaussian density is
always positive so this theorem applies.



Note that the mean y is unrestricted in this model and so, by the
same argument as in Section 2.4.1, the maximum likelihood estimator
of u is equal to the sample average; ji = X,,. Thus, expressed in terms
of K = 271 the log-likelihood function takes a simpler form (as in
(2.6)):

{(x,K) = const+ 5 (logdet(K) — tr(5,K)).

Denote f(K) = —logdet(K) + tr(5,K) so that maximizing ¢(x, K) is
equivalent to minimizing f(K). We noted already in Section 2.4.1 that
f is a strictly convex function of K. Define the linear subspace

With this notation optimizing the log-likelihood for a Gaussian
graphical model results in being equivalent to minimizing f(K) a
convex optimization problem; min f(K) subject to K € V(G) N S.™°
This problem does not have a closed form solution in general'* so we
solve it using numerical methods.

Some of the most efficient methods use the dual formulation of the
maximum likelihood problem.

Proposition 8.4.1. The maximum likelihood estimator T, if it exists, is the
unique maximizer of log det X subject to X;; = (S,);; forall i € V and
Zi]' = (Sn)i]‘f()}’ all ij € E.

The idea of the following proof sketch applies to a wide range of
related problems in multivariate statistics. Thus, it is beneficial to
follow it closely.

Proof Sketch. We can extend f to whole S by setting f(K) = +oco
if K ¢ S§'. Minimizing this extended f over " is equivalent to
minimizing f over S. Consider the orthogonal complement

W(G) := V(G)' = {KeS":K;=0foralliand K;; = 0 for ij € E}.

Observe that

K) ifK
sup f(K)+tr(AK) = f(K) i KeV(G),
AEW(G) +o0o  otherwise.

Indeed, if K € V(G) then tr(AK) = 0 and so f(K) + tr(AK) = f(K).
On the other hand, if K ¢ V(G), there exists A € W(G) such that
tr(AK) > 0. Taking tA with t — co shows that SUP A ey (G) f(K)+
tr(AK) = +o0. This all implies that

Klé’lsfmf(K) = Klgsfm Aes)l/lvl:()c)f(K) + tr(AK).

By the minimax theorem from convex analysis'3, which we are not
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< Exercise 8.6.3

° Intersection of two convex sets is
convex. Moreover, 5" is convex directly
by definition.

" It does if and only if G is decompos-
able. See Lauritzen 1996 for details.

2 If a finite dimensional linear subspace
is defined by vanishing of some of

the coordinates then its orthogonal
complement is defined by vanishing of
the remaining coordinates.

3 This is the only informal step of this
proof sketch.
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going to prove here, we have

inf sup f(K)+tr(AK) = sup inf f(K)+ tr(AK).
KeS™ Aew(a) Aew(G) KeS™

The latter expression is easy to handle since

inf f(K)+tr(AK) = inf —logdet(K) + tr((S, + A)K
Jnf FOK)+u(AK) = inf —logdet(K) + tr((S, + A)K)

—logdet((Sy +A)~Y)+m ifS,+A €Sy,

—00 otherwise.

where the last equality comes from the fact that minimizing the mid-
dle expression is equivalent to maximizing the (unrestricted) Gaus-
sian log-likelihood with sample covariance matrix S, + A, which we
did in Section 2.4.3. We get that

inf f(K) = sup logdet(S, + A) +m,
Kes™ AEW(G),Sy+AES™
which gives the desired conclusion. O

8.4.3 Matrix completion

Proposition 8.4.1 implies that the MLE . has the same diagonal as
the sample covariance matrix S,. The same applies to all entries cor-
responding to the edges of G. Thus, it remains to fill in the remaining
entries so that the determinant is maximally possible.

Denote £ ; ; € $” ! the submatrix of X obtained by removing the
i-th row/columns. Let X ;; € R™~1 be the i-th column of X with the
i-th entry removed. Note that by fixing the i-th row/column, we can
write

det(L) = det(Z ) (Zi — L2} Zii)-

Suppose we want to optimize the determinant with respect to y :=
Y.i; only. Since det(X. ;. ;) > 0, equivalently, we minimize yTZ:},\ Y-
Since X ; . ; is positive definite'4, the global optimum of this quadratic
form is y = 0. But in our case y = ¥ ;; must satisfy X;; = (Sy);; for
j —i € E. Nevertheless, this is a simple quadratic problem with
linear constraints for which there are very efficient algorithms and
implementations.

We can now imagine an iterative procedure, where we update
2 row by row. This is an example of block coordinate descent. Al-
though we are not going to prove this formally, since the original
function log det X is strictly concave, this is guaranteed to converge to
the global optimum.

In the example of Figure 8.3, if S is the
sample covariance matrix then the MLE
is of the form

Su Si2 S13 S x

~ Si2 S» S; ox %
L= |S3 Sxp3 S * Sz
S14 * xSy Ss5

* * S35 Sy5 Sss

“ Every principal submatrix of a posi-
tive definite matrix is positive definite.



8.4.4 Challenges in High-Dimensional Settings

Let us reiterate what we already mentioned earlier in these notes.
Estimating the covariance is hard! Estimating the inverse covariance
matrix is even harder. Consider a trivial scenario of a well-behaved
5 x 5 covariance matrix in the model M(G) over the graph in Fig-
ure 8.3 as in the code below.

library (MASS)
Sigma <- solve(matrix(c(1, 0.3, 0.4, 0.5, 0O,
0.3, 1, 0.2, 0, 0,
0.4, 0.2, 1, 0, 0.4,
0.5, 0, 0, 1, 0.5,
0, 0, 0.4, 0.5, 1), nrow = 5))
set.seed(123)
X106 <- mvrnorm(10,c(0,0,0,0,0),Sigma);
S10 <- cov(X10)
X160 <- mvrnorm(160,c(0,0,0,0,0),Sigma)
S100 <- cov(X100)
X1000 <- mvrnorm(1000,c(0,0,0,0,0),Sigma)
S1000 <- cov(X1000)
round (solve(Sigma),2)
round(solve(S10),2)
round(solve(S100),2)
round(solve(S1000),2)

The following output shows that only for very large sample sizes the
inverse of the sample covariance matrix becomes a decent estimation
of the inverse covariance matrix.

> round(solve(Sigma),2)
[,11 [,2]1 [,31 [,4] [,5]
[1,] 1.0 0.3 0.4 0.5 0.0

[2,] 0.3 1.0 0.2 0.

[3,] 0.4 0.2 1.0 0.0 0.4
[4,1] 0.5 0.0 0.0 1.0 0.5
[5,] 0.0 0.0 0.4 0.5 1.0
> round(solve(S10),2)

(11 r,21 [,31 [,4]1 I[,5]
[1,] 1.29 0.12 0.30 0.28 -0.52
[2,] 0.12 6.28 2.21 -3.70 -3.63
[3,] 0.30 2.21 1.62 -1.44 -0.63
[4,] 0.28 -3.70 -1.44 3.63 3.28
[5,] -0.52 -3.63 -0.63 3.28 5.06
> round(solve(S100),2)

[,11 [,2] [,3]1 [,4] [,5]

[1,] 1.07 0.31 0.57 0.53 0.08
[2,] 6.31 1.61 0.19 0.02 0.10
[3,]1 0.57 0.19 1.28 0.10 0.53
[4,] 60.53 0.02 0.10 1.14 0.59
[5,] 0.08 0.10 0.53 0.59 1.06
> round(solve(S1000),2)

[,11 [,2] (,3]1 [,4]1 I[,5]
[1,] 1.65 ©0.30 0.44 0.54 0.04
[2,] 0.30 1.00 0.16 0.02 -0.05
[3,] 0.44 0.16 1.02 0.02 0.42
[4,]1 0.54 0.02 0.02 1.03 0.53
[5,]1 0.04 -0.05 0.42 0.53 1.02
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The true inverse covariance matrix is

1 03 04 05 O

03 1 02 O 0
K= 104 02 1 0 04
05 0 0 1 05

0 0 04 05 1

and

362 —0.63 —-229 -3.02
-0.63 116 0.13 0.45
X = |-229 013 2.79 2.27
-3.02 045 227 3.95

243 —-028 —225 289

243
—0.28
—2.25
—-2.89

3.34
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For this reason, whenever the problem has some structure, it is im-
portant to exploit it. In this chapter we will show how to use the fact
that the true inverse covariance matrix has some zeros. We will go
back to this example in the next section to illustrate how graphical
model constraints can help.

The problem with estimating the inverse covariance matrix be-
comes particularly profound in higher-dimensional scenarios. We
noted already in Section 4.7 that if the underlying dimension is not
negligible with respect to #, the classical asymptotic results may not
be very accurate. For this reason, in modern applications, we use
estimators that rely on some form of regularization. We will discuss
in Section 8.4.7 a form of regularization that allows us to learn the
underlying graph G.

8.4.5 Appendix: Likelihood Ratio Test

Hypothesis Testing in multivariate statistics offer comes with many
issues related with high-dimensionality of the problems. Likelihood
Ratio Test provides a rather general approach that can be used in a
variety of situations and which, under some regularity conditions
comes with asymptotic statistical guarantees.

Consider a parametric model with parameter space ©. Given
By C O we consider the null hypothesis Hy : 8 € ©p. Given the
log-likelihood function ¢, (0) = ¥_;log f(x;). Define ¢} = sup, ¢ £n(6)
and £j = supycq, £n(0). The likelihood ratio statistics is then defined
as

Ay = 204 = £5).

Note that A, is always nonnegative. In general, one tends to favor H;
when the LR statistics is low, and Hy when it is high. More formally,
the Likelihood Ratio Test of size « for testing Hy against H; has as its
rejection region

R = {X: Ay <c},

where ¢ is determined so that

sup Pg(X € R) = a.

0@y
For the hypotheses we are interested in, the distribution of A, does
not depend on the particular value of § € Oy, so the above supre-
mum is unnesessary. The LRT has the following very important

property.
Theorem 8.4.2. If ©®y C O with dim(®) = g and dim(®y) = r then,

under suitable reqularity conditions, for each 0 € ©g, A, has an asymptotic
X%—r distribution as n — oo.
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Example 8.4.3. Consider the Gaussian distribution Ny,(yu, %) and Hy :
U = o for some fixed vector pg. As this constrained defined m additional
restrictions, we get that, under the null, A, will have the asymptotic Xi
distribution.

8.4.6  Structure learning (aka model selection)

In practice, the graph G is rarely known. In this case, the focus is
on learning/selecting a suitable graph based on the observed data.
In this section we briefly discuss some classic approaches to model
selection.

Likelihood Ratio Test. A classical approach to determine the
structure of G is to test a candidate graph Gy (the null model M(Gy))
against its supergraph G (the alternative model M(G)) using the
likelihood ratio test.

Suppose X ~ Ny, (u,L). Let xq,...,x, be a random sample from
this distribution. Let Gy = (V, Ey) be a graph of interest and G =
(V,E) be any graph containing it (Ey C E). Based on the observed
data we would like to test

Hy: X € M(Gy) against  Hp: X € M(G).

Let /(%,,K) be as defined in (2.6). Let K be the MLE of the con-
centration matrix under the model M(G) and let Ky be the the MLE
under the submodel M(Gy). The likelihood ratio statistic is defined

as:
Au = 2((%Xn, K) — £(%n, Ko))-

Proposition 8.4.4. If Gy = (V, Ey) is a subgraph of G = (V,E) , and
v = |E \ Eg|, then under the null hypothesis that M(Gy) is the true model:

d
An = X2
This result allows us to test whether the additional edges in G
significantly improve the model fit, by comparing A to the critical
value of the x?2 distribution: + Exercise 8.6.4

1. Compute A, based on the data.
2. Compute p-value as P = P(x2 > Ay).
3. If P is small, say less then 0.05, reject the null hypothesis.

We illustrate the process using a small simulated dataset. Sup-
pose we observe data from a multivariate normal distribution, and
we wish to select a Gaussian graphical model that explains the de-
pendencies among the variables. In this code, the true covariance
matrix generating the data lies in the model defined by the graph in
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Figure 8.3. We will test this model against the unrestricted Gaussian
model defined by the complete graph.

library(ggm)

# Generate synthetic data for illustration
set.seed(123)

n <- 100 # Sample size

p<-5 # Number of variables

# Simulate data from a multivariate normal distribution
Sigma <- solve(matrix(c(1, 0.3, 0.4, 0.5, 0O,

0.3, 1, 0.2, 0, 0,

0.4, 0.2, 1, 0, 0.4,

0.5, 0, 0, 1, 0.5,

0, 0, 0.4, 0.5, 1), nrow = 5))
data <- MASS::mvrnorm(n = n, mu = rep(0, p), Sigma = Sigma)

# Define two competing graphs (GO: subgraph, G: full graph)
GO <- matrix(c(0, 1, 1, 1, 0,
1, 0, 1, o, o,
1, 1, , 1,
1, o, , 1,
0, 6, 1, 1, 0), nrow = 5, byrow = TRUE)
G <- matrix(1, nrow = 5, ncol = 5) # Full graph (fully connected)
diag(G) <- 0

o

(=]

- o O K

=

# Assign variable names

var_names <- c("X1", "X2", "X3", "X4", "X5")

colnames (data) <-colnames(GO) <-colnames(G) <-rownames(G) <-rownames(GO)
< <- var_names

S <- cov(data)

# Fit models under GO and G

Shat0 <- fitConGraph(GO,S, nrow(data))$Shat
Shat <- fitConGraph(G,S, nrow(data))$Shat
Khat0® <- solve(Shat0)

Khat <- solve(Shat)

# Likelihood Ratio Test

logLik GO <- (n/2)x*(log(det(Khat0))-sum(Khat0xS))

logLik G <- (n/2)*(log(det(Khat))-sum(KhatxS))

LRT_stat <- 2 * (logLik G - logLik _GO)

df <- (sum(G) - sum(GO))/2 # Difference in number of edges
p_value <- pchisq(LRT_stat, df = df, lower.tail = FALSE)

cat("Likelihood Ratio Test Statistic:", LRT_stat, "\n")
cat("Degrees of Freedom:", df, "\n")
cat("p-value:", p_value, "\n")

The corresponding p-value® of the likelihood ratio test is 0.294, this
is not super conclusive but we have no enough evidence to reject the
null hypothesis.

Remark 8.4.5. We note in passing that the estimator of the inverse covari-

< Exercise 8.6.6

*5 Recall that the p-value is the proba-
bility (under the null) that A, is greater
than what was observed in the data.
Very small values provide evidence
against Hy.



GRAPHICAL MODELS

ance matrix under the true graph in Figure 8.3 is

1.04 034 040 048 O
034 102 017 O 0
040 017 099 0 047
048 O 0 099 051
0 0 047 051 1.19

This is a slightly more accurate estimator of the real inverse covariance
matrix than the one given by the inverse of the sample covariance matrix in
Section 8.4.4.

Akaike’s Information Criterion (AIC) and Bayesian Information
Criterion (BIC). An alternative approach to model selection is based
on information criteria, which balance the goodness of fit and model
complexity. The dimension of the model M(G) is simply the number
of nodes m plus the number of edges E; dim M(G) = m + |E|. AIC is
defined as:

AIC = —2/(x,,K) 42 - dim M(G)

and BIC is defined as:
BIC = —2{(Xy, K) +log(n) - dim M(G).

The model with the smallest AIC/BIC value is selected. Unlike hy-
pothesis testing, information criteria provide a way to compare non-
nested models directly.

The number of possible undirected graphs on m nodes is 2(2) and
so it grows exponentially, making exhaustive search computation-
ally infeasible for even moderate m. A stepwise procedure offers a

practical alternative:
1. Start with the complete graph or a simpler initial model.
2. Iteratively add or remove edges:

¢ Evaluate all models obtained by adding or removing one edge.

e Select the model with the smallest AIC/BIC.
3. Stop when no improvement in AIC/BIC is observed. + Exercise 8.6.5

This greedy approach does not guarantee the globally optimal model,
but it is computationally efficient.

The package gRim offers an implementation of such a stepwise
procedure in R. Consider the following code.

library(gRim)
library(qgraph)

sat.model <- cmod(~.”.,data=data);
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Note that the “aic” criterion in the code
refers in fact to the BIC as k = log(n).
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test.model <-

— stepwise(sat.model,details=1,criterion="aic",type="unrestricted",k=Llog(
n))

# plot(test.carc) or using the qgraph package

Sigma.hat <- solve(test.model$fitinfo$K)

qgraph::qgraph(Sigma.hat,graph="pcor")

We used here the package gqgraph only to plot the underlying par-
tial correlation graph. We will mention this package again when
discussing high-dimensional scenarios.

8.4.7 Graphical LASSO

In high-dimensional scenarios, stepwise procedures described above
are impractical and we often use other approaches based on regular-
ization techniques.

The graphical LASSO estimates sparse precision matrices by solv-
ing the optimization problem:

K=arg max {log det(K) — tr(S,K) — A[[K||1,05 } , (8.2)
+

where A > 0 is a fix penalty parameter and
1ot = 3 IKijl-
i#]
In other words the graphical LASSO estimator is obtained by pe-
nalizing the log-likelihood function with a term that penalizes the

IK

off-diagonal entries to be too large effectively pushing some of them
to be zero. This is in the same spirit as the LASSO approach in linear
regression, hence the name.

An efficient algorithm to find K follows exactly the same lines
as the block coordinate descent algorithm for maximizing the log-
likelihood function. First we formulate a variational form of || K||1 ofs.
Noting that |x| = SUp_j<,,<1 XY We get

AlIK

Loff = A ZsupflgA,-jglAinij = sup tr(AK),
iZ A
where the supremum is taken over all A € 5" with zeros on the
diagonal and off-diagonal entries in [—A, A].

This allows to rewrite the main function in (8.2) as

sup { logdet(K) — tr((S, + A)K) }
A

Proceeding as in the proof of Proposition 8.4.1, we get that the dual
problem is to maximize logdetX subject to X;; = (Sy);; fori =
1,. oom and |21] - (Sn)q‘ S Al

We can again solve this problem using the same block coordinate
descent approach.

Figure 8.3: The selected model is close
to the true graph. Only the edge 2 — 3 is
missing.
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1. SetX = §,.

2. Foreachi =1,...,m,set £_;; and X; ; to be equal to i/, which is
the minimizer of y ' (Z.; ;) ~!y subject to Yj = (Sn)ij for all j such
thatij € E.

3. Check a convergence criterion (pick one you like in advance). If it
is not satisfied, go back to Step 2. Otherwise stop.

Here is an example of applying the graphical LASSO in R using
the glasso package:

library(glasso)

# Simulated data

set.seed(123)

n <- 100

p <- 10

X <- matrix(rnorm(n * p), nrow = n, ncol = p)

# Sample covariance matrix
S <- cov(X)

# Apply graphical LASSO
lambda <- 0.1
fit <- glasso(S, rho = lambda)

# Extract precision matrix
precision_matrix <- fit$wi
print(precision_matrix)

Remark 8.4.6. Many packages, like glasso, penalize in (8.2) not only
the off-diagonal entries of K but also the diagonal entries. This however
introduces an unnecessary bias.

8.5 Log-linear Graphical Models*

In this lecture course, we have largely ignored discrete variables. We
try to partly fix this in this section by discussing discrete graphical
models.

8.5.1 Introduction

Log-linear graphical models describe the dependence structure of
discrete random variables using a graph-based factorization of the
joint probability distribution. Discrete data arise naturally in many
real-world settings, making their analysis essential in applied statis-
tics and data science. Here are a few explicit examples of scenarios
where finite discrete data are relevant:
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* Genetics: In genetics, categorical variables often represent geno-
types (e.g., AA, Aa, aa) or the presence or absence of certain ge-
netic mutations. For example, a study investigating the relation-
ship between multiple genetic variants and a disease status might
use a log-linear model to analyze these interactions.

¢ Market Basket Analysis: In retail analytics, log-linear models
are applied to understand the co-occurrence patterns of items in
shopping baskets. Each variable represents whether a customer
bought a specific item (e.g., milk, bread, eggs), and the observed
data are counts of item combinations.

* Survey Data: Social science surveys frequently collect categorical
responses to questions, such as political preferences (e.g., liberal,
conservative) or education levels (e.g., high school, college, grad-
uate school). Log-linear models can analyze the relationships be-
tween these variables, adjusting for potential confounding factors.

8.5.2  Notation

Let X = (Xq,...,Xy) be a vector of discrete random variables,
where each X; takes values in a finite set A;. Without loss of gen-
erality, label the states as X; = {0,1,...,7; — 1} for some r; > 2. The
joint distribution of X is represented by a probability mass function
f(x) =P(X=x)forx=(x1,...,%n) € X1 X+ X Xp, =2 X,

Suppose now we observe a random sample xj, ..., X; from this
distribution. The likelihood is

ﬁf(x» — T F0"™,

xeX
where n(x) denotes the number of times the state x was observed in
the sample. The collection of these counts n = (n(x)) is called the
contingency table. The contingency table is an r{ X - -- X 7y, array,
where the (x1,...,xy)-th entry n(xy,...,x,) represents the number
of times the configuration (xy, ..., x,,) is observed in the data. The
total sample size n satisfies:

n=Y n(x).

xeX

If m = 2 and Xj, X, are binary variables taking values in {0,1}, the
contingency table might look like this:

[ X, =0 Xp=1
X; =01 n(0,0) n(0,1) ,
X; =11 n(1,0) n(1,1)

where 1(0,0) records the number of observations where (X1, Xp) =
(0,0), n(0,1) records the number where (X1, X) = (0,1), and so on.
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Example 8.5.1. To make this concrete, consider a contingency table summa-
rizing the relationship between smoking status (Smoker, Non-Smoker) and
disease status (Disease, No Disease). The observed data might look like

this:
‘ Disease No Disease
Smoker 50 200
Non-Smoker 30 300

This table indicates that 50 smokers were observed to have the disease, while
30 non-smokers were observed to have the disease, and so on. The total
sample size is n = 580.

For m > 2, the contingency table becomes a multidimensional
array. For example, if m = 3 and each X; is binary, the contingency
table is a 2 x 2 x 2 cube, with entries n(x1, X, x3) representing the
frequencies of each configuration (x1, xp, x3).

Example 8.5.2. Suppose a dataset summarizes the co-occurrence of pur-
chases of Milk, Bread, and Eggs. A contingency table is a 2 X 2 X 2 array
where the entry (0,0,0) gives the number of clients that bought none of the
three products, (0,1,1) entry gives the number of clients that bought both

Bread and Eggs etc
‘ no Bread Bread ‘ no Bread Bread
no Eggs:  no Milk 10 15 , Eggs:  no Milk 25 30
Milk 20 5 Milk 35 10

The joint probability of the observed Contingency table is

P(n(x):xe€ X) = Mo i Hf ),

! xeX

which differs from the likelihood by a multinomial coefficient which
is just a constant.

If we do not restrict the probabilities in any way (except requiring
that they are non-negative and sum to unity), then it is easily shown
that the maximum likelihood estimates are given by f(x) = n(x)/n
for x € X. The unrestricted model is known as the saturated model.
In most substantive contexts, it is of interest to restrict the probabili-
ties further to obtain parsimony and to identify or exploit structural
information.

We need a little more notation. The expected cell counts are writ-
ten m(x) = nf(x) for x € X, and the fitted values as 7ii(x) = nf(x).
We need to work with marginal tables and to do this must first define
marginal cells. For a subset of variables C C V, we define marginal Recall V = {1,...,m}.
counts as:

nixc)= Y, nx).
yeXiyc=xc
We use the analogous notation for f(xc), m(xc) etc.
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8.5.3 Discrete Graphical Models through Factorization

Let C be the set of (maximal) cliques of the graph G. For each C € C,
consider the set X = [Ticc &;, and let 8¢ : Xz — R. * The joint 1 Since dc := |Xc| is finite, we can
represent fc as a vector in R%c.

probability mass function f(x) = P(X = x) of a log-linear model
corresponding to G is expressed as:

ceC

f(x0) = Z(le) exp (Z 9C(Xc)> , (83)

where Z(0) = Y cx exp (Lcec fc(xc)) is the normalizing constant
and 6 = (6¢)cec represents the collection of clique-specific parame-
ters.

Example 8.5.3. Consider m = 3, where X1, Xp, X3 are binary variables

taking values in {0,1}. Suppose the underlying graph G is a chain o« o-

.. The cliques of G are C = {{1,2},{2,3}}. The joint probability mass
function can be written as:

1
fx1,%2,%3;0) = 7@ &P (012(x1, x2) + 623(x2, %3)) ,
where 015 (x1, x3) captures the interaction between Xy and X, and 6y3(x7, x3)
captures the interaction between X and Xs. Both 615 and 60,3 are encoded
as vectors in R*:

612(0,0) 623(0,0)
_ |612(0,1) 623(0,1)
012 = ;o b =
612(1,0) 623(1,0)
f12(1,1) 623(1,1)
so effectively we have 8 parameters'”. 7 We note in passing that these param-

eters are of no direct interest. In fact
the model has only dimension 5 and
so this parametrization leads to lack of
zO)= ),  exp(bia(x1,x2) +023(x2x3)). identifiability.

x1,%2,%3€{0,1}

The normalizing constant Z(0) ensures that the probabilities sum to 1:

The formula in (8.3) is equivalent to f factorizing with respect

to G, as defined in Equation (8.1)8. By the Hammersley-Clifford 8 Clearly, if (8.3) holds then f factorizes
so it remains to show that if f > 0

.. . factorizes then it can be always written
pairwise Markov properties. as (8.3).

theorem, the corresponding distributions satisfy the global, local, and

This equivalence between the graph structure and conditional
independence makes log-linear models highly interpretable.

8.5.4 Working with Log-Linear Models in R

To work with log-linear models, the R package MASS provides func-
tions such as loglm, which can fit log-linear models to contingency
tables.



For example, suppose we have a contingency table for three binary

variables X7, X, X3 as in Example 8.5.2. We could fit a model with

. 1 2 3 . . .
the chain structure e — e — o. Here is how to fit the model in R:

# Load the MASS package
library (MASS)

# Define the contingency table
contingency_table <- array(
c(1e, 20, 15, 5, 25, 35, 30, 10), # Frequencies
dim = c(2, 2, 2), # Dimensions for X1, X2, X3
dimnames = list(
X1 = c("0", "1"),
X2 = c("0", "1"),
X3 = c("0", "1")

# Fit the log-linear model with the chain structure
model <- loglm(~ X1 * X2 + X2 * X3, data = contingency_table)

# Display the results
summary (model)

The output looks like this.

Formula:
~X1 * X2 + X2 * X3
attr(,"variables")
list (X1, X2, X3)
attr(,"factors")

X1 X2 X3 X1:X2 X2:X3

X1 1 0 0 1 0

X2 0 1 0 1 1

X3 06 0 1 0 1
attr(,"term.labels")

[1] "X1" X2 "X3" "X1:X2" "X2:X3"

attr(,"order")

[1] 11122
attr(,"intercept")

[1] 1

attr(,"response")

[1] ©
attr(,".Environment")
<environment: R_GlobalEnv>

Statistics:

X~2 df P(> X"2)
Likelihood Ratio 0.5906840 2 0.7442770
Pearson 0.5844156 2 0.7466134

The p-values in this code refer to the test of this model with respect
to the saturated model.

8.5.5 The Log-Likelihood Function

Suppose we have observed data points xy, ..., x;, where each x; takes
values in the discrete space X. For a fixed graph G, the goal is to
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maximize the log-likelihood function

n n
0(0) =) log f(xi;0) =} ) Oc((xi)c) — nlog Z(6),
i=1 i=1CeC

where f(x;0) is the joint probability mass function parameterized by
6, and Z () is the normalizing constant ensuring f(x;6) sums to 1
over all configurations of x.

The notation here may seem dense, so let us break it down step by
step. In the above expression, the double summation over i and C can
be reordered because both ranges are finite:

n n
Y ) fcl(xi)c) = ). ) 0c((xi)c)-
i=1CeC CeCi=1
For a fixed clique C € C, the term Y} ; ¢ ((x;)c) can be simplified by
grouping terms according to xc € A

iGC((Xi)C): Y ne(xe)be(xc).

i=1 Xc GXC

Substituting this back into the log-likelihood function gives:

€0) =3 Y nc(xc)bc(xc) —nlogZ(6).

CeC xceiXe

8.5.6 Fitting Log-linear Models: Iterative Proportional Scaling (IPS)

The parameter vectors fc € RI*cl in log-linear models can be es-
timated using a simple iterative procedure. For simplicity of expo-
sition, we present a dual algorithm, called Iterative Proportional
Scaling, that tries to estimate the expectations m(x) for x € X'.

Let C be the set of maximal cliques of the graph G. The corre-
sponding marginal tables nc(xc) are a set of sufficient statistics. The
maximum likelihood estimate is obtained by equating the sufficient
statistics with their expectations mc(xc).

Initially the m(x) are set to some constant, say m(x) = 1 for all
x € X. One iteration consists of updating for each C € C

m(x) < m(x)m Vx € X.
me(xc)

Iteration continues until convergence which happens when m¢(xc) =
nc(xc) for all C and x. The algorithm is always theoretically con-
vergent with the limiting value being the maximum likelihood esti-
mate under the model {77i(x) }xcy, although these may not all have
m(x) > 0 for all cells x and thus may not admit a logarithmic expan-
sion.
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8.5.7 The Ising Model

The dimensionality of log-linear models does not scale well with the
number of variables and their number of values. For this reason, it
is important to consider simpler models for discrete data that retain
computational feasibility while capturing essential dependencies.
One prominent example is the Ising model.

The Ising model is a special case of a log-linear graphical model
that is widely used in statistics, machine learning, and physics. It
models binary variables with pairwise interactions.

Consider a random vector X = (Xy,..., Xy ), where each X; €
{—1,1}. Fix a graph G = (V, E). The probability mass function is
given by:

f(x) = P(X=x) < exp| ) Oixi+ Y 6jxix;|,
% (i,j)€E

where 0; are node potentials representing individual variable effects,
and 0¢;; are edge potentials representing pairwise interactions between
variables. The normalization constant, or partition function, Z(6), is:

Z(0) = E exp 299@—# Z Qi]'xix]'

xe{-1,1}" eV (i,j)€E

Applications. The Ising model is highly versatile and is widely
applied in different domains:

¢ Network Analysis: Social networks where binary variables X;
represent the presence or absence of a specific behavior or trait
for individual 7, and 6;; encodes the strength of the interaction
between individuals i and ;.

* Spatial Statistics: Modeling dependencies in spatial data, such as
image segmentation, where X; represents the label of pixel i (e.g.,
foreground or background) and 6;; captures the similarity between
neighboring pixels.

e Statistical Physics: Originally proposed to model ferromagnetic
materials, where X; represents the spin of an electron, and 9,7-
models the coupling between spins.

* Genetics: Modeling binary genetic traits with pairwise dependen-
cies between genes.

Statistical Estimation and Inference. Consider a random sample

x(l),. .., x") Maximum likelihood is the canonical method to esti-
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mate the parameters 6; and 6;;. The log-likelihood is

HOEDYD Zeixfk)—i- Y. Hijxgk)x](k) —nlogZ(0),
k=1 \ieV (i,j)eE

The log-likelihood can be maximized using iterative procedures like
IPS described above.

The presence of Z(6) makes exact inference and parameter estima-
tion computationally challenging for large graphs. Indeed, comput-
ing Z(0) requires performing a sum over w" terms, which is often
computationally prohibitive. This motivates other estimation meth-
ods.

Pseudo-Likelihood Methods: To avoid the computational burden of
Z(0), one can replace the likelihood with the pseudo-likelihood:

n

k

gpseudo(e) = Z Z logP(Xi = xi( ) ‘ X,,'),
k=1ieV

where X_; denotes all variables except X;. This approximation sig-
nificantly reduces computational cost while providing reasonably
accurate parameter estimates.
Regularization: Sparse Ising models can be estimated using pe-
nalized pseudo-likelihood, incorporating /;-penalties on the edge
parameters 0;;.

Below is a simple example of fitting an Ising model using the
ggraph package in R.

# Install and load necessary packages
install.packages("qgraph")
library(qgraph)

# Generate synthetic binary data

set.seed(123)

n <- 106 # Number of observations

p<-5 # Number of variables

data <- matrix(sample(c(-1, 1), n * p, replace = TRUE), nrow = n)

# Fit Ising model using pseudo-likelihood
fit <- IsingFit(data, plot = TRUE)

# Display estimated node and edge parameters
fit$thresholds # Node potentials
fit$weights # Edge potentials

This code generates synthetic data, fits an Ising model using
pseudo-likelihood, and plots the resulting graph. The output in-
cludes estimated node and edge parameters, which can be inter-
preted in the context of the problem domain.
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8.6 Exercises

Exercise 8.6.1. For three variables X = (X, Xp, X3) with density
f(x1,x2,x3). Show that 1 11 2|3 and 1 L 3 implies that 1 1L 2. In the
special case when X ~ N3(0,X) is multivariate Gaussian this can be shown
by expressing 1 11 2|3 and 1 1L 3 in terms of the restrictions on the covari-
ance matrix (what are those?) and concluding X1, = 0.

Exercise 8.6.2. Consider all binary distributions that factorize f(x1,x2,x3) =
P12(x1, %2) P23 (X2, X3) for (x1,%2,x3) € {0,1}3. Prove the Hammerley-
Clifford theorem in this very special case.

Exercise 8.6.3. Show that the set S} is convex. Also, show that intersection
of two convex sets must be also convex.

Exercise 8.6.4. Verify by simulations that the likelihood ratio statistics
has the reported asymptotic distribution x3 in the leading example of Sec-
tion 8.4.6.

Exercise 8.6.5. Suppose we compare a graph G with Gy obtained from G
by removing a single edge. What difference in likelihood is needed so that the
AIC/BIC criteria prefer the bigger model?

Exercise 8.6.6. Consider the code on estimating the inverse covariance
matrix for the simple graphical model in Figure 8.3, where the true inverse
covariance matrix is

1 03 04 05 O

03 1 02 0 O
K= (04 02 1 0 04
05 0 0 1 05

0 0 04 05 1

Using simulations, study the performance of the MLE of K under M(G)
compared to the full graph as provided in the code in Section 8.4.4.
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