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The course SANS (Statistical Analysis of Networks and Systems) belongs to
the Master MIRI (Master of Innovation and Research in Computer Science) of
the Faculty of Computer Science of Barcelona. The course is an introduction
to some mathematical foundations used in data science. The course content
includes an introduction to probability, linear algebra, and estimation.

These lecture notes of the course are devoted to linear algebra concepts applied
to data science, and is divided into the following topics:

1. Basics in Linear Algebra: vector spaces, matrices and applications (linear
equations and least squares equations);

2. Eigendecomposition of square matrices: eigenvectors and eigenvalues, pos-
itive definite matrices and the trace operator;

3. Quadratic forms. Multivariate Gaussian distribution;

4. Eigendecomposition of square matrices: singular value decomposition,
pseudoinverses, matrix norms, Eckart-Young approximation (low-rank ap-
proximation of matrices);

5. Principal component analysis (PCA), the eigenfaces problem;
6. Fourier Transform and its applications;

7. Graph signal processing (GSP) and its applications.

Linear Algebra is a classical topic, and there are many very good books covering
the material that we need for our course at different levels of deep. Two books
that we especially like are: ”Introduction to Linear Algebra” by Gilbert Strang,
and ”Linear Algebra and Learning from Data” by Strang, Gilbert. Other books
related to this course is ”Data-Driven Science and Engineering: Machine Learn-
ing, Dynamical Systems, and Control” by Steven L. Brunton and J. Nathan
Kutz, or 7 Introduction to Applied Linear Algebra — Vectors, Matrices, and
Least Squares” by Stephen Boyd and Lieven Vandenberghe.



1 Some basic facts that you probably know about
vectors and linear maps

1.1 Vector spaces and sub-spaces

Let V be a set in which we have defined the addition operation and the multipli-
cation by a scalar (in this course, the scalars will be usually real numbers). We
say that V is a vector space if the addition and scalar multiplication operations
satisfy the following properties:

Vu, v, weV:

e Associativity: u + (v + w) = (u + v) + w,
e Commutativity: w+ v = v + u,
e Additive identity: 30€V such that v +0 = v, ,

e Existence of inverse: YveV,3 —v €V such that v + (—v) = 0.

V a,b e R and Yu,veV:

Associativity of scalar multiplication: a(bv) = (ab)v,

Scalar multiplication identity: 1v = v,

Distributivity of scalar sums: (a + b)v = av + bv,

Distributivity of vector sums: a(u + v) = au + av.

The elements of a vector space are called vectors. Some examples of vector
spaces are:

Example 1.1 (Coordinate space) The set of vectors XER™ with coordinates
x=(21,...,Zn) and t€R is a vector space.

Example 1.2 (Set of matrices) The set of matrices A€ER™*™ is a vector
space over R, (addition of matrices and multiplication of scalar over matrices).

Example 1.3 (Set of polynomials) The set of polynomials P, over R (co-
efficients in R) and of order less or equal of n is a vector space.

Example 1.4 (Set of continuous functions) The set of continuous functions
f: R" — R, where (f+g)(x) = f(x)+g(x) and (af) (x)=af (x) is a vector space.



If S is a subset of V' (SCV) which is closed respect the operations of sum of
vectors (if u,veS, then u + ve€S), multiplication by an scalar (if ueS and a
scalar then au€S), and the zero vector is in S, we say that S is a vector subspace
of V. Some examples/non-examples of vector subspaces V are:

Example 1.5 A line or a plane containing the origin is a vector subspace.

Example 1.6 A line or a plane non containing the origin is not a vector sub-
space.

Example 1.7 A quadrant is not a vector subspace (fails to be close under scalar
multiplication,).

Example 1.8 A circle is not a vector subspace (fails to be close under scalar
or vector multiplication and does not contain the zero).

1.2 Linear combinations and independence

If we have a set of vectors {v1,..., v}, a linear combination of these vectors
is an expression of the form v = ), a;v; for some scalars a;.

If we have a set of vectors belonging to a vector space, {v1, ..., v}, the set of
all linear combinations of these vectors is a vector subspace. This subspace is
called:

k
span{vy, ..., v} = {Z Bjvj; with B;€R} (1.2.1)

Jj=1

One vector w is linearly independent of a set of vectors {v1,...,vx} when
w cannot be expressed as linear combination of the vectors {vy,...,vx}, or
in other words, when w¢ span{vi,...,vx}. A set of vectors {vq,...,vx} are
linearly independent when the only linear combination that produces the vector
0 is the one with all coefficients equal to zero. Summarizing, let us assume that
25:1 a;v; = 0; if some a; #0 then the vectors are linearly dependent (1.d.),
while if all a;=0 then the vectors are linearly independent (l.i.).

1.3 Bases and dimension

There are many examples of vector spaces: R™, C", or P,(R), the set of poly-
nomials of n degree with real coefficients. These spaces are examples of finite
dimensional vector spaces. This means that there is a set of linearly indepen-
dent vectors of V, {u;}i=1...n (a base of V) such that all other vectors of V
can be expressed as v = > ., v;u;. A vector space has in general an infinite



number of possible bases, but the number of elements in each of those basis is
always the same. We say that this number n the dimension of V, dim(V) = n.
Moreover, we can use these coefficients to represent v as a column vector:

v=[v1,v2,...,0n] = | . (1.3.1)

The same definitions apply to vector subspaces.

Some vector spaces have infinite dimensions, for instance, P (R), the set of
polynomials of an arbitrary order, C[0, 1], the set of continuous functions defined
on the interval [0, 1], or L?[0, 1], the set of square integrable functions f for which
fol |f?du < oo. In this course, we will deal with the finite dimensional case only.
The infinite dimensional case is studied in functional analysis, and is important,
for instance, when dealing with stochastic processes.

1.4 Scalar product, orthogonality, and vector norms

The scalar product is an operation that takes two vectors w,v € V and returns
a scalar; i.e., {-,-): VXV — R. For this operation to qualify as a scalar product,
it must fulfill the following properties:

commutative: (u,v) = (v, u),

distributive: (u,v 4+ w) = (u,v) + (u, w),

linearity in any argument: (au,v) = (u,av) = a{u,v),

positive definiteness: if w # 0, then (u,u) > 0.

The most commonly used definition of the scalar product for two column vectors
u and v is:

(u,v) =u'v. (1.4.1)
Note, however, that we can define other scalar products. For instance, if S is a

symmetric positive definite matrix (see section 2.6), we can define a scalar
product as:

(u,v) = u' Sw. (1.4.2)

Another important example is the scalar product of two square matrices A and
B defined as (see section 3.3 for the definition of trace):

(A,B) =tr(A" B). (1.4.3)



A very important property of the scalar product is the Cauchy-Schwarz in-
equality:

(u, v)|? < (u,u) (v,v). (1.4.4)

We have equality only when u = av for some scalar a.

A simple proof of this important fact is the following: consider an arbitrary
scalar a and two non-zero vectors u, v. Assume first that there is no scalar a for
which au = v. Then, the positive-definiteness property of the scalar product
implies that for any a:

0 < (au — v, au — v) = (u,u)a® — 2(u,v)a + (v,v). (1.4.5)

But this second-degree polynomial on a is always non-negative for all a only
when:

4((u,v))? — 4{u, u)(v,v) <0, (1.4.6)
and from this, we arrive at the strict Cauchy-Schwarz inequality.
Assume now that there is a scalar a* for which a*u = v. In this case, we have
0 < {au — v,au — v) = (u,u)a® — 2(u,v)a + (v,v). (1.4.7)

with equality for a = a*. This means that the second-degree polynomial in a
has a double root at a*, which is only possible if:

4(<u7 ’U>)2 - 4<ua ’LL> <’U, U> =0, (148)

and from this, we arrive at the equality case of Cauchy-Schwarz inequality when
v is colinear with u.

We can define the angle a: between two non-zero vectors u, v as:

(u, v)

cos(ar) = (1.4.9)

(u, u) (v,v)-

Two non-zero vectors are orthogonal when its scalar product is zero:
(u,v) =0. (1.4.10)

Thus, the angle between two orthogonal vectors is a = 90°.

A norm is a function ||-||: R™ — R, such that for each vector v€R", the following
conditions are satisfied:

e || - || is non-negative, ||v| >0

e || - || is definite, ||v]| =0 iif v =0,



e || - || is homogeneous |[(av)|| = |a|||v]| with a scalar,
e || - || satisfies the triangle inequality (subadditivity property) [[u+ v|| <
[l + v

The Euclidean norm or also called L2-norm represents the length of a vector
v, and is defined as the non-negative number:

o] = +v/(v,v) (1.4.11)

Other well-known norms are represented by a subscript || - ||, where peR4 (R4
means any real number >0). Examples of useful norms are:

e ||v]|o (zero-norm or LO-norm) defined as the number of non-zero coordi-
nates of vector v (or also as the Hamming distance of the vector from
7€ero),

|lv||1 (Taxicab norm or Manhattan norm or sum-absolute norm) defined
as [}y = 377 [vil,

|v||2 (Euclidean norm or L2-norm) defined as |[vfs = /> iy [vi]? =
voTwo,

lv[l, (Lp-norm) defined as ||, = (373, [vil?)'/7,

|[v]|co (maximum norm or infinity norm or Chebyshev norm) defined as
[vllee = mazi=1...n{|vil}-

Example 1.9 (vector norms) Let us assume vector v=[1,0,0,4,2,-3]. Then,
lvllo =4, [|[v|l1 = 10, ||[v]l2=v30 = 5.477, ||v]|3.2 = 4.558 and ||v]|e = 4

The Cauchy-Schwarz inequality for the Euclidean norm reads:
[uTol < [lul [v] (1.4.12)

Let us define the unit circle or unit ball as the set of all vectors v of norm 1
(lvll, = 1). Then plot, as an exercise, the unit circle for norms ||v|jo, ||v]|1,
[0]l2; [v]loc, and [|v]|, for any p.

1.5 Linear maps and matrices

A linear map L is an application L: V' — W, where V' (domain) and W (co-
domain) are vector spaces, that satisfies Vu,v€V, and Va, beR:

L(u+v)=L(u) 4+ L(v) and L(au) = aL(u), (1.5.1)



or (identical definition)

L(au + bv) = aL(u) + bL(v). (1.5.2)

For example; L(x1,x2)=(x1+X2,x1,x2+1) is not a linear map, as it fails in the
condition L(au) = aL(u). A linear map always transforms 0 to 0, i.e., L(0) = 0.

Assume that {v;}i=1, . is a base of a n dimensional space V', while {w; };i=1,...m
is a base of a m dimensional space W. The image of the u; base vector by the
linear map L, i.e. L(u;), is a vector of W, that we can express in the base

{’wi}i=1,...,mi
L(u;) = a1;w1 + a2iwz + ... + amiWm (1.5.3)

An mxn matrix A is an arrangement of these numbers a;; into an mxn array
A = [a;;]. For an arbitrary vector v, expressed as a column vector in the base
{vi}i=1,....n, the product Av gives a result the vector w, which is the image of
the vector v by the linear map L expressed in the base {w;}i=1,.. m.

This is a bit confusing at first. Let’s think on the following example: {1, 2,22}
is a possible base of P,(R). Using this base, we can represent the polynomial
p(z) = a+bx + cz? by the R? vector p = [a,b,c]T. Let us define the linear map
4. P)(R) = P3(R) that assigns to a polynomial p(z) its derivative (another
polynomial). If we represent the polynomials in the image and domain sets by
the same base {1, 2,22}, we can thus represent this linear map by the matrix:

01 0
D=0 0 2. (1.5.4)
00 0

Usually, we will use matrices to represent linear maps. Very often, we express a
matrix A as an arrangement of its columns (or its rows) considered vectors. For
instance if A = [a;;] and let us define the n column vectors a; = [a;1, ..., @im] "
for i = 1,...,n. We can write the matrix as:

A=lai,...,an] (1.5.5)
Similarly, we can write A using its row vectors r; | = [a1s, ..., Gni]:
S
A= ; . (1.5.6)
S

If we have a matrix A and a column vector v = [v1, ...,v,] T, we can express its
matrix times vector product as

U1
w=Av=[ay,.,a,] | I | = Z VA, (1.5.7)

Un, i=1,..,n



which is saying that the image vector w is a linear combination of the column
vectors a;.

1.6 Rank of a matrix

The image f of all vectors of a subspace S of V' by means of a matrix A is also
a subspace T of W; f:SCV — TCW.

In the special case when the subspace S is V itself, the generated subspace is
span{as, ..., an }. The dimension of this subspace is the rank of the matrix A,
rank(A), and it is the number of linearly independent columns.

Very surprisingly, this number is also the number of linearly independent rows
of the matrix A, meaning that A and AT have the same rank.

In terms of rows and columns of a matrix AER™*" and matrix AT eR"*™
we can state the actions of an mxn matrix remembering that matrix A can
be expressed as column vectors {aq,...,a,} or matrix A can be expressed as
row vectors {r1',...,7m ' }. In the same way matrix AT can be expressed
as column vectors {71, ..., 7y} or matrix AT can be expressed as row vectors

{G,]_T7 ceey anT}.

For any matrix, we can associate several subspaces: the null space (NS), the
column space (CS), the row space (RS), and the left null space (LNS).

Let us define the Range(A) or Im(A)=Image(A) as the image of the linear
transformation f:R"CV — R™CW:

Im(A) = Range(A) = {yeR™"|y = Az for some x€R"} (1.6.1)

and we can observe, Range(A)= Im(A) is a subspace of R™. The Im(A") is
defined in a similar way and is a subspace of R™.

Im(A") = Range(AT) = {x€R"|xz = A"y for some ycR™} (1.6.2)

and, Range(A )= Tm(A") is a subspace of R™.

Define the column space of A, CS(A), as the linear combination of its columns:
CS(A)={weR™, w=c1a1 + -+ + cpan}, where a;ER™. The CS(A) is then a
subspace of R™. The CS(A) is the Range(A) or Im(A) of the linear transfor-
mation f:R"CV — R™CW.

In a similar way, we define the row space of A, RS(A), as the linear combina-
tion of its rows: RS(A)= {veR", w=dyr1 + - + dpTm }, where r;€R™. The
RS(A) is then a subspace of R”, and then it is the Range(A ") or Im(A").

We know that dim(RS(A))= rank(A) and that dim(CS(A))= rank(A), which
makes dim(RS(A))=dim(CS(A))= rank(A). Since the columns of A are the
rows of A", finding a basis for CS(A) is equivalent to finding a basis for RS(A").



The null space NS(A) or Ker(f) is defined as:
NS(A) = {xeR"|Az = 0} (1.6.3)

and we can observe that NS(A) is a subspace of R". The NS(A ") (also called
the Left Null Space of A, LNS(A) or the CoKer(f)) is defined in a similar way
and is a subspace of R™.

LNS(A)=NS(AT) = {yeR"|ATy =0} = {yeR™"|y" A =0} (1.6.4)

If A=[a;, ..., a,] is a column partitioning, and rank(A)=span{ai, ..., an}. Now,
since the rank(A) is the dimension of the image; rank(A)= dim(Range(A))=
dim(Tm(A))=dim(CS(A)), and we know that rank(A)=rank(A"). We say that
the matrix AeR™*" is rank deficient if rank(A)<min{m,n}, and therefore:

dim(RS(A)) + dim(NS(A)) = rank(A) + dim(NS(A)) =n (1.6.5)

We can state that RS(A)= Im(A") cR" L NS(A)CR™. On the other hand, in
terms of the CS and LNS:

CS(A) = Im(A)CR™ L LNS(A) = NS(A")cR™ (1.6.6)
and
dim(CS(A)) + dim(LNS(A)) = rank(A) + dim(LNS(A)) =m (1.6.7)

You can see this in the following way: A'y=0 (or y' A=0), so rows of A"
multiplied by vectors y in the null space are equal to 0 (or vectors y of the left
null space multiplied by columns of A are equal to 0), so they are orthogonal.

Example 1.10 (Row space, column space, null space and left null space)
Let’s see an example of a matriz AER™™  with m=38 and n=4:

2 1 11
A=1|3 0 0 2
1 3 6 0

The rank of this matriz is r=3. It has 3 row vectors; r{ = [2,1,2,1], r§ =
[3,0,0,2] and ri =[1,3,6,0]. They form a basis of the row space that is a sub-
space of R™ = R*. The null space has 1 vector with basis r,s = [—2/3,4/9,—1/9,1].
Now, vectors r1, 11, 71 and T, form a basis of the space R™ = R*,

Matriz A has 4 column vectors; a] = [2,3,1], a5 =[1,0,3], a3 = [1,0,6] and
aI =[1,2,0]. vectors as and ag are linear dependent, thus, vectors ay, as and
a4 form a basis of the column space that is a subspace of R™ = R3, and the left
null space only contains vector aj,s = [0,0,0].

1.7 Applications

Let us see some applications where these concepts appear.



RS(A)=Im(AT) L Null(A) CS(A)=Im(A) L Coker(A)=Null(AT)

dim=r

Rm

Null Space

of AT dim = m-r

Figure 1: Fundamental theorem of linear algebra.

1.7.1 Linear equations

Let us consider the Figure 1, where we have plotted the orthogonality of the
subspaces and we consider the system of equations:

Az =b (1.7.1)

where AER™*™ xeR™ and beR™.

We can observe that the action of matrix A over a vector x, in the RS is to
transform it in a vector b in the CS.

On the other hand, we can observe that the action of matrix A over a vector
T, in the NullSpace is to transform it in vector 0.

An interesting property is that a vector , = x, + x,, that is the sum of a
vector in the RS and a vector of the NullSpace goes to the CS, since Axp=
A(xy + Tps) = Az + Az = b+ 0=0.

The conclusion of these facts are that the particular solution of Ax = b is
x,, the homogeneous solution of Ax = b is x,,, and the general solution
of Ax =bis Tp = T + Tps.
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1.7.2 Least squares equations

Let us consider the Figure 2, where we have plotted the orthogonality of the
subspaces and we consider the system of equations:

Ax =0b

where A€R™*™ xcR™ and beR™. The objective is to find a vector x that
satisfies the equation Ax = b. Let us consider three cases:

Undetermined Unique Solution Overdetermined
case case

}
S

Figure 2: Least squares equations.

e Undetermined case: This is the case in which there are more vari-
ables than equations, meaning m < n. In this case, there exists infinity
solutions, since & = {x: Ax=b} = {x, + x,s} with z,.€RS(A) and
Zns€Null(A). This is because rank(A)=r=m, so the Null(A") only con-
tains the 0 vector and Null(A) has n-m=n-r vectors (assuming that A is
full row rank).

The best that can be done is to find the vector  in the RS which when
transformed by matrix A is closest to CS, it is to say:

minimize  ||z||3
subject to Az =b (1.7.2)
variable T

This vector is given (we will prove it in TOML-MIRI when we will study
non-linear optimization) by the right pseudo-inverse:

AT =AT(AAT)! (1.7.3)

We call it right pseudo-inverse because AAT =T (AT is on the right). We
will come back to a derivation of the left pseudo-inverse when we study
the singular value decomposition (SVD).

11



Example 1.11 (Undertermined case) Let us consider the following lin-
ear system:

A null space vector is xns = [1,—2,5]. The solution x, is given by x,=

AT(AAT) 1b:
2 1 2 1
x,=A (AA) b= |1 3(E é ﬂ 1 3)*[ﬂ
0 1 0 1

and:

2 1 46
z, = [1 3 Ff{ig ;iéG][?}1/3o -2
0 1 -10

and a solution of this linear system of equations is in the form of x =
T, + cxns, with ¢ any real constant.

Unique solution: This is the case in which there are the same number
of variables as equations, meaning m = n. In this case, there are several
possibilities:

— If matrix A is non-singular (invertible), then there exists a unique
solution:

&=A""b (1.7.4)

— If matrix A is singular (non-invertible), then rank(A)=r < (m=n),
and there exists infinity number of solutions given by:

&=ATb+x,, (1.7.5)
with £,s€NS(A), and AT the pseudinverse of A.
Overdetermined case: This is the case in which there are fewer variables

than equations, meaning m > n. In this case, there exists no solution.

The best that can be done is to make the error e=Ax — b as small as
possible. Since Ax can never leave the CS, we have to find a vector x
such that Ax is closest to b, or in other words this point is the projection
p= Az of b in the CS. In this way e=b-p is the smaller length if:

minimize ||Az — b]|3

variable x (1.7.6)

12



This vector is given (we will prove it in TOML-MIRI) by the left pseudo-
inverse

AT =(ATA)TAT (1.7.7)

We call it left pseudo-inverse because ATA= I (AT is on the left). How-
ever, we can derive it from the interpretation of Figure 1. We have to
note that e=b-p is perpendicular to the CS, so e is in the left null space.
Then:

ATe=AT(Az -b) =0 (1.7.8)

From here, we obtain:

ATAz=ATb (1.7.9)
And finally:
#=(ATA)'ATb=A"b (1.7.10)

We will come back to a derivation of the left pseudo-inverse when we study
the singular value decomposition (SVD).

Example 1.12 (Overdetermined case) Let us consider the following
linear system:

2 1
Ar=b— |1 3 {xl}:
0 1| "

= =W

The solution @, is given by x= (AT A)"'ATb:

a:(ATA)lATb(E 5 (1)] | ;,)*1 E 5 (1)] |
0 1 4
and:
11/3 —1/6][2 1 o] | 27
’”:{—1/6 1/6“1 3 1} i :1/30{15]

and a solution of this linear system of equations is in the form of x =
1/30[27,15] = [0.9,0.5].

2 Eigenvectors and eigenvalues

An eigenvector of a linear transformation is a nonzero vector that changes at
most by a scalar factor when that linear transformation is applied to it. The
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corresponding eigenvalue A is the factor by which the eigenvector is scaled. The
eigenvector points in a direction in which the vector is scaled by the trans-
formation and the eigenvalue is the factor by which the vector is scaled. A
main application is the decomposition of a matrix by using eigenvectors and
eigenvalues (called de eigenvector decomposition, EVD). Other applications ap-
pear when solving differential equations, dimensionality reduction (e.g. princi-
pal component analysis, PCA), denoising (e.g. eigenfaces), data compression,
spectral graph theory, signal reconstruction, etc. The EVD (applied to squared
matrices) is connected to another important decomposition called singular value
decomposition (SVD) when the matrices are not-squared.

2.0.1 Linear transformations

If T is a linear transformation on a vector space over itself, i.e., T:V — V, an
eigenvector is a vector that satisfies:

T(v) = v (2.0.1)

Assuming that the linear transformation (as seen in previous lectures) can be
related to a matrix. Let, then, AER™*" be a square real matrix (although the
matrix A has real components, in this section is better to think that vectors can
have complex coefficients and that scalars are also in general complex numbers).
A non zero vector v is an eigenvector, and the scalar \ is an eigenvalue of
the matrix A when:

Av = )\v (2.0.2)

Eigenvalues must fulfill the condition: Av — Av = (A — A)v = 0. Asw
is non-zero, this is only possible if rank(A) < n, which is equivalent to the
condition det(A — AI) = 0. This determinant is in general a polynomial on
A of degree n, meaning that has n complex roots (if we count the multiplicity
of roots). For very small matrices we can find the roots of this polynomial
to compute eigenvalues. For larger matrices, there are more computationally
efficient methods.

Once we know the eigenvalues, we can find the associated eigenvectors by solving
the undetermined system of linear equations (A — AI)v = 0. We can set, for
instance, the condition ||v|| = 1 to find unique solutions (up to the sign).

In the case of eigenvalues of multiplicity larger than 1, we can have several
linearly independent associated eigenvectors. The dimension of the generated
subspace must be less or equal to the multiplicity of the root. When this di-
mension is strictly lower than the multiplicity of A, we say that the matrix is
defective. You can find detailed discussions on this in any text on linear al-
gebra. We will be interested mainly in symmetric matrices, which are never
defective.
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2.1 Diagonalization and eigendecomposition

Let A be a square nxn matrix with n linearly independent eigenvectors v;
(where i=1, ..., n). Then A can be factorized as:

A=VAV™! (2.1.1)

where V' is a squared nxn matrix with column vectors v; (eigenvectors), and
A is a squared nxn diagonal matrix whose diagonal elements A;=\; (are the
eigenvalues). This is easy to see since if v i an eigenvector:

Av = )\v
AV = VA (2.1.2)
A =VAV!

See the following property. The linearly independent eigenvectors associated
with the eigenvalues different of 0, form the range(A) or Image(A), and they
are the basis of the column space CS(A). The linearly independent eigenvectors
associated with eigenvalues equal to 0, form the basis of the null space of A.

2.2 Some important types of matrices

e An square nxn matrix A with 0 off-diagonal elements is a diagonal ma-
trix. The product Av produces a stretching (or directional scaling) of
the different components of the vector v according to the corresponding
values of the diagonal. If some components of the diagonal of A are zero,
the product collapses to zero the corresponding components of v. The
inverse of A is obtained by simply inverting the diagonal elements (if any
of those elements is zero, then the matrix is not invertible).

e A square matrix () with columns that are orthonormal vectors (i.e. or-
thogonal and with norm 1) is called an orthonormal matrix (or very
often simply orthogonal matrix, as we will assume the norm 1 condi-
tion). The product Qv produces a rotation, a reflection, or a combination
of both operations (called roto-reflection), on the vector v. Orthonormal
matrices are always invertible and Q' = Q7.

e A square matrix A that fulfills A=AT is a symmetric matrix. Sym-
metric matrices satisfy the following properties: i) sum (or difference) of
symmetric matrices is symmetric, ii) if A and B are symmetric, then AB
is symmetric only if AB=BA; iii) if A1 exists, then it is symmetric if
and only if A is symmetric;

e If v is a column vector of V, the square nxn matrix vv ' is a matrix (do

not confuse with the scalar product v v which is a number) of rank 1.
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e We define a projection as a linear operator P:V — V such that P?=P.
If the vector space V is finite-dimensional, a square matrix P is called
projection matriz if P2=P. Moreover, if P is real, and P?’=P=P" then
P is called a orthogonal projection matrix. For the general case of a
non-unitary vector v, the projection matrix is defined as:

P=v<vv>"to' (2.2.1)
so the projection of a vector ¢ on the vector v, would be given by:
t=Pt=v<v,o>"'ov't (2.2.2)

Example 2.1 (Projection matrix for a vector) We want to project
vector t=[1,2] over vector v=[2,1]. We first obtain the projection matriz
P:

1 1 2] 1(4 2
P=— _pv' == 2 1] ==
E ~5 2 Y 5[2 1}

N

Then, now, the projection of vector t on the vector v, would be given by:

. 1[4 2] [1] _1[6] [12
t_Pt_5{2 1] 2 _5[4}_[0.8}

and the projected vector will be £ = [1.2,0.8]. We can observe that the
matriz P satisfies property pPl=p=pP".

P271421427i20107}42
T 512 1/512 1] 25|10 5| 52 1

Finally, observe that since we project a vector over a vector, matriz P has
rank r = 1.

In the special case in which v is unitary, < v,v >=1, and P= vv'. The
projection of vector ¢ on the unitary vector v will then be £ = Pt = vv ' t.

In the case that the we want to project a vector t on a subspace generated
by the matrix A, then the projection matrix will be given by:

P=AATA) AT (2.2.3)

and the projection of the vector ¢ on the subspace generated by the matrix
A will be given by:

i=AATA) ATt (2.2.4)

Example 2.2 (Projection matrix for a matrix) We want to project
vector t=[1,2] over the space generated by matriz:

A:

S~ N
— Y =
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The projection matriz P will be given P = A(ATA)_IAT:

1 L
13113)1313022610

210}21 {210}_1292_5
0 1 -5 10 5

2 1

P=|1 3| {
01

and we can observe that matriz P has rank r = 2 (the same as matriz A).

2.3 An nxm matrix of rank » maps a sphere of dimension
n into an ellipsoid of dimension r

A basic fact of linear algebra is the following: Assume that we have an nxm
matrix A with rank(A)=r. Assume that we compute the products y = Az,
where z is an n-dimensional vector that lies in a sphere of radius 1 in the space
R™. Then the locus (set of points) of all the generated vector y lies in an ellipsoid
of dimension r embedded in the space R™.

As an example, assume a 2x2 matrix A of rank 2. If we compute y = Az
for x = (cos(f), sin(0))" with 6 € [0,27), the vector y will lie in an ellipsoid
centered in the origin in R?. If rank(A)=1, the ellipsoid will collapse one of its
dimensions, resulting in a segment that crosses the origin.

2.4 Matrix factorization
In this course, we deal with two important matrix factorizations:

e S=QAQT, for symmetric matrices.

e A=UXVT, Singular Value Decomposition (SVD) for general matrices.

We are interested in the first factorization as covariance matrices are symmetric,
and we are interested in the second factorization as it allows us to approximate
clouds of points in high-dimensional spaces by clouds of points in lower dimen-
sional spaces.

2.5 Diagonalization of symmetric matrices

Assume that S is an nxn symmetric matrix, i.e. S = ST ie., ai; = aj; Vi, 3.
Symmetric matrices have the following properties: i) S1+S32 (sum) is symmetric
if S1, So are symmetric, i) S1S2 (product) is not necessarily symmetric even
if Sy, So are symmetric, iii) if S~ exists, is symmetric if and only if S is
symmetric.

The spectral theorem tells us when a linear operator or matrix can be diag-
onalized. In the case of S (symmetric matrix), the finite-dimensional spectral

17



theorem says that any symmetric matrix S whose entries are real can be diag-
onalized by an orthogonal matrix (so, the eigenvectors are orthonormal).

e S has n real eigenvalues, );, (counting possible multiplicities)
e The n associated eigenvectors, g; are orthonormal.

o These matrices are not defective (defective means that rank(A)=r<n, then
rank(S)=n) if they are positive definite.

Let us prove it for the case in which the matrix has non-repeated eigenvalues.
This result can be extended for the repeated eigenvalues case by using continuity
arguments.

2.5.1 Eigenvectors are orthogonal

Assume that Sv = A and Su = pu different eigenvalues A and p. We have:
v Su=pv'u (2.5.1)
and
u'Sv=\u'v (2.5.2)
but T Sv =0 'S Tu = v Su as S is symmetric, and w'v = \v'u, which

implies Au"v = pu v, and from this we get u v = 0 (eigenvectors are orthog-
onal).

2.5.2 Eigenvalues are real

Assume that A\ is a complex eigenvalue. As S is real, \* (i.e. its complex
conjugate) must also be an eigenvalue:

Sv=)\v (2.5.3)
and:

Sv* = \v* (2.5.4)
Then we have:

v TSy = v Tw = A (2.5.5)
since eigenvectors v are orthonormal (v*v = 1), and:

vT Sv* = Nvlv* =\ (2.5.6)
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But \* = vTSv* = (vTSv*)T = v*TSv = A, meaning A = \*.

As a consequence, we can write S as: S=QAQ", where Q is an nxn matrix
with columns the eigenvectors of S, Q=I[q1,. .., qn], and A is a diagonal matrix
with diagonal elements A; ; = A;.

An alternative way of expressing this is by the formula: S =", X\ig;q;". Recall
that the terms g;q;' are rank 1 matrices.

If rank(S)=n, the eigenvalues A; must be different from 0 (if not, the corre-
spondent eigenvector g; would belong to the null space and rank(S)<n). In this
case, S has an inverse, which is also a symmetric matrix, and: S’_leA_lQ—r =

Zi )\%QiQiT-
Example 2.3 (Symmetric matrices) Let us assume the following symmet-
ric matriz A:
2

A p—

T W
>~ s O
= s O =

1
0
1

Then the eigendecomposition of matriz A will A = QAQ", with:

[—0.128 —0.978 —0.155 —0.051
~|-0.596 0.021  0.553 —0.582
Q= —0.463 0.204 —0.812 —0.29
|—0.643  0.028  0.103  0.758

and
[11.712 0.0 0.0 0.0
A 0.0 1.95 0.0 0.0
- 0.0 0.0 —2.228 0.0
| 0.0 0.0 0.0 —1.434

and as we can observe, all eigenvalues are real, and the eigenvectors are oth-
ornormal; q;rqi =1 and q;rqj = 0 with i#j, e.g. quO: [—0.128, —0.596,
—0.463, —0.643] T [-0.128, —0.596, —0.463, —0.643]= 1.0 and g g, = [—0.128,
—0.596, —0.463, —0.643]" [-0.155, 0.553, —0.812, 0.103]= 0.0.

Observe also that the matriz Q is a rotation matrix; for example Qq; = [0, ...,

1, ..., 0], a unitary vector with a 1 at position i, 0’s in the remainder.

2.6 Positive definite matrices
When all eigenvalues S are positive, we say that the symmetric matrix is pos-

itive definite. In this case, §™' is also a symmetric positive definite matrix.
These matrices somehow play the role of positive numbers in the matrix world.
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For example, the variance-covariance matrix ¥ = E[(X1, .., X;,)(X1, ..., Xn) ]
of multivariate Gaussian distributions is a positive definite matrix. The inverse
of the covariance matrix, called precision matrix is also positive definite.

e An nxn symmetric real matrix A is said to be positive definite if
x Ax>0 (2.6.1)
for all non-zero vectors x€R"™ and it is said negative definite if

x| Ax<0. (2.6.2)

e An nxn symmetric real matrix A is said to be positive semi-definite if

x Ax>0 (2.6.3)
x " Ax>0 for all non-zero vectors x€R" and it is said negative semi-
definite if

x| Ax<0 (2.6.4)

e An nxn symmetric real matrix which is neither positive semi-definite nor
negative semi-definite is called indefinite.

e A matrix A is positive (negative) definite if and only if all of its eigenvalues
are >0 (<0).

e A matrix A is positive (negative) semi-definite if and only if all of its
eigenvalues are >0 (<0).

You can find several interesting properties such as: i) if A and B are positive
definite matrices, then the sum A + B is a positive definite matrix; or ii) if A
is a positive definite matrix, then the inverse A~! is a positive definite matrix.

Finally, an interesting result is the following: let be a mxn A matrix. The
matrix S=A T A is positive definite (and then symmetric), and therefore S has
orthonormal eigenvectors and positive eigenvalues.

Example 2.4 (Positive definite matrices) Let us consider matrices A, B,
C and D. Check positive definiteness.

-1 1 -1 -3 0 -1
A=|1 0 1|; B=|0 -5 =2
[0 1 1 -1 -2 -3
(3 1 -1 31 -1
cC=|0 4 —=2|: D=0 4 —2
-1 -2 3 3 4 -3



Let us obtain the eigenvalues. The eigenvalues of matric A are A=[—1.879,
0.347, 1.532]. The matriz is neither positive or negative definite. The eigenval-
ues of matriz B are A=[—1.319, —3.358, —6.323] are all negative, and then the
matriz is negative definite. The eigenvalues of matriz C are A=[1.097, 3.194,
5.709] are all positive, and then the matriz is positive definite. The eigenval-
ues of matriz D are A=[0.0, 0.586, 3.414] are all positive or equal to zero, and
then the matrix is positive semidefinite. Moreover, since there are one eigen-
value equal to zero, the rank of this matriz is 2. On the other hand, the rank of
matrices A, B, C is 3.

3 Useful properties of matrices

3.1 Geometric interpretation for symmetric matrices: Ro-
tation/Reflection, Stretching, Rotation/Reflection™*

Figure 3: Symmetric matrix applied to a disc of radius 1.

We know that matrix multiplication can be interpreted as linear map com-
position, meaning that the geometric interpretation of Sv = QAQ" v for an
arbitrary vector v is:

e Rotate the coordinate system to align it with the set of vectors q; which
form the columns of the matrix @. The vector v in this new coordinate
system has the expression QT’U (note that the vectors g; expressed in the



new coordinate system have the expression QTqi = [0,...,1,..0] as we
expect).

e Stretch each component of the resulting vector Qv according with the
diagonal elements of the matrix A, obtaining the vector AQ ' v. This
stretching causes in general a change of direction of the vector, but if v is
aligned with a vector gq;, it does not change its direction.

e Apply the inverse rotation to the coordinate system. If we express the
resulting AQT’U in this new coordinate system we obtain QAQT’U.

For instance, a positive definite matrix S will map an n-dimensional sphere of
radius 1 to an n-dimensional ellipsoid with axis given by its eigenvectors q;, and
axis lengths given by its eigenvalues A;, (think on this, Figure 3).

3.2 Derivatives with vectors and matrices

First, some matrix manipulations typically appear when working with differen-
tiation.

o (AB)"! = B1A"!

(AB)T =BTAT
(aTAb)T =bTATa

a'b=b'a

(A+B)C=AC+BC
e AB # BA
ea’b=b'la
e (a+tb)flC=a'C+b'C
The Hadamard product (also known as the element-wise product, entry-wise

product, or Schur product) returns a matrix of the multiplied corresponding
elements. It is defined with the symbol ® (sometimes also with symbol o):

(Ao B)ij =(A0® B)i; = (A)ij(B)ij. (3.2.1)

Example 3.1 (Hadamard product of matrices) Consider matrices A and
B.

2 1 -2 -3 0 -1
A=|10 2|; B=|2 -5 -2
01 3 -1 2 4
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Its Hadamard product is given by:

2 1 =2 -3 0 -1 -6 0 2
AcB=(1 0 2|62 -5 -2|=|2 0 -4
01 3 -1 2 4 0 2 12

Let us assume vector x and we want to obtain vector derivatives over the func-
tion f(x) of the form df (x)/dx. We use the denominator layout (meaning that
fT and x)

o f(x) =x'a— df(x)/dx=a

o f(x) =x'A — df(x)/dx = A

o f(x) = Ax — df(x)/dx = AT

o f(x) = x'x — df(x)/dx = 2x

o f(x) = x"Ax — df(x)/dx = 2Ax if A is symmetric
o f(x) = x' Ax — df(x)/dx = (A + AT)x

3.3 The trace operator

For a square matrix nxn A we define the trace as the sum of the elements of
its diagonal:

tr(A) = Zakk =ai1 + a2+ +anpn (3.3.1)
k=1

The trace of the nxn I identity matrix is the dimension of the space, namely
n: tr (I,) = n. The following relationships are satisfied:

tr(A + B) = tr(A) + tr(B)

3.3.2
tr(cA) = ctr(A) ( )

for all square matrices A and B, and all scalars c. Moreover:
tr(A) =tr (A7) (3.3.3)

3.3.1 The trace of a matrix is the sum of its eigenvalues counting
multiplicities

As we know, the eigenvalues Ay are the solutions of the equation:

det(A —N) = (=1)"\" + (=) Hr(A)A\"" '+ ..=0 (3.3.4)
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The eigenvalues Ay are the roots of the polynomial in A, meaning that we have:
(D" A=A)A=A2)... =0 (3.3.5)
and from this we obtain:

> A =tr(A) (3.3.6)
k

Example 3.2 (Symmetric matrices) Let us assume the following symmet-
ric matriz A:

_— O = N
U s W
NG I G )
= s O =

The eigenvalues are A=[11.712, 2.228, 1.95, 1.434]. We can observe that ), \j=
11.712 4+ 1.95 4 (—2.228) + (—1.434)= 10.0 and that tr(A) =24+3+14+4=10

3.3.2 The trace operator is cyclic

Let A and B be general non-square matrices of sizes nxm and mxn. The
diagonal elements of P = AB can be found as:

Pk = Y aibik (3.3.7)

i=1,....m

while that for Q = BA we have:

k=1,....,n

We have then

tr(AB) = Z Z apibie = Z Z agiby = tr(BA) (3.3.9)

k=1,..,ni=1,..., i=1,..,mk=1,...n

If we have now three arbitrary matrices of the right sizes to produce a square
matrix in its product BAC we have:

tr(BAC) = tr((BA)C) = tr(C(BA)) = tr(CBA) (3.3.10)

Moreover for real column vectors a € R™ and b € R", the trace of the outer
product is equivalent to the inner product:

tr(ba’) =a'b (3.3.11)
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3.3.3 Derivatives of a trace

Let AcR™ ™ and X €R™*"™ matrices. Then:

d T
Moreover, if A, X cR"*™:
d
—tr(AX )= —=tr(X"TA)=A 3.1
X )= 5t ) (3.3.13)

Then, assuming correct matrices sizes A, B, X:

d d
ﬁtr(AXB) = d—Xtr(BAX) =(BA)T (3.3.14)

On the other hand, for deriving (X T AX) with respect to X, we first fix one
of the X and then the other (e.g. fix one X and substitute the other X by Y
and derive with respect Y, and then repeat exchanging the order):

A, T _ 4, T da _ T
(X TAX) = S tr(YTAX)+ - tr(XAY) = (A+ AT)X (33.15)

Using these rules, we can obtain the derivative of more complex trace expres-
sions.

3.4 Quadratic forms, sub-level sets, paraboloids and ellip-
soids
A quadratic function has the form of
1
flx) = §$TPw +b'x+ec (3.4.1)

where P is a nxn symmetric matrix, b and x are n-dim vectors, and c is a real
number. Define now a « sub-level set C, of a function f:R™ — R, as

C,, = {zedom{f}|f(z) < a} (3.4.2)

Let us now remember the equation of an n-dim ellipsoid as

2 2 2
x T T

1 2

2 2 T ;L 1
ai  aj a?

Thus, we can see that the o sub-level set of a quadratic form is an ellipsoid. In
fact,

e={x|(x—x.) Pz —x.) < 1} (3.4.3)
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where P is symmetric and positive definite, and the vector x. is the center
of the ellipsoid. The matrix P defines how far the ellipsoid extends in every
direction from . (directions given by eigenvectors of P), and the length of the
semi-axes of € are given by /\; (with \; the eigenvalues of P.

If we consider now a new dimension z,1, and make

x? a2 J;TQL
xn+1:é+;§+...+¥ (3.4.4)

we obtain the equation of a paraboloid.

3.5 Multivariate Gaussian distribution

Recall that we say that X follows a multivariate gaussian distribution of pa-
rameters g and X, where p€R™ and ¥ is a positive definite matriz, if the joint
probability density function of X is of the form:

1 1

fxl@) = e 351

Many times, we will express the multivariate gaussian distribution as: p{x|u, X} =
N{z|p, X}, or X ~ N{u,X}.

3.5.1 The quadratic form 3(z —p) S~ (z — p)

If S is a definite positive matrix, then the graph of the quadratic form

1 -
z= i(w —p) 2z — p) (3.5.2)
is a n 4+ 1 dimensional paraboloid that takes always values of z which are non-

negative and the only point at which z =0 is p.

N[O
M)

_1
Example 3.3 (Precission matrix Y~!) For instance, let ¥ = [ 1 32}.
2 2

To diagonalize 33, we find the eigenvalues and orthonormal eigenvectors:

V2 V2 7] ]l | X2 2
N 2 2 2
§ V2 [0 2] V2 V2

2

Meaning that:

D — N {0 1] \/5\/52{411 %}
2 2 2 2 2 4 4

Figure 4 we plot the 3-d parabole % (x — p) S~ (x — p) for p = [5,5]":
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paraboloid 1/2 (x-mu)™t 5™ {-1} (x-mu)

Figure 4: Paraboloid of a quadratic form given in the example.

3.5.2 Isocontour lines (or a-level sets)

We define the isocontour lines (or a-level sets) as the surface that represents
points of a constant value within a volume of space:

(x—p)"S e —p)=c (3.5.3)

The equation of an ellipsoid centered at the origin and of semi-axis given by a;
oriented according to the orthonormal vectors g; is

z'Q Qz=1 (3.5.4)

o of)~
owgwl’_' =}

0

0

0
1

]

2
If we plot the geometrical locus of the points that fulfill the equation:
(@ —p) 'S (@ —p) =

we would obtain an n dimensional ellipsoid, centered at the point p, with axis
aligned with the (orthonormal) eigenvectors g; of the matrix 3, and with semi-
axis length in the axis pointed by g; equal to c¢v/A;, where ); is the eigenvalue
associated with gq;.
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Ellipse (x,/A)%+(x,/B)?>=1

(1, %2) (1/0A2 1/032) (§2)=1

= u1u2] ul and u2 are column vectors...
1/42 0 \,,
‘Q‘ (xl’xZ)U< 0 1/B2)U ()=

Figure 5: Ellipse equations in terms of a quadratic form.

csart (&),

-
A /Vi

! Ju’
/ 2Zv:=\v,
-

r >

Figure 6: Ellipse equations in terms of eigenvalue-eigenvectors.

3.5.3 Isotropic Gaussian distribution

The special case of having g = 0 and ¥=1, we say that we have the multivariate
standard normal distribution, and if 3= 21, the distribution is called a isotropic
Gaussian distribution, meaning that instead of ellipsoids, we will obtain hyper-
spheres.
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3.5.4 Datasets generated from independent sampling of a multivari-
ate Gaussian distribution

If we perform a number of independent sampling of a multivariate Gaussian
distribution, we will obtain clouds of points following the previously described
ellipsoids:

© 0

N=100 points N=1000 points N=100000 points

3.5.5 Expressing %wTZTlas as the trace of the product of two ma-
trices

Assume that @ is a vector with 0 mean (otherwise, we would use & —m instead).
Scalars are special cases of square matrices, meaning that

1 1 1 1
%mTE_lx = tr(%mTE_lx) = tr(%waE_l) = §tr(5n2_l) (3.5.5)

where S,, = %mmT is the sample covariance-variance matrix.

3.5.6 The term |X|!/?

The determinant of a matrix is the product of its eigenvalues, meaning that
=2 = (I, M)

4 The Singular Value Decomposition (SVD)

The diagonalization of a symmetric matrix is an extremely important result,
that tells us that a symmetric matrix has as a ”core” a diagonal matrix with
real diagonal elements. A similar result can be generalized for some other square
matrices, but it cannot be applied to general (possibly non-square) matrices.

There is however another factorization that can be applied to general matrices,
even for non-square matrices which is known as Singular Value Decomposition
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(SVD), that has a lot of applications, including dimensionality reduction appli-
cations (principal component analysis, PCA), obtaining the effective rank of a
matrix (closest rank approximation of a matrix, e.g. Eckart-Young theorem),
calculate the generalized inverse of a matrix (pseudoinverse), or in linear least
squares problems.

4.1 The SVD

As we have seen if S is a symmetric nxn matrix, we can find a set of orthonormal
vectors ug, which are left and right eigenvectors of S associated with the real
eigenvalues A\, meaning that they fulfill the equations:

Su; = \ju;, i€ {1, ..,Tl} (4.1.1)

The SVD generalizes these equalities for a general mxn (i.e. m rows and n
columns) matrix AER™*" of rank r<min(m,n). The idea is to find orthonor-
mal matrices UER™*™ and VER™*" and diagonal matrix Z€R™*", such as
A=UxV' (Figure 7). The elements of the diagonal matrix X;; = o; are real
positive numbers called singular values and which we will order as a nonincreas-
ing order o1 > 09 > ... > 7, > 0.

3.0
> = [ o } (4.1.2)
with ¥,.=diag(oq, ..., 0,). For example, let us see the structure of matrix X
for rank 1 and 2 in a 5x5 matrix:
01|00 0 0 O ocp 010 0 O
0/0 0 0 O 0 o2/0 0 O
0/0 0 0 O ; 0 0|0 0 O (4.1.3)
0/0 0 0 O 0 0[]0 0 O
0/0 0 0 O 0 0[]0 0 O

We can observe the similitude with the EVD (eigenvector decomposition) if put
matrix V' on the left and see that it is satisfied the following expression:

Av;, = oju;, 1€ {1, ..,n} (414)

Surprisingly, we will see that this decomposition is always possible. The values
oy are called singular values of A, while the columns of U and V are called the
left and right singular vectors of A.

Remember that orthonormality of singular vectors mean that
U’ =U"U =1, (4.1.5)
and

vvi=v'v=r1, (4.1.6)
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Figure 7: SVD for a mxn A matrix.

4.2 Relation between EVD (eigenvalue decomposition) and
SVD (singular value decomposition)

Let us have a non-symmetric real matrix A€R™*" and assume a SVD as
A=UXV". We can see that the following relationships hold:
e Case AT A: in this case we obtain a nxn square matrix and:
ATA=wzvHTuzv' =vs'v'usv' =ve'sv' (4.21)

which says that A" A has as eigenvectors the columns of V' (right singular
vectors).

e Case AA': in this case we obtain a mxm square matrix and:
AAT =uzvTwuzv )T =uzv'visTUuT =uz2'U" (4.22)
which says that AAT has as eigenvectors the columns of U (left singular

vectors).

Finally, we can observe that the eigenvalues of AT A and AA" are the squares
of the singular values of A: o2=)\; or o;=v/\;.

4.3 Selecting the orthonormal basis in the SVD

Let us see how do we select the orthonormal basis {u1,...,un,} for the range
and the orthonormal basis {v1, ..., vy} for the domain (remember that we have
a function f:R™ — R™ associated to matrix AER™*™). Let us assume that
rank(A)=r; then, we will have:
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e The left eigenvectors wy,...,u, with u;ER™ are the orthonormal basis
of the Image(A)= CS(A);

o The left eigenvectors up41, . . ., Um, With u;ER™ are the orthonormal basis
of the Left Null Space LNS(A)= NS(A");

U=[UUp_r] = [, %, Ui, ..., Up] (4.3.1)

U, o

r

e The right eigenvectors vq,...,v, with v;ER" are the orthonormal basis
of the row space RS(A);

o The right eigenvectors vp41, ..., vy, with v;ER™ are the orthonormal basis
of the null space NS(A);

V = [VT|‘~/n_T] = [U1y.. , Vry Vrg1, ..o, Up)] (4.3.2)
A
v,

We first assume symmetric matrix AT A€R"*" and its eigenvalue decomposi-
tion (obtain its eigenvalues and eigenvectors since it is a squared nxn matrix):
ATA=VDVT, where D is a diagonal matrix with eigenvalues ); arranged in
nonincreasing order (A; > Ay > --- > 0), and the columns of V' (eigenvectors of
AT A) are the orthonormal vectors {v1,...,v,}. We can observe that vectors
{v1,...,vn} form a basis of R”. Moreover, since our matrix A has rank(A)=r,
the right singular vectors associated with non-zero singular values (there are r
of them) form a basis of RS(A), while the n-r right singular vectors associated
with the zero n-r singular values form a basis of the NS(A).

Remember that the Im(A) = Range(A) = {yeR™|y = Az for some x€R"},
and then:

A’U,'-A’Uj = (A’U,')T-A’Uj = ’UiT(ATA’Uj) = ’l)iT(Aj’l)j) = )\j’U,;T’Uj =0 (433)

since v; and v; are orthonormal. Then Awv; and Av; also are orthogonal (not
necessarily orthonormal). Then the eigenvectors of AT A and their images under
A form a basis for the range or image of A (or the column space CS(A)).

We must check now that the vectors uy defined as Av, = o,u are also or-
thonormal:

2

1 o
) uj = F’UIATA’UJ' = U‘;‘v;—rvj =0, i#j (4.3.4)
1Yy L)

In order to complete the orthonormal bases of the range, we have to normalize,
thus:
AU,’ A’Ui A’Ui

Ao Vo LSEsT (4.3.5)

U;
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and defining Uf = \;, we obtain Av; = o;u;, with 1 < ¢ < r, which shows that
AV = U2X taking u; the columns of U and v; the columns of V' and 3;; = o;.

Finally, we can express the matrix A as:

A=[U, U, { z(:)r 8 ] [ g } (4.3.6)

The dimensions of the matrices are U, €R™*", TJ}GR’”X(T”*T), V,.eR™ " and
V,.eR™*("=7)  Observe that the following conditions are satisfied:

vu,=1, U,0,=1,., UU,=0 U'U +0,0, =1,

ot . Y (4.3.7)
VIV,=1, V.V,=1,, V/V,=0 V!V, +V.V,=1I,

Example 4.1 (SVD example) Let’s calculate the SVD for matriz ACR3*2:

2 1 -0.531 -0.113 -0.839| [4.169 0
A= |3 0| =[-0595 —-0.654 0.466 0 2.572 [00;2(;0 00'85268}
1 3 —-0.602 0.748  0.279 0 0 ' '

where we have used the full matriz decomposition; A = UXV " . If we consider
the SVD with rank r=2, we can use the economy SVD A = UTZTV::

21 —0531 01131 69 0 7 7—0.560 0.828
A=13 0| =[-0.595 —0.654 0 o572l | 0.828  0.56
1 3 —0.602 0.748 ' ’ '
It can be easily seen that u/w; = 1 and uiTuj = 0 with i#j, e.g. ujug=

[~0.531, —0.595, —0.602] T [~0.531, —0.595, —0.602] = 1.0 and u] wy= [—0.531,
—0.595, —0.602]T [~0.113, —0.654, 0.748]= 0.0.

4.4 Geometric interpretation
Remember that we have a function f:R™ — R™ associated to matrix A€R™*™.
What happens if we apply matrix A to a unit sphere R” (we assume m<n) ?

Let us assume that £€R" are the vectors in the unit sphere. Remembering that
when we apply an orthonormal matrix to a vector we rotate the vector, then:

Az =UZV 'z (4.4.1)

which means that we first apply a rotation V' to vectors & (still in R™), then
we stretch or shrink in each direction (since we multiply vectors by singular
values larger or than 0), producing an ellipsoid in R™, and finally we rotate
again using U in R™.

In other words, we produce a linear mapping in which a sphere in R is converted
to an ellipsoid in R™ (make some figures showing the geometric interpretation).
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4.5 SVD, pseudo-inverse and projection matrices

Let us consider a linear system of equations:
Az =y (4.5.1)

where AER™*" xeR™ and yeR™.

If m=n we have a two-sided inverse of matrix A, i.e., AA™' = A™'A =1,
that is what we call inverse of A if the nullspace(A) and nullspace(A ') only
contain the zero vector.

Let us consider the case in which the rank(A)=r=n, and then the nullspace(A)
only contains the zero vector. In this case m>n (overdetermined case) in
which case we can not produce an inverse. However, A" A has inverse since it
is a symmetric nxn matrix. From here and the SVD we can deduce what is
called the left pseudo-inverse:

A, =AT=(ATA)'AT (4.5.2)
Deduction:
Ar=y > ATAz=A"y (4.5.3)

We can observe that: ATA=VE'SV T and:
VE'SVz=ATysz=vV(EZ'D)'VvTAly (4.5.4)
since (ATA)"'=V(Z'X)"'VT, we conclude that:
r=(ATA) ATy =A_ Ly (4.5.5)

Note that Al_e}tA = I,, and that AAl_e;t only is I, if n = m. As a statement,

a non-symmetric matrix can not have a two-sided since A or AT has null-space
different of the zero vector.

In the same way, let us consider the case in which the rank(A)=r=m, and then
the nullspace(A ") only contains the zero vector. In this case m<n (underde-
termined case) in which case we can not produce an inverse. However, AAT
has inverse since it is a symmetric nxn matrix. From here and the SVD we can
deduce what is called the right pseudo-inverse:

Al = Al =AT(AAT)™ (4.5.6)
Note that AA;}JM = I,,, and that A;i;htA only is I,, if n = m. As a statement,

a non-symmetric matrix can not have a two-sided since A or AT has null-space
different of the zero vector.

Finally, If A is full column rank (r = n), and Al_e}t =(ATA)"'AT, then matrix

P=AA_;, =AATA)'AT (4.5.7)
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projects R™ into the column space of A.

In a similar way, If A is full row rank (r = m), and Ar_i_};ht =A"(ATA),
then matrix
P=A, A=AT(ATA)'A (4.5.8)

projects R™ into the row space of A.

What is the pseudo-inverse in terms of the SVD? The pseudo-inverse is
a matrix that satisfies that # = AA'@. In other words: UXV T AT = I, and
remembering that matrices U and V' are othornormal (and easy to invert), then
AT =UTSV. The best approximation of > is a matrix with diagonal values
for i =1,...,r for the first r rows (or columns), with r the rank of A and the
rest of diagonal values are zero.

Example 4.2 (Pseudo-inverse using the SVD) Remembering example 1.12,
we obtained the pseudoinverse of matriz A

2 1
Ax= |1 3
0 1

as AT =(ATA)TAT:

AT:(L :13 (1)]

then, if we want to solve Ax = b, with b = [3,1,4], we obtain z=ATb= [0.9,0.5].
Using the SVD, AT = U "STV. Since (see example 4.1)

;,)—1 2 1 0] |0567 —0.133 -0.167
1 1 3 1| |-0.167 0.333 0.167

S =N

—0.499  0.847  0.183 3719 0
U=|-083 —-0413 —0365|;X=| 0 1.473 ;V[_g'gg?’ —_004892}
—0.234 —0.335 0.913 0 0 ' ‘

and considering the inverse of the ¥ matriz (X1) as:

0.268 0
st=1 0 0679
0 0
Then, now:
AT Tty _ [ 0567 —0.133 —0.167

—-0.167 0.333  0.167
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4.6 Economy, compact and truncated SVD

Remember that matrix Y is a diagonal matrix with r singular values in positions

i, with 4 =1,...,r and zeros otherwise:
ocp 0 0 .. 0 O
0O o9 0 ... 0 O
=10 0 o 0 . (4.6.1)
o o0 .. .. 0 ..
o o0 .. .. .. O

while V = [v1,...,v,] and U = [uy, ..., up .
Let us assume that k = min(m,n). Then, A can be written as:
A=UxV'

= [o1u1, ..., 0k UE, 0, ..., 0][v1, ..., vy

= > ouu+ Y 0v] (4.6.2)

]T

j=1,.k j=k+1,.n
= > ou]
j=1,..k
Defining 3; = diag(o1,...,0%), Uy = [u1,...,ux], and Vi = [v1,...,v%], we
obtain:
A=UZ, V] (4.6.3)

which is known as the economy SVD. On the other hand, if the rank r of A is
r<min(m,n), then there only are r singular values different of zero, and then

A=U,3x. V] (4.6.4)

which is known as the compact SVD. This fact is useful when obtaining matrices
U and V since only u, and v, vectors have to be calculated.

Finally, in low-rank aproximation, only ¢ singular values (the ¢ highest ones) are
considered, and:

A=UzZ V] (4.6.5)
which is known as the truncated SVD.

4.7 The SVD as the sum of r matrices of rank 1

Let us take the economy SVD expression: A=U TE,»V,T. and express matrix A
as the sum of » matrices of rank 1:

A=U3V] => o] (4.7.1)
k=1
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This will be a key fact to find the best low-rank approximation (in the following
sections) of a matrix by using the SVD.

4.8 Matrix norms

Remember that norms assign a real number (a length) to an element of vector
space. The four (non-negativity, positive definiteness, absolute homogeneity and
subadditivity or triangle inequality) defining properties of any norm applied to
matrices A and B are (assume correct dimensions of the matrices):

||A|| > 0 (positive-valued),

|A|| = 0 only if A=0,,,, (definite),

|IAA| = |A| || Al (absolutely homogeneous),

|lIA+ B| < ||A]l + ||B|| (triangle inequality).
For matrix norms we introduce the additional condition:

o |AB| <|A| ||B] (sub-multiplicative).

4.8.1 Matrix norms induced by vectors p-norms

One way of defining a matrix norm, is using vector norms. The matrix norm
measures how much a vector (assuming a vector p-norm) can increase in size
when it is multiplied by A. Observe that in the definition we use a vector x
that is a unitary vector (i.e., with norm || - || = 1). From this we can define:

e [—1 norm: maximum absolute column sum of A, i.e., sum all columns
and take the highest one:

1Azl
|AllL = ” I = Mmazx||z||, =1 Az| = max Z|au| (4.8.1)

e [—2 norm: maximum singular value of A:

Az
| All2 = max |||x”!2 = Mmaz|g|,=1|Az|2 = \/)\maz(ATA) = Omaz(A)

(4.8.2)

This can be seen because A=U§JVT7 and the vector with maximum
length is v1. Then ||Avi|l2 = [jo1u1]2 = o1]|ui]2, taking into account
that ||vq|l2=1 and ||uq]|2=1, which yields the result;
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e [—0o0 norm: maximum absolute row sum of A, i.e., sum all rows and take
the highest one:

Az "
| A0 = max& = Max |y =1/ Az]|cc = max la;j| (4.8.3)
Izl 1<i<m
) seeme

You can find geometrically the value of a matrix norm for a given matrix A
geometrically by:

e Plotting the unit sphere for the matrix
e Finding the image under the transformation y = A = x

e Finding the maximum of ||y||

That means that an induced matrix norm || A|| is how much a matrix can stretch
a vector to a maximum. If norm of a matrix is say number d; it means it can
stretch a vector x by d maximum.

Example 4.3 (Matrix norms) Let us take as example the matriz:
1 2
4=}
and plot figures for ||All1, |All2 and ||Al|intey (Figure 8). Observe that o1 =
2.9208 and o9 = 0.6847. Thus || A1 =4, ||A|l2 = 2.9208 and ||A||cc = 3. Ob-
serve, also, how vectors (1,0) transforms to (1,0) and (0,1) transforms in (2,2),
that precisely is Ymaz for ||All1 and ||Al2. However, Ymaz=(3,2) corresponds to

point (1,1) for || Alleo. Applying the norm definition to Ymaa, you should obtain
the same norm than applying the matriz p-norm definitions.

4.8.2 Schatten norms: Matrix norms that can be expressed in terms
of singular values

Other possible matrix norms are the Schatten norms, which are defined in terms
of the singular values, and which in some cases can be expressed in terms of the
trace operator.

The spectral norm is the operator norm induced by the vector 2-norm. Then,
this norm coincides with the induced vector p = 2 norm:

[Az|2
]2

HA||2 = max = Umax(A) (484)
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A=g

Ix1l= (0,1) Ymax ||X||2=1 Ixll..= (0,1)
1 1 L
(1,0)
y= ym
el
(1,0 (1,0
IAll=4 IAIll, = 2.9208 IAll.=3

Figure 8: Induced matrix norms representation.

The Frobenius norm can be defined in several ways (in terms of sum of all
absolute coefficient values of the matrix, in terms of the trace of (AA") or trace
of (AT A), and in terms of the sum of singular values):

A » = \/m— Vir(AT 4) = \/ir(AAT) = \/ﬂ (4.8.5)

Frobenius norm is often easier to compute than induced norms, and has the use-
ful property of being invariant under rotations (and unitary operations in gen-
eral), meaning that if U is a rotation (unitary matrix), then |A||r = [|[AU||r =
lU A||p. From here, we get the connection between the expression ”summatory
of all matrix a;; coeflicients” and the summatory of square singular values, since
A=UZV'.

This norm is used in many applications, such as regularization in machine learn-
ing/optimization problems when using matrices. An example is in obtaining the
Laplacian matrix coefficients in graph signal processing (GSP) from the data
measurements (we will see this application in some days).

For the semidefinite matrix A" A we can define an square root as a matrix B
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Frobenius norm
IAllg= (c2,+ o2))12

Spectral norm
"AHZ = Omax= 04

Figure 9: Spectral and Frobenius norms representation (2-D). The nuclear norm
is the sum of o1 + 02 and thus is the perimeter of the paralelogram (sum of orange
and blue arrows).

for which B> = AT A. We define the nuclear (or Ky-Fan) norm or trace
norm as:

|Alln = or =tr(y/(ATA)) (4.8.6)
k

these norms usually appear in infinite dimensional spaces, and also it is often
used in mathematical optimization to search for low-rank matrices (measures
the ”amount of rank-1 matrices” needed to construct A). It has applications
in deep learning (chooses the best weights in gradient descent when there is
more weights than samples), and also appears in other applications such as
compressive sensing (express a vector in a ”compressed” way with many zero
entries).

Example 4.4 (Schatten norms) Let us assume matriz A
2 1 01
A=1|1 3 4 2
01 3 3
Their singular values are o1 = 6.909, 0o = 2.238 and 03 = 1.501. The spectral

norm is |All2 = Omaz(A) = 01 = 6.909. The Frobenius norm is ||A|p =
/>, 0% = 7.416, and the nuclear norm is ||A|xy = >, o = 10.648.

40



4.9 Condition number of a matrix

The condition number of a matrix A€R™*™ characterizes the sensitivity of the
solution of a linear system Ax = b to small changes in A and b. Let us take
derivatives at both sides of the linear system:

Adx + (dA)x =db = dx=A"'(db— (dA)z) (4.9.1)
Now, taking the Euclidean norm at both sides:

ldal| < A7 ll(db— (dA)a)| < A7 (|db] + [dA] l2])  (4.9.2)

Now, we can use the inequality ||b|| = || Az| < ||A]|| |||, we get:
()] [dA]l . [ldb]]
<k(A) (= + —7) (4.9.3)
] Al o]l

We define the condition number of matrix A as:
— Omax
k(A) = |Al2]|A7 |2 = UL (4.9.4)

where 0,4, and 0,4, are the maximum and minimum singular values of matrix
A. Large condition number k(A) results in a highly sensitive system, that is,
small changes in A or b may result in very large changes in the solution . On
the other hand, a large condition number x(A) implies that e >> Omin,
and then the matrix A is almost singular (is not invertible).

Example 4.5 (Condition number) Let us assume matriz Ay (it is a singu-
lar matriz) and an approximated matriz A.

2 4 2.0002  3.9999
Ao = {1 2]’ A= [0.9996 2.0002}

The SVD of matriz A is:

A— 2.0002 3.9999| |-0.894 —0.447| (4.999 0 —0.447 —-0.894
© 109996 2.0002| | —0.447  0.894 0 0.00049| |—-0.894  0.447

The condition number is kK(A) = Omaz/Omin = 4.999/0.00049 = 1000.00. Let
us calculate A':

i [ 800.08  —1599.96] _
=~ 1-399.84  800.08 | ~

Let us solve the linear system Ax = b with several b’s:
2.0002 3.9999| |z1| _ |b
0.9996 2.0002| |xz2| |b2
For example b = [2,1] results in x = [0.2,0.4], while a small change in component

by such as b = [2.05,1] results in x = [40.204,—19.592], or a small change in
component by such as b =[2,1.02] results in x = [—31.79,16.402].
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4.10 Eckart-Young approximation (low-rank approxima-
tion)

Let AcR™*™ be a matrix with n columns and m rows with m>n (thus it is
full-rank when rank r=n). Suppose that A = AXV' is the SVD, with U and
V are orthonormal matrices, and 3 is an mxn diagonal matrix with entries
(01,02, ,0,) such that 01 > 09 > --- >0, > 0.

The Eckart-Young Th. says that the best rank k approximation (a matrix B
with rank k<n) to matrix A in the spectral norm || A||5 is given by the truncated
SVD:

k
B=A,=) oium, (4.10.1)

i=1
This result can be extended to the Frobenius and the Nuclear norms.

We can prove it for the special cases n=m=2 and k=1. For the general case,
the proof follows the same reasoning.

Let A = oyuiv{ + oauyvy , and A; = oyujv] . We can easily see that ||A —
A1H = 09.

Let B an arbitrary rank-1 2x2 general matrix. We can thus express B as:
B = piz1y] . Let w be an element of Ker(B) of length 1, which in our case
would be an orthonormal vector to y. We can express w in terms of v, and v,
as w = Y1V + YUy, with v¥ + 2 = 1, with Bw = 0.

Using the definition of the spectral norm (which coincides with the induced
norm with p = 2) we have:

lA = B3 > [|(A - B)w|3 = [[Aw|3 = iy} + 0§73 > 0} (4.10.2)
meaning that:

A - B3> A - A3 (4.10.3)

Example 4.6 (Low rank approximation example) Let us consider matriz
A. Find the best rank-1, rank-2 and rank-8 approximations.

2 1 01
A=1|1 3 4 2
01 3 3

First, we obtain the SVD of matrit A=UXV ' :

—0.188 —0.881 0.434
U=|-078 -0134 -0.611
—0.596 0.454  0.662
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-0.167 —-0.452 -0.711 -0.512
—-0.847 —0.371 0.368 0.094
0.172  -049 -0.304 0.799
—0.474 0.646 —0.517 0.302

and the singular values are:

V:

6.909 0 0 0
Y= 0 2.238 0 0
0 0 1.501 0
The best rank-1 approzimation is given by A; = ocuyv{
—0.188
A, = oyuv] =6.909 | —0.78 [70.167 —0.452 —-0.711 —0.512]
—0.596

0.217 0.588 0.923 0.665
= 10.902 2439 3.832 2.761
0.69 1.864 2.929 2.11

In the same way, we can obtain rank-2 (As) and rank-3 (As) approzimations:

1.888 1.319 0.198 0.479
Ay = ou1v] +ogugvd = | 1.157 2551 3.721 2.732
—0.171 1.487 3.302 2.206

T T T
Az = o1u1v, + 02Uy + 03UV =

[ewll o V]

1
3
1

W k= O
W N =

5 Principal component analysis (PCA)

Large datasets are common in many data science applications. In order to
interpret such datasets, it is useful to drastically reduce their dimensionality in
an interpretable way, such that most of the information in the data is preserved.
One of the oldest and most widely used technique is principal component
analysis (PCA), which reduces the dimensionality of a dataset by solving an
eigenvalue/eigenvector problem, while preserving as much ”variability” - i.e.,
statistical information - as possible.

Principal component analysis is basically used as an exploratory tool for data
analysis, although there exist several adaptations to other applications such as
functional PCA (continuous variables), robust PCA (to avoid sensitiveness to
the presence of outliers), etc.

Thus, PCA is a dimensionality reduction method that is typically used to reduce
the dimensionality of large data sets. The reduced dimensional representation
retains the information conveyed by the large dimensional representation.
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PCA is an orthogonal linear transformation that transforms the data into a new
coordinate system such that the largest variance by some scalar projection of
the data is placed in the first coordinate (called the first principal component),
the second largest variance in the second coordinate, etc.

5.1 Interpretation 1: maximizing directions with maxi-
mum variability

In other words: the principal components of a set of data X €R™*" (assum-
ing m<n) provide a sequence of best linear approximations to that data, of all
ranks g<n. In other words, given x1,...,x,, measurements, we want to find a
g-rank linear model for representing them.

Y1 = 6111+ a2+ -+ a1pTy
Y2 = G211+ G22T2 + -+ A2pTy (5.1.1)
Yg = 6u®1+agpXs+ -+ Ay

The new axes represent the directions with maximum variability and provide
simpler more concise description of the covariance structure. Let us assume in
general that we have matrices C and X. Let us assume that X is a ran-
dom variable with mean pux and covariance matrix ¥ x and let’s take linear
combinations Y=CX. We know the following properties (seen in probability
sections):

py =E[Y]|=E[CX]=CE[X]=Cux (5.1.2)
Yy = Cov[Y] = Cow[CX] = CZxCT (5.1.3)
Then, the PCA are those uncorrelated linear combinations 1, . .., y, whose vari-

ances are as large as possible, meaning to maximize Var(y;)=a{ Xxa;. We
should take care with the length of vectors a’s, since multiplying a; by any con-
stant will increase the variance. Then, we have to restrict to vectors a’s whose
lengths are unitary: a{ a;j=1. Then the algorithm has to solve the following:

Fist component: y; = a] X that maximizes Var(a; X) subject to a{ a;=1.

Second component: y; = a; X that maximizes Var(ay X) subject to a) as=1
and Cov(aq X ,a{ X)=0.

g-th component: y, = a;X that maximizes Var(a;rX) subject to a;raqzl
and Cov(aqTX,ajTX):O for j < q.

Result: Let ¥ x be the covariance matrix associated to X with random vari-

able X, and have X x the eigenvalue-eigenvector pairs (e1,A1),. .., (én,An) With
A1>A2> ... >\, >0. Then, the i — th principal component is given by:
yi=e, X (5.1.4)

with Var(y;)= e/ Zxe;=\; and Covar(y;,y;)= e] Zxe;=0. That means that
the first component is the one with the largest eigenvector.
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5.2 Interpretation 2: projecting in a subspace

Let us assume that we have m data measurements, each of dimension n. We
arrange the data in a matrix X €R"*". Let us assume that we want to project
this data in 1-D subspace, whose direction is defined by vector u;. Without loss
of generality, we assume that this vector has length equal to 1 (u] u;=1) since
we are interested in the direction and not in the length.

We now project each data point x;, i=1,...,m in the 1-D subspace defined by
uy. This projection amounts to u{ @;, the projected mean is given by u{ Z,
with & the sample mean:

- %zm: (5.2.1)

2

and the projected variance oy, is given by:

1 m
= Z ul z; —u, )’=u; Zu, (5.2.2)

with ¥ = X X the covariance matrix.

If we want to maximize the projected variance u{ Zu; we have to consider the
constraint u{ u;=1, and add a Lagrange multiplier (we will see the meaning of
Lagrange multipliers in TOML, non-linear optimization). Then we multiply the
constraint by a scalar A\; and add it to the variance objective function:

w] Sup + A (1 — uf up) (5.2.3)

To maximize this expression, we obtain the derivatives with respect to w; equal
to 0, and obtain the following expression we obtain:

Eul = )\1’&1 (524)

which says that u; is an eigenvector with eigenvalue A\; and they maximize the
variance of the projected data on subspace defined by u;. We can extend easily
this idea to higher dimensional projected spaces (more principal components).

5.3 Connection PCA-SVD

PCA and SVD are closely related approaches and can be both applied to de-
compose any rectangular matrices. Let us assume our data matrix X eR”™*™
and consider the covariance matrix S=X ' X /(n — 1). Then:

X'x vzu'vzv' vsv' vsiv!

S:(n—l): (n—1) - (n—1) = n-1) (5.3.1)
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since V is a unitary matrix and V' = V!, and we know that A = £?/(n—1),
meaning that we can perform PCA using SVD or viceversa. In general, when
performing PCA is computationally easier to use SVD than EVD, due to the
economic/truncated SVD representations.

5.4 Amount of total variance explained

Once we have obtained the principal components, the proportion of total vari-
ance explained by the ¢ — th principal component is given by:

Ai
ZZL:I Ai
For example, if the first two-three principal components explain 80-90% of the

variability, then it could be worth replacing the n features by these principal
components.

(5.4.1)

5.5 Eigenfaces

We are going to use the SVD/PCA in a denoising application using a set of
images. The application is called eigenfaces. Let us assume that we have
a set of images of people where one person images are taken from different
angles, e.g. different bright/lighting conditions or different poses. For example
40 people with 50 images of each person, forming a set of K images. Each image
has pxgq pixels that are vectorized. Consider that we have Lq,..., Lj; faces,
where each L; is a vector representing a face in RV, with N=pxgq (a vectorized
representation of an image of pxgq pixels).

The average face is given by ¥=1/M Zi\il L;, and now we obtain the difference
of each face with respect the average face: x;=L; — ¥ with i=1,..., M. We

then organize our database of faces in a matrix X=[xq,..., a:M]GRNXM. we
obtain the SVD of X as:
X=Uzv' (5.5.1)

Where UERM*YN and VERM*M are the left and right singular vector matri-
ces, and BERN*M s the diagonal singular value matrix, with singular values
g1>09>...>20n>0.

Then, applying the Eckart—Young theorem, the best r-rank approximation of
matrix X can be obtained taking the singular vectors related to the r-largest
singular values, X,=U, X, V|, with U,eRN*" V,cRM*" and X, cR"™*" ex-
pressed in their truncated form. Afterwards, any new image taken can be pro-
jected onto the subspace generated by the left-singular vectors U,. The idea
behind this operation lies in projecting the image into a subspace generated by

the most important latent patterns of face images encoded in the database.
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Figure 10: Eigenfaces database (taken from Brunton book ”Data driven Science
& Engineering). (Left:) several faces from different people; (Right:) faces from
the same person.

Suppose now that we have a new face image. The aim is to denoise the image,
encoded in the vector x.€RN, by projecting it onto the subspace generated by
U,, and then perform a signal reconstruction. First, we find X.=x.—W, the
difference between the daily in-situ calibrated LCS data with the new image
and the average of faces in the database. The new estimated vector will be
given by: X, = ¥ + UTU:XC

A key parameter is the best r-rank approximation of matrix X, or in other
words what is the optimal hard threshold r to denoise and reconstruct the
images.

We assume that matrix X is the sum of a true value and some noise:
X = Xtrue + Xnosie (552)

where entries in X,,si¢ are identically and independently distributed with Gaus-
sian random variables of zero mean and variance . If the magnitude of ~ is
known, then:

o If XcR"*" (square), then
4

V3

e If If X€R™ " (non-square) and m<<n, then the fraction 4/v/3 is sub-
stituted by a function A(3), with 8=m/n (you can find the expression in

N (5.5.3)

T =
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papers or in the book of S. Brunton ”Data driven Science & Engineering”).

r = AB)Vny (5.5.4)
83 )2
(B+1)+ (B2 + 145 +1)1/2

If n<<m, then f=n/m, and of B=1 the expression reduces to the previous
one.

r=AB)=CB+1)+

(5.5.5)

If the magnitude of v is unknown, and X€R™*" (non-square) then the
optimal threshold is given by:

7 =w(B)omed (5.5.6)
where 0,4 is the median of the singular values, while w(f) is obtained as:
w(B) =~ 0.563° — 0.9552 + 1.824 + 1.43 (5.5.7)

where f=m/n. Finally, r corresponds to the number of singular values that are
greater than the threshold .

r=25 r =50 r =100

Test image

r = 200 r = 400 r = 800 r = 1600

Figure 11: Eigenfaces database (taken from Brunton book ”Data driven Science
& Engineering”). The approximation improves for r>400.
6 Fourier transform and its applications

The idea of Fourier series and Fourier transforms is to decompose functions
into their basic components. Fourier transforms have many applications such as
noise filtering, spectral derivatives, transforming partial differential equations,
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r =50 r =100

Test image

Figure 12: Eigenfaces database (taken from Brunton book ”Data driven Science
& Engineering”). Since faces have mouth, eyes, cheeks, and a lot of features,
and there are more than 1600 faces representing a lot of situations, the approx-
imation works pretty well for a dog.

Test image

Figure 13: Eigenfaces database (taken from Brunton book ”Data driven Science
& Engineering”). Approximation for a cappuccino, works well because the 1600
faces also represent non-localized spatial features.

image processing, and a way of express vector data in generic or universal bases,
in contrast with vector data expressed in tailored bases, in which we were able
to compress data using the SVD (reduction of dimensionality).

Sparsity consists in expressing a signal with a vector in which many components
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are zero, Although the fast Fourier transform is a technology that allows a signal
to be reconstructed from its sparse coefficients, it is not the only way to do so,
e.g. Fourier is the basis of JPEG or MPEG. The Fourier modes are generic or
universal bases, in the sense that nearly all natural images or audio signals are
sparse in these bases. It is also possible to compress signals using the SVD,
resulting in a tailored basis.

6.1 Fourier series

As in finite-dimensional vector spaces, the inner product may be used to project
a function into an new coordinate system defined by a basis of orthogonal func-
tions. A Fourier series representation of a function f is precisely a projection of
this function onto the orthogonal set of sine and cosine functions with integer
period on the domain [a, b].

An important result is that if f(x) is periodic and piecewise smooth, then it can
be written as a Fourier series. For example, if f(x) is L-periodic in [0,L), then:

flz) = % + Z(akcos(2ﬂfx) + bisin( 27}{”)) (6.1.1)
k=1
L cos( 2Tk
k= z/ f(@cod@)dm - = f|Tco)s(2“’(“”)|2) - (6.1.2)

sin 2rkx
/ Fa)si 27rkx)dx _ < fﬁm)n(?ﬂix)LH?) > (6.1.3)

These coefficients may be viewed as the coordinates obtained by projecting the
function onto the orthogonal cosine and sine basis {cos(kx), sin(kz)}72,.

Since we can write the Fourier series in complex form using the facts that

etk — cos(%kx) +1 szn(ZWL]m) and ¢, = ag + 17 by:
Z cpeih = Z cxton () (6.1.4)
k=—00 k=—o0

Thus, a Fourier series is just a change of coordinates of a function f(x) into an
infinite-dimensional orthogonal function space spanned by sines and cosines.

6.2 Fourier transform

The Fourier series is defined for periodic functions, so that outside the domain of
definition, the function repeats itself forever. The Fourier transform integral
is essentially the limit of a Fourier series as the length of the domain goes to
infinity, which allows us to define a function defined on (—oo, c0).
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Thus, we represent the set of frequencies as wi=Fkw/L, and taking the limit
L — oo, such as k/L — f, w=2xf, Aw=2r/L, and Aw — 0, we will arrive to
the classical Fourier transforms formulas (not necessary to proof here the pass
from Fourier series to Fourier transform, see books for that proof if interested):

F(w) = /jo f(x) e ™% dx (6.2.1)

fz) = /_OO F(w) e™ dw (6.2.2)

Example 6.1 (Fourier Transform example) For ezample, assume a box sig-
nal, Figure 14, f(z)=A if x€[-T/2,T/2] and 0 otherwise, has Fourier Transform

F(f)=ATsinc(fT)= ATsin(rn fT/(rxfT)), where the sinc(f)=sin(wf)/(rf).

i

i L
1 o 1 2
T T T T

(b) Sinc signal

Figure 14: The box signal f(x)=A if x€[—T/2,T/2] and 0 otherwise, has Fourier
Transform F(f)=ATsinc(fT)= ATsin(n fT) /(7 fT)).
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6.2.1 Some basic properties of the FT

Let us assume that we have functions f(x), g(x), and their Fourier Transform
F(w), G(w). The following basic properties hold:

e Linearity: the Fourier transform of sum of two or more functions that
are multiplied by a constant is the sum of the Fourier transforms of the
functions

(af(z) + bg(z)) = (aF(w) 4+ bG(w)) (6.2.3)

e Scaling: if we stretch a function by the factor in the time domain then
squeeze the Fourier transform by the same factor in the frequency domain:

flaz) = (1/|al)F (w/a) (6.2.4)

e Derivative: differentiating function with respect to time yields to the
constant multiple of the initial function:

df (z)/dr = (jw)F(w) (6.2.5)

e Convolution: the Fourier transform of a convolution of two functions is
the point-wise product of their respective Fourier transforms:

f(@)xg(x) = F(w)G(w) (6.2.6)

Note: the convolution of two functions is a mathematical operation that
says how the shape of a function is changed by the other function, a
convolution in continuous time is expressed as

fapgto) = [ T fw)gle —y) dy = / T fa— ey dy  (62.7)

e Time shift: a linear displacement in time corresponds to a linear phase
factor in the frequency domain:

flz—a') = F(w)e 7 (6.2.8)
e Frequency shift: frequency is shifted according to the co-ordinates:

flz)e’'® = F(w —w') (6.2.9)

6.2.2 Applications

There are many applications in engineering in which Fourier Transforms are
used. Among them, we can list: i) solving of partial differential equations such as
the heat equation d?f(x,t)/dz?= df(x,t)/dt or the wave equation d?f(x,t)/dz?=
d*f(x,t) /dt?; ii) spectral analysis of time-series (e.g. to find the response of
the LTT ( linear time invariant ) systems); iii) filtering (lowpass, bandpass or
highpass); iv) etc, etc, etc. We will see some examples after seeing the discrete
version of the FT.
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6.3 Discrete Fourier Transform and Fast Fourier Trans-
form

We have seen how to obtain the Fourier transform when the signal f(x) is a
continuous function. However, in general, we discretize the analog/continuous
signals, e.g., using an ADC that samples the signal to a specific sampling rate
or spacing Az, having a vector of data [fy, f1,..., fzv—1]. Thus, it is necessary,
when dealing with vectors of data, to approximate the Fourier transform for
dealing with discrete vectors. This is called the discrete Fourier transform,
DFT. Remember that the domain of the function was called  and then the
data is sampled at point z; and the evaluation of the function (samples) are
then called f;. However, for simplicity, from now, we will express our vectors
of sampled data [fo, f1,..., fnv—1] as [z, 21,...,ZN_1], to be coherent with the
variables expressed during the course (meaning that vector x is the sample data
and not the domain of the function).

Let us define the complex number wy = e/ ¥ = cos(3F) + j sin(3F), ie. is the
first N-th root of —1. The Fourier matrix F'n is defined as:

1 1 1 1
1 wy! w&z wxg((lj\; 11))
—92 — - -
Fr — 1 wN2 sz w]j3(N_l) (6.3.1)
1 wR,(NA) w];Q(Nfl) w];(Nfl)(Nfl)_

Sometimes the factor UN s omitted in the definition.

This matrix is unitary, meaning that FNH FN:FNFNH =I. The matrix A7
is called hermitian if it is a complex square matrix that is equal to its own
conjugate transpose, i.e., a;; = @;; (remember complex conjugate; if a;;=3+j4,
then a;;=3-j4) or A=A (special case is when the component is a real number
in which A=A"). In other words, hermitian matrices can be understood as the
complex extension of real symmetric matrices.

Remember that as we are dealing with complex vectors and matrices, the scalar
product between two vectors & and y (e.g. two columns of Fpv) is defined as
xfy. Do not forget to use the conjugate transpose instead of simply transpose!.

For instance, if N = 4 we have:
1 1 1 1
L1 -5 -1

Fy = 501 21 1 4 (6.3.2)
Ly -1 =

The Fourier matriz is one of the most important matrices in applied mathemat-
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ics and engineering.

6.3.1 The Discrete Fourier Transform (DFT)

The discrete Fourier transform (DFT), &, is the operation of multiplying a
vector of data & by the matrix Fi:

1 1 1 1 o
1 w&l w;,Q w;,(N_l) T
9 4 Z2(N-1)
%= Frnw = 1 1 Wy Wy Wy To
VN |1 w;,Z wR,G w;,‘?'(N_l) T3
gD 2D v | ey
(6.3.3)
This operation is the same as:
N-1
Bp= Y me PPN E=0,.. N-1 (6.3.4)
i=0
meaning that:
DFT . . . .
IEZ[.’I}(), T, .- 7.%‘]\]_1] — w:[.’lﬁo, T1,y..- ,.Z‘N_l] (635)

The result of this multiplication & is called the transformed vector. For com-
modity, we will use the term signal for the vector  and Fourier transform for
the vector . Recall that both vectors have dimension N. We can observe that
the DFT is a linear operator (a matrix) that maps data points @ in the frequency
domain &. It is to say, we see the DFT operation corresponds to finding the
components of vector & expressed in the unitary base created by the columns
of F (the so called Fourier base).

The Inverse DFT is defined as:
x=Fxé (6.3.6)
and this operation is the same as:

N-1 )
> ape?™Nvi=0,... N -1 (6.3.7)
k=0

_ L
N

Ty

meaning that:

N IDFET
—

i:[i‘o,i'l,...“’l?]v,l] CL‘:[J?Q,.’El,...,SL’N,ﬂ (638)

For a 2D signal X (e.g. a picture represented by a matrix with M rows and N
columns) we define the DFT as a two-step process: First find the DFT of the
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columns, and then find the DFT of the columns of the resulting matrix (the
order can be changed):

X =FIXFyn (6.3.9)

6.3.2 The Fast Fourier Transform (FFT)

In general, if A is a NxN matrix, and @ is a vector with N components, the
operation Ax requires N2 multiplications.

In the special case of Fyx, the FFT algorithm gives a method for computing
this product in only %N logo N multiplications. This is a huge improvement.
Some people (e.g. G. Strang) considers that the FFT is the most important
numerical algorithm of the XX century.

6.3.3 The complex conjugate of the columns of the Fourier matrix
are the eigenvectors of the circulant matrices

Another extraordinary property of the columns of the Fourier matriz is that the
complex conjugate of its columns are the eigenvectors of circulant matrices.

A circulant matrix has the following form:

ho hn—1 hyn—o ... M
c=| M ho  Pn-1 e ha (6.3.10)
hn-1 hn_2 hny_z ... ho

Circulant matrices are especially important as they can be used to represent
a very rich and important class of linear system, the linear systems that are
invariant to time shifts.

The eigenvector (1, z_ui, w?, .., w(N_l)i)T has associated the eigenvalue \; =
ho +hiw™ " + how 2 4+ ...+ hy_ 1w~V Defining A = diag(No, ..., AN—1), We
obtain the decomposition:

C =FAFyN (6.3.11)

The output signal for an input @ can be obtained very efficiently by applying
the FFT algorithm.

Example 6.2 (Filtering noise (denoising) in a signal) A first example
es filtering noise (denoising) in a signal. For example consider figure 15 where
we have a signal f(t)= sin(2r fit) + sin(2r fat) for f1=50 and f,=120 (black
curve). We add some Gaussian noise distributed with zero mean and o* vari-

ance, i.e., N(0,0%), (red curve). If we obtain the FT, we can observe the two
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Figure 15: Denoising a signal (Figure taken from S.L. Brunton book, "Data
driven science & engineering”).

peaks centered at f1=50 and fo=120. We can then filter the signal keeping
frequencies lower than f,=120, and then removing high frequency components.
We can observe in the third figure the original (without noise) signal and the
denoised filtered signal.

An example of a filter is to pass the signal f(t) by a linear system h(t). The output
is the convolution y(t)=f(t)xh(t) — Y(W)=F(W)H(w). If H(w) is a filter
allowing to pass frequencies fi and fo and not allowing the rest of frequencies,
we are denoising (filtering noise) our signal.

Example 6.3 (Spectral derivative) A second example is the spectral deriva-
tive. We know that the FT of the derivative of a function in continuous time is
F(df(z)/dx)=jwF(f(x)). If we discretize, then we can substitute jw — jk, with
k =27k /n, assuming n components. For example, let us assume the function:

2 (@) (63.12)

(@) = cos(x)e™ /P = df (z) /dx = —sin(z)e™* /% — 25
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Figure 16: Taking the derivative of a signal (Figure taken from S.L. Brunton
book, ?Data driven science & engineering”).

One way of obtaining the derivative is to use finite differences:

ﬁ(mk) _ fkgr) = fan)

3.1
dx Az (6.3.13)

for some Ax. So, if we want to obtain the derivative of our signal, we have
two options: i) use finite differences, and i) take our signal, discretize with n
samples, obtain the FFT of the signal, multiple by jrk, and obtain the IFFT.
We can observe in Figure 16.a) the result of the true derivative (black), the
finite difference method (blue) and the FFT (red). Both, the finite difference
method (blue) and the FFT (red) are very close to the true derivative, but we
can observe in Figure 16.b) the error in both methods, in which is seen how the
FFT performs much better than the finite Euler method.

6.4 Most natural signals are sparse in the Fourier base
Let us assume a vector of data £€R", a vector « is called sparse if it has a large

number of components equal to zero (or a small number of nonzero components).
A vector x is called dense if it has a large number of components non equal to
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zero. A vector x is called k-sparse if it has n — k components equal to zero,
and k& components equal to zero.

A fundamental property in science and engineering is that many natural signals
(pictures, video, audio, music, physical magnitudes such as heat, pressure, etc)
are sparse when expressed in the Fourier base. This is consequence of a fact of
nature that many of these signals are smooth.

On the contrary, if we generate a random vector, for instance with i.i.d compo-
nents sampled from a Gaussian distribution, we would have that with very high
probability the components of the vector expressed in Fourier base will be not
sparse. We call this sequence white noise.

7 Graph signal processing and its applications

7.1 Introduction

The framework of graph signal processing (GSP) was conceived in the last
decade with the ambition of generalizing the tools from classical digital signal
processing to the case in which the signal is defined over an irregular structure
modeled by a graph.

Let us take the example (taken from Ljubisa Stankovic et al. survey paper,
”Understanding the basis of graph signal processing via an intuitive example-
driven approach”, arXiv, May 2019) where a set of temperature sensors are
deployed over a large region. We are interested, Figure 17.a), of finding the
local neighborhood of nodes, in suchc a way that we will find a graph that
represents the network, Figure 17.b).

We have been able to connect (we will see later how), for example, node 20 with
nodes 19, 22, 23, and node 29 with nodes 27, 28, 51, 59, and so on.

If x(n) is the temperature value of node n, then we can now draw the temper-
ature using bars, Figure 18.a) or even with color in the vertices, Figure 18.b).

The objective is that now we can consider that the signal in a given node n is
related to the node itself and its neighborhood:

y(n) =z(n)+ > z(n) (7.1.1)

meN (n)
with N(n) the neighborhood of node n. For example, for node n=20:
y(20) = 2(20) + z(19) + =(22) + x(23) (7.1.2)
For convenience, we will write this expression as:

y=z+ Az (7.1.3)
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(a) Local neighborhood of single nodes. (b) Local neighborhood for all sensors.

Figure 17: Multisensor IoT example, where nodes measure temperature (Fig-
ure taken from L. Stankovic et al ”Understanding the Basis of Graph Signal
Processing via an Intuitive Example-Driven Approach” paper). Graph repre-
sentation.

(a) Bars indicate temperature values. (b) Temperature values as bars (left) and ver-
tex color (right)

Figure 18: Multisensor IoT example, where nodes measure temperature (Fig-
ure taken from L. Stankovic et al "Understanding the Basis of Graph Signal

Processing via an Intuitive Example-Driven Approach” paper). Colour repre-
sentation of the temperature field.

where matrix A is the adjacency matrix. There are several ways of creating a
graph. The key is in discovering which are the relationships among the nodes.

Example 7.1 (Subgraph of node 29) The subgraph represented by node 29
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with neighbors 27, 28, 51, 59 in Figure 18.b) would be represented by matriz:

0111 1
10110

A=[110 1 1 (7.1.4)
11101
10110

The objective of GSP is to give a framework able to operate over such a graph
making use of these relationships.

7.2 Adjacency matrix, the weighted matrix and the Lapla-
cian matrix

The adjacency matrix is not the only way of representing the graph. Other ways
is using a weighted matrix and the Laplacian matrix.

The weighted matrix W has coefficients w;;>0 if node 4 is connected to node
j, and zero otherwise. The idea behind the weighted matrix is that the cost of
the edges between connected nodes is not equal to one, thus considering that
are nodes better connected than others. In this case:

y(n) = z(n) + Z Wmnr(n) — y=x+ Wz (7.2.1)
meN (n)

We can observe that the operator A is a special case of the operator W, in
which all weights are considered of the same value.

Finally, we can use a third operator called the Laplacian matrix L, which is
obtained as:

L=D-W (7.2.2)

where D is the degree matrix and it has coefficients in the diagonal d;; =
> i Wij (sum of row except the value at the diagonal) and the rest are 0.

Example 7.2 (Laplacian matrix) We want to obtain the laplacian matriz
L, from the weight matriz W :

0 6 3 0
6 0 .1 4

W= 3 .1 0 2 (7.23)
0 4 2 0

We first obtain the diagonal matriz D as sum of rows d;; = Z#i Wy

9 0 0 0
0O 1.1 0 O

D= 0 0 6 0 (7.2.4)
0O 0 0 6
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Then, the Laplacian will be:

6 -6 -3 0
-6 11 -1 -4
L=D-W = ~3 1 6 -—»9 (7.2.5)

0 -4 -2 06

7.3 Creating the graph

There are several ways of creating a graph. The key is in discovering which are
the relationships among the nodes:

e Physically knowledge of the weights: there is an intrinsic knowledge
of what are the weights, for example, circuits in electronic systems, social
networks, etc;

e Geometry of the vertex: use Euclidean distances. In this case it is
built a decreasing function of the distance:

W5 = edile or Wij = etis/e (7.3.1)

e Obtain the weighted matrix or the Laplacian matrix from the
data measured matrix X. An example is to use a non-linear optimiza-
tion model:

mirlllirgf(lize IX - Y|% +atr(Y'LY) +3|L|%

3

data fidelity smoothness

| sparsity (732)

subject to  tr(L) = n,
Lij=1L; <0, i#}],
L-1=0.

We will study convex non-linear optimization in TOML-MIRI course, but
we can say that this optimization problem is not convex (it has not global
minimum). But it can be solved using in an alternating procedure, in
which we first fix Y = X, so we find L from our data measurements X.
We can play the sparsity (more L;;=0, meaning more nodes disconnected)
of our solution using the § parameter. Finally when L is found, we can
solved again fixing the L found and finding Y that will be a filtered version
of our data X.
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Figure 19: Eigenvalues and eigenvectors of an N=8 node network (Figure taken
from L. Stankovic et al ”Understanding the Basis of Graph Signal Processing
via an Intuitive Example-Driven Approach” paper).
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7.4 Spectral graph theory

Since adjacency matrix A is squared and symmetric (A=A"), is i) diagonizable,
ii) its eigenvalues are real (A=diag(Ao, - .., An—1) is a diagonal matrix), and iii)
its eigenvectors are orthogonal (||ug||3 = 1):

A=UAU'=UAU" (7.4.1)

7.5 The adjacency matrix and the graph signal shift

Let us consider N samples of a signal expressed as a vector x=[zg, Z1,...,Tn_1].
A signal shift on a graph can be defined as the movement of the signal sample,
Tp, from its original vertex, n, along all walks of length one that start at vertex
n. If we define (") as the signal shifted, then:

) = Az (7.5.1)
In case we go on shifting the signal:

z? = AzM) = A%z (7.5.2)
and thus, m shiftings result in:

™ = Ax(m=D = A%2x(m=2) — ... = Am 1D = A"y (7.5.3)

You can recall that instead of the adjacency matrix A we can use the Laplacian
matrix L, and consider the adjacency matrix a special case of the Laplacian
matrix, and thus:

™ = LMz (7.5.4)

7.6 The graph discrete Fourier transform

The graph discrete Fourier transform (GDFT) of a signal, x, is defined as:
X=U'z (7.6.1)

where X denotes a vector of the GDFT coefficients, and U is a matrix whose
columns represent the eigenvectors of the adjacency matrix, A or the Laplacian
matrix L. Let us assume that we take the adjacency matrix (same considerations
but different behavior if we use the Laplacian matrix), then vector X has k=0,1,
. ,y—l coefficients. Since matrix A is symmetric (A" =A), we have that U ~!
=U ', and:

X=U'z (7.6.2)
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The inverse graph discrete Fourier transform (IGDFT) of a signal, x, is
thus defined as:

r=UX (7.6.3)

In case of having a circular graph, the GDFT reduces to the classical DFT.
Given that we have defined a GDFT/IGDFT, we can define filters, convolutions,
spectral analysis, signal reconstruction, denoising, and different operations per-
formed in classical signal processing.

7.7 Signal reconstruction in a IoT network

We consider the problem of having a subset of nodes (vertices of the graph)
with samples and we would like to estimate the signal of the graph in the other
vertices so that the resulting signal is smooth. Let is call M the set of nodes
in the graph with observed data, and U the set of nodes in the graph with
observed data (missing data). Thus the objective is to find the unobserved data
from the observed neighboring nodes. This can be seen as a signal reconstruction
problem that can be solved using methods from various fields. Let us consider
the following methods; Laplacian interpolation and GSP low-pass based graph
signal reconstruction. Laplacian interpolation is a graph-based semi-supervised
learning algorithm whose goal is regression with graph regularization assuming
smoothness with respect to the Laplacian matrix. This method regresses a
function f:V—R over the graph G, assuming partial information, it is to say,
information for M nodes. GSP low-pass based graph signal reconstruction is
a graph signal processing reconstruction method that considers subsampling
low-pass graph signals, thus assuming a sparse Fourier coefficient vector.

7.7.1 Laplacian interpolation

Also known as graph interpolated regularization by Belkin et al., this method
minimizes the quadratic form of the Laplacian matrix with respect to the graph
signal x, which is a measure of signal smoothness, given that the observed
measurements {z,,: YmeM} remain unchanged. This reconstruction results
in a linear combination of the observations weighted by the Laplacian matrix
entries L;;.

Minimize y'Ly
Y (7.7.1)
s.t. Ym = Tm, YmeM

7.7.2 Graph Signal Processing (GSP) low-pass reconstruction

This technique recovers a set of unobserved nodes {z,: Vu€ld} given that the
graph discrete Fourier transform of the complete signal is sparse and of low-pass
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nature, meaning that it has K nonzero components corresponding to the lowest
frequencies (smallest eigenvalues \; of the Laplacian matrix). Given that the
Laplacian matrix admits the eigendecomposition L=UAUT, the graph discrete
Fourier transform (GDFT) of a graph signal x can be computed as:

X =U"'x (7.7.2)
Now, a K-sparse GDFT coefficient vector of the following form is to be recovered:
X = (X(0),...,X(K —1),0,...,0)" (7.7.3)

For this purpose a subset of measurements M are used to recover the sparse
coefficient vector by solving the following system:

XM = UMKXK (774)

Since the system is overdetermined, the solution of the above system in the least
squares sense is given by X = URAKXM, where ULAK: (ULKUMK)_IULK
is the matrix pseudo-inverse of Uk ; the nonzero coefficients are obtained, and
after appending the corresponding zero coefficients, the inverse graph discrete
Fourier transform (IGDFT) x=UX is computed to obtain the complete set of
measurements x at all vertices.

Example 7.3 (GSP low pass reconstruction) Let us assume a network with
N = 8 nodes, in which we only have M = 4 measurements, e.g. (2), x(4), x(5)
and z(7), and we want to reconstruct the signal with K = 2 coefficients.

Then, we have to find X(0) and X(1) that satisfies:
{X “D} (7.7.5)

For finding X(0O) and X (1), we solve the overdetermined system, and when
we have these GDFT coefficients, we can obtain the original ones applying the
IGDFT x=UX, with X=[X(0), X(1),0,0,0,0,0,0].
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