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Preface

These lecture notes cover basics of linear algebra from the standpoint of matrix computations:
general vector spaces and linear maps are not in the focus of attention, but the primary objects
of interest are matrices and (column) vectors that can directly be given as inputs to a computer.
The students are expected to have basic knowledge about matrices; for example, the material
presented during any of the courses MS-A00XX Matrix Algebra is sufficient. Many of the required
fundamental tools are also reviewed in these notes.

The three Chapters 1, 2 and 3 correspond, respectively, to the three main themes of the
lectures:

(1) Solvability and stability of linear systems Ax = b.
(2) Eigenvalue problems Av = Av and their fundamental applications.

(3) Least squares problems, their geometric interpretation and related matrix decomposi-
tions.

For simplicity and notational convenience, Chapters 1 and 3 consider real vectors and matrices,
even though the extension to the complex case would be straightforward. However, Chapter 2
touches upon the complex extension that cannot be avoided in the treatment of eigenvalue prob-
lems.

Matrices and subspaces are denoted by capital letters (e.g., A or E), vectors by bolded lower
case letters (e.g.,  or b) and scalars by standard lowercase letters (e.g., @ or a;;). In particular,
the components of a vector € R are z;, j = 1,...,n. However, the zero scalar and the zero
vector of R™ are both denoted simply as 0. The Cartesian basis vectors for R™ are e, es, ..., e,
and the identity matrix is denoted as

I:= [el, e, ... ,en] € R™*",
We will frequently use such a notation to write matrices in terms of their column vectors. The

positive integers n and m are reserved for spatial dimensions and i, j, k,l € Ny are used as generic
indices.






CHAPTER 1

Linear systems

Let A € R™*™ and b € R™. In this chapter, we focus on the following simple problem: Find
x € R" such that

(1) Az =b.
To be more precise, we tackle the following questions:

(1) Is the problem (1) solvable? Is the solution unique?
(2) How much does the solution  change if A or b is perturbed slightly?

(3) How accurately can (1) be solved using a computer?

Before starting our analysis by considering the unique solvability of (1), let us make a couple
of fundamental definitions that will be indispensable in what follows.

DEFINITION 0.1. The linear span of the vectors qq,...,q; € R™ is the set

k
span(qy,-..,q;) = {z eR" | z= Zajqj for some a € Rk}.

j=1
Moreover, qq,...,q;, € R™ are called linearly independent if
k
Z ajq; = 0eR”
j=1

is equivalent to o = 0 € RF.

If one stacks the vectors qq, ..., q; € R" as the columns of a matrix (as we will do frequently),
(2) Q= [QI7QQ7~~~7Qk] € R™F,
then obviously
(3) span(qy,...,q;) = {z € R" | z = Qa for some a € R¥}.
Moreover, qg, ..., q; are linearly independent if and only if
(4) Qa=0 <= a=0,

i.e., Qo € R™ vanishes if and only if & € R* does.

1. Solvability of linear systems

The main aim of this section is to study the existence and uniqueness of a solution to (1).
These properties can be characterized in terms of the nullspace and the range of the matrix A. In
the following, we will denote the columns of A by a1, as,...,a, € R™ (cf. (2)).

DEFINITION 1.1. Let A € R™*™. The range of A is the set
(5) R(A) ={y e R™ |y = Az for some x € R"} = span(ay,...,a,) C R"
and the nullspace of A is the set
N(A)={xz e R" | Az =0} C R".

7



8 1. LINEAR SYSTEMS

The sets R(A) and N(A) are closed under addition and scalar multiplication. Indeed, if
x,y € N(A), then
Alax + pfy) = cAx + fAy =0,
meaning that also ax + Sy € N(A) for any o, 8 € R. Similarly, if z,y € R(A), i.e. x = Az and
y = Aw for some z,w € R", then
A(az + pw) = aAz + fAw = ax + Py,

ie., ax + Py € R(A) for any o, € R. This means that the subsets R(A) C R™ and N(A) C R"
are actually subspaces.

DEFINITION 1.2. Let E C R™ be nonempty and such that for any T,y € E and o € R
r+yeFE and ax e k.

Then E is called a subspace of R™. (In particular, R™ itself as well the trivial subspace {0} are
subspaces of R™.)

The range of the matrix A induces a condition for the existence of a solution to the equation (1).
By definition, for any b € R(A), there exists z € R" such that

b= Az.

On the other hand, if (1) has a solution, then obviously b € R(A). To sum up, there exists a
solution to the linear system (1) if and only if b € R(A) = span(ay, ..., a,).
The uniqueness of a solution is studied via the homogeneous problem: Find y € R™ such that

Ay=0 <<= yeN(A).

If the homogeneous equation only has the trivial solution y = 0, a solution to the linear system
(1) is unique (if one exists).

LEMMA 1.1. Assume that (1) has a solution. The solution is unique if and only if N(A) = {0}
is the trivial subspace.

PRrROOF. Let € R™ be a solution of (1) and assume first that N(A) is nontrivial, i.e., there

exists 0 # z € N(A). Then,
Alx+z) = Az + Az = Az = b,

meaning that we have constructed a second, distinct solution « + z # @. This proves the ‘only if’
part of the claim.

In order to prove the ‘if part’, assume that N(A) = {0} and let &1, 22 € R™ both be solutions
to (1), i.e.,

Axy=b and Az, =0.
Subtracting the two equations gives
A(a:l - 332) =0.

Hence, 1 — x2 € N(A), which means by assumption that &; — 2 = 0, and thus all solutions to
(1) must be the same. d

To summarize the above observations, the problem (1) has a unique solution if and only if
(6) be R(A) and N(A)={0}.
Moreover, the proof of Lemma 1.1 indicates that if € R™ is a solution of (1), then x + z is also
a solution for any z € N(A), which characterizes the possible nonuniqueness related to (1).

It turns out that the combined condition (6) can be true for all b € R™ only if n = m, i.e.,

only if A is a square matrix. This claim can be proved by relating the dimensions of N(A) and
R(A) to each other and to n. To this end, we need the concept of basis.

DEFINITION 1.3. Let E C R™ be a subspace. A basis of E is a set of linearly independent
vectors {qq,...,q;} CR" such that

E =span(qq,...,q;)-
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With the notation of the above definition, for each @ € E there exists a coordinate vector
a € RF such that

k
(7) T=Y qo <= z=0Qa
i=1
where Q = [q,...,q;] € R"*F is a matrix with the basis vectors as its columns. As the basis

vectors are by definition linearly independent, such a coordinate presentation is unique. Indeed, if
(7) holds for two coordinate vectors o, & € R¥, then subtracting the corresponding representations
yields
Qa—a)=0 = a-a=0

by virtue of (4).

Take note that there exists infinitely many different bases for any nontrivial subspace {0} #
E C R™. However, it can be proven that each basis of a subspace E has the same number of basis
vectors (the proof is omitted).

DEFINITION 1.4. Let E C R™ be a subspace and {q,...,q,} C R™ its basis. Then the
dimension of E is defined to be

dim(E) = k= #{qy,....q,}

For a matriz A € R™*™ dim(R(A)) is called the rank of A. (In particular, the dimension of R™
itself is n since, e.g., the Cartesian basis vectors ey, ..., e, form its basis. No other subspace of
R™ has the maximal dimension n.)

In the following example two different bases are introduced for the same subspace.

EXAMPLE 1.1. Let

1 1
A=10 -1
2 2

The column vectors of A are clearly linearly independent and so they form a basis for R(A) C R3;
see (5). Let

1 0
wi = 0, wo = 1
2 0

be another pair of vectors in R® and denote W = [wq, w,] € R3X2.
To study if wi and wa also form a basis for R(A), one has to check two conditions:
o Are the vectors wy and wy linearly independent? (This is obviously true in the considered
setting.)
e Can any y € R(A) be represented as a linear combination of wi and w2? (This is not
quite obvious.)

The latter question can be answered by first introducing a generic element of R(A), i.e. y = Az
for some z € R2, and then trying to express it as a linear combination of wi and wy. In other
words, one must check if for any z € R?, there exists x € R? such that

Wx = zywy + zows = Az,

that is,
1 0] 1 1]
0 1lx= |0 -1z
12 0] 12 2 ]
Gaussian elimination gives
1 0] (1 1]
0 1|lz= 1|0 —-1]| =z,
10 0] 10 0]
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and thus x1 = z1 + z2 and o = —zy provides the needed solution. In consequence, {wi, w2} is a
basis of R(A). (Note that we did not need to separately check whether wi and wsy belong to R(A)
because we knew to begin with that the dimension of R(A) is two.)

We start the actual discussion on the relationship between the dimensions of R(A) and N(A)
with another example in R3.

EXAMPLE 1.2. Let

1 01
A=10 2 2
1 0

-1
The nullspace of A can be computed by solving the equation
(8) Az =0.

Using Gaussian elimination, it is straightforward to deduce that the solutions to (8) are exactly
the scalar multiples of

-1

x=|—-1

1

ie., N(A)={zeR® |z =s[-1,-1,1]" for some s € R}.

b

Hence, the dimension of N(A) is one.
Recall that

R(A) = {y € R® | y = Az for some x € R?},
which is the linear span of the column vectors of A. To deduce the dimension of R(A), we introduce
a special basis for R3, namely

-1 1 0
v = -1 5 Vo = 0 5 V3 = 1
1 0 0

The first vector v1 is a basis for N(A), and the main idea is to choose the other two so that
the three vectors are linearly independent and thus they together form a basis for R®. Denote
V = [v1,v2,v3]. Since the columns of V € R3*3 form a basis for R3, any vector x € R3 can be
given as their linear combination, i.e., as € = Va for some a € R®. Hence, the range of A can
be alternatively expressed as

R(A) ={y eR? |y = A(Va) for some a € R?}.
By construction v1 € N(A), and so
A(Va) = (AV)a = [A’Ul, 14’027 Av3]a = [0, A’UQ, Av3]a = O(QA’UQ + agA’Ug.

Hence, R(A) is the linear span of the vectors Ave and Avs, which are linearly independent because
they are by construction the (linearly independent) first and second columns of A. In particular,
the dimension of R(A) is two.

In Example 1.2,
dim(N(A)) + dim(R(A)) = 3,
which is the dimension of the considered space R?. The basic idea of Example 1.2 is also valid for

a general A € R™*" although one needs to use more general arguments to demonstrate that the
candidates for the basis vectors of R(A) are linearly independent.

THEOREM 1.1. For any A € R™*™,

(9) dim(R(A)) + dim(N(A)) = n.
PROOF. Let {vy,...,v;} be a basis for N(A); in particular, it is assumed that the dimension
of N(A) is k. We introduce auxiliary vectors wi, ..., w,_k such that

{v1,... v, w1,..., Wy_k}
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is a basis for the whole R™.! Define V € R*** and W € R**(n=F) yia
V= [vl,...,vk] and W = [wl,...,wn_k] .

Because the columns of the composite matrix [V, W] € R™*™ form a basis for R", any « € R™ can
be written as @ = [V, W]« for some o € R™. In particular,

R(A) ={y e R" | y = A[V, W]a for some o € R"},
where

AV, Wl = [Avl, o Avg, Awn, .. .,Awn_k]a

=10,...,0, Awy,..., Aw,_;|a
n—k

Z 7,+kAwi

is a linear combination of n — k vectors. Hence, R(A) can be represented as a linear span of n — k
vectors, and so its dimension is at most n — k.

Completing the proof amounts to showing that the vectors Aws, ..., Aw,_; are linearly
independent, i.e., that they form a basis for R(A). Let a € R"™* be such that
n—k
Z o;(Aw;) = [Awl, .. .,Awn_k]a =AWa =0,
i=1

that is, Wa € N(A). Since the columns of V € R"™ ¥ form, by assumption, a basis for N(A),
there exists (a unique) 3 € R* such that Wa = V3, or in an equivalent form,

v, W] ['B } 0.
—a
Since the columns of [V, W] € R™*™ form a basis for R™ by our construction, it must hold that
B =0and —a = 0. In particular, since « vanishes, Aws, ..., Aw, _\ are linearly independent. O

Let us then return to the unique solvability of (1). In order for the ‘unique solvability con-
ditions’ (6) to hold for all b € R™, one must obviously have R(A) = R™ and N(A) = {0}. In
particular, this yields

dim(R(A)) + dim(N(A)) =m+0=m
By virtue of Theorem 1.1, this is possible only if m = n and thus A is a square matrix. In other
words, if m # n, i.e., A is not square, either (6) does not have any solution for some b € R™, or
no solution for (6) is unique, or both.

Let us complete this section by considering the important special case of square matri-
ces, i.e., m = n. According to the above considerations, (1) has a solution for all b € R™ if
and only if R(A) = R", i.e., rank(A) = dim(R(A)) = n. However, due to Theorem 1.1, this also
guarantees that dim(N(A)) = 0, i.e., N(A) = {0}, and the solution is also unique. Vice versa,
the solution to (1) is unique if and only if dim(N(A)) = 0, which also guarantees the existence
of a solution by virtue of Theorem 1.1. To summarize, for square matrices the existence and the
uniqueness of a solution to (1) are equivalent conditions.

There are also several other conditions that guarantee the unique solvability of (1) for all
b € R" when m = n, as indicated by the following corollary.

COROLLARY 1.1. Let m = n in (1). There exists a unique solution to (1) for any b € R™ if
and only if one of the following equivalent conditions holds:
(1) R(A) =
(2) A has lmearly independent columns (or rows),
(3) N(4) = {0},
(4) det(A) #0, or

LSuch wi, ..., w,_j could be constructed, e.g., via a variant of the Gram—Schmidt orthogonalization process
considered in Chapter 3.



12 1. LINEAR SYSTEMS

(5) 0 is not an eigenvalue of A.

PRrOOF. The conditions (1) and (3) were already covered in the above discussion. The con-
dition (2) is equivalent to (1) due to (5). The condition (4) is equivalent to (2) by fundamental
properties of the determinant (details are omitted). Finally, having 0 as an eigenvalue is equiva-
lent to having a nontrivial nullspace, i.e., (5) and (3) are equivalent conditions (eigenvalues will
be considered in detail in Chapter 2). d

To sum up, if any of the above conditions (1)—(5) holds for A € R™*", then (1) is uniquely
solvable for any b € R™. This unique solution depends linearly on the right-hand side of the
equation: Let 1, xo € R™ be the solutions of (1) for the right-hand sides by, by € R™, respectively.
Then for any «, 8 € R,

A(axy + fxa) = aAxy + fAxzs = aby + Bba,

and thus ax, + fxs is the solution of (1) corresponding to b = ab; + Sby. Because any linear
map can be represented as a matrix (in a given basis), it follows that the solution to (1) can be
given as

(10) x=A"'b,

for some A~! € R™*"_if any of the (equivalent) conditions in Corollary 1.1 holds. The matrix
A1 is called the inverse of A and if such exists, A is called invertible. In particular,

A71A = [A_lal,...,A_lan] =le1,...,e,) =1

since the solution to Az = a;, j =1,...,n, is obviously the jth Cartesian basis vector e; € R".
One can argue in the same way that also AA~! = I, because A is obviously the inverse of A~}
(simply consider the symmetry between (1) and (10)).

2. Norms and inner products

To study the stability of the solution to (1) with respect to perturbations, inaccuracies or
uncertainties in b and A, we need tools for measuring the ‘size’ of a vector or a matrix. This
section will also introduce the concept or orthogonality via inner products.

2.1. Vector norm. The size of a vector € R"™ is measured by a (vector) norm. The concept
of norm is not unique, but there are many useful norms as we will see in what follows.

DEFINITION 2.1. A function || - || : R® — R is a norm if it satisfies
(i) |lz]| =0 for all x € R™ and ||| = 0 if and only if x =0,
(i) [z +yl < llzll+ yll for all z,y € R,
(iii) ||ax| = |a|l|x] for all x € R™ and a € R.
Definition 2.1 formalizes what one expects from a reasonable measure of length. As an ex-
ample, consider the space R? and associate to each & € R? a geometric vector x4 + 225 as in

Figure 1. A natural way to measure the length of such a vector « is via the Pythagorean theorem,
i.e., by introducing the Euclidean norm || - ||z : R? — R defined via
2 2\1/2
2 = (2% +23) "
This function obviously has the following properties:
(i) Positivity: For all x € R?,

(|2 > 0,
with the equality holding only if and only if & = 0.
(ii) Scaling: The distance measured by || - ||2 is scaling invariant, that is,

laz|lz = [al]|z]2

for all « € R.
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x+y
FiGURE 1. The geometric FIGURE 2. The geometric
idea behind measuring the idea behind the triangle in-

length of a vector in R2. equality.

(iii) Triangle inequality: The three vectors =, y,x + y € R? form a triangle in the plane;
see Figure 2. For every triangle, the sum of the lengths of two sides is larger than the
length of the third one, that is,

2 +yll2 <[22+ [yll2-

Hence, ||-||2 : R? — R is a norm in accordance with Definition 2.1. In fact, the geometric properties
of the Euclidean norm are the motivation for the general norm of Definition 2.1. Notice also that
the Euclidean norm, a.k.a. the 2-norm, generalizes to an arbitrary spatial dimension by defining
Il |l2 : R®™ = R through

() foll = (L)

The norms used in linear algebra can be divided into generic norms and problem specific
norms. Problem specific norms are used when vectors have some special interpretation; they
can, e.g., represent coefficients in linear combinations of some elementary functions (cf., e.g., poly-
nomials represented as linear combinations of monomials or a truncated Fourier series). Most
theory in linear algebra is given in terms of generic norms that operate on generic vectors that
have no special interpretation as such.

The most commonly used norm in R™ is the Euclidean norm introduced in (11). Other
regularly used norms include the family of p-norms (most often the case p = 1)

n 1
(12) lall, = (X )", 1<p<ce.

i=1
and the oo-norm, ||| = max;|z;|. The latter can be obtained as a limit of the p-norms when
p — 00. The 1 and oo-norms are often employed because the related operator norms are easy to
compute, as we will learn in the following. Proving that || - ||; and || - || (or more generally || - ||,)
really are norms is left as an exercise.

EXAMPLE 2.1. (a problem specific norm) Consider a first order polynomial p(x) = ag + a1
with real coefficients. The size of such a polynomial can be measured by the square integral

1 1
1
/ p*(z) de = / (0@ 4 200012 + az?) dx = o + apay + ga%
0 0
On the other hand, any vector in R? can be identified with a first order polynomial via

@
— o+ aiz.
&3}
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Measuring the length of a vector defining the coefficients of a first order polynomial in, say, the
2-norm does not have any immediate interpretation. Instead it is more natural to measure the size
of the coefficient vector using the function

Qo 2 Ly 2
(13) all| = + apaq + 3 ,

which is the square Toot of the square integral of the first order polynomial oy + a1z introduced
above. We will later prove that (13) really defines a norm, that is, it satisfies the conditions of
Definition 2.1.

2.2. Inner product. To begin with, let n = 2 and consider two nonzero geometric vectors
11+ x2g and y12+y27. It follows from the cosine theorem that the angle between the two vectors,
say 0, satisfies

213 + 13 = 2lzll2llyll2 cos § = [l — yl3 = =]l + Iyll3 — 2(z1y1 + w2p2),

or, in other words,
T1Y1 + T2Y2

lzl2llyll2
Motivated by this formula, we define the dot product as

cosf =

T Y = T1Y1 + T2Y2.

The dot product introduces the concept of orthogonality in the space R?, that is, when = -y = 0,
then the two vectors & and y form a right angle (or one/both of them vanish). We generalize the
dot product to an arbitrary spatial dimension by defining

n
Ty = Ziﬁzyz =a'y

i=1
for all ,y € R™. In particular, z,y € R™ are said to be orthogonal (in the sense of the dot
product or the Euclidean inner product) if @ - y = 0, which actually also matches the geometric
intuition for n = 3.

The basic properties of the dot product motivate the definition of a general inner product; it

is easy to check that the dot product is an inner product.

DEFINITION 2.2. A mapping (-,-) : R" xR™ — R is an inner product if the following properties
hold:
(i) Positive definiteness: (x,x) > 0 for all x € R™ and (x,x) = 0 if and only if x = 0.
(ii) Symmetry: (x,y) = (y,x) for all x,y € R™.
(iii) Bilinearity: (ax + By, z) = oz, z) + By, z) for all z,y,z € R™ and o, B € R.
The conditions (ii) and (iii) together imply that also (z,ax + By) = a(z,z) + B(z,y). Take

note that different inner products define different concepts of orthogonality in R™ via the relation

(z,y) = 0.
Before moving on to vector norms that are induced by inner products, let us relate orthogo-
nality and linear independence, starting with a definition.

DEFINITION 2.3. A set of vectors {qy,qs,--.,q,} C R™ is called orthogonal with respect to
an inner product (-,-) : R x R™ — R if

(9:,9;) =0
foralli#j.

It turns out that an orthogonal set of vectors is always linearly independent, unless one of the
vectors is the zero vector.

LEMMA 2.1. If the nonzero vectors qy,...,q, € R™ compose a set of orthogonal vectors (with
respect to any inner product), then they are linearly independent.
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PROOF. Let a € R be such that
k
(14) Z a;q; = 0.
i=1

Taking the inner product of the left-hand side of this identity with q;, j = 1,..., k, and using (iii)
of Definition 2.2 yields

k k
(Y cigia;) =Y ailasa;) = a;a;. ;).
i=1 i=1
where the second step is just the orthogonality assumption. On the other hand, taking the inner

product of the right-hand side of (14) with g, results in

(0, qj) =0 <quj> =0
due to (iii) of Definition 2.2. Altogether we have deduced that

(15) a;{q;,q;) = <§:aiqivqj> =(0,g;) = 0.

for any j = 1,...,k. Since (g;,q;) > 0 by (i) of Definition 2.2 and our assumption on the
orthogonal vectors, it must hold that a; = 0 for all j = 1,...,k. Thus the vectors q,...,q, are
linearly independent. O

A byproduct of Lemma 2.1 is that any set of n nonzero orthogonal vectors {q,,...,q,} C R"
forms a basis for the whole of R™. Indeed, it can be straightforwardly proven that any set of
n linearly independent vectors must be a basis for an n-dimensional (sub)space. Hence, for any
x € R", there exists a representation

(16) T = Zn:aiqi
i=1

with some a € R™. By taking the inner products of this identity with the orthonormal basis

vectors gy, ..., q, one at a time, it can be deduced as in the proof of Lemma 2.1 that (cf. (15))
T, q; .
(17) aj:< qj), j=1,...,n,
(g,49;)
which provides a means to numerically compute the coefficients in the expansion (16). The (pro-
jection) formula (17) for the coefficients of (16) becomes even simpler if (g;,q;) = 1 for all
j =1,...,n. Such a basis is called orthonormal, that is, the basis vectors are orthogonal and

normalized, i.e., of unit length. This statement makes more sense after the definition of norms
induced by inner products. The (numerical) construction of orthonormal bases is considered in
Chapter 3.

To motivate the connection between inner products and norms, observe that the dot product
obviously has a special connection to the Euclidean norm:

2]z = (z-2)"/?
for all € R™. This observation holds more generally: any inner product induces a norm.
LEMMA 2.2. Let (-,-) be an inner product in R™. Then the function
(18) ||| == (z,2)"/*, @ eR",
is a norm. In addition, such a norm satisfies the Cauchy—Schwarz inequality

(19) (@, y)| < [yl
for all x,y € R™.
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PROOF. We need to check that || - || : R™ — R satisfies the conditions (i-iii) of Definition 2.1
and that (19) holds.
By the positive definiteness of an inner product,

]| := (a,2)" " >0,
where the equality holds only if & = 0. This validates (i) of Definition 2.1. Furthermore, due to
properties (ii) and (iii) of Definition 2.2,
1/2
loz]| = (az, az)'/? = (*(z,2)) " = |o||2],

which demonstrates that (iii) of Definition 2.1 is also satisfied.

Let us next prove the Cauchy—Schwarz inequality (19), which obviously holds if = 0 or
y = 0 since then both sides of (19) vanish due to (i) and (iii) of Definition 2.2 (note that, e.g.,
(0,y) =0(0,y) =0). Let thus ,y € R™ be nonzero vectors and decompose x as (cf. (17))

_ <m,y) r— (m,y)
~ Tl y*( TulP y)

Using (ii) and (iii) of Definition 2.2, we thus obtain that

|2 = & ) Iy ”2+2<<$7y)y7m_ (:B,y2)y> .\ Hw— <w’y2>yH2

Tl 2 ¥ Tl ol
- ”(Wi ‘<||y||i wi*) + H B
- +H I H

Dropping the second (positive) term on the right-hand side and multiplying the ensuing inequality
by ||yl||? results in

2
[ lyl* > (=, y) or [z, y)| < [lz|lyll
which is the Cauchy—Schwarz inequality.
Finally, the triangle inequality, i.e. (ii) of Definition 2.1, follows by expanding,
Iz +yl? = llz|* + 2 (z,y) + |yl < l2l* + 2lzllyll + |y]* = (]l + ly])

where the inequality is a trivial consequence of (19). O

We complete this section by pointing out a one-to-one correspondence between positive definite
matrices and inner products.

DEFINITION 2.4. A matrizx A € R"*" is called positive semidefinite if
(20) Az =z - Az >0

for allx € R™. If the second equality in (20) holds only for = 0, then A is called positive definite.
(Nota bene: Sometimes symmetry of A is included in the definition of positive definiteness.)

Take note that any positive definite matrix A € R™*" is invertible: If x € N(A), i.e., Az =0,
then

0=alAx >0,

where the latter equality holds if and only if & = 0. Hence, N(A) = {0} and A is invertible due
to the condition (3) in Corollary 1.1. However, most invertible matrices are not positive definite.

The following lemma demonstrates that any inner product in R™ can be characterized with
the help of the Euclidean inner product and a suitable symmetric positive definite matrix. In turn,
any symmetric positive definite matrix defines an inner product.
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LEMMA 2.3. For any inner product (-,-) : R™ x R" — R, there exists a symmetric positive
definite matriz A € R™ "™ such that

(21) (x,y) = yTAx.

for all € R™. On the other hand, the formula (21) defines an inner product for any symmetric
positive definite A € R™*™.

PrOOF. We start with the second part of the claim. Let A € R™*™ be an arbitrary symmetric
positive definite matrix and set

(@ y)a =y Az.
We need to check that (-,-) 4 : R™ x R® — R is an inner product, that is, we need to validate the
conditions (i-iii) in Definition 2.2. (i) As A is positive definite,
(x,y)a = x"Az >0 for all x € R",

where the equality holds if and only if & = 0. (ii) The symmetry requirement for an inner product
is satisfied due to the assumed symmetry of A and the symmetry of the Euclidean inner product:

(@, y)a =y Az =y ATz = (Ay) 'z = 2"Ay = (y. ) 4.

(iii) The bilinearity follows from the (bi)linearity of matrix product (homework).
To complete the proof, let (-,-) : R™ x R™ — R be an arbitrary inner product. Our aim is to
construct a symmetric positive definite matrix A € R™*" such that

(z,y) =y Az.
Expanding = Y, z;e; and y = Z?zl y;e; in the Cartesian basis, it follows that

n n n
(x,y) = <Z$i€i,zyj€j> = Z z:y; (€i,€;)
i=1 j=1

ij=1

where we repeatedly employed (iii) of Definition 2.2. We now define the matrix A € R™*"

elementwise as aj; = (e;, e;), 1,7 = 1,...,n. Clearly, a;; = aj;, i.e., A is symmetric. Moreover,
n n n
T
(@, y) = E TiYjQji = E Yj E ajiv; =y Ax
ij=1 j=1 =1

by the definition of matrix-vector product. Finally, the constructed A is positive definite since
xTAz = (z,2) >0 for all 0 #x € R"
because (-, -) was assumed to be an inner product; see (i) of Definition 2.2. d

2.3. Matrix norm. In addition to measuring the length of a vector @, we also need to be
able to measure the ‘size’ of a given matrix A € R"™*™. Let us begin the discussion with an
example.

EXAMPLE 2.2. Let

0.1 0.8

The matriz A associates every vector x € R? with another one Az € R%. Such a mapping can be
visualized (at least) in two ways:

P

(1) Draw some pizel image into the plane (e.g., a clown). Map the coordinates of the pizel
corners as in Figure 3. Coloring the skewed pixels with the same color as their preimages
results in a deformed image that describes the action of A. See Figure 3.

(2) Due to the linearity of matriz multiplication,

Az = ||z2 A <L> .
]2

Hence, all information in the matriz A is actually contained in the set

A(S) = {Av | [v]]2 = 1}
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Fi1GURE 3. Two pixelwise discretizations of a clown and their images under the
action of the matrix A from Example 2.2.

FIGURE 4. The image of the Euclidean unit sphere under the action of the matrix
A from Example 2.2. The red circle is the unit sphere and the blue ellipse its
image.

since any vector can be given as a vector of unit length times a suitable scalar. The set
A(S) is compared with its preimage, i.e. the unit circle S (or, more generally, the unit
sphere), in Figure /.

The second way to visualize the multiplication by a matrix suggest a way to measure its size.

DEFINITION 2.5. Let ||-|| be some vector norm. The corresponding operator norm for a matriz
A € R™*"™ js defined as
Ax
|Allop := ma | Az = max | Az|.
o£zeR" | z|| fla]|=1

The definition of an operator norm depends on the considered vector norm. In other words,
different vector norms induce different operator norms. The operator norm measures the maximal
stretching of the unit sphere under the action of a matrix A; note that even the unit sphere itself,
i.e.,

S:={zcR"|||z] =1}

depends on the investigated vector norm. In Example 2.2, where the Euclidean norm was em-
ployed, the operator norm is simply the semi-major axis of the blue ellipse in Figure 4, i.e.,
[|A]lop =~ 1.08.

In linear algebra, it is customary to drop the subscript from || - ||op, and denote both a vector
norm and the corresponding operator norm in the same way. We follow this convention during
these lectures. In particular, the operator norms induced by 1, co and 2-norms are denoted by
Il Il1, || - lloo and || - ||2, respectively, or simply by || - || if the considered vector norm is clear from
the context.

All operator norms share two useful properties, as indicated by the following lemma.
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LEMMA 2.4. Any operator norm satisfies,

(22) |AB| < ||AllIB]l,  AeR™™, BeR™™"
and
(23) [Az|| < [[All[[=]|,  AeR™™, xecR"
Proor. Homework. O

Computing the value of an operator norm requires one to find the maximum of ||Az||||z|~*
over R™ or equivalently that of ||Az|| over the unit sphere corresponding to the examined vector
norm. For the operator norms induced by the vector norms || - |1, || - |2 and || - ||, this maximum
can be found explicitly. This is one of the reasons why these three norms are used as generic
norms in linear algebra.

The 2-norm of a matrix can be computed using the following lemma that utilizes eigenvalues
of a symmetric matrix. Recall that an eigenvalue of a matrix A € R"*™ is such A € C that

(24) Ax = \x
for some 0 # a € C™ that is called an eigenvector corresponding to \.? Eigenvalues and eigenvec-
tors will be studied in detail in Chapter 2. Here, we only need the following result that should be

familiar from the basic matrix algebra course: Any symmetric matrix B € R™*™ has n orthonormal
real eigenvectors (with respect to the dot product/Euclidean inner product), that is,

qu:)‘jqj7 jzlv"'vnv

with [|g;[l2 = 1 forall j = 1,...,n and q; - q;, = quq,c = 0 for all j # k. Moreover, B can be
decomposed as

(25) B=QAQ"
where @ = [gq,...,q,] € R™ " has the orthonormal eigenvectors as its columns and A =
diag(A1,...,An) € R™" is a diagonal matrix composed of the real eigenvalues (some of which

may be same). In particular, QT Q = I because the columns of Q are orthonormal, i.e., Q is an
orthogonal matrix.

LEMMA 2.5. For any A € R™*™,
1/2
I All2 = (Amax(ATA4)) "7,
where Amax (AT A) is the largest eigenvalue of the symmetric matriz AT A.
PRrROOF. By the monotonicity of the second power,
| Az||3 xl AT Aw 2T QAQTx

Al2:= max 2= max —— " = max ,
1= 2% ol = sl ol oate T3

where QAQT is an eigendecomposition of the symmetric matrix AT A € R®»*", with an orthogonal
Q € R™" and a diagonal A € R"*™ as in (25). Defining y = QT « and noting that £ = Qy runs

through the whole of R™ when y does so, we get

TA " oNy2 " oNy?
(26) |A|I2 = max Yy 2y y2 = max 7Z}=1T Y _ max 721:1 ;yl ,
oyern Qyll3  oFyerr yTQTQy  oZyern  |y||3
where \;, i = 1,...,n, are the real eigenvalues of AT A € R"*" and we also employed the identity
RQTQ =1
Notice that all \;, i = 1,...,n, are nonnegative (because AT A is positive semidefinite):

0<[|Aq,|} = ¢/ A" Agq; = Nig} a; = A,
where we used the orthonormality of the (eigen)columns of @ (cf. (25)). A straightforward estimate
thus gives

)‘max ATA ?Li 2
||A||§ < max ( )2 ic1 Yi

- )\max ATA
0BT Tl (474

2
= Amax (AT A).
2

°In particular, a real matrix may have complex eigenvalues and eigenvectors.
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Letting 1 < k < n be such that A\y = Anax(ATA) and choosing y = e in (26) to be the kth
Cartesian basis vector, we finally get

IAI3 > Amax (AT A),

which completes the proof as we have altogether established that Ayax(ATA) < [|A[|3 < Amax(AT A).
O

COROLLARY 2.1. Lemma 2.5 remains valid if Amax (AT A) is replaced by Amax(AAT).

PROOF. It can be shown that the min{n,m} largest eigenvalues of the symmetric matrices
ATA € R™" and AAT € R™*™ are the same’ (when counted according to their algebraic
multiplicity); a proof will be presented in connection to singular values in Chapter 3. The assertion
is an immediate consequence of the aforementioned fact. O

It can also be shown that the operator norms of A € R™*™ corresponding to the 1 and oo
vector norms can be computed simply as

<i<m

m n
Al = 1%‘%12 laij| and [[Aflc = max 1 laijl,
i= ji=

that is, as the maximal absolute column and row sums of A, respectively.

The operator norms form a subclass of all matriz norms. In other words, every matrix norm
is not an operator norm, but all operator norms are matrix norms as indicated by the lemma
succeeding the following definition.

DEFINITION 2.6. A function || - || : R™*™ — R ¢s a matrix norm if
(i) ||All > 0 and ||A|| = 0 if and only if A =0 is the zero matriz,
(i) A+ BJl < |1A] + B,
(ii) llo]| = [l ]
for all A, B € R™*™ and o € R.

LEMMA 2.6. Let || - || denote a vector norm and also the corresponding operator norm. Then
Il - || is also a matriz norm in accordance with Definition 2.6.

PROOF. Let us verify the conditions (i-iii) of Definition 2.6 one at a time.
(i) Obviously,

A
|A|l := max IA=] > 0.
o£zeR" x|
Moreover, if any element of A € R™*" is nonzero, it is easy to find @ € R™ such that Az is also

nonzero. Hence, ||A]| > 0if A is not the zero matrix.
(ii) Due to the definition of the operator norm and the linearity of matrix multiplication,

A B A B A B
A B = e 142 Bl <|| 2l | wu)S ] |Ba|
ohelin Jall  ogmcre \ 2l | Jall ) T odache Jall T ofecke [l

where the second step is the triangle inequality for the vector norm and the last step corresponds
to a simple property of the max function: “The maximum of a sum is less than the sum of the
maxima of the summands”.

(iii) Finally, it holds that

lodz] _lallAe] _ |Ae| _

Al = max = = la| max = lal[|A]
o£zeRn  ||x|| o£zeRr ||| o£zeRn ||z||
by the scaling property of the vector norm. O

3This is not very difficult to believe: AATv = Av = AT A(ATv) = A(ATv) and AT Av = M = AAT (Av) =
A(Av).
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As indicated by Definition 2.6, a matrix norm can simply be defined as a function from the
space of matrices R™*™ to nonnegative real numbers — as long as it satisfies the conditions of
Definition 2.6. Examples of such directly defined matrix norms are the Frobenius norm,

1/2

|AllF := ZZM;‘P s

i=1 j=1

and the max-norm,

[Allmax = max  max |a;|.
1<i<m 1<5<n

It is straightforward to verify that both of these really are matrix norms in accordance with
Definition 2.6. (The proofs are analogous to showing that the 2 and co vector norms are norms.)

3. Stability of the solution

In this section, we consider the equation (1) in the case that m = n and the matrix A is
invertible, i.e., A € R"*™ has an inverse A~! € R"*", Recall that the existence of an inverse A~!
is equivalent to the unique solvability of (1) for all b € R™, and Corollary 1.1 lists conditions that
guarantee the latter. In this section, we employ the norms introduced in the previous section to
study how perturbations of A and b in (1) affect the corresponding solution.

Let x be the solution to the linear system (1), 64 € R"*™ and db € R". The perturbations
dA and db model (additive) uncertainties and inaccuracies in A and b, respectively. The general
intuition should thus be that A and b are small(ish) compared to A and b, respectively. To be
more precise, we consider the perturbed linear equation

(27) (A+5A)x =b+ 6b.
and study the difference between the solution € R™ of (1) and the ‘perturbed solution’ £ € R"
of (27).

To make such considerations meaningful, we need to first pose a condition under which the
unique solvability of (27) follows from that of (1). The topological interpretation of the following
theorem is that the invertible matrices form an open subset in the space of all matrices equipped
with some operator topology. In layman’s terms, if a matrix is invertible, then so are all nearby
matrices.

THEOREM 3.1. Let || - || be an operator norm. If A € R™™ is invertible and 0A € R™*"
satisfies
1
(28) 16A]l < =7
A=Y
then A+ dA is also invertible.

PROOF. Our aim is to prove that A + JA satisfies the condition (3) of Corollary 1.1, from
which its invertibility follows. The reverse triangle inequality (homework) for 0 # z € R™ gives,
[+ 602 Azl - Io4=] o A=l oAs)

1zl 1]l ozzerr |[z[|  ozzerm ||z

(29)

We make the chance of variables y = Az, i.e. z = A~ 'y, in the first term on the right-hand side
of (29), which leads to

Az Aty 7!
L g My g ) RS
otk Tzl odyeke TA-g] ~ \ofykn [yl
due to the monotonicity of the inverse power on the positive real axis R. Substituting this back
in (29) and recalling the definition of an operator norm, yields

I(A+64)= 1
Izl Al

= [[0A[l >0,
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where the strict inequality is our assumption. Equivalently,
1
[ A=H]

for all 0 # z € R™. Hence, the nullspace N(A + 0 A) cannot contain any nonzero vectors. O

I(A+54)z] > ( - ||6A||) l2ll > 0

The following corollary indicates that the norm of the inverse of A + §A can, in fact, be
controlled by the norms of the inverse A~! and the perturbation JA.

COROLLARY 3.1. Under the assumptions of Theorem 3.1, it holds that

- A
A+5A)T <”—
o7l < Tysama

for any operator norm || - .
ProoOF. Using (22), we first of all obtain
H(A—I—(SA)_IH = H((I—I—(SAA_l)A)_IH = ||A_1(I—|—5AA_1)_1|| < ||A_1||||(I+5AA_1)_1||.

By the definition of an operator norm,

L I+6AA ) x| lyll
I AA 1 1 _ ||( —
(30) T +04AT) T = max, ] ofseke [T 1 0AADg’

where the second step corresponds to the change of variables x = (I +6AA~!)y. Furthermore, the
denominator on the right-hand side of (30) can be estimated with the help of the reverse triangle
inequality as follows:

(31) [(Z +6AA™ )y > llyll — I9AA™ Y| > (1 = [[SAIIAT ) ]l > o,

where we also twice used (23) as well as our assumption on the size of ||[A~1|. Plugging (30) and
(31) in turns in the first estimate of this proof, we finally get

A+5A)7 ] <||lA7Y| max L <||[A7Y| max lyl
o=l <1470 e, s aamygn <14 o B T AT A Tw
Ay
L—[[sA[lA=2]”
which completes the proof. O

By subtracting the equations (1) and (27), we obtain a linear system that determines the error
x — x, that is,

(32) (A+0A)(x — ) = db— dAx.

The following theorem relates the (relative) error to the relative sizes of the perturbations, i.e. ||0b||/||b|
and || A|/||A|l, and the condition number of A, defined as

k(A) = | A[llA7.
Take note that the condition number of a matrix depends on the considered (operator) norm.

THEOREM 3.2. Suppose the assumptions of Theorem 3.1 are valid. Then it holds that

[ r(A) 16| , [[5A]
(33) < +
ol =1y \ ol * Tl
for any || - || operator norm and the corresponding condition number r(A).

PrOOF. According to Theorem 3.1, the matrix A +JA € R™*™ is invertible and the error
Z — x can thus be solved from (32) as

z—x=(A+5A)"1(6b—5Ax).
In particular,

|12 — || < [[(A+86A)~"[I6b — s Az|| < [|(A+54)7 | ([|ob]| + [[sAx]) .
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due to basic properties of an operator norm and the triangle inequality. The stability result of
Corollary 3.1 yields

- LA~
& — || < — = ([16b]] + [|5A]]) -
L—[loAf A=
Dividing by ||z|| and using the estimate ||§Az|| < ||dA||||x]| gives
& — | 1A~ <||5b|| > IANIIA~ < 160]] ||5A||>
34 < + |64 ) = ,
OV e = T ieana T el 1) = T g \ Tl * A
where the latter step is mere algebraic manipulation. Since ||b|| = ||Az| < ||A||||z||, we finally
obtain
[ LA~ 1A 16]]  [I5A]

(35) < + .

|l 1 Ralja-yap \ el 114l
Substituting the definition of the condition number x(A) completes the proof. O

4. Solving Az = b on a computer

Computers operate using finite precision arithmetic: numbers are not stored exactly nor are
operations performed exactly. A simple model for error in arithmetic operations is

(36) Ala®b)=(1+)(a®b),

where a,b € R, @ is one of the elementary operations, i.e. ® = +, —, * or /, and |d| < u, where
u is the machine unit or the machine epsilon. The result of a given operation in finite precision is
denoted by fi(a ©® b). The size of the machine epsilon depends on how numbers are represented,
but it is typically of the size u = 2.22- 10716,

As an example, due to the finite precision, a numerically computed LU decomposition® pro-
duced, say, by MATLAB is not exact, but only an approximation of an exact one. The triangular
matrices L € R"*™ and U € R™*™ given by the computer do not exactly satisfy A = LU for a
given A € R™*"_ but instead

LU = A+ 6A.

Hence, the utilization of the LU decomposition does not solve the equation (1), but a related linear
system.

(A+0A)x =b.
An interesting and practical question is: How close is « to &7
The answer can be given in two steps,

e Estimate the size of § A. For the LU decomposition, it can be shown that
[6A]l < nul| LU

for the Frobenius, 1 and co norms. In most cases, the ratio (|| L||||U]|)/||A]| is of moderate
size, but one can also construct examples for which it tends to infinity. Fortunately, such
examples are rarely encountered in practice.

e Use Theorem 3.2 to obtain an estimate for the relative change in the solution:
& -l _ _ w(A)  [|0A4]

foll = 1= Tallca) TAT

Observe that the relative error |[0A|/||A|l is amplified by the condition number x(A)
both in the numerator and the denominator.

4Recall that the LU decomposition is a way of factoring a matrix A as a product of a lower L and an upper
U triangular matrix. It is commonly used by, e.g., mathematical software to solve systems of linear equations.



24 1. LINEAR SYSTEMS

The heuristic of MATLAB is to assume that ||§A[/||A|| behaves like the machine epsilon and to
issue a warning if k(A) is sufficiently large.

To summarize, if £(A) > 106, the given linear system cannot be solved on a computer using
(mere) double precision arithmetic. Even small floating point errors are amplified by x(A) so that
they become significant. To conclude: All theoretically solvable linear systems cannot be
solved on a computer!

4.1. The bad example: Hilbert matrix. A classical example of a linear system that can-
not be solved accurately on a computer arises from approximation theory. Consider approximating
a given function f on the interval (0,1) by the nth degree polynomials P™ in the sense of least
squares. In other words, one is interested in the solution of the problem

(37) min 1/0 (f —p)*da.

pepPm 2
This minimization problem is quadratic and can, in principle, be solved rather easily.
The naive approach is to represent the nth degree polynomials in the monomial basis {27 _1};’:11

as
n+1

pla) == 3 oy
j=1

which means that each polynomial in P™ has a one-to-one correspondence with a coefficient vector
a € R™. Analogously, the original problem (37) is equivalent to a certain minimization problem
over R**1:

n+1

(38) agll{klr{lﬁ-l§/ (f Za & 1) dr.

The solution of (38) can be characterized, e.g., by taklng the gradient with respect to the coefficient

vector and equating it to zero. For each i = 1,...,n + 1, this corresponds to
n+1 1 n+l
a; )™ 1) dr = ( it — )xi_l dx
LEYNIE > / 3 oo™ -
n+1

= Z / 22 4y — / fai=tdx = 0.

These n + 1 linear equations can be presented in a matrix form: Find o € R"*! such that
(39) Ha=b,

where H;; = fol 2972 dx and b; = fol fx'~Ydx for i,j = 1,...,n + 1. The integrals defining
H ¢ R Dx(+1) can be computed by hand to obtain
1
Hq,j - mv
The condition number of this so-called Hilbert matriz grows extremely rapidly as a function of the
dimension n. As an example, for n = 15 the condition number is already so large that the linear
system (39) cannot be accurately solved using a computer.

Regardless of the above explained difficulties, the original polynomial approximation problem
(37) can be solved efficiently and accurately. The trick is to use some other basis polynomials
in place of the monomials. For example, the use of Legendre polynomials leads to significantly
improved stability.

ij=1,....,n+1.



CHAPTER 2

Eigenvalue problems

This second chapter discusses eigenvalues of matrices and their applications. The main ap-
plication considered in these notes is the definition of matrix valued functions such as the matrix
power or matrix exponential. Such functions are used, e.g., to solve recursive equations or to
study the behavior of a system of ordinary differential equations close to an equilibrium point. In
addition, eigenvalues and eigenvectors serve as a (computational) tool in many problems arising,
e.g., from mathematics, statistics, physics or computer sciences.

We will discuss the following themes:

(1) Basic eigenvalue theory with emphasis on Hermitian matrices,
(2) Similarity transformations,
(3) Matrix exponential and its applications.
The eigenvalues and eigenvectors of a square matrix A € C"*™ are the solutions of the following
problem: Find (A,v) € C x (C™\ {0}) such that
(40) Av = .

It should be emphasized that an eigenvector can never be the zero vector. When considering
eigenvalues, we need to employ complex numbers C and the spaces of complex valued vectors C"
and matrices C"*™ as even real matrices may have complex eigenvalues and vectors.

Almost all theory we have discussed thus far during these lectures directly applies to vectors
in C™. The only notable exception is the definition of an inner product: The symmetry, i.e. (ii) of
Definition 2.2 in Chapter 1, is replaced by the conjugate symmetry condition

(,y) = (y,z).
This also means that the bilinearity condition (iii) of Definition 2.2 turns into sesquilinearity, i.e.,

the linearity with respect to the second variable turns into antilinearity: (x,oy) = @(x,y). The
Euclidean inner product and norm are defined in C" as

(y)=z-g=y'z and |z]:=("2)"

where the ‘overline’ marks componentwise complex conjugation and * denotes the conjugate trans-

pose,
¥ =% .
In particular, if = a + ib for some a,b € R™, then

T = a —ib.

1. Basic eigenvalue theory
The equation (40) can be reformulated as
(A-X)v=0.

In other words, if A € C is an eigenvalue of A, then the matrix A — A\I has a nontrivial nullspace
consisting of the corresponding eigenvectors. The eigenvalues can be determined by using the
connection between the nullspace and the determinant indicated by Corollary 1.1 in Chapter 1:
N(A — )) is nontrivial if and only if

det (A — ) =0.

25
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When an eigenvalue has been found, the related eigenvector(s) are computed by finding a basis for
N(A — X). The equation (40) defines the eigenvalues A € C uniquely, but there exists infinitely
many eigenvectors for each eigenvalue: the eigenvectors corresponding to an eigenvalue A form a
subspace of C" called the eigenspace,

Ey\:=N(A-\I).
The dimension of F can be any integer between 1 and n and it is called the geometric multiplicity

e (A) of the eigenvalue .
EXAMPLE 1.1. Let
3 -1
A= L X } .
The eigenvalues of A are the solutions to the equation

33— -1

det(A—)J):det[ 1 Y

| -6-va-1ms-na—a-ar o

Hence, there is only one eigenvalue A = 2 that is a double root of the characteristic polynomial.
The eigenspace corresponding to the eigenvalue A = 2 is E5 = N(A — 2I). Because

A—2l = B _ﬂ ,
it is easy to deduce that Eo = span{[1,1]7} is a one-dimensional subspace of R?.
DEFINITION 1.1. The characteristic polynomial of a matriz A € C**" is defined as
pa(A) = det (A — AI),
i.e., as the polynomial whose roots define the eigenvalues.

Recall the subdeterminant rule that can be employed in analyzing determinants or computing
them by hand.! The rule can be applied either column-wise,

det A = (—1)‘7_1 Z(—l)l_la” det [A],LJ,
=1

or row-wise,
det A = (—1)j_1 Z(—l)i_laﬁ det [A]Jl
i=1

In the above formulas, j is the index of the column or the row with respect to which the determinant
is expanded. Moreover, [A]; ; € Cn=1x(n=1) ig the square matrix that is obtained by removing
the ith row and the jth column from the matrix A. A couple of examples are in order.

ExAMPLE 1.2. Let
aip Qi ai3
A= |an az2 a3
a3y azz2 ass
Then

a22 Q23
A =
(Al [6132 ass

v [Ah2 = [am a23] o [Ahs = [a21 a”] .

a31 ass az;  as2

IMathematical software such as MATLAB do not numerically evaluate determinants using the subdeterminant
rule. Typically, they first form a suitable factorization of the examined matrix involving only triangular matrices,
e.g., the LU decomposition. Then two properties of the determinant are used: (i) The determinant of a product
is the product of the determinants and (ii) the determinant of a triangular matrix is the product of its diagonal
elements.
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EXAMPLE 1.3. For

A:

o O W
O O =N
O N O O
—

5 o wvto

the subdeterminant rule with respect to the first row gives

4 0 5 3 0 5
det A=det |6 7 0| —2det|0 7 O0].
0 0 10 8 0 10
Applying the subdeterminant rule nect to [A]1,1, we obtain
4 0 5
det |6 7 0| =4det {(7) 100} + 5det {g g] = 280.
0 0 10

The determinant of [A]1,2 is computed recursively according to the same procedure. This gives
det [A]1,2 = —70 and altogether det A = 420.

With the help of the subdeterminant rule, it is straightforward to prove that p4 is always a
polynomial of degree n.

LEMMA 1.1. If A € C"*™ then pa(A\) = det (A — AI) is a polynomial of degree n. Moreover,
the coefficient of the nth order term is (—1)".

PRrROOF. The proof is based on induction with respect to the dimension of a square matrix.
Base case: For a general A € C?*2,

det (A — )\I) = det a1 = A @12 = )\2 — (a11 + agg))\ + (a11a22 - a12a21)
az  azg — A
is clearly a second order polynomial and the coefficient of the term \? is 1 = (—1)2.

Induction assumption: For any B € CF*k  det (B — AI) is a polynomial of degree k and the
coefficient of the kth order term is (—1)*.

Induction step: Let A € Ch+)x(k+1) he arbitrary. The subdeterminant rule yields

k
(41) det (A= M) = (a1 — A) det([A = AT]1 1) + Y (=1)" " ai det([A — M 1).

=2

By the induction assumption, each subdeterminant appearing in (41) is a polynomial of degree k
having (—1)* as the coefficient of the kth order term. Hence, the sum term on the right-hand side
of (41) amounts to a polynomial of degree k in A, and the first term on the right-hand side of (41)
is a polynomial of degree k + 1 in A having (—1)**! as the coefficient of the (k + 1)th order term.
Thus, det(A — \I) is altogether a polynomial of degree k + 1 having (—1)**! as the coefficient of
the (k+ 1)th order term, which completes the proof. O

As the eigenvalues of a matrix A are the roots of its characteristic polynomial p4, the eigen-
values can be studied by investigating the characteristic polynomial.

LEMMA 1.2. A matriz A € C"*™ has at most n distinct eigenvalues.

PROOF. The eigenvalues of A € C"*™ are the roots of the characteristic polynomial p 4.
Because the polynomial p4 is exactly of the order n, it has at most n distinct roots (and altogether
n complex roots if counted according to their multiplicity). 0
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Eigenvalues can be multiple roots of the characteristic polynomial, as in Example 1.1. Assume
A € C™*" has the distinct eigenvalues A1, ..., Ag, where 1 < k < n. By virtue of the fundamental
theorem of algebra, the characteristic polynomial can be factored as

k
(42) pa(\) = (=1)" T = A0,

i=1

where Zle ta(Ai) = n since pa(N) is of degree n. The positive integer power pa(A;) is the
algebraic multiplicity of the eigenvalue )\;, i.e., its multiplicity as a root of the characteristic
polynomial. Recall that the dimension of the eigenspace Ey, = N(A — \;I) was dubbed the
geometric multiplicity of the eigenvalue \; and denoted by pg(A;). It can be shown that the
geometric multiplicity pe(A;) is at most the same as the algebraic multiplicity pa();) for all
i = 1,...,k (the proof is omitted). However, if ps(\;) = 1, then also ug(\i) = pa(Xi) =1
because each eigenvalue has at least one-dimensional eigenspace.
The eigenvectors related to different eigenvalues are linearly independent.

THEOREM 1.1. Any eigenvectors v, ...,vi € C* corresponding to the distinct eigenvalues
A,y A €C of A € C™ ™ are linearly independent.

PRrROOF. The proof is based on induction with respect to the number of considered eigenvalues.

Base case (i.e., any pair of eigenvectors are linearly independent): Without loss of generality, we

may only consider the first two eigenvalues A\; and Ao; the proof for any other pair would be
analogous. Moreover, we may assume that A; # 0 because one of the two eigenvalues must be
nonzero, and we can rename the eigenvalues if necessary.

We argue by contradiction: Assume that the corresponding eigenvectors v; and v are linearly
dependent, that is, there exists 0 # « € C such that

V1 = V3.

Multiplying this equation with A and using the definition of eigenvectors gives

. A2
AV = alava, ie., v = )\—avg.
1

Subtracting the above identities leads to

A
(1 — )\—?)O{’Ug =0.

As a # 0 by assumption and vs # 0 by definition, it must hold that A2/A; = 1, which is a
contradiction because A1 and Ay are distinct. Hence, v; and v, are linearly independent.

Induction assumption: Assume that any j vectors in the set {v1,...,v;} are linearly independent
M<j<k-1).

Induction step: Consider any j + 1 vectors in {v1,...,v;}. After renumbering, we may assume
that they are vq,...,v;41.

Let a0 € C/t1! be such that
Jj+1

(43) Zaivi =0.
i=1

Multiplying (43) by A gives
Jj+1

Z ai)\ivi =0.
i=1
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Without loss of generality, we may assume that \; # 0; at most one of the distinct eigenvalues is
zero and we may rename the eigenvalues and eigenvectors if need be. Hence,

Jj+1 A
o1V + ai—lvi =0.
Subtracting this from (43), we get
Jj+1 A
>ai(1- )\—)vi —0.
i=2 1
Since the j eigenvectors va,...,v;41 are linearly independent by the induction assumption and

Ai/A1 # 1 since the considered eigenvalues are distinct, it must hold that a; = 0 for all i =
2,...,j+ 1. Using this information, say, in (43), it follows that also a3 =0, i.e., @ = 0, and thus
V1,...,0;41 are linearly independent. O

If the geometric and the algebraic multiplicity for each eigenvalue of A € R"*™ are the same,
Theorem 1.1 implies that there exists n linearly independent eigenvectors v, ...,v, for A: If
ta(X) = pa(X) for all eigenvalues, one can find 14 (A) linearly independent eigenvectors from each
eigenspace E of A because pug(A\) = pa(X) is its dimension. Since Theorem 1.1 guarantees that
eigenvectors corresponding to distinct eigenvalues are automatically linearly independent and the
algebraic multiplicities sum to n (cf. (42)), one can indeed altogether find n linearly independent
eigenvectors. On the other, if ug(A) < pa(A) for any eigenvalue A, there does not exist a full set
of linearly independent eigenvectors. On the positive side, if A has n distinct eigenvalues, then
ua(A) = pa(X) =1 for all eigenvalues and there are n linearly independent eigenvectors.

Assume then that A € R™*™ has n linearly independent eigenvectors and stack them as the
columns of a matrix:

V.= [vl, .. .,vn] e cnxm,
The matrix product AV gives
(44) AV = [Avl,...,Avn] = [Alvl,...,)\nvn] ,

where the eigenvalues are repeated according to their algebraic/geometric multiplicity. If A € C**"
is the diagonal matrix carrying the eigenvalues of A in the corresponding order, i.e.,

e, 1

2
A= : ;
An
then (44) can be rewritten as
AV =VA.
As V has linearly independent columns, it is invertible (see (2) in Corollary 1.1) and we obtain
(45) A=VAV~L

This is an eigendecomposition for the matrix A. If the algebraic and geometric multiplicities are
not the same for all eigenvalues, such a decomposition does not exist. If a decomposition of the
type (45) exists, A is called diagonalizable. Finally, note that a decomposition of the form (45) is
never unique: one can change the order of the eigenvalues, the length of the eigenvectors, or even
pick different bases for the eigenspaces.

REMARK 1.1. The decomposition (45) has the following intuitive interpretation: The linear
map represented by A € R™ ™ in the standard/Cartesian basis has a diagonal representation
A € R"™X™ 4n the eigenbasis {v1,...,v,}. To understand this, let e € R™ be the coordinates of an
arbitrary € R™ in the basis {v1,...,v,}, that is,

z=Va < a=Vlz.
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Hence,
Az = VAV 'z = V(Aa),

which just means that the coordinates of the image vector Ax € R™ in the eigenbasis {v1,...,v,}
are Aa € R™. In other words, the action of the considered linear map on the coordinates of  in the
basis {v1,...,v,} is realized by a diagonal matriz A, i.e., the coordinates change according to the
rule a — Aa. This is why a matriz with a representation of the form (45) is called diagonalizable.

2. Hermitian matrices

Hermitian matrices are encountered in numerous applications. They have also many nice prop-
erties that make them ‘easily approachable’. We start our treatment with a couple of definitions
that will be put to use immediately afterwards.

DEFINITION 2.1. A matriz A € C"*™ is Hermitian if A* = A. In particular, a real matrix is
Hermitian if and only if it is symmetric, i.e. AT = A.

DEFINITION 2.2. A matriz U € C™*" is unitary if U* = U~L. In particular, a real matriz is
unitary if and only if it is orthogonal, i.e. UT = UL,

By definition, the diagonal elements of a Hermitian matrix must be real. Observe also that
the columns (or the rows) of a unitary matrix form an orthonormal basis for C™, that is, they are
of unit Euclidean length and mutually orthogonal with respect to the Euclidean inner product.

Indeed, if U € C"*™ is unitary and we write U = [ug, ..., u,], then
uju; ujuz - UjU,
usU]  UZU2 - USUy
(46) U*U = . . . . =1,
* * *
wiuy ulus - ulu,

meaning that the off-diagonal inner products vanish and the squared norms on the diagonal equal
one.

Our first aim is to show that any Hermitian matrix A € C"*" is unitarily diagonalizable, that
is, there exists a (nonunique) decomposition

(47) A=QAQ",

where @ € C™*" is unitary and A € R™*™ a diagonal matrix with real entries. This property is
closely related to the fact that the eigenvalues of a Hermitian matrix are real and eigenvectors
corresponding to different eigenvalues are orthogonal.

LEMMA 2.1. The eigenvalues of a Hermitian A € C™*™ are real.

PRrROOF. Let A be an arbitrary eigenvalue of A and let v be a corresponding eigenvector. In
particular,

v* Av = v*(\) = A||v||3.
On the other hand, as A* = A,
v Av = v* A*v = (Av)*v = (M) v = A|v|[3.
Subtracting these identities leads to
(A =Nv[3 = 2ImA||v[| = 0.
Since v # 0 by definition, it must hold that ImA = 0, i.e., A is real. O

LEMMA 2.2. Let q,,q, € C" be eigenvectors corresponding to distinct eigenvalues A1, A2 € R
of a Hermitian matrix A € C"*", respectively. Then q, and q4 are orthogonal in the sense that

q19, = 0.
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PROOF. As the eigenvalues of a Hermitian matrix are real, it holds that
Mq1q; = (Ma1)"q; = (Aq,)"q; = q1A"q, = q1Aqg,.
On the other hand,
A2q19; = q1(A\2q:) = q14qs.
Subtracting these equalities gives
(A2 — A1)gigy =0,
which proves the claim since A3 # A1 by assumption. O

Now we have the necessary tools to establish the unitary decomposition (47).

THEOREM 2.1. For any Hermitian matriz A € C"*" there ezists a unitary @ € C™"*™ and a
diagonal A € R™™™ such that the decomposition (47) is valid.

PrOOF. The proof is based on induction with respect to the dimension n of a Hermitian
matrix.

Base case (n = 1): A Hermitian 1 x 1 matrix is a single real number, say, a € R that can be
decomposed as a = 1al,ie., A =aitself and Q = 1.

Induction assumption: The claim is true for n = k.

Induction step: Let A € C*+Dx(k+1) he Hermitian and note that it has at least one eigenvalue
A1 € R with a corresponding eigenvector g, satisfying ||q,|l2 = 1 (take any eigenvector for A
and divide it by its 2-norm). Introduce k auxiliary unit vectors g,,...,q,,; € CF! that are
mutually orthogonal as well as orthogonal to g;; such can be found, e.g., via the Gram-Schmidt
orthogonalization process that will be discussed in Chapter 3. We denote

Q=[g . qp1] €CHIFand Q= [q,, Q] € CHHIXCHD,

and note that () is unitary (see (46)).
Consider

Q"AQ = [‘117 Q]*A[‘h’ Q] = [~

aiAq;  qiAQ|  [Mdiar (M@ Q| [)\1 0 ~]
Q" Aq, QAQ MQq,  QTAQ 0 QAQ]
where the last step follows from the fact that q; is of unit length and orthogonal to the columns

of Q. Since the matrix Q*AQ € C*** is obviously Hermitian, by the induction assumption there
exists a unitary Q; € C¥**¥ and a diagonal matrix A; € R¥** such that

Q*AQ = QM Q1.

In consequence,

A1 0 1 0|{A& Of|1 O
FAQ = = .
ve [0 Q’IMQJ {0 Q’{HO Al] {o Ql]
Due to the unitarity of @, it follows that

aa=als g0 R)[ ae-(efb g [ Aol &])

This completes the proof: (48) is a unitary decomposition of the form (47) because

(s @) (e al)=b aloel al=b allb af=*

where we used the unitarity of both @ and Q1. O
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The decomposition (47) can alternatively be given as

AQ = QA <— [Aql,...,Aqn] = [Alql,...,)\nqn],

which demonstrates that the columns of the unitary matrix ) are orthonormal eigenvectors for
A and the diagonal elements of A, i.e. A1,...,\,, are the corresponding eigenvalues (repeated
according to their algebraic/geometric multiplicity). In particular, the orthogonal eigenvectors
qi,---,q, form an eigenbasis for the whole of C"*™ (cf. Lemma 2.1).

As we already know, the eigenvalues of a matrix A are the roots of the corresponding char-
acteristic polynomial. For a Hermitian matrix, the eigenvalues can also be characterized by an
optimization problem related to the Rayleigh quotient.

DEFINITION 2.3. For a Hermitian matriz A € C**™, the corresponding Rayleigh quotient is
defined as
r*Ax x*Ax
R(Ajx)= ——=-—5 €R.

AN E1IF

(The Rayleigh quotient is real-valued because the numerator *Ax = x*A*x = (z*Ax)* = z*Ax
is real as it equals its complex conjugate.)

Let the (real) eigenvalues of a Hermitian A € C"*™ be arranged in increasing order, i.e.,
A< A <L <Ay,

where the eigenvalues are repeated according to their algebraic (or geometric) multiplicity. It is
easy to see that the minimal and maximal values of the Rayleigh quotient are the smallest and
largest eigenvalues of A, respectively.

THEOREM 2.2. For a Hermitian matriz A € C"*™, it holds that

A1 = min R(A, x) and An = max R(A, x),
0#xeCn 0#xeCn

where \1 is the smallest eigenvalue of A and )\, the largest.

PRrROOF. Expand an arbitrary & € C" in an orthonormal eigenbasis of A,
n
"E:Zai% acC".
i=1

It follows that (homework),

n n

m*A$=Z|Oti|2)\i and m*m:Z|ai|2,

i=1 i=1
and the Rayleigh quotient can thus be estimated from below as

* n AW n 12
R(A,m) _ T Az _ Zi:l |a7«| )‘7« > )‘1 Zi:l |a’t| =\

* - - — -
i Y Jail? 2imy lail?
On the other hand, choosing a; = 1 and a; = 0 for i = 2,...,n directly gives
n 2
o lag]f A
R(A,@) = e 9Th
> i ol
This proves the first part of the claim. The second part follows via an analogous argument. [

The other eigenvalues of a Hermitian matrix A can be characterized via

. x*Ax
A = min max ,
dim U=k 0#xcU x*x

where the outer minimization is over subspaces of dimension k. This is known as the Courant—
Fisher min-max theorem.
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3. Similarity transformations

If a matrix A € C™*™ does not have n linearly independent eigenvectors, it is not diagonaliz-
able. However, one can still look for some other decomposition of the form

(49) A=SBS™!,

where B is a simpler matrix than the original A in some suitable sense. For example, if B" is
easier to evaluate than A", then the decomposition (49) is useful when defining matrix valued
functions via power series expansion because

A" =SB"S—L.
A decomposition of the form (49) merits a separate definition.

DEFINITION 3.1. The matrices A € C**™ and B € C™*™ are called similar if there exists an
invertible S € C"*™ such that (49) is valid.

In the spirit of Remark 1.1, two matrices are similar if they represent the same linear mapping
in different basis. As an example, if A represents a certain linear map in the Cartesian basis, then
B of (49) gives the same linear map in the basis defined by the columns of S. In particular, a
diagonalizable matrix is represented by a diagonal matrix in an eigenbasis — and the eigenbasis
can be chosen to be orthonormal if the matrix in question is Hermitian.

LEMMA 3.1. If A, B € C™*"™ are similar, then the associated characteristic polynomials are
the same, i.e., pa = pB.

PROOF. Assume that A = SBS~!. Using basic properties of the determinant, we deduce
pa(A) = det(A — ) = det(SBS™' —ASS™!) = det(S(B — AI)S™!)
= det(S) det(B — ) det(S™!) = det(S) det (B — AI) det(S)~*
— det (B — AI) = pp(M),
which proves the claim. O

In what follows, we will introduce two decompositions of the form (49) that are valid for
any square matrix A € C"*"  independently of whether A has a full set of linearly independent
eigenvectors or not. We will start with the Schur decomposition and then briefly discuss the
Jordan normal form. Both of these are theoretical tools that are rarely numerically computed in
practice. We will omit the existence proof for the Jordan normal form to keep the presentation
compact.

The Schur decomposition states that any square matrix is unitarily similar to an upper (or
lower) triangular matrix. In other words, for each square matrix there exists an orthonormal
basis in which the corresponding linear mapping is represented by an upper triangular matrix
(cf. Remark 1.1).

THEOREM 3.1. For any A € C"*", there exist a unitary Q € C"*™ and an upper triangular
T € C™™™ such that

(50) A=QTQ".
PrOOF. The proof is based on induction with respect to the dimension n.

Base case (n =1): A general 1 x 1 matrix is a single complex number, say, a € C that can be
decomposed as a = 1al, i.e., T = a itself and Q = 1.

Induction assumption: The claim is true for n = k.

Induction step: We begin as in the proof of Theorem 2.1: Let A € C*+Dx(k+1) and note that
it has at least one eigenvalue \; € C with a corresponding eigenvector g, satisfying ||g,|2 = 1.
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Introduce k auxiliary unit vectors gqo,...,q,, € Ck+1 that are mutually orthogonal as well as
orthogonal to g;. We denote

Q = I:q2a st qk+1] € C(k+1)><k and Q = [qlv Q:I € C(k+1)X(k+1)7
and note that @ is unitary. Exactly as in the proof of Theorem 2.1, we get
Q" AQ - ['ﬁAql fﬁAQ} _ [Alq’ﬂh q*IAQ] _ [Al fﬁAQ]
Q" Aq; Q7AQ MQ7q, QTAQ 0 Q"AQ
where we used the fact that g, is a unit vector and orthogonal to the columns of Q by construction
(, but we could not get rid of the top right block as A is not assumed to be Hermitian).

By the induction assumption, for Q*AQ € C*** there exists an upper triangular T € C***
and a unitary Q; € C*¥** such that

Q" AQ = Q1 ThQ;.

Hence,
0 QT1Q1 1 0 T Q7 0 Q1] |0 Ty 0 Q1
and by the unitarity of @,
(51) N
o[ 0] @AQQL] [t o] 4. 1 0 A qiAQQ 1 0l\"
s=alo o) [3 Rl afe- (el a)[3 TH (el o))

It is easy check that (51) is a decomposition of the required form (50). Indeed, as T3 € CF** is
upper triangular, so is the midmost matrix in (51). Moreover,

1 o]\ 1o
=1
(@ &) (elo o)) -+
which corresponds exactly to the last formula in the proof of Theorem 2.1. O

Theorem 3.1 states that any square matrix A is similar to an upper triangular 7. Since
pa(A) = pr(A) = det(T — AI) by Lemma 3.1 and the determinant of the upper triangular matrix
T — A is the product of its diagonal elements, the eigenvalues of A are on the diagonal of T
repeated according to their algebraic multiplicities (cf. (42)).

To complete this section, we introduce the Jordan normal form that indicates any square
matrix A € C"*" is similar to an ‘almost diagonal’ matrix, i.e., to a Jordan matriz that is an
upper triangular, block diagonal matrix of the form

J'ﬂl ()‘1)
Ins(A2)
(52) J = ’ _ e Ccrxm,
Jnl()\l)
Here Jp,;(\;) € C"*" is a Jordan block related to an eigenvalue \j;,
A1
Aj 1
Jnj ()‘]) = -
Aj 1
Aj

Take note that ny + ny + -+ +n; = n and J has nonzero elements only on its main diagonal and
on its first superdiagonal.

Each eigenvalue is repeated according to its geometric multiplicity in J of (52). On the other
hand, by summing the sizes n; of the Jordan blocks corresponding to a particular eigenvalue, one
gets the algebraic multiplicity of that eigenvalue. In consequence, if the algebraic and the geometric
multiplicity are the same for each eigenvalue, all Jordan blocks in (52) are of the size 1 x 1 and J is,
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in fact, a diagonal matrix carrying the eigenvalues repeated according to their algebraic/geometric
multiplicities. To be slightly more precise, the total number of nonzero elements, i.e. ones, on the

first superdiagonal of J is
k

D (rahy) = na(N)),
j=1
where Aq,..., A\ are the distinct eigenvalues of A.
The following, slightly vague theorem ends this section.

THEOREM 3.2. Any A € C"*™ has a decomposition
(53) A=PJP!

where J € C™™*™ is as in (52) and the invertible matric P € C™*™ has eigenvectors and so-called
generalized eigenvectors of A as its columns.

4. Matrix exponential

Similarity transformations can be used to calculate matrix valued functions such as the square
root or the exponential of a matrix. In this section, we concentrate on the matrix exponential and
its application to qualitative analysis of systems of ordinary differential equations.

For a scalar argument ¢t € R, the exponential function can be defined, e.g., via its power series
expansion:

(54) Z -
7=0

According to basic calculus courses, the series in (54) converges for any t € R (and the convergence
is, in fact, uniform on any bounded subset of R). In particular, it can be shown that one is allowed
to differentiate the series termwise'

'\5@#

dt © t(]— ) > $(G-1) )
R = B 3
j=1 j=1 7=0

In exactly the same manner, one also obtains that

d

= at _ eat
for any constant a € C. As a consequence, the solution” to the initial value problem
(55) z'(t) = ax(t) for t >0, z(0) =z € C,
is obviously z(t) = mpe® = e®xy. An interesting and practically relevant question is how this

argumentation can be generalized if the scalar-valued function =z : Ry — C is replaced in (55)
by a vector-valued version @ : Ry — C" and the scalar coefficient a € C is replaced by a matrix
A G C?LX?L.

To begin with, notice that we can formally define e!4 even if A € C**™:

e (A N HAT
(56) ¢ '_Z il _Z G
=0 =0

where A° is defined to be the identity matrix I € R"*". The right-hand side of (56) makes
algebraic sense since A is a square matrix. In particular, it seems that e*4 is also a n x n matrix
for any t € R. However, it is not quite obvious that the series on the right-hand side of (56)
converges (in any reasonable sense), and so it is also not obvious if (56) can be taken as the
definition of the matriz exponential function. To this end, let us define

N 4iAi
7!

Sy (t) ==

’In fact, we do not prove on this course that (55) and its vectorial counterpart (58) are uniquely solvable —
although they are.
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to be the Nth partial sum in the infinite series on the right-hand side of (56). For example on the
course Fuclidean spaces, it is proven that in any finite-dimensional normed vector space a sequence
converges if and only if it is a Cauchy sequence. In our case, this means that limy_; . Sy (%)
exists,” i.e., (56) makes sense, if and only if

(57) ISn(t) — Sm(t)|| — 0 as N,M — 0
for some matrix norm || - || on C"*".*

Let us then prove (57) for an arbitrary operator norm; recall that operator norms form a
subclass of matrix norms. Without loss of generality we may assume that N > M (the case
M = N is trivial and if M > N, we can swap the names of the indices). By repetitively applying

the triangle inequality and other basic properties of operator norms, we obtain

ANNPY S IPAT e (ALY
| > 5l 2 15rls 3 75

1S (8) = Sm (D)l

- J! J! J!
N—(M+1) , N—(M+1)
S (EADEHD (el A+ (elAlD*
= (k+(M+1) (M +1)! pard k!
(A ™ = elAD* CEAID™ T ey
= (M +1)! K (M+1)! ’

k=0
which converges to zero as M (and N) tend to infinity since the factorial in the denominator grows
considerably faster than the power in the numerator. Hence, Sy is a Cauchy sequence, and thus
it converges for any (fixed) t € R and A € C**". In particular, it makes sense to use (56) as the
definition of the matrix exponential function.
Let us then consider the vectorial counterpart of (55), that is, a system of ordinary differential
equations of the form

(58) z'(t) = Az(t) fort >0, z(0) = zo,

where A € C"*™ is the coefficient matrix,  : Ry — C" is the solution, and xy € C™ carries the
initial values. Analogously to the case of a single differential equation in (55), the solution to this
problems is
x(t) = eag

as we will demonstrate next. First of all, the initial condition is satisfied:

eOA:BO =Ixg = x
because all but the first term in the series on the right-hand side of (56) vanish when ¢ = 0.° As
in the scalar-valued case, it can moreover be argued that the series on the right-hand side of (56)
can be differentiated term by term, which yields

o0

d d ti A > G- Ad -1 46G-1)
g (¢ @0) = (;) Ej—!)mo - (;] ;! )‘”0 - (;A G—1)! )mo

= (Ai Laj)mo = A(e"zy)
=0 J

as desired.

30Observe that the space of n X n matrices, i.e. C"*™  is a vector space (consider scalar multiplication and
addition of matrices) and it is also finite-dimensional (any n? matrices that have only one nonzero element at
mutually different locations form a basis for C™*™).

4n fact, it does not matter which matrix norm is used since all norms on a finite-dimensional vector space
define the same topology (cf. the third exercise sheet).

5t is agreed that (0 A)® = I, which can be reasoned by continuity: if ¢ tends to zero from either side,
then (tA)? = t9A° = I converges to the identity matrix. (This same convention is actually used already in the
scalar-valued definition (54): e® = 00 :=1.)
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Similarity transformations can be utilized to write matrix exponentials in more accessible
forms; when analyzing this, we drop the ‘time variable’ to simplify the notation and because the
matrix exponential e also has other applications than systems of ordinary differential equations.
For a diagonalizable matrix one simply exploits its similarity with a diagonal matrix, and for the
other matrices the standard help is the Jordan normal form. Both of these approaches are theo-
retical tools that are usually not implemented numerically in practice; there are other numerical
algorithms for computing the matrix exponential of a given square matrix.

Let us start with a diagonalizable A € C"*" such that

A=XAX"1

where X € C™*" is invertible and the diagonal matrix A € C"*"™ has the eigenvalues of A,
ie. A1,...,\n, on its diagonal (repeated according to their algebraic multiplicity). Clearly,

A
A =XNX'=X [ & } XL
i
It easily follows that
(59) eAzi%:X<§:%)X_1:XeAX_1,
j=0 j=0
which further reduces to
ZJO'.;O ;_:1 eM
A=X X%t Xt=X o XL

This means that calculating the matrix exponential of a diagonalizable A essentially amounts to
exponentiating its eigenvalues (as well as computing its eigenvalues and eigenbasis to begin with).

EXAMPLE 4.1. The matriz

=L BRI

is obviously diagonalizable (as (i) we have already diagonalized it and (ii) it is Hermitian/sym-
metric). According to the above considerations, the matriz exponential of A can be written as

Sl S I

The exponential of a non-diagonalizable A € C"*™ can be transformed into a more tractable
form by resorting to the Jordan normal form (53): If A, P and J are as in Theorem 3.2, then

e = PeJP_l7
which can be deduced in exactly the same way as (59). Furthermore, it can be argued rather

straightforwardly that
eJnl (/\1)

e'lnz (/\2)

om ()

where the Jordan blocks J,,;(A;), j = 1,...,l, are as in (52). The exponentials of the Jordan

blocks, i.e. elni i) ¢ cna xnj 5 =1,...,1, can still be written down explicitly with the help of the
eigenvalues of A and factorials, but we save our strength by not doing this here.
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4.1. Qualitative analysis of differential equations. The matrix exponential is typically
not numerically computed, but it can, e.g., be used to obtain qualitative understanding about the
behavior of a solution to a system of differential equations close to so-called equilibrium points.
Consider the rather general (autonomous) system of ordinary differential equations

(60) z'(t) = F(z(t)) fort>0, z(0) = zo € R",

where  : Ry — R™ is the solution and F' : R® — R” is a nice enough function (e.g., twice
continuously differentiable). Observe, in particular, that for a real-valued A the system (58) is a
special case of (60). An equilibrium point £ € R™ of (60) is such that

F(z)=0.
If a solution to (60) ends up at a certain time £ > 0 to an equilibrium point, i.e. z(f) = &, it
will stay there forever, i.e. z(t) = & for all ¢ > #, as the right-hand side of (60), and thus also the

derivative of the solution in question, vanishes at the equilibrium.
Close to an equilibrium point &, the right hand side of (60) can be linearized as

F(zx)~ F(z)+ DF(z)(x —x) = DF(z)(x — ),
where DF (&) € R™*™ is the Jacobian matrix of F evaluated at . By plugging this approximation
in (60), one obtains that
d
z'(t) ~ DF(z)(x(t) — @) = —(z(t) — &) = DF(z)(x(t) — ),

dt
or

(61) y'(t) ~ DF(2)y

after introducing the spatially shifted solution y(t) := x(¢) —&. The approximation in (61) is good
if one only studies the solution of (60) close to the equilibrium point &, that is, solutions of (61)
close to the origin. In this case, a solution y(t) to (61) is essentially a matrix exponential function
defined by the Jacobian matrix DF(Z); cf. (58) and its solution formula with A = DF(Z). Thus,
the eigenvalues of the Jacobian matrix determine the local behavior of the system (60) close to
the equilibrium point.

EXAMPLE 4.2. As an example, consider a Lotka—Volterra model

1)~ a0l
z1(t)2(t) — w2(t)

This model describes the interaction between predator and prey populations (with certain parameter
choices). The unknowns x1 and x4 are the number of predators and the number of preys, respec-
tively. A rough understanding about the behavior of the solutions to the Lotka—Volterra system
can be obtained by visualizing the vector field F' defining the right-hand side of (62): F(z) gives
a tangent to the trajectory of any solution x(t) of (62) passing through z € R?; see Figure 1.

Our interest lies with the behavior of the system close to equilibrium points & € R?, where
F (&) = 0. The studied Lotka—Volterra model has two equilibrium points, namely & = [1,0.5]
and &5 = [0,0]T. Around these points, the behavior of the system can be approzimated by the
corresponding linearized systems, that is,

where y;(t) = x(t) — z;, j = 1,2. For (62),

DF (x) = F - 372 _%“] ,

for t > 0, z(0) = xo.

(62) z'(t) = F(z(t)) == [

ZT9 r1 — 1
and so
0o -2 2 0
DF(iIl) = |:1 3:| and DF(iIQ) = |:8 1:| .
: —
Both linearized systems can now be exactly solved and the behavior of their solutions studied using
the matriz exponential.
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FIGURE 1. The arrows visualize the vector field F' : R?> — R? for the Lotka—
Volterra model of Example 4.2. A trajectory starting from the black circle is
visualized by red stars. The system has two equilibrium points, (1, 0.5) and (0, 0).






CHAPTER 3

Least squares problems

The last theme of these lecture notes are least squares problems that arise, e.g., from the need
to fit the parameters of a linear mathematical model to given measurements. To minimize the
effect of measurement errors on the estimated parameters, the measurement is typically repeated
several times. This leads to an overdetermined problem that includes more observations than
model parameters. (In this chapter, we return to the setting where the considered vectors and
matrices are real-valued.)

1. Motivation, definition and equivalence to normal equation

We start with two examples:

EXAMPLE 1.1. A simple example of a least squares problem is the determination of a spring
constant from several measurements. Assume that we have at our disposal n weights m;, i =
1,...,n, and can measure the elongation x; of the spring when the weight m; is attached to it.
In addition, assume that the gravity g is known and we are dealing with an ideal spring, meaning
that the elongation of the spring under the mass m; behaves as

r; = kgm;, i=1,...,n,

where k € R s the spring constant. By repeating the measurement with all available weights, one
obtains a (trivial) linear system for k:

gmq z

gma T2
k=

gmn, Tn

Due to measurement errors, this system does not typically have a solution. Instead, one determines
(an estimate for) the parameter k by minimizing the 2-norm of the residual: Let

gma x1
gma 1 T2

A= . € R™* and b= .| eR",
gmp, In

and seek k as a solution to
in || Ak — b||2.
min | 12
It follows easily that
Ak — bl|5 = (Ak — b)" (Ak — b) = (ATA)K* — 2(ATD)k + [|b]13,

which is an equation for an upwards opening parabola in the variable k. The spring constant
can thus be solved by computing the zero of the derivative with respect to k, which gives k =

(ATA)~1ATb.

EXAMPLE 1.2. As a second example, let us consider finding an ellipsoid that is the best fit to
a given set of points Y € R?, i = 1,...,n. There are several ways to define what “best” means
and to compute the fit, but for simplicity we have opted to follow an approach that is based on the

41
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FIGURE 1. A small cylindrical object and two ellipses fitted to its cross section.

so-called conic section presentation of an ellipse. In this presentation, an ellipse is defined as a
set

(63) {(z1,22) € R? | 27+ Az3+Brizo+Ca1+Das+E =0, A B,C,D,E€R, B>—4A <0},

which makes fitting an ellipse to a set of points relatively easy, but some work would be needed to
find out the semi-axes and center-point of the ellipse.

To be more precise, the task is to define the coefficients A, B,C,D and E so that the data
points € € R?, i = 1,...,n, satisfy the equation defining the set (63) ‘as well as possible’.
The simplest way to formulate such an optimality condition is to look for A, B,C,D and E that
minimize the sum of the squared discrepancies

n ) ) o ' ' )
i=1

Let us collect the unknown coefficients A, B, C, D and E into a single vector o = [A, B,C, D, E|T €
R® and set

I o
A— (332 ) Ty Lo Ty ) 1 and b— _ (1)
(@) 2P 2 o) 1 (=™)?

With this notation, the minimization of (64) can be rewritten as follows: find the minimizer
a € R’ of

| Ace — bJ3,
which is of the general least squares form that we will study in more detail in what follows.

Motivated by the preceding two examples, we define a least squares (LSQ) solution of our
original linear system (1) as follows:

DErFINITION 1.1 (LSQ problem). Let A € R™*™ and b € R™. A vector x € R" is called a
least squares solution of the equation (1) if it minimizes the squared discrepancy

(65) |Az — b]3
measured in the 2-norm.
It turns out that minimizing (65) is equivalent to solving the so-called normal equation,

(66) ATAxz = ATb.
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This is not very surprising since (66) characterizes the points where the gradient of the squared
sum (65) vanishes (homework). If N(A) = {0}, then also N(ATA) = {0}, meaning that ATA is
invertible and (66) has a unique solution. However, it is not quite obvious that (66) always has at
least one solution; will prove such an existence result later in this chapter.

THEOREM 1.1. Assume that (66) has at least one solution (as it always has!). Then x € R"
is a minimizer of (65) if and only if it solves (66).

PRrROOF. Let € R™ be a solution to (66) and write an arbitrary & € R™ in the form & = z+z,
i.e., set z =& — x. Then, it holds that

1Az — bl3 = A + 2) — b3 = [[(Az — b) + A2[3 = ((Az — b) + A2) " ((Az — b) + Az2)
= [[Az — b3 + (Azx — b)" Az + (Az)" (Az — b) + || 2|3
= || Az — b||5 + 22T (ATAz — ATb) + || Az|)3
(67) = |[Az — b||3 + || Az[|3 > || Az — b]|3,

where the penultimate step follows from « being a solution of the normal equation. In other words,
x is a solution of the least squares problem because ||[Az—b||2 < ||AZ—b||; for an arbitrary £ € R™.

Let & now also be a least squares solution, which means that equality holds in (67). This
implies that z = & — @ belongs to N(A). Hence,

ATAz = ATA(x + z) = ATAx + ATAz = ATb,
i.e., & is also a solution to the normal equation (66). O

The next goal is to enhance our geometric understanding about the normal equation (66):
What is the intuitive reason for it being equivalent to the least squares problem (65)? To this end,
we need to introduce the concept of a projection.

2. Projection matrices

Projection matrices are related to decompositions of a given vector & € R"™ into two parts. To
this end, let ¥V and W be subspaces of R™ and assume that

(68) ynw = {0} and V+W=R",
where
V4+W={v+w|veVand we W}.
This means that R™ is the direct sum of ¥V and W, which is expressed as R" =V & W.
LEMMA 2.1. IfR" =V @ W, i.e. (68) is valid, then any & can be decomposed uniquely as
T=v+w,
where v €V and w € W.

PROOF. Due to (68), it is obvious that any & € R™ has the required decomposition, and so
we only need to worry about its uniqueness. Let v,v € V and w,w € W be such that

v+w=x=0+w.
Hence,
Vov—v=w—weW,
and by the first condition in (68), it must hold that
v—v=w-—w=0,
as the zero vector is the only common element of V and W. In other words, v = © and w = w,
and thus the decomposition must be unique. O

LObviously N(A) € N(ATA), but also N(ATA) C N(A): if z € N(ATA), then 0 = 2T(ATAz) = ||Az|]3, ie.,
z € N(A).



44 3. LEAST SQUARES PROBLEMS

The projections, or projection matrices Py, Py, € R™*™ associated to a decomposition R =

VYV @& W are defined via
Pyx =v and Pyx = w,

where v € V and w € W are the unique vectors such that = v +w. It would be straightforward
to prove that such matrices exist, i.e., that the functions sending « to its unique components
in ¥V and W are linear mappings. However, we take a more constructive path and find explicit
representations for Py and Py.

Let {v1,...,vr} and {wi,...,w;} be basis for V and W, that is, these sets of vectors are
linearly independent and

V = span{vy,..., v} and W = span{wq, ..., w;}.

According to (68), any vector in R™ can be presented as a joint linear combination of {v1,...,vi}
and {w1,...,w;}. Let us prove that the joint set of vectors {vy, ..., vg, w1,...,w;} is also linearly
independent: Let a € R¥*! be such that
k l k l

Zaivi + Zak+jwj =0 = V> Zaivi =— Zal+kwl eW,

i=1 j=1 i=1 j=1
where both sides must vanish by virtue of (68). Because {vi,...,vx} and {w1,...,w;} are
separately linearly independent, this means that the whole vector a € R¥*! must vanish. Hence,
{vi,..., v, w1,...,w;} is a set of linearly independent vectors that span R", i.e., they form a
basis for R™. In particular, their total number k& + [ must equal the dimension of R™; in the
following, we write [ = n — k.

We stack the two bases as columns of the matrices W € R"*¥ and V' € R"*("=F) respectively:

V =|vy,...,0 and W =|wi,..., Wn_k

With this notation, the two subspaces can be expressed as V = R(V) and W = R(W); see (5).
The decomposition of R™ related to V and W is thus

r=v+w=Vzy+Wzy = [V, W] EV]
w

for some ‘coordinate vectors’ zy € RF and zy € R"F. Because the columns of [W, V] € R®*n
are a (linearly independent) basis for R”, the matrix [, V] is invertible. Hence,

{ZV} = [V, W] e
Zw
On the other hand,

zy = [I, 0] szﬂ and  zy = [0, I] LZV‘;]

where I € R¥*% 0 e RF*("=k) i the first formula and I € R=k)*x(=k) o ¢ R(:=k)xk i the
second one. Altogether, we have thus deduced that

(69) Pyx =Vzy = V][I, 0] LZH = [V, 0][V, W] ',

where the second 0 belongs to R”*(»~*) Similarly,

(70) Pyz =Wz = W[0, I] LZV} = [0, W][V, W] 'a,
w

where the latter 0 belongs to R"**. In other words, Py, = [V, 0][V, W]|~! and Py, = [0, W][V, W],
where the zeros denote zero matrices of appropriate sizes.
By construction, the matrices Py and Py, must satisfy
Pi=P, and P} = Ppy.
Indeed, e.g., Pyx is already an element of V, and so its unique decomposition of the form (68)
must be Pyx = Pyx + 0, i.e., Pix = Py(Pyx) = Pyx for all © € R™. This could also be verified
by a direct calculation based on (69). In other words, the projection matrices Py and Py are
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identity maps on their respective ranges. This is a fundamental property that can be taken as the
definition of a projection (matrix).

DEFINITION 2.1. A matriz P € R™*™ is a projection if it satisfies
(71) P?=P.

Each projection matrix is related to a decomposition of the space R™ into two parts. Let
P € R™ ™ be a projection and consider the decomposition
(72) x=Px+ (I —P)x,
that is, V = R(P) and W = R(I — P). Due to the property P = P2 it is easy to see that these
two subspaces satisty the conditions (68): The second one is already proven by (72). On the other
hand, if  belongs to both R(P) and R(I — P), it can be given as = (I — P)z for some z, but
as P is a projection, it also holds that Px = x. Putting these together,

x=Px=P(I—-P)z=(P—-P*)z=(P—-P)z=0,
i.e., the zero vector is the only common element of R(P) and R(I — P). Note that I — P is also a
projection:
(I-P(I-P)=1-P-P+P*=1-2P+P=1-P,

where we once again utilized the identity P? = P.

A special projection is related to subspaces V and W that are orthogonal.

DEFINITION 2.2. Let V and W be subspaces of R™ and (-,-) : R® x R®™ — R be some inner

product. The subspaces V and W are orthogonal with respect to (-,-) if
(v,w) =0

forallveV and w e W.

We also need the definition for the orthogonal complement of a subspace V.

DEFINITION 2.3. Let V be subspace of R™ and (-,-) : R" x R™ — R some innerpoduct. The
orthogonal complement of V is the subspace
(73) Vi i={weR"| (w,v) =0 forallveV}.
(Proving that V* is actually a subspace is left as an exercise.)

It holds that
(74) yovt={0} and V4+V*=R",
ie., V@OVt =R" Indeed, if v € V also belongs to V*, then by definition
(v,v) =0, ie., v=0.
On the other hand, if {vy,..., v} is an orthonormal basis for V.2 i.e., the vectors are orthogonal

(cf. Definition 2.3) and of unit length in the norm defined by the considered inner product, then
any € R” can be written as

k k
(75) T = Z(m, v;)v; + (m - Z(m, vi)vi) = Vg + Wy,

i=1 i=1
which gives & as a sum of a vector in V and another in V*: Clearly, v, € V and proving that
wy, € V1 is left as a homework (write an arbitrary element of V in the orthonormal basis, take
its inner product with w, and employ the orthonormality of the basis vectors). In fact, v, is
the orthogonal projection of = onto V and w, the orthogonal projection of & onto V1, as will be
defined in the following.

For the rest of this chapter, we only consider orthogonal complements with respect to the

Euclidean inner product. A projection matrix related to an orthogonal decomposition R™ =
V & YVt is called an orthogonal projection matrix. Let {v1,..., v} and {vi,...,v1 ,} be (not

2Such a basis can be constructed by the Gram—Schmidt ortogonalization process as we will learn later.



46 3. LEAST SQUARES PROBLEMS

necessarily orthonormal) bases for V and V*, respectively, and define the matrices V' € R"** and
VL e R**("=F) in the standard manner, i.e.,

V =[v1,...,v4] and VE=lot, .. vn )
Note once again that V = R(V) = span(v1,...,v;) and V* = R(V1) = span(v{,...,v} ,). By

definition (73), the columns of V are orthogonal to those of V+ (in the Euclidean inner product),
meaning that

(76) viv+=o.
On the other hand, the decomposition of R™ related to V and V* is
(77) z=Vzy +Vtzyu

for some yet-to-be-defined zy € R* and zy . € R**. Multiplying from the left by V7 and using
the orthogonlity property (76), we get

VTw = VTVZV.

Because N(VTV) = N(V) is trivial as the columns of V € R"** are linearly independent, VIV €
RF** ig invertible and zy can be solved as

zy = (VIV) vl

The projection matrix related to the decomposition R"* =V @ V= is thus

(78) Py =V (VTV)7tyT ¢ Rrxn,
see (77). In particular, the orthogonal projection does not require one to form a basis for V*: the
auxiliary basis {vi,..., v+ ,} of V1 does not anymore appear in (78). Moreover, if {vy,...,vi}

are orthonormal, then V is orthogonal /unitary, i.e. VIV = I, and so

vix k
(79) Pe=vVI'Viz=Vv| : | = (v]z)v,,
v{m i=1

which corresponds to the first term in (75).
An othonormal projection satisfies some useful identities. First of all, since inversion and
transposition commute, we have

P = (vvTV) V) = (VDT VT = v Ty VT = By,

and hence also,

(80) PY(I—Py)=Py(I -Py)=Py,— P =P, — P, =0.
After transposition, this yields
(81) (I-Py)'Py=0.

In fact, I — Py is the orthogonal projection onto Y+ (homework).

EXAMPLE 2.1. Let a,x € R?. Consider a decomposition of the vector x into two components,
one parallel and the other orthogonal to a. Such a decomposition can be constructed as in (75):

T T

1

m:—a m2a~|—(m—a a;a): aaT:c+<I——2aaT>iL‘,
all3 lall3 lall

lall3

where the division by ||al|3 corresponds to normalization of a, i.e., a/||all2 is a unit vector. The
two components of this decomposition are orthogonal (see Figure 2) and the related projection
matrices are

1
(82) P=_"_aa".
lall

and I — P.
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F1GURE 2. Orthogonal FIGURE 3. One possible
projection of a onto b. oblique projection of a onto
b.

EXAMPLE 2.2. Let a,c,z € R? be such that [a,c] € R2X2 is invertible, i.e., a and c are
linearly independent. Consider the decomposition of x in the basis defined by a and c:

(83) x = aa + SBe.

The coefficients o and 3 can be solved from the linear system

[a, b] {g} =z,
and the parameter o can then be extracted from the solution via
a = [1,0][a,b] 'z,
where [1,0] € R*2. Thus, one of the two projection matrices related to this decomposition is
P = [a,0][a,b] ",
where [a,0] € R?*2 (cf. (69)).

3. Geometric interpretation of a least squares solution

With the help of projection matrices, we can now understand the geometry behind the least
squares problem (65) and the related normal equation (66). Let P € R™ be an orthogonal
projection from R™ to R(A). As P keeps elements in R(A) fixed, the least squares functional can
be rewritten as

[ Az —b]3 = |[PAz — b||3 = || P(Az — b) — (I — P)b]3
= ||PAz — Pb|* — (P(Az — b)) (1= P)b — (I = P)b)" (P(Az — b)) + (I - P)bll3
(84) = || Az — Pb]| +[|(1 — P)b]3,

where the last step follows from (80) or/and (81). Because the second term on the right-hand side
of (84) does not depend on x, to minimize the least squares functional, & should be chosen such
that

(85) Az = Pb,
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which has a (not-necessarily-unique) solution because Pb € R(A) by definition. In other words, a
minimizer of (65) is such « that Az equals the orthogonal projection of b onto R(A).

If N(A) = {0}, i.e, A = 0 if and only if @ = 0, the columns of A are a (linearly in-
dependent) basis for R(A). Thus, the definition of an orthogonal projection matrix (78) gives
P = A(ATA)71AT and (85) turns into
(86) Az = A(ATA) ' ATb.

In particular, the unique solution of the normal equation (66), i.e.,

x=(ATA) AT
clearly satisfies (86) — as it should because it is the unique minimizer of (65) if N(A) = N(ATA) =
{0} according to Theorem 1.1.

4. QR decomposition

The normal equation approach to solving the least squares problem has two drawbacks: First
of all, if A does not have a trivial nullspace, the normal equation is not uniquely solvable. Secondly,
even if N(A) = {0}, the conditioning of the normal equation is much worse than that of the original
problem (1): For example if A € R™*™, the condition numbers corresponding to the 2-norm satisfy

Ko (ATA) = Ko (A)Q,
which follows from Lemma 2.5 of Chapter 1 and the fourth exercise sheet after noticing that ATA
is symmetric. According to the discussion in Section 1, if the condition number is squared, solving
a linear system becomes much more sensitive to, e.g., floating point errors. In some extreme cases,

resorting to the normal equation may even lead to loss of information, as demonstrated by the
following example.

EXAMPLE 4.1. Let

11
A=le 0 so that AT:{1 ¢ O].
1 0 €
0 €
Hence,
T, [1+e 1
AA_{ 1 1+ €2

In floating point arithmetics fi(1 + €2) = 1 when € is sufficiently small; note that for e < 1, the

square € is much smaller that € itself. When this happens,

aara =} ],

i.e., data is lost and, in this case, the mormal equation is even no longer uniquely solvable. In
Matlab, this happens if € < 1077,

To avoid the dramatic decrease in stability due to the normal equation approach and the
related floating point errors, the least squares problem is typically solved using either the QR or
the singular value (SVD) decomposition for the matrix A. Both methods can be understood as
ways to compute an orthonormal basis for the subspace R(A).

The simplest way to compute the QR decomposition is via the Gram-Schmidt orthogonal-
ization process that is based on the following Lemma. In what follows, “orthogonality” refers to
orthogonality in the sense of the Euclidean inner product.

LeEMMA 4.1. Let {qq,...,q,} CR™, k <m, be a set of orthonormal vectors, i.e., ||q;||2 = 1,
i=1,...,k, and
0.q;=0  fori#j.
In addition, assume that a € R™ does not belong to span(qy,...,q;) and define
k

Qi1 ~
(87) qpi1 = ﬁ, where Q. = a — Z(aTqi)qi.
Qr1l2 i=1
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Then {qy,...,q 1} CR™ is a set of orthonormal vectors and
(88) Span(qla"'vqk+1) = span(qh"'vqua)'

ProOF. To begin with note that g, , defined in (87) is a nonzero vector because a ¢
span(qy,---,q;), i.e., a cannot be given as a linear combination of qy, ..., q;.

To prove the orthonormality of the set {q,,...,q;,,} it is enough to prove that q,_, is of
unit Euclidean length and orthogonal to g4, ..., q,. From the first equation in (87), it is obvious
that ||q;,||2 = 1. Moreover, since q;, and g, are parallel, it is actually enough to show that
Q.1 is orthogonal to q,,...,q,: for any j =1,...,k, we have

k k
T
T1q; = (a - (aTqi)qi) q;=a"q; - (a"q,)(q]q;) =a’q; —a"q; =0
=1 =1

due to the orthonormality of {qy,...,q}.
Although (88) follows straightforwardly from the definition of linear span, let us anyway

carefully prove it for the sake of completeness. Assume first that & € span(qy,...,q,,,), i.e
k+1 k
T = Zaiqi = Zaiqi + Ok41Gp4
i= i=1

for some o € R¥*1. Note that (87) can be rewritten in the form

k

1 T,
Qi = - (a— Y (a"a)a).
S Py G AL
Hence,
~ ~ arp+1alq; «
k+1@°G; k+1
T = ;q; 7<a— aq)q) ( - )q»—i— - a,
Z U 1kl ; o Z:: @il 77 NGl
which is obviously in span(q,,...,q,,a), meaning that span(q,...,,q,.;) C span(qy,...,qy, a).
On the other hand, if € span(qy,...,q,a), then for some a € R¥+1,
k k k
T = Zaiqi + 1@ = Zai‘h‘ + kg1 (||‘~1k+1||2 91t Z(GT%)%)
i=1 i=1 i=1
k
= Z(ai + oky1a’q;)q; + ok l@ki1ll2 Grins
i=1

which clearly belongs to span(qy, ..., q,,,). Hence, also span(qy,...,qy,a) C span(q,,...,q; ),
which completes the proof.

The intuitive idea of (87) is that one first subtracts from a its projections onto the one-
dimensional subspaces defined by qq,...,q,, leaving only the component of a orthogonal to
span(qy,- - -, q;), and then this component is normalized. In fact, one can write the second equa-
tion of (87) in the form

Q1 = (I — Py)a,
where P, € R™*™ is the orthogonal projection matrix onto the subspace span(qq,...,q;); see
(79).

Using Lemma 4.1, it is straightforward to compute an orthonormal basis for the subspace
R(A) = span(ay,...,a,) C R™,
assuming the columns ayq, ..., a, of the matrix A € R"™*™ are linearly independent, i.e., assuming
N(A) = {0}. Indeed, such basis {q,...,q,} can be recursively obtained via
j—1

, where @q; =a; — Z(aqui)qi, forj=1,...,n
12, 2

o
<.

q; =
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In other words, one first defines g; by simply normalizing a1, then one computes a unit vector
g, that is orthogonal to g, and satisfies span(q,,q,) = span(q,,a2) = span(ai,asz), then one
continues by computing a unit vector g, that is orthogonal to both g, and g, and satisfies

span(q;,q,,q3) = span(qy, gy, a3) = span(ay,az, as),

and so on until q,, is computed and it holds that span(qy,...,q,) = span(a1,...,a,) = R(A).
Take note that one can get the original columns of A back via

j—1

i=1
which demonstrates that, for any j = 1,...,n, the jth column a; of A can be given as a linear
combination of qy,...,q;, i.e., of (only) the first j orthonormal basis vectors of R(A) produced

by the Gram—Schmidt process. Defining in the standard manner Q = [qy,...,q,] € R™*" and
collecting the coefficients in the linear combinations of (89) as columns of an upper triangular
matrix R € R™*", the equations (89) can be written neatly in a matrix form

A=QR.

To be more precise, R can be given elementwise as

a]Tqi if i < j,

Rij=1 llallz if =y,

0 if i > j.

Note also that QT Q = I € R"*™ because the columns of @) are orthonormal.
Once a QR decomposition has been computed for A, the least squares problem (65) can be
formulated equivalently as the equation
Rx = QTb.

There are (at least) two ways to deduce this. First of all, since N(ATA) = N(A) = 0 by assumption,
the unique solution of the least squares problem (65) is the unique solution of the normal equation
(66). On the other hand, since

AT = RTQT  and  ATA=RTQTQR = RTIR = R"R,
the normal equation can be written as
RTRx = RTQ™b = Rz = QTb,
where the last step follows by multiplying from the left by the inverse of R”.*
The second way is based on using the reformulation (85) of the least squares problem and

writing the orthogonal projection matrix P € R™*™ onto R(A) with the help of the orthonormal
basis {qy,...,q,}, that is,

P=Q(Q"Q) Q" =QI'Q" =Qq"
according to (78). Hence, (85) reduces to
Ax = QRz = QQ"b = Rx = Q"b,

where “=" follows by multiplying from left with Q7 and “«<” by multiplying from left with Q.

There are two ways to numerically implement the Gram—Schmidt process, or the computation
of a QR decomposition, namely classical and modified. In floating point arithmetics these two
procedures have very different numerical stability properties. The more stable modified Gram—
Schmidt procedure can be implemented in Matlab as follows:

30Observe that when introducing the QR decomposition, we assumed that the columns of A € R™*™ are linearly
independent, i.e., N(A) = {0}, and so everything that follows is conditional on this assumption. In particular, this
excludes the case n > m.

4Observe that both R and RT are invertible: As triangular square matrices, their eigenvalues are their diagonal
elements ||@;||2 > 0, ¢ =1,...,n. Hence, zero is not an eigenvalue for either of these square matrices, and thus they
are both invertible.
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function [Q,R] = my-gsmith (A)

Q =
£

or

[1;
i=l:size (A, 2)
q = A(:,1);

for k=1l:size(Q,2)

R(k,1) = g'«Q(:,k);
a=qg - R(k,1)*0(:,k);
end
R(i, i) = norm(q);
Q(:,1) = a/R(i,1);

end

And the classical Gram-Schmidt procedure as follows:
function [Q,R] = my_c_gsmith (A)
Q= [1;

for i=l:size(A,2)
q = A(:,1);

for k=1l:size(Q,2)
R(k,1) = q'*Q(:,k);
end

for k=1l:size(Q,2)
a =g - R(k,1)*0(:,k);

end
R(i,1) = norm(q);
O(:,1) = a/R(i,1);

end

In exact arithmetics, both these algorithms return Q € R™*" such that Q7@ = I and
R(Q) = R(A) as well as an upper triangular R € R™*™ such that A = QR. However, the two
implementations of the Gram—Schmidt process have very different numerical stability properties.
The exact definition of numerical stability is in this case rather complicated. One can, e.g., measure
the orthogonality of @, i.e. [|[I — QT Q||, or the accuracy of the decomposition, i.e. |4 — QR||, in
some suitable matrix norm. The loss of orthogonality is more prone to stability issues than the
accuracy of the decomposition. For the modified Gram—Schmidt, one can prove numerical stability
in both of these measures, whereas the classical Gram—Schmidt is not numerically stable.

5. Singular value decomposition

The singular value decomposition (SVD) is a general matrix factorization that can be formed
for any matrix. For a symmetric (or Hermitian) and positive definite matrix, the SVD coincides
with the unitary diagonalization, or the eigenvalue decomposition; more generally, the eigenvalue
and singular value decompositions are almost equivalent for any symmetric matrix, meaning that
they can be obtained from one another by simply changing signs of certain matrix elements.

The intuitive idea behind the singular value decomposition is the following: Any matrix
A € R™*™ can be represented as a diagonal matrix ¥ € R™*™ between a certain orthonor-
mal basis {vy,...,v,} for R" and another orthonormal basis {u1,...,u,,} for R™.° In other
words, Ax can be evaluated by first computing the coordinates of @ in the orthonormal basis
{v1,...,v,}, then scaling these coordinates by certain non-negative scalars, and finally interpret-
ing the scaled coordinates as the coordinates of Az in the basis {ui,...,un}t. If m > n, the
coordinates/projections of Ax corresponding to wn41,..., U, are automatically set to zero; if

5Here and in what follows, “orthonormal” is to be understood in the sense of the Euclidean inner product.
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n > m, the coordinates/projections of x corresponding to V41, ..,v, do not affect Ax in any
way.

Forming the SVD corresponds to finding the aforementioned orthonormal basis {v1,...,v,}
and {uq,...,un}, i.e., the right-hand and left-hand singular vectors, as well as the corresponding
‘scaling scalars’

012 02 2 Omin{mmn} = 0

that are called the singular values, are arranged in decreasing order, and are the diagonal elements
of ¥ € R™*™. We denote by p < min{m, n} the largest index for which the corresponding singular
value is positive, i.e., o, > 0 but op41 =0 (or p = min{m, n}). Note that, according to the above
explanation, all information in A is actually encoded in {v1,...,v,}, {u1,...,up} and o1,...,0p
because the components of « in the directions v,1, ..., v, are either scaled by zero singular values
or altogether ignored when evaluating Az. It will turn out that p = rank(A) = dim(R(A)).

Let us formulate the above ‘construction’ in a matrix form. A SVD for A € R™*"™ is

(90) A=UxvVT,

where U € R™*™ and V € R™*™ are orthogonal (or unitary) matrices, i.e., their columns are the
aforementioned orthonormal basis for R”*" and R™*™, respectively, and ¥ € R™*" carries the
singular values in the decreasing order on its diagonal. To be more precise, when n > m, ¥ takes
the form
01
02

Om

P

2
E: 9

On

and in the case m > n, ¥ has the form

that is, there are extra zeros either at the right edge (n > m) or at the bottom (m > n) of . The
SVD is not unique: the matrices U and V can be chosen in different ways.

Let us verify that the decomposition (90) is concordant with the verbal explanation of the
SVD presented in the beginning of this section: For any € R™ we have

ovliz

’U{m . min{m,n}
Az =ULVTx = U =U 'T = Z oi(vlx)u,
,UTm amin{mv"}vmin{m,n}m i=1
" 0

P
(91) Zoiui(v?m),
1=1
where in the third to last step 0 € R™™™ if m > n and otherwise it should be ignored. As
vlz, ... vz are the coordinates/projections of x € R™ in the orthonormal basis {v1,...,v,},
the decomposition (90) is exactly of the desired form. In particular, the right-hand side of (90)
demonstrates that A is completely determined by the first p singular values and singular vectors.
We still need to prove that any matrix really has a SVD. We start with a lemma that is related
to the eigenvalues and eigenvectors of ATA, i.e., entities that will turn out to be closely related to

the SVD of A itself.

LEMMA 5.1. Let A € R™*", Let {vy,...,v,} CR"™ be an orthonormal set of eigenvectors for
ATA € R™" arranged so that the corresponding eigenvalues, \i,...,\n, form a non-increasing
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sequence. Let p denote the number of those v1,...,v, that correspond to positive eigenvalues.
Then, Av, =0 fori=p+1,...,n, and

1
Vi

orm an orthonormal set in R™. In particular, 0 < p < min{m,n}.
p s p

(92) u; = Av;, i=1,...,p,

PROOF. To begin with, note that there really exists an orthonormal eigenbasis {v1,...,v,} C
R™ for ATA € R™ ™ because it is symmetric (or Hermitian); see Theorem 2.1 of Chapter 2 and
the succeeding discussion. Moreover, all eigenvalues of ATA are non-negative since ATA is positive
semi-definite:

0 < [|Awill3 = v] ATAv; = Aif|vs]l3 = As

for any ¢ = 1,...,n. This formula also proves that Av; = 0 if and only if \; =0, i.e., if and only
iti =p+1,...,n; in particular, none of the vectors uy,...,u, defined by (92) is a zero vector.

Let us then take a closer look at the (left-hand singular) vectors defined by (92). It holds that

T 1 T T i1
;U = i AT Av; = J iV
u; u;j oy v; v; oy v; v

which vanishes when ¢ # j due to the orthonormality of {vi,...,v,}. On the other hand,

by
2 T T 2
[willz = u; ui = \/ﬁ i vi = |lvillz =1,
which completes the proof of the orthonormality of {u1,...,up}.

Finally, because {v1,...,v,} is an orthonormal set in R™ and {u,...,u,} is an orthonormal
set in R™, it must hold that p < n and p < m, i.e., p < min{m,n}. O

As a side note, observe that all positive eigenvalues of ATA € R™*" are also eigenvalues of
AAT € R™*™ with uy, ..., u, being the corresponding orthonormal eigenvectors:

1 1

fori=1,...,p.

THEOREM 5.1. Let A € R™*™. Then there exists an integer 0 < p < min{m,n}, positive
coefficients o1 > o2 > -+ > 0, > 0 and sets of orthonormal vectors {vy,...,v,} C R™ and

{u1,...,up} CR™ such that
P
A= Z aiuiviT.
i=1

PROOF. Let {v1,...,v,} C R" be an orthonormal eigenbasis for ATA € R" organized in the
same way as in Lemma 5.1. Let & € R™ be arbitrary and write it in the eigenbasis of ATA € R"

as
n
T = Z(v?m)vl
i=1
Because Av; =0 fori=p+1,...,n by Lemma 5.1, we have
n P P P
Ax = Z(viTm)A'vi = Z(viTm)A'ui = Z('vlT:c)\/Xlul = Z Vauvlx
i=1 i=1 i=1 i=1
where the orthonormal vectors uq,...,u, are defined by (92). After defining o; = Vi, i =
1,...,p, the proof is complete. 0
Let 0 < p < min{m,n}, {v1,...,v,}, {u1,...,up} and o4 > 02 > --- > 5, > 0 be as defined
in Lemma 5.1 and Theorem 5.1. Based on Theorem 5.1, the matrix form of SVD, i.e. (90), is
obtained by defining op41, ..., Tmin{m,n} = 0 and introducing the missing orthonormal columns of

U, ie., Upyi,...,Uny, via, e.g., the Gram-Schmidt orthogonalization process. It is easy to check
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that with these choices (91) is valid for any & € R™ by virtue of Theorem 5.1, and thus we have
proved the existence of (90) for any A € R™*™.

Although the ‘extra singular vectors’ up41,. .., Um and vp11, ..., v, are not actually needed in
constructing A (cf. Theorem 5.1), they can be used to determine R(A), N(A) and their orthogonal
complements.

THEOREM 5.2. Let A € R™*", consider its SVD given by (90) and denote (still) by p the
number of positive singular values of A. Then,
(1) R(A) =span(u,...,up),
(2) N(A) = span(vp+1, LR ’Un),
(3) R(A)J_ = span(up+1, LR u'm)7
(4) N(A)*t = span(vy,...,v,).
In particular, rank(A) = dim(R(A)) = p.

PRrROOF. According to Theorem 5.1,

P
R(A) = {y eR™ ’ y= Zdi(v;m)ui for some x € R"}

i=1
which clearly is a subset of span(ui,...,up). On the other hand, an arbitrary element in
span(ui, ..., up), say,

P
y:Zaiui, QERP,
i=1

can be written as
P (0% P P (0% P (07}
A( E —J'Uj) = E O'iui< E —‘7’UiT’Uj) = E Ui—lui =Yy
. O'j " - O'j " g;
j=1 i=1 j=1 i=1

due to the orthonormality of {v1,...,v,}. Hence also span(us,...,u,) C R(A), and altogether
R(A) = span(uy,...,u,). This also proves that rank(A) = p. Moreover, since the m — p vectors
Up1, - - -, Uy are mutually orthonormal as well as orthogonal to R(A), they must form a basis for
the m — p dimensional orthogonal complement R(A)~.

Let then & € N(A) be arbitrary and write it in the orthonormal basis {vy,...,v,} of R as

n
—_ . . n
x = E ov;, a e R™.
i=1

By Theorem 5.1,

n P n i
0=Ax = A( E ajvj) = E aiui( E ajviij) = E o0
j=1 i=1 j=1 i=1

due to the orthonormality of {vy,...,v,}. Since oy, ..., 0, are positive and uy, ..., u, are linearly
independent, it must hold that a; = --- = a;, = 0, meaning that

n

T = E a;v; € span(Vp41, ..., V).

j=p+1
In other words, N(A) C span(vp41,...,vy). On the other hand, via an analogous calculation it fol-
lows easily that any @ € span(vpy1,...,v,) belongs to N(A), and so N(A) = span(vy41,...,V,).
Finally, the remaining orthonormal vectors vy, ..., v, must form a basis for the n — (n —p) = p

dimensional orthogonal complement N (A)*.

O

We complete these lecture notes by demonstrating the SVD can be used for solving least
squares problems even if N(A) = 0.
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THEOREM 5.3. Let A € R™*™ and b € R™. Consider the SVD of A given by (90) and denote
(still) by p the number of positive singular values of A. Then, the vector
1

T
~ (uThw;
7; )v;

Mw

(93)

j=1
is a solution to the normal equation (66).

PRrROOF. The proof is simply a straightforward computation based on the representations

P
A—g OiU;V; and (E oju;v ) g oj 'u,] E ojviu J
i=1

provided by Theorem 5.1. Indeed,

i=1 j=1 J= 17
P P
l
Z U_z ulb)u; = Z(u b)u,,
i=1 i=1
where we once again used the orthonormality of {v1,...,v,}. Analogously,

AmT) = Za VU (Z Tb)uz) ZO']’U](Z(’U.TI))(U u; ) = ioj(uij)vj,

i=1
which equals
P P
ATb = Zajvju]rb = Zaj(uij)vj,
j=1 j=1

and so the proof is complete. O

COROLLARY 5.1. Let A € R™*"™ and b € R™. Consider the SVD of A given by (90) and
denote (still) by p the number of positive singular values of A. All solutions of the least squares
problem (65) are of the form
(94) x=x +2z
for some z € N(A).

PROOF. Since we have (finally!) found a solution ' to the normal equation (66) indepen-
dently of whether N(A) = {0}, by virtue of Theorem 1.1 we know that z is a solution of the least
squares problem (65) if and only if it solves the normal equation (66). In consequence, it is enough
to prove that all solutions of the normal equation (66) are of the form (94).

Let « be of the form (94). Obviously,

ATAx = ATAx" + ATAz = ATb+ 0= ATb,
and so x solves the normal equation (66). On the other hand, if « is an arbitrary solution of the
normal equation, we may define z = & — af, i.e., € = 2T + 2. It follows that

ATAz = ATAx — ATAz" = ATb— A"b=0.
Hence, z € N(ATA) = N(A) and so z is of the form (94). This completes the proof. O

According to Theorems 5.2 and 5.3, the special least squares solution af belongs to
span(vy,...,v,) = N(A)L. Hence, any (other) solution (94) to the least squares problem (65)
satisfies

I3 = ll=" + 23 = [l="]3 + 22"2" + [|2]13 = =13 + l|2]3 > |="[13,
and so ' is the solution to (65) with the smallest Euclidean norm, i.e. the unigue so-called
minimum norm solution to (65).
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Finally, by comparing (93) to (91), it is rather obvious that one has the representation
xf = A'b, where AT = ViUT e RP*™
and Xt € R"*™ is of the form

if m > n and of the form

if n > m. To put it short, AT is defined based on the SVD of A by reversing the roles of U and
V, inverting all positive singular values on the diagonal of ¥, and making the dimensions of Xf
compatible via introduction of extra zeros. The ‘almost-an-inverse-matrix’ AT € R**™ is called
the Moore—Penrose pseudoinverse of A € R™*™,

THE END



