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Chapter 1

Review of linear algebra

Linear functions and matrix—vector product

Rank of a matrix and inversion

Inner product

Subspaces, basis, and dimension

Eigenvalues and eigenvectors

1.1 Linear functions and matrix—vector product

Linear functions

Standard notation for a function f mapping a vector x € R" to a vector y € R™ is
f:R"—=R" or fix—=y.

The value y € R™ of f atx € R" is denoted by y = f(x). Note that f and f(x) are different objects—f is a function and
f(x) is a vector. Therefore, the statement “the function f(x)” is semantically wrong, despite the fact that its meaning
is intuitively clear and is commonly used.

A function f is usually specified by an analytic expression, e.g., f(x) = x2, but it can be specified in other ways as
well. For example, a function f can be defined by an algorithm that evaluates f for a given x or by a verbal description,
e.g., “f(x) is the vector x rotated clockwise by a°”. In system theory a function f is visualized by a box, called a
system, that accepts as an input x and produces as an output y.

[T

One can think of the system as a device or a signal processor that transforms energy or information. However, a
system in system theory is an abstract object and is distinguished from a physical device.
By definition, f is a linear function if the following property holds:

flax+Bz) =af(x)+Bf(z), forall o, € Randx,zeR".
An equivalent definition is that f satisfies the homogeneity and superposition properties
e homogeneity: f(ox) = af(x), forall @ € R, and x € R”,
e superposition: f(x+z) = f(x)+ f(z), for all x,z € R™.

Exercise problem 1. Show that rotation is a linear function.
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Matrix—vector product

Partition a matrix A € R™*" elementwise, column-wise, and row-wise, as follows

an dain ‘ ’ P (a,l)T J—
A= | : D= la o a =

aml  **° Amn | | - (a;n)—r .

The matrix—vector product y = Ax can be written in three alternative ways corresponding to the three partitionings
above
Vi Yiciayx] (@) "x
j=1

m] X1 amgx; () 'x

m

For a given A, y = Ax defines a function f : x — y. Matrix-vector product, however, is more than an example of a
linear function. It is the only example in the sense that any linear function admits a representation in the form of a
matrix times vector.

Exercise problem 2. Prove that the function f : R” — R™ is linear if and only if there is a matrix A € R™*", such that
f(x) = Ax, for all x € R".

O

The matrix A is called a matrix representation of the function f, f(x) = Ax. Given a matrix representation A of a

linear function f, the problem of evaluating the function y = f(x) at a given point x is a matrix—vector multiplication
y = Ax problem.

Note 3. Formally one should make a distinction between a vector and a vector representation. A vector representation
depends on the choice of basis and is therefore not unique. Similarly, a matrix representation of a linear function
depends on the bases of the input space R” and the output space R” and is not unique, see (1.7) in Section 1.4.

Exercise problem 4. Explain how to find a matrix representation of a linear function f, if f can be evaluated at
arbitrary points x € R". Apply the procedure to the rotation function in R".

O

Example 5. A scalar linear function of a scalar argument
y = tan(@)x, where o € [0,2m)

is a line in the plain passing through the origin. Its matrix representation is the scalar tan(ct). Conversely, any line in
the plain passing though the origin is a linear function.

y

T

Example 6. A scalar valued linear function of a vector argument f : R” — R is given by f(x) =a'x, where a € R".

(The expression a ' x, i.e., row vector times column vector, is called inner product, see Section 1.3.)

Example 7. The identity function x = f(x), for all x € R”, is a linear function represented by the n x n identity matrix

I, .= e R™,
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J

(df;/dx; is the partial derivative of f; with respect to x; and the matrix A of the partial derivatives is called the Jacobian
of f.) When the input deviation X = x — xq is “small”, the output deviation

Consider a differentiable function f : R” — R™. Then for a given xo € R"

y = flxo+X) = f(xo) +AX, where A = [a;j] = [8xj

yi=y—f(x0) =1y—o
is approximately the linear function y = AX of X, called the linear approximation of f at xg.

y ! Linear approximation
of fix—yatx=xg

Yo

X0
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1.2 Rank of a matrix and inversion

The set of vectors {ay,...,a, } is linearly independent if the only linear combination of these vectors that is equal to
the zero vector is the trivial linear combination with all weights equal to zero, i.e.,

xla1_|_..._|_xnan:() — xlz---:xnzo.
Linear independence means that non of the vectors a;, fori = 1,...,n, can be expressed as a linear combination of the
remaining vectors. Vice verse, in a linearly dependent set of vectors { ay,...,a, } at least one vector is equal to a linear

combination of the others. This means that in a linearly dependent set of vectors, there is redundant information.
The rank rank(A) of the matrix A € R™*" is the number of linearly independent columns (or rows) of A and zero
if A is the zero matrix. Obviously,
0 <rank(A) < min(m,n)

The matrix A is
o full row rank if rank(A) = m,
o full column rank if rank(A) = n, and
e full rank if it is either full row rank or full column rank.

Full row and column rank of A turns out to be a necessary and sufficient condition for, respectively, existence of
solution of the system Ax =y, for any given y € R™, and uniqueness of a solution of Ax =y for any given y € R™.
(Existence of solution of Ax =y, does depend on both A and y. However, assuming that the system Ax = y is solvable,
the uniqueness of a solution x depends only on A.)

Exercise problem 8. Prove that the matrix A being full row rank is equivalent to the system of equations Ax =y having
a solution for any y € R™.

Exercise problem 9. Prove that the matrix A being full column rank is equivalent to uniqueness of a solution x to the
system y = Ax, where y = AX for some X € R".

A system theoretic interpretation of A being full row rank is that the system defined by y = Ax has no redundant
outputs, i.e., none of the components of y can be inferred from the others. An interpretation of A being full column
rank is that the there exists an inverse system, i.e., a mechanism (which is also a system) to infer the the input from
the output.

Next we consider the inversion problem: given y € R™, find x, such that y = Ax. We distinguish three cases
depending on the shape of the matrix A (square, more rows than columns, or more columns than rows) and in all cases
we assume that A is full rank.

e If m =n =rank(A), then there exists a matrix A~!, such that
AA'=A"1A=1,. (1.1)

Then for all y € R™
y=(AA")y=A(A""y) =Ax.
~—— ~——
L, X
In this case, the inversion problem is solvable and the solution is unique.
Exercise problem 10. Prove the fact that m = n = rank(A) implies existance of a matrix A~!, such that (1.1).
Exercise problem 11. Find a matrix representation of a linear function f, from given values y;,...,y, of f at
given points xi,...,x,. When is this problem solvable?

O
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e If m > n =rank(A), i.e., A is full column rank, the inversion problem may have no solution. In such cases, an
approximate solution may be desirable. The least-squares approximate solution minimizes the 2-norm

el :=VeTe=1/e}+---+e2, 1.2)

of the approximation error (or residual)
e:=y—Ax.

The least-squares approximation problem is
minimize |e||, subjectto Ax=y-+e
and the solution is given by the famous formula
xs=(ATA) ATy =: ALy, (1.3)

Note that xj5 is a linear function A{;y of y. It is called the least squares approximate solution of the system of
equations Ax =y. If y = Ax, for some ¥ € R", xj is an exact solution, i.e., xjs = X.

Note 12 (Left inverse). Any matrix A", satisfying the property A~A = I, is called a left inverse of A. Left inverse
of A exists if and only if A is full column rank. If m > n, the left inverse is nonunique. If m = n, the left inverse
is unique and is equal to the inverse. The matrix A{“S is a left inverse of A. Moreover, it is the smallest left
inverse, in the sense that it minimizes the Frobenius norm

A |lp = (aiz)?

1

m n

1

L)
over all left inverses AL of A.

Exercise problem 13. Prove that Al = arg minye ||A"||r subject to A¥A = 1.
U

e If n>m=rank(A), i.e., A is full row rank, the inversion problem has infinitely many solutions. The set of all
solutions is
{x|Ax=y} ={x+2|Az=0}, where Ax, =y,

Le., xp is a particular solution of Ax =y and z is a parameter describing the nonuniquness of the solution. The
least-norm solution is
minimize ||x||; subjectto Ax=y.

It is given by the following closed form expression
an=A"(AAT) Ty =1 Aly. (1.4)

Note 14 (Right inverse). Any matrix AR, satisfying the property AAR = I, is called a right inverse of A. Right
inverse of A exists if and only if A is full row rank. If m < n, the right inverse is nonunique. If m = n, the
right inverse is unique and is equal to the inverse. The matrix AR is a right inverse of A. Moreover, it can be
shown that it is the smallest right inverse, in the sense that it minimizes the Frobenius norm ||AR || over all right
inverses AR of A.

Exercise problem 15. Prove that AR = argminr ||AR||F subject to AAR = 1.
U

Note 16 (Inversion problem in the singular case). If A € R™*" is rank deficient (or almost rank deficient), the inversion
problem is called ill-posed (or ill-conditioned). In this case, the inverse (assuming A is square) does not exist. Also
the least-squares (1.3) (assuming m > n) and the least-norm (1.4) (assuming m < n) formulas make no sense (because
the indicated inverses do not exist). A general solution to the inversion problem, which is independent of size and rank
assumptions on A, is given by x = ATy, what AT € R is the pseudo-inverse of A. A related approach for solving
ill-posed and ill-conditioned inverse problems is regularization.
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1.3 Inner product

The inner product (a,b) = (b,a) of two vectors a,b € R™ is defined by
{a,b) :=a'b= Zaibi.

The matrix—matrix product BA, where B : RP*™ and A : R™*", can be viewed as a collection of pn inner products
(between the rows of B and the columns of A)

— )" =7 | (Brar) - (b),an)
BA = : a - ap| = : :
— @) — L I Lwpa) o e
The Gram matrix of the vectors ay, ... ,a, is defined by
af
: [al an] =ATA.
ay

The Gram matrix H :=A'A is symmetric, i.e., H =H T and positive semidefinite, i.e., x"Hx >0, for all x € R". A
matrix H is called positive definite if x" Hx > 0, for all x € R".

Exercise problem 17. The Gram matrix A'A is positive definite if and only if A is full column rank.

O
The Cauchy-Schwarz inequality relates the inner product with the product of the 2-norms
(a,b) < |lal[|[p]]- (1.5)
Equality holds in (1.5) if and only if b = aa, for some & € R or b = 0.
Exercise problem 18. Prove (1.5).
O

Exercise problem 19 (Optimization of a linear function over the unit ball). Show that the solution of the problem,
given a € R”,

maximize (overx) a'x subjectto x| <1

is Xopt = a/||al|.

The angle between the vectors a,b € R" is defined as

a'b
Z(a,b) =cos ' ———.
[lall[|51]

e a+# 0 and b are aligned if b = aa, for some o > 0 (in this case, Z(a,b) = 0).
e a # 0 and b are opposite if b= —aa, for some o > 0 (in this case, Z(a,b) = 7).

e aand b are orthogonal, denoted a | b, if a"b = 0 (in this case, Z(a,b) = 7/2).
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1.4 Subspace, basis, and dimension
The set 7 C R" is a subspace of a vector space R" if <7 is a vector space itself, i.e.,
abcd — oaa+Pbeg, forala,pcR.

The set {ay,...,a, } is a basis for the subspace 7 if the following hold:

® ay,...,a, span « , i.e.,
o =span(ay,...,a,) == {xia1 +-+xa, | x1,...,., ER}={|a1 -+ ay|x|xeR"}
e {ay,...,a,} is an independent set of vectors.

Exercise problem 20. The number of basis vectors does not depend on the choice of the basis

O

The number of basis vectors of a subspace is invariant of the choice of the basis and is called the dimension of the
subspace. The dimension of ¢ is denoted by dim(.«).

The kernel (also called null space) of the matrix A € R™*" is the set of vectors mapped to zero by f(x) := Ax, i.e.,

ker(A):={xeR" |Ax=0}.

Adding a vector z in the kernel of A to a solution x,, of the system Ax = y produces another solution of the system, i.e.,
if Ax, =y, then y = A(xp, +z), for all z € ker(A). From a parameter estimation point of view, ker(A) is the uncertainty
in finding the parameter x, given the observation y. From a control point of view, ker(A) is the freedom in the control x
that achieves the desired output y. If ker(A) = {0}, the function f(x) := Ax is called one-to-one .

Exercise problem 21. Show that ker(A) = {0} if and only if A is full column rank.

O
The image (also called column span or range) of the matrix A”*" is the set of vectors that can be obtained as an
output of the function f(x) := Ax, i.e.,

image(A) ;== {Ax e R" [ x e R" }.

Obviously, image(A) is the span of the columns of A. Alternatively, image(A) is the set of vectors y for which the
system Ax = y has a solution. If image(A) = R™, the function f(x) := Ax is called onto.

Exercise problem 22. Show that image(A) = R™ if and only if A is full row rank.

O
For a matrix A € R™*", ker(A) is a subspace of R” and image(A) is a subspace of R".
Exercise problem 23. Show that
dim (image(A)) = rank(A) and coldim(A) — dim (ker(A)) = rank(A). (1.6)
O

A direct consequence of (1.6) is the so called preservation of dimensions theorem (in R")
dim (ker(A)) + dim (image(A)) = coldim(A).

Note that
rank(A) = dim (image(A)) = rank(A ") = dim (image(A")).

image(A) is the span of the columns of A and image(A ") is the span of the rows of A. The former is a subspace of R
and the latter is a subspace of R”, they are equal (to the rank of A). By defining the left kernel of A,

leftker(A) ;== {y € R" | y'A =0},
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we have a preservation of dimensions theorem for R™
dim (leftker(A)) 4 dim (image(AT)) =rowdim(A).

The standard basis vectors in R” are the vectors

1 0 0
0 1 0
€1 = 0 , €2= 0 ) eeey €=
: : 0
0 0 1
Note that ey, ..., e, are the columns of the identity matrix /,. The elements of a vector x € R” are the coordinates of x
with respect to a basis understood from the context. The default basis is the standard basis ey, ...,e,. Suppose that
a new bases is given by the columns 71,...,1, of a matrix 7 € R™". Since {11,...,, } is a basis, the set is linearly
independent. Therefore, the matrix 7 is nonsingular. Vice verse, any nonsingular matrix 7 € R"*" defines a basis
for R". Let the coordinates of x in the basis T be Xj,...,X,. Then

X=X+ A X, =Tx =— x=T 'x,

i.e., the inverse matrix 7! transforms the standard basis coordinates x into the T-basis coordinates X.

Consider, now a linear operator f : R” — R” (i.e., a function mapping from a space to the same space), given
by f(x) = Ax, A € R™". The matrix A is a representation of f in a basis that is understood from the context. By
default this is the standard basis. Changing the standard basis to a basis defined by the columns of a nonsingular
matrix 7 € R, the matrix representation of f changes to T AT, ie.,

y=(T7'AT)x. (1.7)

The mapping A — T~ 'AT, defined by T, is called a similarity transformation of A.

1.5 [Eigenvalues and eigenvectors

The (complex) number A € C is an eigenvalue of the square matrix A € R"*" if there is a (complex) nonzero vector
v € C", called an eigenvector associated to A, such that Av = Av. Equivalently, A is an eigenvalue of A if the matrix
AL, — A is singular. If (4,v) is an eigenpair of A, the action of A on vectors in span(v) is equivalent to a scalar
multiplication by A.
The characteristic polynomial of A is
pa(A) :=det(AL, —A).

The degree of p4, denoted deg(p,), is equal to n and p is monic, i.e., the coefficient of the highest order term is one.

Exercise problem 24. Prove that the scalar A € C is an eigenvalue of A if and only if A is a root of py.

O
The geometric multiplicity of A is the dimension of the kernel of AL, — A. The algebraic multiplicity of A is the
multiplicity of the root A of ps. A matrix that has an eigenvalue for which the geometric and algebraic multiplicities
do not coincide is called defective.
Suppose that {vy,...,v, } is a linearly independent set of eigenvectors of A € R"™*", i.e.,

Av,-:/'L,-vi, forizl,...,n.

Written in a matrix form, the above set of equations is
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The matrix V has as columns the eigenvectors and is nonsingular since by assumption {vy,...,v,} is a linearly
independent set. Then
AV =VA = V1AV =4,

i.e., we obtain a similarity transformation (defined by the matrix 7 := V') that diagonalizes A. Conversely, if there
is a nonsingular V € C"*", such that
VAV =A

then Av; = Ajv;, fori = 1,...,n, and therefore {vy,...,v, } is a linearly independent set of eigenvectors.
The matrix A € R"™" is diagonalizable if

e there is a nonsingular matrix 7', such that TAT ! is diagonal, or
e there is a set of n linearly independent eigenvectors of A.

The set of defective matrices corresponds to the set of matrices that are not diagonalizable. The eigenvalues of a matrix
being distinct implies that the matrix is diagonalizable, however, the converse is not true (consider, for example, the
the identity matrix). A prototypical example of a defective matrix is what is called the Jordan block

Al
Jy = A
1
A
A generalization of the eigenvalue decomposition TAT ~! = A for defective matrices is the Jordan canonical form

TAT ' = diag(Jy,, ..., J3,),

where A1,,..., A are the distinct eigenvalues of A.

Exercise problem 25. Show that the eigenvalues of a symmetric matrix A € R"*" are real and the eigenvectors can be
chosen to form an orthonormal set, i.e., be orthogonal to each other and have unit norm.

O

1.6 Summary

e f is linear if homogeneity and superposition holds, i.e., f(ax+ Bv) = af(x)+ Bf(v)

f is linear if and only if there is a matrix A, such that f(x) = Ax

e image (column span or range) of A € R"*" is the set image(A) := {Ax | x e R"}

e kernel (or null space) of A € R™*" is the set ker(A) :={x € R” |Ax=0}

e o/ C R"is asubspace if aa+ Bb € o for all a,b € of

e a basis of a subspace is a set of linearly independent vectors that span the subspace
e the dimension of a subspace is the number of basis vectors

o the image(A) and the ker(A) of any matrix A are subspaces

o the rank of A is the number of linearly independent rows (or columns)

e dim (image(A)) = rank(A) and coldim(A) — dim (ker(A)) = rank(A)

A is full row rank if rank(A) = rowdim(A)
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A is full column rank if rank(A) = coldim(A)

e A is full rank if A is either full row rank or full column rank
e A is nonsingular if A is square and full rank

e inversion problem: given y = Ax, find x

o A lisinverse of AifATTA=ATA=1

e for A to have inverse, A should be square and full rank

o Al is left inverse of Aif AVA =1

e solution of the inversion problem: x = ALy, AtA =1

e left inverse exists if and only if A is full column rank

e least-squares left inverse Ak = (ATA)~1AT

o AR is right inverse of A if AAR =1

e right inverse exists if and only if A is full row rank (nonsingular)
e least-norm right inverse AR = AT (AAT)™!

e 2-norm of a vector ||x|| = Vx " x, unit ball {x | ||x|| <1}

e inner product of x,y € R" is the scalar (x,y) :=x'y

o Cauchy-Schwarz inequality: |a'b| < |al||b||

e x,y € R" are orthogonal, defined by x L y, if (x,y) =0

e similarity transformation: A+ T~'AT, T nonsingular

e cigenvalue decomposition: T 'AT = A, A diagonal

e characteristic polynomial of A: pa(A) := det(Al —A)

real eigenvalues

o symmetric matrix A =A" .
orthonormal eigenvectors

Notes and references

Excellent undergraduate level introduction to linear algebra is the text of G. Strang [Str98]. A more advanced text on
linear algebra by the same author is [Str76]. The text of Meyer [Mey00] is encyclopedic and is well written. Advanced
topics on matrix theory are covered by Horn and Johnson in [HJ85, HI91].
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Chapter 2

Numerical linear algebra

Projectors, Gram-Schmidt, and QR factorization

Computation of eigenvalues and eigenvectors

Singular value decomposition

Conditioning of a problem

Floating point arithmetic and stability of an algorithm

2.1 Projectors, Gram-Schmidt, and QR factorization

Projectors
Consider a finite set of vectors 2 :={q,...,qx } CR".
o 2isnormalized if ||g;|| =1, fori=1,... k.
o 2isorthogonal if g; 1 q;, for all i # j.
e 2is orthonormal if 2 is orthogonal and normalized.

Exercise problem 26. Show that an orthonormal set of vectors is independent.

O
Define the matrix Q := [q TR qk} and note that 2 is orthonormal if and only if Q"0 =1I. A matrix Q, such
that Q' Q = I, is sometimes called orthonormal (this is not a completely standard terminology).

Exercise problem 27. Show that

2 and

e multiplication with an orthonormal matrix Q preserves norm, i.e., ||Qz||*> =z'Q"Qz = ||z

e multiplication with an orthonormal matrix Q preserves inner product, i.e., (Qz,Qy) = (z,y).

Consider an orthonormal matrix Q € R™** and the subspace .# spanned by the columns of Q, i.e.,
Z :=image(Q) CR".
The columns of Q form an orthonormal basis for .£. Since Q is orthonormal, Q" Q = I, however, for k < n,
00" #1,.
Exercise problem 28. The matrix [Tiyaee(0) := QQ" is an orthogonal projector onto %, i.e.,

I1yx =argmin|x—y||, subjectto ye€.¥ (2.1)
y

15
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O
Exercise problem 29. Show that necessary and sufficient conditions for II to be a projector are
1. I =TI1? (Il is idempotent), and
2. II=T1I" (Il is symmetric).
O

Exercise problem 30. Show that the matrix
- :=7-10

is also an orthogonal projector. The projector IT* is called the complementary projector to I1. Define for a set . C R”,
its orthogonal complement

St i={xeR"|x'y=0forallyc.7}.
Show that for any set . C R”, its orthogonal complement .#* is a subspace and that IT projects onto the orthogonal
complement (image(IT)) ™ of image(IT).

O
If 2:={qi,...,qx} CR"is an orthonormal set of k = n vectors, then the matrix Q := [ql q,,] is called
orthogonal. A matrix Q € R” is orthogonal if and only if it satisfies the identities
n
0'0=00" =Y qq/ =1
i=1
It follows that for an orthogonal matrix Q, 0 '=0". The identity x = 00'xis an expansion of x in the orthonormal
basis given by the columns of Q.
e x:= Q' xis the vector of the coordinates of x in the basis 2, and
e x = Qx reconstructs x in the standard basis { e, ...,e, }.
Geometrically multiplication by Q (and Q") is a rotation.
Exercise problem 31. Verify that a matrix representation of rotation in R? is an orthogonal matrix.
O
Gram-Schmidt procedure and QR factorization
Given an independent set of vectors {ajy,...,a; } C R", the Gram-Schmidt procedure, see Algorithm 1, produces an
orthonormal set { q1,...,qx } C R", such that
span(ay,...,a,) = span(qi,...,q,), for all r < k.
Algorithm 1 Gram-Schmidt
Input: {aj,...,a; } CR"
lgqri=ar/|a|
2: fori=2,...,kdo
. 1L
3 vii= (I = image(gy,oigi 1)) {project a; onto (span(ql,...,q,-,l)) }
40 qi=vi/|vil] {normalize}
5: end for
Output: {q;,...,q } CR"
From a; € span(qy,...,qx), it follows that
ai =riq1+ - +riqi (2.2)

for some scalars r;j, fori < jand j=1,... k.



2.1. PROJECTORS, GRAM-SCHMIDT, AND QR FACTORIZATION 17
Exercise problem 32. Show that r;; = gl a ;.

Written in a matrix form (2.2) is what is called the QR matrix factorization

rori2 ot Tk
0 rn -+ rx
[al a - ak]:[‘h q - Qk]
4 & 0 0 1474
Ry

Here Q; € R"™* is orthonormal and R; € R¥** is upper triangular.

The Gram-Schmidt procedure applies a sequence of linear operations on the columns of A, such that the resulting
matrix has orthonormal columns. In a matrix form this is expressed by Aﬁl = Qj, where the matrix R 1 encodes the
operations of the Gram-Schmidt procedure. Note that R; = Rl’l, where R is the upper triangular matrix of the QR
factorization A = QR;.

Exercise problem 33. Show that the inverse R, of a nonsingular upper triangular matrix R; is again upper triangular

O
Therefore, the Gram-Schmidt procedure can be termed “‘triangular orthogonalization”.
There is an alternative procedure for computing the QR factorization that applies a sequence of orthogonal trans-
formations on the columns of A, aiming to produce an upper triangular matrix. In a matrix form this is expressed by
élA = Ry, where 0,

0,=0W...0"
encodes the sequence of orthogonal transformations.
Exercise problem 34. Show that the product of orthonormal matrices é(l), ey é(”) is orthonormal.

O
é = QlT is the orthogonal matrix of the QR factorization A = Q|R;. The alternative process of “orthogonal
triangularization” turns our to be numerically more stable than the Gram-Schmidt procedure and is the preferred way
of computing the QR factorization
If {a1,...,ax } is a set of dependent vectors, v; := (I — pan(g,.....q 1))@ = O for some i. Conversely, if v; = 0 for
some i, a; is linearly dependent on ay,...,a;—1. The Gram-Schmidt produces can handle linearly dependent sets by
skipping to the next input vector a;; whenever v; = 0. As a result, the matrix R, is in upper staircase form, e.g.,

X X X X X X X
X X X X X X
X X X X
X1, (2.3)
with all empty elements being zeros.
Exercise problem 35. Which vectors are linearly dependent in the example of (2.3)?
O

The factorization

a=lor o] ] -

with Q := [Q 1 Qz] orthogonal and R; upper triangular is called full QR factorization.
Exercise problem 36. Show that

e image(A) =image(Q;), and
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. (image(A))L = image(Q»).

O

A method for finding the full QR factorization of A is to complete A to a full rank matrix, e.g., Ay, := [A I], and

apply the Gram-Schmidt procedure on Ay,. In Matlab, [Q, R] = gr (A) procedures the full QR and [Q1,R1] =
gr (A, 0) procedures the reduced QR.

2.2 Computation of eigenvalues and eigenvectors

Three applications of the eigenvalue decomposition

e FEvaluation of a function f : R — R at a square matrix. Consider a real analytic function x — f(x) with a Taylor
series expansion

£6) = SO + L (&7 01+ L (L) 02+

A matrix valued matrix function X — f(X), where X € R"*", corresponding to the scalar valued scalar function
x+— f(x), where x € R is defined by the series

fX) = éf(o)xojtli!(%f)m)xl +21!(;‘f—22f)(0)x2+...

Exercise problem 37. Assuming that X is diagonalizable, i.e., there is a nonsingular matrix V and a diagonal
matrix A, such that
X=VIAV, A = diag(Ar,...,A,),

show that

f(A)
fiX)=V vi=vrayvl

0

e Stability of linear time-invariant systems. Consider the first order vector linear constant coefficients differential
and difference equations

dx(t) =Ax(t), fort e Ry and  x(t+1)=Ax(t), fort € Z,. (2.4)

Given x(0) € R", the equations (2.4) have unique solutions x. Qualitative properties of the set of solutions, such
as, stability, i.e.,
x(t) >0 as t— oo,

are determined by the location of the eigenvalues of A.

Exercise problem 38. Show that for the differential equation (continuous-time system), stability holds if and
only if R(A;) < 0 for all i and for the difference equation (discrete-time system), stability holds if |A;| < 1 for
all i.

O

Stability of (2.4), however, can be checked without computing the eigenvalues A4, ..., A4,, cf., the Routh—-Hurwitz
(continuous-time systems) and Schur—Cohn (discrete-time systems) tests [Jur74].

e Principal component analysis (PCA). Principal component analysis is a statistical technique. Here we give an
alternative deterministic formulation. Given a set of vectors {aj,...,a, }, find

. T .
‘F subject to by - b3 [y - b =1
(2.5)

* * P
{bi,...,bj } := arg max
bi,....bj

“““

Hspan(blru,bj) [al ... an]

(Recall that Iyanp, ... ) is the orthogonal projector onto span(by,...,b;).)
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Exercise problem 39. Shown that the solution {b},...,b;} to (2.5) is the orthonormal set of eigenvectors
{v1,...,v; } of the matrix ATA, corresponding to the largest eigenvalues.

O

Eigenvalue/eigenvector computation algorithms

Eigenvalue computation is closely related to rooting a polynomial.

Exercise problem 40. Show that the set of eigenvalues of the companion matrix

[—Pn—1 —Pn—2 -+ —P1 —DPo|
1 0 0 0
Cp:= 0 1
: . 0 0
0 o0 10

coincides with the set of roots of a polynomial

p(z) =po+piz+--+pad’.

O

A classical results in mathematics due to Abel, is that there is no analogue of the formula for the roots of a quadratic

polynomial for a general polynomial of degree more than 4. By the above link between roots of a polynomial and

eigenvalues of a matrix, we conclude that the same must be true for the eigenvalues of a general matrix of dimension
more than 4 x 4.

There is no algorithm that can compute the eigenvalues of a general matrix of dimension more than 4 x 4
in a finite number of operations.

Eigenvalue algorithms must be iferative and in finite time produce only an approximation of the eigenvalues. The aim
in the design of eigenvalue algorithms is to increase the converges speed and reduce the number of operations per
iteration, so that the sequence of the eigenvalue approximations produced by the algorithm converges rapidly to the
eigenvalues.

The power iteration, inverse power iteration, and Rayleigh quotient iteration are basic methods for computing
an eigenvalue/eigenvector pair of a matrix and are ingredients of the modern algorithms for eigenvalue computation.
Next we outline these algorithms and for simplicity we restrict to the symmetric case. A symmetric A € R"*" has n
real eigenvalues, which we index as follows

afmax::/ll 2122"'2;Ln::lmin-

Corresponding to A, ..., A,, we choose an orthonormal set of eigenvectors ¢, ... ,g,. The Rayleigh quotient of v € R”
(with respect to A) is a mapping r : R" — R defined by

v Ay
r(v) = T
Note that r(ag;) = A;, foralla e Rand i = 1,...,n.
Exercise problem 41. Show that min, r(v) = Apin and max, r(v) = Apax.
]
Exercise problem 42. Show that if |A;| > |4, and v v(?) £ 0, then v(¥) — 4y with linear convergence rate O(|1A2/A1|).

O
Let A be the closest eigenvalue to 1 and A’ be the second closest. Let v be the unit norm eigenvector corresponding
to A. Then if v v(0) £ 0, then v(X) — +v with linear convergence rate O(|(1 — A')/ (1 — A))).
Let A be the closest eigenvalue to u and v be the corresponding eigenvector. Then, if v v(?) £ 0, then v} — +v
with cubic convergence rate.
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Algorithm 2 Power iteration.

Input: unit norm vector v(*) and a symmetric matrix A.
1: for k=1,2,... (till convergence) do
2 wi=AvkD {apply A}
3 v =w/|w| {normalize}
4: end for
Output: eigenvalue/eigenvector of A — ((v0) AV, v(k))

Algorithm 3 Inverse iteration.

Input: unit norm vector v(¥), a symmetric matrix A, and u > 0.
1: for k=1,2,... (till convergence) do
2 (A—puhw=v&D  {apply (A—pul)~'}
3 v =w/|w| {normalize}
4: end for
Output: eigenvalue/eigenvector of A — ((v0)) AV, v(k))

Exercise problem 43. Implement the power, inverse power, and Rayleigh quotient methods. Apply them on examples
and observe their convergence properties. Comment on the results.

O

Normalized simultaneous power iteration

Take a set of initial vectors {V(10)> .. ,vg)) } and consider the iteration:
[V(lkH) vé"*”} =A [viw v;»k)]v k=0,1,...
y(k+1) v\&c)

One can expect that under suitable assumptions
span(v§k>,...,v£,k)) — span(vy,...,Vp), as k—» oo,

However,

vl(k> — v, as k— oo, for all i,

so V&1 becomes increasingly ill-conditioned as k — oo. This problem is resolved by changing the computed basis
on each iteration step to an equivalent orthonormal basis.
Under suitable assumptions

image(Q(k)) — span(vy,...,vp), as k— oo,

Algorithm 4 Rayleigh quotient iteration

Input: unit norm vector v(® and symmetric matrix A
1: for k=1,2,... (till convergence) do
2 (A=2A% D) =y {apply (A — A=1)~1y

3 v =w/|w| {normalize}
4 AW = () T Ay {eigenvalue estimate }
5: end for

Output: eigenvalue/eigenvector of A — (10, v(0))
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Algorithm 5 Normalized simultaneous power iteration.

Input: orthonormal matrix Q(°) € R"*P and symmetric matrix A.
1: for k=1,2,... (till convergence) do
2 Z=AQ% {apply A}
3. QR factorization QW R® =7z {compute orthonormal basis for image(Z)}
4: end for
Output: orthonormal eigenvectors of A — Q*)

QR algorithm

The basic QR algorithm is normalized simultaneous power iteration with a full set p = n vectors and initial condition
Q(O) = I,. Note that

AW — RW gk — o) T gtk=1) (k)

so that A is similar to A1),
Additional features of a practical QR algorithm are

e pre-processing: reduce A to tridiagonal form before the iteration,
e shifts: factor A® — A ingtead of A(k), where A% is an eigenvalue estimate, and

e deflations: reduce the size of A when and eigenvalue is found.

Algorithm 6 QR algorithm.

Input: symmetric matrix A) = A.
1: for k=1,2,... (till convergence) do
2. Al = Q(">R("> { QR factorization}
3 Al = R(k>Q(k) {recombine in reverse order}
4: end for
Output: a Schur decomposition of A — oW RK.

The QR algorithm with shifts corresponds to the Rayleigh quotient iteration.

Note 44 (Hessenberg and Schur forms). The analogue of the tridiagonal form for nonsymmetric matrices is the
Hessenberg form

X X .- X X
X X X X
H:= X X
- >< X_

There is an orthogonal similarity transformation that brings any square matrix to a Hessenberg form. Modern algo-
rithms for eigenvalue factorization of a general matrix A consist of two distinct stages:

1. reduction of A by an orthogonal similarity transformation to Hessenberg form, and
2. iterative convergence by a sequence of unitary similarity transformation to a Schur form.

Let U* be the conjugate transposed of U € C"™*", The matrix U is unitary if U = U*. The Schur form R of A is an
upper triangular matrix, such that R = U*AU, where U is a unitary matrix. The Schur form is eigenvalue revealing
because the eigenvalues of A appear on the diagonal of R. The first stage requires a finite number of operations and is
introduced for the purpose of speeding up the convergence on the second stage, which requires an infinite number of
operations.
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Generalized eigenvalues

A pair (A,B) of square matrices A,B € R"*" is called a pencil. A generalized eigenvector/eigenvalue (v,4) of the
pencil (A,B) is a vector v € C" and a scalar A € C, such that

Av = ABv.
For a nonsingular matrix B, the generalized eigenvalue problem is equivalent to a standard eigenvalue problem
B Ay =2v.
If A and B are symmetric matrices, the pencil (A, B) is called symmetric and has real generalized eigenvalues. The
generalized Rayleigh quotient is a mapping r : R” — R defined by
v Ay

sl = 7g,

It has analogous properties to the Rayleigh quotient.

Exercise problem 45. Consider a symmetric pencil (A,B) and let Apin/Amax be the minimal/maximal generalized
eigenvalue of (A,B). Show that

Amin =minra g(v) and  Apax = maxry g(v).
veR? veR”

2.3 Singular value decomposition

The singular value decomposition is used as both computational and analytical tool. Any matrix A € R”*" has a
singular value decomposition

o1
A= [ul ur] [vl vr]T, (2.6)
U, Or v/
—E:_/
where U; and V) are orthonormal and oy, ..., 0, are positive scalars, called singular values of A. The columns of U,
uy,...,u, are called left singular vectors and the columns of V, vy, ..., v, are called right singular vectors of A.

A geometric fact motivating the singular value decomposition is:

the image & = A% of a unit ball %/ under a linear map x — Ax is a hyperellips.

Example 46. Consider the following example

1.00 1.50f 10.89 —0.45|(2.00 0 | [045 -0.89
0 1.00f (045 0.89 0 0.50](0.89 045 |°

/ vz
~~

A U z vt

The image of the unit ball under the linear map defined by A is

B ——- L5F
U
i Vi i J1U
0.5 V2 0.5
of A of
=
-05 -05
_1— _1,
-15 -15

-15 -1 -05 O 0.5 1 15 -15 -1 -05 O 0.5 1 15
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The vector v| is mapped by A to the vector oju;, and the vector v, is mapped by A to the vector oyuy. From all unit
norm inputs vectors, the vector v; achieves the maximum 2-norm output vector oju;, and v, achieves the minimum
2-norm output vector cyu,. Note that ||o;u;|| = o;.

The decomposition (2.6) is sometimes called the reduced SVD of a matrix A € R”*" in order to distinguish it from
the full SVD
A=ULV,

where U € R™*" and V € R"*" are orthogonal and

o Z“1 0 mxn
s e

Compared with the reduced SVD, the full SVD computes matrices U, € R (M=) and V, € R™ (=) such that
U:=[U U] and V:=[Vi V]

are orthogonal and adds zero rows/columns to X; to form X € R”*". Note that the singular values of A are o,..., O,
and min(m — r,n — r) zeros. In Matlab the full SVD is computed via [U, S, V] = svd(A) and the reduced SVD
via [U,S,V] = svd(A,0).

Similarities between SVD and EVD: Both the SVD and EVD diagonalize a matrix A. The left singular vectors
of A are eigenvectors of AA T, the right singular vectors of A are eigenvectors of A " A, the nonzero singular values of A
are the square roots of the nonzero eigenvalues of AAT or AT A. In particular, for a symmetric A, |4;| = o; and for a
positive definite matrix A; = o;.

Exercise problem 47. Using the fact that AA" or A'A have the same nonzero eigenvalues, argue (without doing
1
1
1

. . 11
computations) that the eigenvalues of [ % i] are 3,0,0.

O

Differences between SVD and EVD: Despite the above similarities, there are important differences between the
SVD and EVD. The SVD exists for any matrix, while the EVD exist for nondefective square matrices. The SVD
applies two orthogonal similarity transformations, while the EVD applies one (in general not orthogonal) similarity
transformation. The SVD is used to analyse a single application of A on a vector, while the EVD is useful in problems
where A is repeatedly applied.

2.4 Conditioning and stability

Abstractly a computational problem is a mapping [ : 2~ — % from a data space 2" to a solutions space ¢. Usually
f is a continuous nonlinear function (even though the problem is in th realm of the linear algebra). A particular data
instance is an element Xy € 2". The problem f is called well conditioned at the data Xy if

small perturbations in X lead to small changes in f(Xj)

The absolute condition number of the problem f at the data instance X is the derivative of f with respect to X at Xy

Xo+X) — f(X
lim sup If (Xo +X) — f(Xo)||
820 %)1<5 [1X1]

The relative condition number is defined as

i sy 1/ 0+H5) — FOO)/1£(X0)]
R %1/l
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Example 48 (Conditioning of root finding). The roots finding problem is: Given polynomial coefficients { po, pi1,...,pn },
find its roots { A;,..., 4, }, i.e.,

PA) =po+piAt 4+ p At =c(A = A1) (A —A).
The relative condition number of A; with respect to perturbation g; of a; is

Kij = |aik}_l|/|ﬁp(1j)|-
For the polynomial p(A) = (A —1)---(A —20), argmax; ; &; ; = (15,15) and in Matlab we obtain
>> roots (poly ([1:20]))
ans = 1.0000 14.0684 14.9319 16.0509 20.0003

The function poly gives the coefficients of a monic polynomial with roots, specified by the input argument. (This
operation is recursive multiplication of a polynomial by monomials or equivalently convolution of a sequence by a
sequence with length two.) The function roots solves the roots finding problem, i.e., its argument is a vector of
polynomial coefficients and the results is a vector of the roots. In exact arithmetic roots (poly ([1:20]) ) should
return the answer { 1,...,20 }, however, due to the round-off errors in the finite precision arithmetic the answer is not
exact. The experiment shows that the 15th root is the one that has the largest perturbation.

Exercise problem 49. Check the computed roots of (A —1)* (roots (poly ([1 1 1 1]1))).

Condition number of matrix—vector product

Theorem 50. The problem of computing y = Ax for given nonsingular matrix A € R"™" and a vector x € R" has
relative condition number with respect to perturbations in x

= 1) B < paay.
bl

For a nonsingular matrix A, the number
K(A) = [lAll]A7"

is called the condition number of A. For a general (nonsquare) matrix and 2-norm | - ||,
K(A) := Omax(A)/Omin(A).

The matrix A is called ill-conditioned if k(A) is “large”, and A is called well-conditioned if k(A) is “small”. (Here
“large” and “small” depend on the size of the expected perturbations, so that they depend on the application.) The
number k(A) is related to perturbations in the worst case. For an ill-conditioned A, the problem y = Ax may still be
well-conditioned at certain x’s.

Condition number of solving systems of equations

The relative condition number of the computational problem “solve a system of equations y = Ax, A € R™", with
respect to perturbation in y” is given by Theorem 50. Indeed, provided A is nonsingular, x = A~ 'y, which is a matrix—
vector product problem. (The matrix now is A~!.) If A is singular, the problem is infinitely ill-conditioned. Another
term for this case is ill-posed problem.

Theorem 51. The problem of computing x = Ay, given A € R™" and y € R" has relative condition number k(A)
with respect to perturbations in A.

Proof. The perturbation Ain A leads to a perturbation X in x, such that

A+A)(x+%) =y = Ax+AT=0.
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“L”

Here means equal up to first order terms in Aand %, (k(A) describes the effect of infinitesimal perturbations.)

1 - .
¥=—A"Ax = |7 < [lA7" AN ]

I gt = ea
g <147 Al = k),

Digital representation of real numbers

The IEEE double precision arithmetic is a widely used standard for digital representation of real numbers. It is
characterized by

e range: [—2.23 x 10739 ,1.79 x 10°%8], and

e discretization: [2/,2771] — 21{1,14+2752 1 4+2x272 ... 2},

If a number large than 103*® is produced during computations, an exception called an overflow occurs. Conversely, if

a number smaller than 1073% is produced, an underflow occurs. In the case of underflow, the number is rounded to
zero. Different systems react in different ways to overflow, which is a more serious exception.
The gaps between adjacent numbers are in a relative scale at most

£:=22222%x1071°,

The number € := 2752 is called the machine precision.

In fixed point arithmetic the position of the decimal point is fixed. In floating point arithmetic the position of the
decimal point is stored together with the digits. Fixed point arithmetic leads to uniform absolute errors, while floating
point arithmetic leads to uniform relative errors.

Let fl(x) be the digital representation of x € R, the error |fl(x) — x| < € is called rounding error.

Stability of an algorithm

Recall the general definition of a computational problem as a mapping f : 2 — %. A computational algorithm,
aiming to solve the problem f, is another mapping f 2 — % from the data to the solution space. The algorithm f
is called backward stable if for each X € 2 there is X € 2, such that

X —X]|

Le.,

backward stable algorithm gives the right answer to a nearby problem

The meaning of e(X) := ||X||/||X|| = O(g) is that there is ¢, > 0, such that

X[ <8 = |e(X)|<ce.

Computational complexity of an algorithm

The computational complexity of an algorithm is measured by the number of floating point operations (flops) or by
the execution time. One flop is defined as one addition, subtraction, multiplication, or division. The flops count is
usually simplified to leading order terms, e.g., O(n). It is useful in theoretical comparison of algorithms but on modern
computers it is not an accurate predictor of the computation time.

Standard linear algebra operations have the following computational complexities:

e 1 vector—vector operations (vector sum, scalar—vector multiplication, inner product) — O(n) flops
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e m X n matrix—vector product — O(mn) flops
e m X n matrix — n X p matrix product — O(mnp) flops
e solving Ax = b with general A € R™" — O(n?) flops

However if the matrix A has special structure and this structure is exploited, the computational complexities may be
lower. The following are typical examples of matrix structures and the corresponding computational complexities for
solving systems of equations with such matrices:

e diagonal — n flops (x; = y;/a;; fori=1,...,n)

e lower/upper triangular: n? flops (via forward/backward substitution)
e banded — O(nk), where k is the bandwidth

e symmetric — O(n?/3) (via Cholesky decomposition)

e orthogonal — O(n?) (x = ATy)

e permutation — 0 flops

e Toeplitz — O(n?) flops

e combination of banded, symmetric, and Toeplitz

Numerical linear algebra software

Currently the state-of-the-art software for numerical linear algebra are the Basic Linear Algebra Subroutines (BLAS)
and Linear Algebra PACKage (LAPACK) libraries. BLAS has functions for the lower-level linear algebra operations,
such as vector—vector operations (Level 1 BLAS), matrix—vector products (Level 2 BLAS), and matrix—matrix prod-
ucts (Level 3 BLAS). Although these operations are conceptually simple and algorithmically straightforward, their
implementation on a computer with distributed memory, is a highly nontrivial task.

The LAPACK library contains functions for higher level operations such as matrix factorizations and solvers for
linear systems, least-squares, and least-norm problems. There are special functions for structured problems involving
triangular, banded, diagonal matrices and the solvers provide error bounds based on perturbation analysis.

Notes and references

A excellent concise introduction to numerical linear algebra is given by Trefethen and Bau [TB97]. Classic reference
on this subject is the book of Golub and Van Loan [GV96]. The book of Demmel [Dem97] is with a particular
emphasis on writing numerical software. Perturbation theory is treated in [SS90] and stability analysis is extensively
treated by Higham [Hig91]. The IEEE floating point arithmetic is presented in [OveO1].
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Chapter 3

Applications

Least-squares

Least-norm

Total least-squares

Low-rank approximation

The first three sections are discuss the linear system of equations Ax = y. The matrix A € R™*" and the vector
y € R™ are given data. The vector x € R" is an unknown. Assuming that A is full rank, the system Ax =y is called

e overdetermined if m > n (in this case it has more equations than unknowns) and
o underdetermined if m < n (in this case it has more unknowns than equations).

For most vectors y € R™, an overdetermined system has no solution x, and for any y € R™ an underdetermined system
has infinitely many solutions x. In the case of an overdetermined system, it is of interested to find an approximate
solution. An important example is the least squares approximate solution, which minimizes the 2-norm of the equation
error.

In the case of an underdetermined system, it is of interested to find a particular solution. The least-norm solution
is an example of a particular solution, It minimizes the 2-norm of the solution. Note that the least-squares approximate
solution is (most of the time) not a solution, while the least-norm solution is (aways) one of infinitely many solutions.

3.1 Least-squares

The least-squares method for solving approximately an overdetermined system Ax =y of equations is defined as
follows. Choose x such that the 2-norm of the residual (equation error)

e(x) :==y—Ax
is minimized. A minimizer
Xjs := argmin ||y — Ax||» 3.1)
X \,—/
e(x)

is called a least-squares approximate solution of the system Ax = y.
A geometric interpretation of the least-squares approximation problem (3.1) projection of y onto the image of A.

27
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Rm

Here y)s := AXj; is the projection, which is the least-squares approximation of y and ej := yj; — AXjs is the approx-
imation error.
Let g; be the ith row of A. We refer to the vector col(a;,y;) as a “data point”. We have,

AXis :)/’\ls — [A )/’\ls] |:i151:| =0

— [ai )/’\ls,i] [ilsl] =0, fori=1,....m

so that for all i, (a;, 1) lies on the subspace perpendicular to (Xis, —1). (a;,)is,i) is an the least-squares approximation
of the i data point col(a;,y;).

(ai,)/}\ls,i) = (aia)/}\ls,i) + (anls,i)a

and (0, e} ;) is the least-squares approximation error. Note that ey ; is the vertical distance from (a;,y;) to the subspace.
The above derivation suggestions another geometric interpretation of the least-squares approximation.

Rl (aiayi)
R+ esi - ker([5] —1])
(aia}/j\ls,i)
Rn

s
~1
Note that the former geometric interpretation is in the space R™, while the latter is in the (data space) R"*!.

Exercise problem 52. [Derivation of solution xj, via Lagrange multipliers] Assuming that m > n = rank(A), i.e., A is
full column rank, show that
T =(ATA) ATy,
Notes:

o A :=(ATA)'AT is a left-inverse of A

Xjs is a linear function of y (given by the matrix Ajs)

If A is square, xis = A~ 'y (i.e., A, =A™ 1)

Xjs is an exact solution if Ax = y has an exact solution

yis ;= Axis = A(ATA)"'ATy is a least-squares approximation of y
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Projector onto the image of A and orthogonality principle

The m x m matrix
Himage(A) = A(ATA)ilAT

is the orthogonal projector onto the subspace . := image(A). Suppose that the columns of A form an orthonormal
basis for 2. Then, recall that ITy,ee(g) := AA .
The least-squares residual vector

ey i=y—Afis= (I, —A(ATA)'AT)y

W image(a)) -
is orthogonal to image(A)
(e15,A%is) =y (In —A(ATA)'AT) A%y, = 0. (3.2)
y
Q\ .
| e image(A)
Yis

Exercise problem 53. Show that the orthogonality condition (3.2) is a necessary and sufficient condition for X5 being
a least squares approximate solution to Ax = b.

O
Least-squares via QR factorization
Let A = OR be the QR factorization of A. We have,
so that
Gs=R7'Q"y and yi;:=Axs=00"y.
Exercise problem 54 (Least-squares with an increasing number of columns in A). Let A =: [a1 e an] and consider

the sequence of least squares problems

Aixi:y, where A" := [al ai], fori=1,...,n
Define R; as the leading i x i submatrix of R and let Q; := [q1 -+ g;]|. Show that
B =R 'Q/y.
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Weighted least-squares
Given a positive definite matrix W € R™*", define the wighted 2-norm
el == e We.
and the weighted least-squares approximate solution
Tiw s := argmin||y — Ax][j,.

Exercise problem 55. Show that
Xwis = (ATWA)TATWy,
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and that the least-squares orthogonality principle holds for the weighted least-squares problem as well by replacing

the inner product (e, y) by the weighted inner product

(e,y)w = e Wy.

Recursive least-squares

The least-squares criterion is
m

2 .32
ly—Axlj3 =) (i —a'x)
i=1
where a; is the ith row of A. We consider the sequence of least-squares problems
k
minimize Z(y,- —a x)?

i
i=1

the solutions of which are

k -1 m
a(k) = Yaa) | Y ai.
i=1 i=1

The meaning is that the measurements (a;,y;) come sequentially (in time) and we aim to compute a solution each time
a new data point arrives. Instead of recomputing the solution from scratch, we can recursively update xjs(k — 1) in

order to obtain xi (k).
Recursive algorithm

e Initialization: P(0) =0 € R"", ¢(0) =0 € R"
e Form=0,1,...,m
° P(k—l— ]) = P(k) +ak+1ak11, q(k—l— ]) = q(k) + Ak 1Vk+1

e If P(k) is invertible, Xjs(k) = P~ ' (k)q(k).

On each step, the algorithm requires inversion of an n x n matrix, which requires O(n®) operations. At certain k,

P(k) being invertible implies that P(k’) is invertible, for all k' > k.

The computational complexity of the algorithm can be decreased to O(n?) operations per step by using the fol-

lowing result about the inverse of matrix with rank-1 update

1

p TV l_pi__ L
(P+aa') T a P T

(P 'a)(P'a)".
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Multiobjective least-squares

Least-squares minimizes the cost function
) 2
Ji(x) := [|Ax = y[f5.

Consider a second cost function
Jo(x) == |[Bx—zf3,

which we want to minimize together with J;. Usually the criteria min, J; (x) and min, J>(x) are competing. A common
example is J»(x) := ||x[|3 — minimize J; with small x.
The set of achievable objectives is

{(a,B) € R* | 3 x € R" subject to J; (x) = @, Jr(x) = B}

Its boundary is the optimal trade-off curve and the corresponding x’s are called Pareto optimal.
A common method for “solving” multiobjective optimization problems is secularization. For any u > 0, the
problem

X(u) = argminJ; (x) + pJ(x)

produces a Pareto optimal point. For a convex problem (such as the the multiobjective least-squares), by varying
U € [0,00), x(1) sweeps all Pareto optimal solutions.

1.6

1.4f

1.2f

Ji

0.8
0.6
0.1 0.2 03 04 05
J

Regularized least-squares
Exercise problem 56. Show that the solution of the Tychonov regularization problem
g = argmin [Ax — b|3 + x|}
is
Treg = (ATA+ul,) ATy,

O
Note that X, exists for any p > 0, independent on size and rank of A. The parameter y controls the trade-off
between

e fitting accuracy ||Ax — b||,, and
e solution size ||x||>.

For small u, the solution is larger but gives better fit. For large u, the solution is smaller but the fit is worse. In
the extreme case [ = 0, assuming that the system Ax = b is overdetermined, the regularized least-squares problem is
equivalent to the standard least-squares problem, which does not constrain the size of x. In the other extreme yu — 0,
assuming that Ax = b is underdetermined, the regularized least-squares problem tends to the least-norm problem.
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3.2 Least-norm

Consider an underdetermined system Ax = y, with full rank A € R™*", The set of solutions is
o ={xeR"|Ax=y}={xp+z|z€cker(A)} = x, +ker(4).

where x, is a particular solution, i.e., Ax, = y. The least-norm solution is defined by the optimization problem

2

XIn

:=argmin||x|[2 subjectto Ax=y. (3.3)
X

Exercise problem 57 (Derivation of solution xj, via Lagrange multipliers). Assuming that n > m = rank(A), i.e., A is
full row rank, show that
xm=A"(AAT) Ty,

A geometric interpretation of (1.4) is the projection of O onto the solution set 7.

ker(A) +xp

Rn

Exercise problem 58. The orthogonality principle for least-norm is xj, L ker(A). Show that it is a necessary and
sufficient condition for optimality of xj,

O
Let AT = QR be the QR factorization of A". The right inverse of A is

AT(AAT) " =0QR(R"Q"OR) ' =0QR")",
so that

xm=Q(R")y.

3.3 Total least-squares
The least-squares method minimizes the 2-norm of the equation error e(x) :=y — Ax
min|le||, subjectto Ax=y—e
x,e

Alternatively, the equation error e can be viewed as a correction on y. The total least-squares method is motivated
by the asymmetry of the least-squares method: both A and b are given data, but only b is corrected. The total least
squares problem is defined by the optimization problem

minimize, ; - H [g y] HF subject to  (A+A)x=y+7y

Here A is the correction on A and ¥ is the correction on y. The Frobenius norm ||C||g of C € R"*" is defined as

m n
ICle = /LY. .
i=1j=1
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Geometric interpretation of the total least squares criterion
In the case n = 1, the problem of solving approximately Ax =y is

ay Y1
x=1:]1, where x € R. 3.4)

Am m
A geometric interpretation of the total least squares problem (3.4) is: fit a line
ZL(x):={(a,b) |ax=0b}

passing through the origin to the points (aj,y;),. .., (@m,Ym)-

e least squares minimizes sum of squared vertical distances from (a;,y;) to .Z(x),

e total least squares minimizes sum of squared orthogonal distances from (a;,y;) to .Z(x).

R!

(ai,yi)

o
\

Rt ker([ 1))

(@i, yus.i)

Rl’l

Solution of the total least squares problem
Theorem 59. Let [A y] =UXV" be the SVD of the data matrix [A y] and
Y :=diag(ol,...,0041), U:= [141 un+l]7 V= [Vl Vn+1]-

A total least squares solution exists if and only if vyi1ny1 7# O (last element of v,11) and is unique if and only if

Oy # Ot 1.
In the case when a total least squares solution exists and is unique, it is given by

Vin+1

- 1 .

Xils = —

Vi+ln+1
Vnn+l
and the corresponding total least squares corrections are
Adgs  Vus| = —Opiiltns1V,.
s Yds| = n+1Un+1Vp 41

3.4 Low-rank approximation

The low-rank approximation problem is defined as: Given a matrix A € R™*", m > n, and an integer r, 0 < r < n, find

A*:=argmin|[A—A| subjectto rank(A) <r. (3.5)
A
A* is an optimal rank-r approximation of A with respect to the norm || - ||, e.g.,

m n

[[Ax]|>
HAH]% = Z Z aizj or lA|l2 := max 5
i=1j=1
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Theorem 60 (Solution via SVD). Let A =UXV " be the SVD of A and define

r r—n ; r_on r r—n
U=:[Uy U] n, 2:;[01 EJ o and V=[Vi V] n.

An solution to (3.5) is R
A =UL,\V, .

It is unique if and only if 6, # G, 1.

3.5 Notes and references

Least-squares and least-norm are standard topics in both numerical linear algebra and engineering.

. APPLICATIONS

Numerical aspects

of the problem are considered in [Bj696]. For an overview of total least squares problem, see [MV07]
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