Chapter 4

Solution of linear systems of equation

Introduction

This chapter is devoted to the numerical solution of linear problems of the following form:
Find & € R" such that Az =b, AeR™" beR". (4.1)

Systems of this type appear in a variety of applications. They naturally arise in the context
of linear partial differential equations, which we use as main motivating example. Partial
differential equations govern a wide range of physical phenomena including heat propagation,
gravity, and electromagnetism, to mention just a few. Linear systems in this context often
have a particular structure: the matrix A is generally very sparse, which means that most of
the entries are equal to 0, and it is often symmetric and positive definite, provided that these
properties are satisfied by the underlying operator.

There are two main approaches for solving linear systems:

¢ Direct methods enable to calculate the exact solution to systems of linear equations, up to
round-off errors, in a finite number of steps. Although this is an attractive property, direct
methods are usually too computationally costly for large systems: The cost of inverting a

general n X n matrix, measured in number of floating operations, scales as n3!

o Iterative methods, on the other hand, enable to progressively calculate increasingly accu-
rate approximations of the solution. Iterations may be stopped once the the residual is
sufficiently small. These methods are often preferable when the dimension n of the linear

system is very large.
This chapter is organized as follows.

e In Section 4.1, we introduce the concept of conditioning. The condition number of a matrix
provides information on the sensitivity of the solution to perturbations of the right-hand
side b or matrix A. It is useful, for example, in order to determine the potential impact

of round-off errors.

e In Section 4.2, we present the direct method for solving systems of linear equations. We
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Chapter 4. Solution of linear systems of equation

study in particular the LU decomposition for an invertible matrix, as well as its variant

for symmetric positive definite matrices, which is called the Cholesky decomposition.

e In Section 4.3, we present iterative methods for solving linear systems. We focus in
particular on basic iterative methods based on a splitting, and on the conjugate gradient
method.

4.1 Conditioning

The condition number for a given problem measures the sensitivity of the solution to the
input data. In order to define this concept precisely, we consider a general problem of the
form F(z,d) = 0, with unknown x and data d. The linear system (4.1) can be recast in this
form, with the input data equal to b or A or both. We denote the solution corresponding to
perturbed input data d + Ad by x + Ax. The absolute and relative condition numbers are

defined as follows.

Definition 4.1 (Condition number for the problem F(x,d) = 0). The absolute and relative

condition numbers with respect to perturbations of d are defined as

|Az]] : [Az]|/]]
Kaps(d) = lim | sup K(d)=1lim | sup -————
Lk (M.Q 1ad| D=0\ |2, 1Adl/a]

The short notation K is reserved for the relative condition number, which is often more useful

in applications.

In the rest of this section, we obtain an upper bound on the relative condition number for
the linear system (4.1) with respect to perturbations first of b, and then of A. We use the

notation ||¢|| to denote both a vector norm on R" and the induced operator norm on matrices.

Proposition 4.1 (Perturbation of the right-hand side). Let @ + Ax denote the solution to
the perturbed equation A(x + Ax) = b+ Ab. Then it holds that

Azl _\pja-1y 1A0]
< 4.2
o < IAla (42)
Proof. Tt holds by definition of Az that AAx = Ab. Therefore, we have
- - [[Az]| (A (]
|Az] = AT Ab| < [|ATH[|Ab] = ol 1A A8 < T 1AM Ab]. (4.3)

Here we employed (A.8), proved in Appendix A, in the first and last inequalities. Rearranging
the inequality (4.3), we obtain (4.2). O

Proposition 4.1 implies that the relative condition number of (4.1) with respect to perturbations
of the right-hand side is bounded from above by ||A[|||A=Y||. Exercise 4.1 shows that there are
values of  and Ab for which the inequality (4.2) is an equality, indicating that the inequality

is sharp.
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Studying the impact of perturbations of the matrix A is slightly more difficult, because this
time the variation Ax of the solution does not depend linearly on the perturbation of the data.

Before stating and proving the main result, we show an ancillary lemma.

Lemma 4.2. Let B € R" " be such that ||B|| < 1 in some submultiplicative matriz norm ||«||.

Then | — B s invertible and

1
10 =B) "M < +—z7s (4.4)
1—8]
where | € R™*™ s the identity matriz.
Proof. It holds for any matrix B € R™*" that
| -B"™ = (1-B)(I+B+---+B"). (4.5)

Since ||B|| < 1 in a submultiplicative matrix norm, both sides of the equation are convergent in
the limit as n — oco. The left-hand side converges to the identity matrix |, and the right-hand

side converges as n — oo because {So, S1, ...} with
Sp:=1+B+---+B"

is a Cauchy sequence in the vector space of matrices endowed with the norm for which ||B|| < 1.

Indeed, by the triangle inequality and the submultiplicative property of the norm, it holds that

ISn+m = Snll = [[B"F! + -+ B™H™|
B[ -+ BT < [IB B

Bt
ST Bl o

where we employed the formula for a geometric series in the last inequality. Equating the limits
of both sides of (4.5), we obtain

|:(|—B)§:Bi.
=0

This implies that (I — B) is invertible with inverse given by a so-called Neumann series

(1-B) 1= i B'.
=0

Applying the triangle inequality repeatedly, and then using the submultiplicative property of

the norm, we obtain

> e

=0

Vn € N,

n n
. . 1
< IBI<) HBHZ:?”B”-
i=0 i=0

where we used the summation formula for geometric series in the last equality. Letting n — oo
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in this equation and using the continuity of the norm enables to conclude the proof. O

Proposition 4.3 (Perturbation of the matrix). Let x+Ax denote the solution to the perturbed
equation (A + AA)(z + Ax) = b. If A is invertible and ||AA|| < [[A7L]| 7L, then

|Az]| —1y 1AA] 1
< [AJIIA= = : (4.6)
[Ed| IAI\T = [[ATTAA]

Proof. Left-multiplying both sides of the perturbed equation with A~!, we obtain
(I1+A'AA) (z+Az) =2 < (I+ATTAA) Az = —A"'AAz. (4.7)

Since [[ATTAA| < [|A7L||JAA]| < 1 by assumption, we deduce from Lemma 4.2 that the matrix
on the left-hand side is invertible with a norm bounded as in (4.4). Consequently, using in

addition the assumed submultiplicative property of the norm, we obtain that

IATTAA

Azl = (1 + ATAA) AT AAZ] < "0 1zl
Azl = ||(I + ) x|| 1_HA—1AA||”“’”

which enables to conclude the proof. O

Using Proposition 4.3, we deduce that the relative condition number of (4.1) with respect to

Y|, because the term

perturbations of the matrix A is also bounded from above by ||A|[|A~
between brackets on the right-hand side of (4.6) converges to 1 as ||AA]| — 0.
Propositions 4.1 and 4.3 show that the condition number, with respect to perturbations of

either b or A, depends only on A. This motivates the following definition.

Definition 4.2 (Condition number of a matrix). The condition number of a matrix A asso-

ciated to a vector norm ||«| is defined as
R(A) = [IAJIIATY].
The condition number for the p-norm, defined in Definition A.4, is denoted by x,(A).

Note that the condition number k(A) associated with an induced norm, i.e. a matrix norm
induced by a vector norm, is at least one. Indeed, since the identity matrix has induced norm
1, it holds that

1= 1] = [AAY] < AIA].

Since the 2-norm of an invertible matrix A € R"*" coincides with the spectral radius p(ATA),

the condition number ko corresponding to the 2-norm is equal to

Amax(ATA)

H2(A) = 7>\min(ATA) )

where Amax(ATA) and Apin(ATA) are the maximal and minimal (both real and positive) eigen-

values of the matrix ATA.
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Ezample 4.1 (Perturbation of the matrix). Consider the following linear system with perturbed

wonf() () ) )
To 0.01 0 0.01 0 €

where 0 < € < 0.01. Here the eigenvalues of A are given by \; = 1 and A2 = 0.01. The solution

matrix

when € = 0 is given by (0,1)”, and the solution to the perturbed equation is

r1 + Az . 0
rg + Axy 1+11005 .

Consequently, we deduce that, in the 2-norm,

[AA]]
~ 100 = 100"
‘ 1A

Az ‘ 1002

lzl| |1+ 100e

In this case, the relative impact of perturbations of the matrix is close to k2(A) = 100.

4.2 Direct solution method

In this section, we present the direct method for solving linear systems of the form (4.1) with a

general invertible matrix A € R"*". The direct method can be decomposed into three steps:

e First calculate the so-called LU decomposition of A, i.e. find an upper triangular matrix U
and a unit lower triangular matrix L such that A = LU. A unit lower triangular matrix is

a lower triangular matrix with only ones on the diagonal.
e Then solve Ly = b using a method called forward substitution.
e Finally, solve Ux = y using a method called backward substitution.

By construction, the solution @ thus obtained is a solution to (4.1). Indeed, we have that
Ax = LUx =Ly =b.

4.2.1 LU decomposition

In this section, we first discuss the existence and uniqueness of the LU factorization. We
then describe a numerical algorithm for calculating the factors L and U, based on Gaussian

elimination.

Existence and uniqueness of the decomposition

We present a necessary and sufficient condition for the existence of a unique LU decomposition
of a matrix. To this end, we define the principal submatrix of order i of a matrix A € R™*" as

the matrix A; = A[1 : 4,1 : ¢], in Julia notation.
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Proposition 4.4. The LU factorization of a matriz A € R™", with L unit lower triangular
and U upper triangular, exists and is unique if and only if the principal submatrices of A of

all orders are nonsingular.

Proof. We prove only the “if” direction; see [9, Theorem 3.4] for the “only if” implication.
The statement is clear if n = 1. Reasoning by induction, we assume that the result is
proved up to n — 1. Since the matrix A,_1 and all its principal submatrices are nonsingular
by assumption, it holds that A,,_1 = L,,—1U,_1 for a unit lower triangular matrix L,,_; and an
upper triangular matrix U,_1. These two matrices are nonsingular, for if either of them were
singular then the product A,,_1 = L,,—1U,_1 would be singular as well. Let us decompose A as

follows:

Let £ and u denote the solutions to L,,—ju = ¢ and UL, £ = d. These solutions exist and are
unique, because the matrices L,—; and U,_; are nonsingular. Letting wu,, = apy — (ETu)*l, we

check that A factorizes as

An—l & . Ln—l 0n—1 Un—l u
dT Gnn B eT 1 02:—1 Unn, ‘

This completes the proof of the existence of the decomposition. The uniqueness of the factors

follows from the uniqueness of £, u and ;. O

Proposition 4.4 raises the following question: are there classes of matrices whose principal
matrices are all nonsingular? The answer is positive, and we mention, as an important example,

the class of positive definite matrices. Proving this is the aim of Exercise 4.4.

Gaussian elimination algorithm for computing L and U

So far we have presented a condition under which the LU decomposition of a matrix exists and
is unique, but not a practical method for calculating the matrices L and U. We describe in this
section an algorithm, known as Gaussian elimination, for calculating the LU decomposition of

a matrix. We begin by introducing the concept of Gaussian transformation.
Definition 4.3. A Gaussian transformation is a matrix of the form My = | — c(k)ef, where ey,

is the column vector with entry at index k equal to 1 and all the other entries equal to zero,

and ¢ is a column vector of the following form:
T
®=(00 ... 0 &, ... H.

The action of a Gaussian transformation My, left-multiplying a matrix A € R™*" is to replace

the rows from index k4 1 to index n by a linear combination involving themselves and the k-th
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row. To see this, let us denote by (r());<;<, the rows of a matrix T € R"*™. Then, we have

1 @ r1)
1 2 r(2)
MiT = (I — el T = 1 rk) | = r(k)
_C](ﬁzl 1 'r(k"‘l) r(k+1) — C](Ck;)l’r(k)
*Cglk) 1 fr(n) /r-(n) — Cglk)’l"(k)

We show in Exercise 4.2 that the inverse of a Gaussian transformation matrix is given by
(I—c®el)™t =14 cPel. (4.8)

The idea of the Gaussian elimination algorithm is to successively left-multiply A with Gaussian
transformation matrices M1, then Ms, etc. appropriately chosen in such a way that the ma-
trix A%®), obtained after k iterations, is upper triangular up to column k. That is to say, the
Gaussian transformations are constructed so that all the entries in columns 1 to k under the
diagonal of the matrix A%*®) are equal to zero. The resulting matrix A=Y after n — 1 iterations

is then upper triangular and satisfies
AP =M, ;.. MA.
Rearranging this equation, we deduce that

A=M7to oMt

n—1

)A(nfl)'

The first factor is lower triangular by (4.8) and Exercise 4.3. The product in the definition of

the matrix L admits a simple explicit expression.

Lemma 4.5. It holds that

n—1
ML MLy = (1 eDef) -1+ e Del ) = 1+ 30 el
i=1
Proof. Notice that, for i < 7,
c(i)e;fpc(j)e;p = c(i)(e?c(j))ejr = c(i)Oe;-F =0.
The statement then follows easily by expanding the product. ]

A corollary of Lemma 4.5 is that all the diagonal entries of the lower triangular matrix L

are equal to 1; the matrix L is unit lower triangular. The full expression of the matrix L given
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the Gaussian transformations is

1
cél) 1
1 (2
cy’  Cy 1
L:I+(c(1) .. D 0n>= RO R (4.9)
cg) 053) cg’) c,(lnfl) 1

Therefore, the Gaussian elimination algorithms, if all the steps are well-defined, correctly gives
the LU factorization of the matrix A. Of course, the success of the strategy outlined above
for the calculation of the LU factorization hinges on the existence of an appropriate Gaussian
transformation at each iteration. It is not difficult to show that, if the (k + 1)-th diagonal
entry of the matrix A®) is nonzero for all k € {1,...,n— 2}, then the Gaussian transformation

matrices exist and are uniquely defined.

Lemma 4.6. Assume that A®) is upper triangular up to column k included, with k < n — 2.
Ifa,(igl ki1 > 0, then there is a unique Gaussian transformation matriz My, such that I\/Ik+1A(k)

is upper triangular up to column k + 1. This transformation matriz is given by | — ¢*+tDel

k+1>
where
NO! NO! NO) T
c(k—i—l) — (0 0 0 k+2,k+1 k+3,k+1 n,k+1
= R Q) NO) e T .
k+1,k+1 k+1,k+1 k4+1,k+1

Proof. We perform the multiplication explicitly. Denoting denote by ()1 < i < n the rows
of A% we have

1 rO r@
1 r® r2
Mk+1A(k) — 1 P | = r(k+1)
_ C;(ﬁzl) 1 r(k+2) rE+2) _ cl(!:;l),r.(k+1)
_ kD) 1 r® p() _ B (kD)

We need to show that the matrix on the right-hand side is upper triangular up to column k + 1
included. This is clear by definition of ¢**1) and from the fact that A%*) is upper triangular up

to column k by assumption. O

The diagonal elements a,(ﬁl pi1> where k € {0,...,n — 2}, are called the pivots. We now
prove that, if an invertible matrix A admits an LU factorization, then the pivots are necessarily

nonzero and the Gaussian elimination algorithm is successful.
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Proposition 4.7 (Gaussian elimination works ). If A is invertible and admits an LU factor-

ization, then the Gaussian elimination algorithm is well-defined and successfully terminates.

Proof. We denote by ¢, ..., ¢V the columns of the matrix L — |. Then the matrices given

by My =1— c(k)e;‘g, for k € {1,...,n — 1}, are Gaussian transformations and it holds that
-1 -1
L=M;"---M,
in view of Lemma 4.5. Since A = LU by assumption, the result of the product
Mp—1---MjA=U

is upper triangular. Let us use the notation A®) = My, ---M;A. Our goal is to show that the
matrices Mq,...,M,_1 are the same as those obtained by the Gaussian elimination algorithm.

Of all the Gaussian transformations My,...,M,_1, only M; acts on the second row of the
matrix it multiplies. Therefore, the entry (2,1) of U coincides with the entry (2,1) of A(D,

which implies that a%{ = 0. Then notice that agfl) = agz for all £ > 1, because the entry

(3,1) of the matrix MoA() is given by ag% — cz(f)agg = :(H, and all the other transformation
matrices Mg, ..., M,,_1 leave the third row invariant. Consequently, it holds that ag% =wu31 = 0.

Continuing in this manner, we deduce that A1) is upper triangular in the first column and that,
since A is invertible by assumption, the first pivot a1y is nonzero. Since this pivot is nonzero,
the matrix M; is uniquely defined by Lemma 4.6.

The reasoning can then be repeated with other columns, in order to deduce that Ak g
upper triangular up to column k£ and that all the pivots a,(;z*l) are nonzero. Therefore, all the

Gaussian transformation matrices are uniquely defined given Lemma 4.6. O

Computer implementation

The Gaussian elimination procedure is summarized as follows.
A — AL+ |
forie{l,...,n—1} do
Construct M; as in Lemma 4.6.
AG)  MAGD L LM
end for
U+ Aln=1),
In practice, it is not necessary to explicitly create the Gaussian transformation matrices,
or to perform full matrix multiplications. A more realistic version of the algorithm in Julia is
given below. The code exploits the relation (4.9) between L and the parameters of the Gaussian

transformations.

1 # A is an invertible matrix of size n x n

©
Il

[i==3j71.0: 0.0 for i in 1:n, j in 1:n]

w
[
1]

copy (A)

4 for i in 1:n-1
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5 for r in i+1l:n

6 U[i, i] == 0 && error("Pivotal entry is zero!")
7 ratio = Ulr, il / U[i, il

8 L[r, i] = ratio

9 Ulr, i:end] —= U[i, i:end] * ratio

10 end

11 end

12 # L is unit lower triangular and U is upper triangular

Computational cost

The computational cost of the algorithm, measured as the number of floating point operations
(flops) required, is dominated by the Gaussian transformations, in line 9 in the above code.
All the other operations amount to a computational cost scaling as O(n?), which is negligible

compared to the cost of the LU factorization when n is large. This factorization requires

- and * n—1 for r in i+1:n
= — . 2 3 9
2x (n —1) (n—i+1) flops= 3" +O(n”) flops.

=1

indices [i:end]

{

for i in 1:n-1

4.2.2 Backward and forward substitution

Once the LU factorization has been completed, the solution to the linear system can be obtained
by first using forward, and then backward substitution, which are just bespoke methods for
solving linear systems with lower and upper triangular matrices, respectively. Let us consider
the case of a lower triangular system:

Ly=5>5

Notice that the unknown y; may be obtained from the first equation of the system. Then,
since y; is known, the value of ys can be obtained from the second equation, etc. A simple

implementation of this algorithm is as follows:

# L is unit lower triangular
y = copy(b)
for i in 2:n
for j in 1:i-1
y[il -= L[i, jl * y[j]
end

end

4.2.3 Gaussian elimination with pivoting

The Gaussian elimination algorithm that we presented in Section 4.2.1 relies on the existence
of an LU factorization. In practice, this assumption may not be satisfied, and in this case a

modified algorithm, called Gaussian elimination with pivoting, is required.
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In fact, pivoting is useful even if the usual LU decomposition of A exists, as it enables to
reduce the condition number of the matrices matrices L and U. There are two types of pivoting:
partial pivoting, where only the rows are rearranged through a permutation at each iteration,
and complete pivoting, where both the rows and the columns are rearranged at each iteration.

Showing rigorously why pivoting is useful is beyond the scope of this course. In this section,
we only present the partial pivoting method. Its influence on the condition number of the
factors L and U is studied empirically in FExercise 4.6. It is useful at this point to introduce the

concept of a row permutation matrix.

Row permutation matrix

Definition 4.4. Let o : {1,...,n} — {1,...,n} be a permutation, i.e. a bijection on the
set {1,...,n}. The row permutation matrix associated with o is the matrix with entries
1 ifi=o(j),
Pij =

0 otherwise.

When a row permutation P left-multiplies a matrix B € R™*™, row i of matrix B is moved to
row index (i) in the resulting matrix, for all s € {1,...,n}. A permutation matrix has a single

entry equal to 1 per row and per column, and its inverse coincides with its transpose: P~ = PT.

Partial pivoting

Gaussian elimination with partial pivoting applies for any invertible matrix A, and it outputs 3
matrices: a row permutation P, a unit triangular matrix L, and an upper triangular matrix U.
These are related by the relation

PA = LU.

This is sometimes called a PLU decomposition of the matrix A. It is not unique in general but,
unlike the usual LU decomposition, it always exists provided that A is invertible. We take this
for granted in this course.

The idea of partial pivoting is to rearrange the rows at each iteration of the Gaussian
elimination procedure in such a manner that the pivotal entry is as large as possible in absolute

value. One step of the procedure reads
AFFD) — My 1Py AR, (4.10)

Here Pg1 is a simple row permutation matrix which, when acting on A®) interchanges row k+1
and row ¢, for some index ¢ > k+ 1. The row index ¢ is selected in such a way that the absolute
value of the pivotal entry, in position (k4 1,k + 1) of the product P4 ;A®) | is maximum. The
matrix Mg, 1 is then the unique Gaussian transformation matrix ensuring that AF+1) is upper
triangular up to column k+1, obtained as in Lemma 4.6. The resulting matrix A1 after n—1

steps of the form (4.10) is upper triangular and satisfies
AP =M, 1P, ---MPIA & A= (M, P, 1---MP;)TtACMD,
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The first factor in the decomposition of A is not necessarily lower triangular. However, using
the notation M = M,,_1P,,_1---M{Py and P =P,,_1--- Py, we have

PA=PM~ U= (PM U =: LU. (4.11)

Lemma 4.8 below shows that, as the notation L suggests, the matrix L = (PM~1!) on the right-
hand side is indeed lower triangular. Before stating and proving the lemma, we note that P is
a row permutation matrix, and so the solution to the linear system Ax = b can be obtained by
solving LUz = PTb by forward and backward substitution. Since P is a very sparse matrix, the

right-hand side PTb can be calculated very efficiently.

Lemma 4.8. The matriz L = PM~! is unit lower triangular with all entries bounded in absolute

value from above by 1. It admits the expression

Proof. Let M®) = MPy. - - MPy and P*) = P, ... P;. It is sufficient to show that
PE (ME) ™ =14 (Py-- - PocM)el + (Pr- - Pse)ed + -+ (PreFD)el_ | + eMel (4.12)

for all k € {1,...,n—1}. The statement is clear for £ = 1, and we assume by induction that it

is true up to k — 1. Then notice that

o ) = (P )i
=Py (I + (Pr_1---Pac)el o 4 (P D)el , + c(’“*l)e{_1> P.IM, !

- (I + (PiPy1 - PocM)el + - 4 (PP )el_, + (Pkc(k_l))e£—1> Myt

In the last equality, we used that eZTP/,;1 = (Pkei)T = ezT for alli € {1,...,k — 1}, because the
row permutation P; does not affect rows 1 to k£ — 1. Using the expression M,;l =1+ c(k)e;{,
expanding the product and noting that eJTc(k) = 0if j < k, we obtain (4.12). The statement
that the entries are bounded in absolute value from above by 1 follows from the choice of the

pivot at each iteration. ]

The expression of L in Lemma 4.8 suggests the iterative procedure given in Algorithm 2 for
performing the LU factorization with partial pivoting. A Julia implementation of this algorithm

is presented in Listing 1.

# Auxiliary function
function swap_rows!(i, j, matrices...)
for M in matrices
M_row_i = M[i, :]
MLi, :1 = M[j, :]
M[j, :] = M_row_i

end
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Algorithm 2 LU decomposition with partial pivoting

Assign A «— A and P « |
forie{l,....,n—1} do

Find the row index k& > 7 such that A,(:i_l) is maximum in absolute value.

Interchange the rows ¢ and k of matrices A= and P, and of vectors ¢, ..., =1,

Construct M; with corresponding column vector ¢ as in Lemma 4.6.
Assign A « M;AG—D)

end for

Assign U «+ A(n=1),

Assign L «+ |1 + (c(l) R ) On).
end

n = size(A) [1]
L, U = zeros(n, 0), copy(4)
P=1[i==371.0: 0.0 for i in 1:n, j in 1:n]
for i in 1:n-1
# Pivoting
index_row_pivot = i - 1 + argmax(abs.(U[i:end, i]))

swap_rows! (i, index_row_pivot, U, L, P)

# Usual Gaussian transformation
¢ = [zeros(i-1); 1.0; zeros(n-i)]
for r in i+1l:n
ratio = Ulr, il / U[i, i]
c[r] = ratio
Ulr, i:end] -= U[i, i:end] * ratio
end
L =[L c]
end
L = [L [zeros(n-1); 1.0]]
# It holds that PxA = LxU

Listing 1: LU factorization with partial pivoting.

Remark 4.1. Tt is possible to show that, if the matrix A is column diagonally dominant in the

sense that
n

Vj € {1,...,7’1}, |a’]]| > Z ’aij’7
i=1,i#7]

then pivoting does not have an effect: at each iteration, the best pivot is already on the

diagonal.

4.2.4 Direct method for symmetric positive definite matrices

The LU factorization with partial pivoting applies to any matrix A € R™*™ that is invertible.
If A is symmetric positive definite, however, it is possible to compute a factorization into lower

and upper triangular matrices at half the computational cost, using the so-called Cholesky

decomposition.
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Lemma 4.9 (Cholesky decomposition). If A is symmetric positive definite, then there exists a

lower-triangular matriz C € R™ "™ such that
A =ccT. (4.13)

Equation (4.13) is called the Cholesky factorization of A. The matriz C is unique if we require

that all its diagonal entries are positive.

Proof. Since A is positive definite, its LU decomposition exists and is unique by Propositions 4.4

and 4.7. Let D denote the diagonal matrix with the same diagonal as that of U. Then
A =LD(D™'U).
Note that the matrix D~'U is unit upper triangular. Since A is symmetric, we have
A=AT = (D7'U)T(LD)T.

The first and second factors on the right-hand side are respectively unit lower triangular and
upper triangular, and so we deduce, by uniqueness of the LU decomposition, that L = (D~*U)”
and U = (LD)T. But then

A =LU=LDLT = (LvVD)(vDL)T.

Here v/D denotes the diagonal matrix whose diagonal entries are obtained by taking the square
root of those of D, which are necessarily positive because A is positive definite. This implies the
existence of a Cholesky factorization with C = Lv/D. O

Calculation of the Choleski factor

The matrix C can be calculated from (4.13). For example, developing the matrix product gives
that a1 = cil and so c1,1 = ,/ar,1. It is then possible to calculate c3 1 from the equation ag; =
c2,1¢1,1, and so on. Implementing the Cholesky factorization is the goal of Exercise 4.7.

4.2.5 Direct methods for banded matrices

In applications related to partial differential equations, the matrix A € R™*™ very often has a

bandwidth which is small in comparison with n.

Definition 4.5. The bandwidth of a matrix A € R®"*" is the smallest number k € N such
that a;; = 0 for all (i,5) € {1,...,n}? with |i — j| > k.

It is not difficult to show that, if A is a matrix with bandwidth k, then so are L and U in the
absence of pivoting. This can be proved by equaling the entries of the product LU with those
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of the matrix A. We emphasize, however, that the sparsity structure within the band of A may

be destroyed in L and U; this phenomenon is called fill-in.

Reducing the bandwidth: the Cuthill-McKee algorithm

The computational cost of calculating the LU or Cholesky decomposition of a matrix with
bandwidth k scales as O(nk?), which is much better than the general scaling O(n?) if k < n.
In applications, the bandwidth % is often related to the matrix size n. For example, if A
arises from the discretization of the Laplacian operator, then k = O(y/n) provided that a good
ordering of the vertices is employed. In this case, the computational cost scales as O(n?).
Since a narrow band is associated with a lower computational cost of the LU decomposition,
it is natural to wonder whether the bandwidth of a matrix A can be reduced. A possible strategy
to this end is to use permutations. More precisely, is it possible to identify a row permutation
matrix P such that PAPT has minimal bandwidth? Given such a matrix, the solution to the
linear system (4.1) can be obtained by first solving (PAPT)y = Pb, and then letting & = PTy.
The Cuthill-McKee algorithm is a heuristic method for finding a good, but sometimes not
optimal, permutation matrix P in the particular case where A is a symmetric matrix. It is based
on the fact that, to a symmetric matrix A, we can associate a unique undirected graph whose
adjacency matrix A, has the same sparsity structure as that of A, i.e. zeros in the same places.
For any row permutation matrix P, with corresponding permutation o: {1,...,n} = {1,...,n}
(see Definition 4.4), the matrices P,APL and P,A,PL also have the same sparsity structure.
Therefore, minimizing the bandwidth of P,API is equivalent to minimizing the bandwidth
of P,A.PL. The key insight for understanding the Cuthill-McKee method is that P,A.PT
is the adjacency matrix of the graph obtained by renumbering the nodes according to the
permutation o, i.e. by changing the number of the nodes from i to o (7). Consider, for example,

the following graph and renumbering;:

7 g 11 1 11 1 5 3
/ . 1 1 1 1 1 1 / AN
6 1 11 1 1 1 7 1
\ \ 11 1 1 1 1 \ \
5 2 11 1 - 1 1 1 8 2
AN / 11 1 1 1 1 N /
4—3 1 1 1 1 1 1 6 — 4
1 11 11 1

Here we also wrote the adjacency matrices associated to the graphs. We assume that the nodes
are all self-connected, although this is not depicted, and so the diagonal entries of the adjacency

matrices are equal to 1. This renumbering corresponds to the permutation

i: 123456 78
o(i): 1 2 4 6 8 75 3]’

and we may verify that the adjacency matrix of the renumbered graph can be obtained from
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the associated row permutation matrix:

1 11 1\ (1
1 111 1
1 111 1
PAPT _ 1 111 1
1 111 1
1 111 1
1 111 1
1 1 11 1

In this example, renumbering the nodes of the graph enables a significant reduction of the
bandwidth, from 7 to 2. The Cuthill-McKee algorithm, which was employed to calculate the
permutation, is an iterative method that produces an ordered n-tuple R containing the nodes in
the new order; in other words, it returns (0_1(1), . ,o_l(n)). The first step of the algorithm
is to find the node 7 with the lowest degree, i.e. with the smallest number of connections to other
nodes, and to initialize R = (7). Then the following steps are repeated until R contains all the

nodes of the graph:

e Define A; as the set containing all the nodes which are adjacent to a node in R but not

themselves in R;

e Sort the nodes in A; according to the following rules: a node i € A; comes before j € A; if ¢
is connected to a node in R that comes before all the nodes in R to which j is connected.

As a tiebreak, precedence is given to the node with highest degree.

e Append the nodes in A; to R, in the order determined in the previous item.

‘ ,3 5-3 5-3
— / ) | 1 . 7

b 1
1 | ‘ ‘ |
‘\_/‘ \_’ \'2 \‘4/2 ‘64/2

Figure 4.1: Ilustration of the Cuthill-McKee algorithm. The new numbering of the nodes
is illustrated. The first node was chosen randomly since all the nodes have the same degree.
In this example, the ordered tuple R evolves as follows: (1) — (1,2,8) — (1,2,8,3,7) —
(1,2,8,3,7,4,6) — (1,2,8,3,7,4,6,5).

The steps of the algorithm for the example above are depicted in Figure 4.1. Another
example, taken from the original paper by Cuthill and McKeen [1], is presented in Figure 4.2.

4.3 lterative methods for linear systems

Iterative methods enjoy more flexibility than direct methods, because they can be stopped at
any point if the residual is deemed sufficiently small. This generally enables to obtain a good

solution at a computational cost that is significantly lower than that of direct methods. In this
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Original numbering: 1, 3, 3 4, 5 6 7, 8 9 Our renumbering: 1 4 g 14 18 24 28 34 39
Y ' T - - e
Bandwidth: 36 j l . N . i \
10, 13 13 13, 14 15, 1] 17, 18 Bandwidth: 5 % 6.4 11y 18, 21, 26, 31, 36, 41
| | I 4 i Nodes on
| | Nodes on ' these two
19, 80521, 22 23, 24y 25, 26, 813 theee lines 5, 10, 18, 20, 255 30, 35, 40, 44 iines should
| should be i be identified
identified | ) with each
24 30, 31} 32, 33| 34} 35, 36{ with eagch 7y 1%, 17, 22, 27, 32, 37, 43, 4% othen
i other. !
: | H | }
37 38, 39, 404 a1l 4zl 45| 44 45 / 3 54 13, 18, 23, 23, 33, 35 43/
]
i | | | {
P o dy Sy 6, 74 8 9 1{ 4 3 14 1% 24 28 34 39

Figure 4.2: Example from the original Cuthill-McKee paper [1].

section, we present and study two classes of iterative methods: basic iterative methods based

on a splitting of the matrix A, and the so-called Krylov subspace methods.

4.3.1 Basic iterative methods

The basic iterative methods are particular cases of a general splitting method. Given a splitting
of the matrix of the linear system as A = M — N, for a nonsingular matrix M € R™*™ and a
matrix N € R"*", together with an initial guess &(®) of the solution, one step of this general
method reads

MzF+D) = Nz + b, (4.14)

For any choice of splitting, the exact solution «, to the linear system is a fixed point of this
iteration, in the sense that if (® = x,, then ) = x, for all ¥ > 0. Equation (4.14) is
a linear system with matrix M, unknown «**+1) and right-hand side Nz(®*) + b. There is a
compromise between the cost of a single step and the speed of convergence of the method.
In the extreme case where M = A and N = 0, the method converges to the exact solution
in one step, but performing this step amounts to solving the initial problem. In practice, in
order for the method to be useful, the linear system (4.14) should be relatively simple to solve.
Concretely, this means that the matrix M should be diagonal, triangular, block diagonal, or

block triangular. The error e®) and residual 7*) at iteration k are defined as follows:
e®) =2 _ g, r) = Az®) _ p,

Convergence of the splitting method

Before presenting concrete examples of splitting methods, we obtain a necessary and sufficient

condition for the convergence of (4.14) for any initial guess x(©).

Proposition 4.10 (Convergence). The splitting method (4.14) converges for any initial
guess £ if and only if p(M~IN) < 1. In addition, for any ¢ > 0 there exists K > 0
such that

VE2 K, e®] < (o(MTIN) +¢)"|e)]. (4.15)

Proof. Let x, denote the solution to the linear system. Since Mz, — Nx, = b, we have

M(z* D) — 2,) = N(z® — x,).
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Using the assumption that M is nonsingular, we obtain that the error satisfies the equation
e(k:+1) — (M—lN)e(k‘)
Applying this equality repeatedly, we deduce that

e® = (M IN)eFD) = ... = (M~IN)ke®, (4.16)

Proof that p(M~!'N) < 1 is necessary for convergence. We prove the equivalent claim that
if p(M~IN) > 1, then there exists (9 such that the method is not convergent. Indeed, assume
that (@ = z, + v, where v is the eigenvector of M—'N associated with the eigenvalue of
largest modulus. Then e(® = v and the right-hand side of (4.16) does not converge to 0 in
the limit as k — 0, because

I(MINY*e@ | = p(MTIN)F 0@ = [[v].
Thus, the condition p(M~!N) < 1 is necessary to ensure convergence for all initial guess z(©).

Proof that p(M~!N) < 1 is sufficient for convergence. In order to show that the condition
is also sufficient, note that by (4.16)

vk>0, e < [[((MTIN)¥]le®].
By Gelfand’s formula, proved in Proposition A.9 of Appendix A, it holds that
1
Jim [((MTINYE||% = p(MTIN). (4.17)
—00

Therefore, we deduce that if p(M~IN) < 1, then |[[(M~'N)¥|| — 0 and so e®¥) — 0. In addition,
it follows from (4.17) that for all € > 0 there is K € N such that

k=K, [[(MTINEE < p(MTIN) + e

Rearranging this inequality gives (4.15). O

At this point, it is natural to wonder whether there exist sufficient conditions on the matrix A
such that the inequality p(M~!N) < 1 is satisfied, which is best achieved on a case by case basis.
In the next sections, we present four instances of splitting methods. For each of them, we obtain
a sufficient condition for convergence. We are particularly interested in the case where the
matrix A is symmetric (or Hermitian) and positive definite, which often arises in applications,
and in the case where A is strictly row or column diagonally dominant. We recall that a matrix

A is said to be row or column diagonally dominant if, respectively,

@il =) lagl Vi oor ag =) lay| Vi
i i
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Richardson’s method

Arguably the simplest splitting of the matrix A is given by A = %I — (%I — A), for some

parameter w € R, which leads to Richardson’s method:
2+t = 2 4 (b — Az)). (4.18)

In this case the spectral radius which enters in the asymptotic rate of convergence is given by

0 = (s (21-2)) o1

The eigenvalues of the matrix | — wA are given by 1 —w;, where (\;)1<i<r are the eigenvalues

of A. Therefore, the spectral radius is given by

p(M7IN) = max |1 — w)y].
1<i<L
If the eigenvalues of the matrix A do not either (i) all have a positive real part or (ii) all have
a negative real part, then

Yw e R, max |1 —wh;| > 1.
1<i<L

In other words, by Proposition 4.10, there is for any choice of w € R some x(®) such that
Richardson’s method is non-convergent. Therefore, in order for convergence to hold for all (®,
it is necessary that the eigenvalues of A either all have a positive real part, or all have a negative
real part. We focus in the next paragraph on the latter case and we also assume, for simplicity,

that A is symmetric.

Case of symmetric positive definite A. If the matrix A is symmetric and positive definite, the
eigenvalues of A are all real and positive, and it is possible to explicitly calculate the optimal
value of w for convergence. In order for convergence to be as fast as possible, the spectral radius
of M~IN should be as small as possible, in view of Proposition 4.10. Denoting by Amin and Amax
the minimum and maximum eigenvalues of A, it is not difficult to show that

p(M~IN) = 112&)2]1 — wi| = max{|1 — wAmin|, |1 — WAmax|}.
The maximum is minimized when its two arguments are equal, i.e. when 1 —wApin = WAmax — 1.

From this we deduce the optimal value of w and the associated spectral radius:

2 2)\min )\max - >\min KQ(A) -1
Popt = 1— = = .
Amax + Amin Amax + Amin K2 (A) +1

Wopt = ,
)\max + >\min

We observe that the smaller the condition number of the matrix A, the better the asymptotic

rate of convergence.

Remark 4.2 (Link to optimization). In the case where A is symmetric and positive definite,

the Richardson update (4.18) may be viewed as a step of the steepest descent algorithm for
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the function f(z) = z”Az — bl x:
e* ) = 2®) _ v f(2®). (4.19)

The gradient of this function is Vf(x) = Ax — b, and its Hessian matrix is A. Since the
Hessian matrix is positive definite, the function is convex and attains its global minimum

when V f is zero, i.e. when Az = b.

Jacobi’s method

In Jacobi’s method, the matrix M in the splitting is the diagonal matrix D with the same entries
as those of A on the diagonal. We denote by L and U the lower and upper triangular parts of A,
without the diagonal. One step of the method reads

Dz D) = (D - A)z™ + b= —(L+U)z™ +b (4.20)

Since the matrix D on the left-hand side is diagonal, this linear system with unknown a®*+1) is
very simple to solve. The equation (4.20) can be rewritten as
a11$§k7+1) + alszék) + -+ a1n$$1k) =b

an ) + agoxl 4o ague® = by

anlxgk) + an2xgk) + -+ annngjq) = by.

The updates for each of the entries of £**1) are independent, and so the Jacobi method lends
itself well to parallel implementation. The computational cost of one iteration, measured in
number of floating point operations required, scales as O(n?) if A is a full matrix, or O(nk)
if A is a sparse matrix with k£ nonzero elements per row on average. It is simple to prove the

convergence of Jacobi’s method is the case where A is diagonally dominant.

Proposition 4.11. Assume that A is strictly (row or column) diagonally dominant. Then it
holds that p(M~'N) < 1 for the Jacobi splitting.

Proof. Assume that X is an eigenvalue of M~'N and v is the associated unit eigenvector. Then
MNv=X < Nv=MMv < (N-AM)v=0.
In the case of Jacobi’s splitting, this is equivalent to
—(L+AD+U)v =0.

If |A] > 1, then the matrix on the left-hand side of this equation is diagonally dominant and
thus invertible (see Exercise 4.9). Therefore v = 0, but this is a contradiction because v is
vector of unit norm. Consequently, all the eigenvalues are bounded from above strictly by 1 in

modulus. O
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Gauss—Seidel’s method

In Gauss Seidel’s method, the matrix M in the splitting is the lower triangular part of A,
including the diagonal. One step of the method then reads

(L+D)z*+Y = —uz® 4+ b (4.21)

The system is solved by forward substitution. The equation (4.21) can be rewritten equivalently

as

(a111’§k+]) + a12$gk) + a13fb“§,k) +otapal) = b
azﬂgkﬂ) + a22$gk+l) + a23555(),k) + o+ ageal) = by
(k+1) (k+1) (k+1)

a3y + asox + a33xy + -+ a3n$7(1k) = b3

(k+1)

(k+1)
An1xy + ano

xgkdrl) + n3Tg + -4+ ann$1(1k+1) = bn'

Given z® | the first entry of (1) is obtained from the first equation. Then the value of the
second entry is obtained from the second equation, etc. Unlike Jacobi’s method, the Gauss—
Seidel method is sequential and the entries of £+ cannot be updated in parallel.

It is possible to prove the convergence of the Gauss—Seidel method in particular cases. For
example, the method converges if A is strictly diagonally dominant. Proving this, using an
approach similar to that in the proof of Proposition 4.11, is the goal of Exercise 4.18. It is also
possible to prove convergence when A is Hermitian and positive definite. We show this in the

next section for the relaxation method, which generalizes the Gauss—Seidel method.

Relaxation method

The relaxation method generalizes the Gauss—Seidel method. It corresponds to the splitting

A= <B +L) - (1;“’[)— u> . (4.22)

When w = 1, this is simply the Gauss—Seidel splitting. The idea of the relaxation method is
that, by letting w be a parameter that can differ from 1, faster convergence can be achieved.
This intuition will be verified later. The equation (4.14) for this splitting can be rewritten

equivalently as

all(xng) - Jng)) =W (anxﬁk) + a12:18§k) + alna?,(f) - bl>

- (:Egkﬂ) _ xék)) - W (aﬂx(kﬂ) i agga;gk) T b2)

Ann (xff*l) — :cg“)) =—w <an1x§k“) + anga:ng) 4+ appa®) — bn> )
\

The coefficient on the right-hand side is larger than in the Gauss—Seidel method if w > 1, and
smaller if w < 1. These regimes are called over-relazation and under-relaxation, respectively.

To conclude this section, we establish a sufficient condition for the convergence of the re-
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laxation method, and also of the Gauss—Seidel method as a particular case when w = 1, when
the matrix A is Hermitian and positive definite. To this end, we begin by showing the following

preparatory result, which concerns a general splitting A =M — N.

Proposition 4.12. Let A be Hermitian and positive definite. If the Hermitian matriz M* 4+ N
is positive definite, then p(M~IN) < 1.

Proof. First, notice that M* 4+ N is indeed Hermitian because
(M*4+N)*=M+N*"=A+ N+ N

We will show that |[M~IN||a < 1, where ||¢||a is the matrix norm induced by the following norm

on vectors:

|lz||a == Va*Ax.

Showing that this indeed defines a vector norm is the goal of Exercise 4.11. Since N =M — A,
it holds that [[M™IN|[a = ||l = M~!A]a, and so

IMTINJla = sup{|lz — M~ Az||a : [|lz[la < 1}.
Take € R™ with ||z|a < 1 and let y = M~'Az. We calculate

|z — MTIAZ|% = x*Ax — y*Ax — x*Ay + y* Ay
=z*Az — y*"MM Az — (M~ 1Az)*"M*y + y*Ay
=x"'Az — y"My — y*"M 'y + y*(M - N)y
=z'Az—y" M +N)y<1-y" M +N)y < 1,
where we used in the last inequality the assumption that M* + N is positive definite. This

inequality holds true for all z € R™ with ||z||a = 1, and so we conclude that |[M~IN|a < 1,
which implies that p(M~N) < 1. O

As a corollary, we obtain a sufficient condition for the convergence of the relaxation method.

Corollary 4.13. Assume that A is Hermitian and positive definite. Then the relaxation method

converges if w € (0,2).

Proof. For the relaxation method, we have

M+N*:<D+L>+<HD—U> .
w w

Since A is Hermitian, it holds that D* = D and U* = L. Therefore,

2_
M+ N* =~ —“p.
w
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The diagonal elements of D are all positive, because A is positive definite. (Indeed, if there
was an index ¢ such that d;; < 0, then it would hold that eiTAei = d;; < 0, contradicting the
assumption that A is positive definite.) We deduce that M + N* is positive definite if and only
if w € (0,2). We can then conclude the proof by using Proposition 4.12. O

Note that Corollary 4.13 implies as a particular case the convergence of the Gauss—Seidel
method when A is Hermitian and positive definite. The condition w € (0,2) is in fact necessary
for the convergence of the relaxation method, not only in the case of a Hermitian positive

definite matrix A but in general.

Proposition 4.14 (Necessary condition for the convergence of the relaxation method). Let
A € C™" be an invertible matriz, and let A = My, — N, denote the splitting of the relazation

method with parameter w. It holds that
Vw#0,  p(MZ'Ny) > |w —1].
Proof. We recall the following facts:
e the determinant of a product of matrices is equal to the product of the determinants.

e the determinant of a triangular matrix is equal to the product of its diagonal entries;

e the determinant of a matrix is equal to the product of its eigenvalues, to the power of
their algebraic multiplicity. This can be shown from the previous two items, by passing

to the Jordan normal form.
Therefore, we have that

_det (12D )

det(M_'N,,) = det(M,) " det(N,) = Gt (P 1) =(1-w)"

Since the determinant on the left-hand side is the product of the eigenvalues of M;'N,,, it is
bounded from above in modulus by p(M_N,)", and so we deduce p(M_'N,)" > |1 — w|™. The
statement then follows by taking the n-th root. O

Comparison between Jacobi and Gauss—Seidel for tridiagonal matrices

For tridiagonal matrices, the convergence rate of the Jacobi and Gauss—Seidel methods satisfy
an explicit relation, which we prove in this section. We denote the Jacobi and Gauss—Seidel
splittings by M7 — N and Mg — Ng, respectively, and use the following notation for the entries
of the matrix A:

ar b

1
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Before presenting and proving the result, notice that for any u # 0 it holds that

[ pt ai  ph

: A S [ B . (4.23)

,u_lbnfl
2 UCn—1 an

Proposition 4.15. Assume that A is tridiagonal with nonzero diagonal elements, so that
both M7 =D and Mg = L + D are invertible. Then

p(Mg'Ng) = p(M7'N7)?
Proof. If A is an eigenvalue of I\/IC_llNg with associated unit eigenvector v, then
M;'Ngv =X & Ngv=AMMgv & (Ng—AMg)v = 0.
For fixed )\, there exists a nontrivial solution v to the last equation if and only if
pg(A) :=det(Ng — AMg) = —det(AL + AD + U) = 0.
Likewise, X is an eigenvalue of M}lN 7 if and only if
p7(A) :==det(Ny — AM ) = —det(L + AD + U) = 0.
Now notice that
pg(A?) = —det(A’L+ A*D 4+ U) = —A"det (AL + (AD) + A~'U).
Applying (4.23) with = X # 0, we deduce
pg(A?) = —=A"det(L + AD + U) = A"p7()\)

It is clear that this relation is true also if A = 0. Consequently, it holds that if X is an eigenvalue
of the matrix I\/I}lN 7 then )2 is an eigenvalue of Mg 1Ng. Conversely, if A is an eigenvalue

of MélNg, then the two square roots of A\ are eigenvalues of M}lN 7 O

If a matrix A is tridiagonal and Toeplitz, i.e. if it is of the form
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then it is possible to prove that the eigenvalues of A are given by

k
)\k:a+2\/%cos< T

n+1

), k=1,...,n. (4.24)

In this case, the spectral radius of M}lN 7 can be determined explicitly.

Monitoring the convergence

In practice, we have access to the residual r*) = Az(*) — b at each iteration, but not to the
error e = () — gz as calculating the latter would require to know the exact solution of the

problem. Nevertheless, the two are related by the equation
rf) = pe®) o e = A7),

Therefore, it holds that ||e® || < |[A~!||||r*)|. Likewise, the relative error satisfies

le®™]] _ [IA"' @]

sl [IATB]

and since ||b]| = ||AA=D| < ||Al||A~1b], we deduce

le™]]

EX

I ™)
bl

r(A)

The fraction on the right-hand side is the relative residual. If the system is well conditioned,
that is if kK(A) is close to one, then controlling the relative residual enables a good control of

the relative error.

Stopping criterion

In practice, several criteria can be employed in order to decide when to stop iterating. Given a
small number ¢ (unrelated to the machine epsilon in Chapter 1), the following alternatives are

available:

« Stop when [|#*®)|| < e. The downside of this approach is that it is not scaling invariant:

when used for solving the following rescaled system
kAx = kb, k#1,

a splitting method with rescaled initial guess kz(®) will require a number of iterations
that depends on k: fewer if k < 1 and more if k£ > 1. In practice, controlling the relative

residual and the relative error is often preferable.

o Stop when ||#®)||/||*®)| < e. This criterion is scaling invariant, but the number of

iterations is dependent on the quality of the initial guess z(©).

o Stop when ||#(®)||/||b||. This criterion is generally the best, because it is both scaling

invariant and the quality of the final iterate is independent of that of the initial guess.
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4.3.2 The conjugate gradient method

As already mentioned in Remark 4.2, when the matrix A € R™*™ in the linear system Ax = b
is symmetric and positive definite, the system can be interpreted as a minimization problem for
the function )

f(x) = inAm — bl (4.25)
The fact that the exact solution x, to the linear system is the unique minimizer of this function

appears clearly when rewriting f as follows:
1 T L 7
f(x) = 5(56 —x,) Al — x,) — 533* Ax,. (4.26)

The second term is constant with x, and the first term is strictly positive if x —x, # 0, because A
is positive definite. We saw that Richardson’s method can be interpreted as a steepest descent

with fixed step size,
e* D) — 2B _ 7 (™),

In this section, we will present and study other methods for solving the linear system (4.1)
which can be viewed as optimization methods. Since A is symmetric, it is diagonalizable and

the function f can be rewritten as

flx) = %(m —z,)TQDQT (z — x,) — %m*TAaz*

1 1
i(QTe)TD(QTe) — ia:*TAa:*, e=T — T,.

Therefore, we have that
1 1
f@) =35> anf - jalAz,  n=Q (@),
i=1

where (\;)1<i<n are the diagonal entries of D. This shows that f is a paraboloid after a change
of coordinates.
Steepest descent method

The steepest descent method is more general than Richardson’s method in the sense that the
step size changes from iteration to iteration and the method is not restricted to quadratic

functions of the form (4.25). Each iteration is of the form
e* ) = 2B _ v F(a®).

It is natural to wonder whether the step size wy can be fixed in such a way that f(a(*+1)
is as small as possible. For the case of the quadratic function (4.25), this value of wy can be

calculated explicitly for a general search direction d, and in particular also when d = V f (:p(k)).
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We calculate that

T T

flax®)) = f(m(k) — wpd) = % (ac(k) — wkd) A (a:(k) - wkd) — (w(k) - wkd) b

2
= (@) + Zrd"Ad - wd" V). (4.27)

When viewed as a function of the real parameter wy, the right-hand side is a convex quadratic

function. It is minimized when its derivative is equal to zero, i.e. when

dTrk)

d'Ad — d¥' (Az;, —b) =0 = =
“k (Azi =b) kT dTAd

(4.28)

The steepest descent algorithm with step size obtained from this equation is summarized in Al-
gorithm 3 below. By construction, the function value f (m(k)) is nonincreasing with k, which is
equivalent to saying that the error & — @, is nonincreasing in the norm = — vVaxZAz. In order

to quantify more precisely the decrease of the error in this norm, we introduce the notation
Ep = ||z — z.]Z := (® —z,)TA@z® — x,) = (Az® — b)TA 1 (Az®) —b).

We begin by showing the following auxiliary lemma.

Lemma 4.16 (Kantorovich inequality). Let A € R™*™ be a symmetric and positive definite

matriz, and let Ao < ... < A, denote its eigenvalues. Then for all nonzero z € R™ it holds that

(272)? S AN,
(2TAz)(2TA12) 7 (AL + M2

Proof. By the AM-GM (arithmetic mean-geometric mean) inequality, it holds for all ¢ > 0 that

1 1
\/(zTAz)(zTA—lz) = \/(tzTAz)(t—lzTA—lz) < 5 <tzTAz + tzTAlz>

1 1
= izT (tA + tA1> z.

The matrix on the right-hand side is also symmetric and positive definite, with eigenvalues
equal to t)\; + (tA\;)~!. Therefore, we deduce

1
Vit >0, \/(zTAz)(zTA_lz) <= < max tA\; + (t/\i)1> 2Tz (4.29)
2 ie{l,...,n}

The function z + 2 + 27! is convex, and so over any closed interval [Zmin, Tmax] it attains its

maximum either at Ty, or at rmax. Consequently, it holds that

1 1
tA; ) l) = s LAn .
(m?ffl.%n} i + (tN;) > max {t)\l + ™ tAn + t)\n}

In order to obtain the best possible bound from (4.29), we should let ¢ be such that the maximum
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is minimized, which occurs when the two arguments of the maximum are equal:

1 1 1
th+-—=t\,+— = t=

t\ tAn NP

For this value of ¢, the maximum in (4.29) is equal to
Pi e
An A1
By substituting this expression in (4.29) and rearranging, we obtain the statement. O

We are now able to prove the convergence of the steepest descent method.

Theorem 4.17 (Convergence of the steepest descent method). It holds that

Proof. Substituting 2*+t1) = 2*) — . d in the expression for Ej.+1, we obtain

By = (2 —wpd — 2.)"A@@® — wid — )
= By — 2w d”r® + w2d"Ad

(d'd)? (d”d)?
B (1 - (dTAdxdTA-ld)) B

Using the Kantorovich inequality, we have

4M A A=A (mg(A)—1>2
B < (1- 22" VB < Er= (220" ") E.
ht < ()\1+)\n)2> k <)\1+)\n) P\ k(A +1) TF

We immediately deduce the statement from this inequality. O

Algorithm 3 Steepest descent method

1: Pick € and initial @
2:r+ Axz—0>b

3: while ||| > €||b|| do
4 d«r

5. wedlr/d'Ad

6 xr <+ x—wd

7 r< Az —b

8: end while

Preconditioned steepest descent

We observe from Theorem 4.17 that the convergence of the steepest descent method is faster
when the condition number of the matrix A is low. This naturally leads to the following question:

can we reformulate the minimization of f(x) in (4.25) as another optimization problem which
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is of the same form but involves a matrix with a lower condition number, thereby providing
scope for faster convergence? In order to answer this question, we consider a linear change of

coordinates y = T~ 'a, where T is an invertible matrix, and we define

Fly) = £(Ty) = 59" (TTAT)y — (T75)"y, (4.30)
This function is of the same form as f in (4.25), with the matrix A := TTAT instead of A
and the vector b := TTb instead of b. Its minimizer is y, = T 'x,. The steepest descent
algorithm can be applied to (4.30) and, from an approximation y®) of the minimizer y,, an
approximation x®) of @, is obtained by the change of variable £*) = Ty®*). This approach
is called preconditioning. By Theorem 4.17, the steepest descent method satisfies the following

error estimate when applied to the function (4.30):

ko(TTAT) — 1

2
Ko(TTAT) —1 — (®) oy VTR (%) _
AT 1) Be = 0 - u) A - ),

= (z® —z)TA(z® —z,).

Epi1 < <

Consequently, the convergence is faster than that of the usual steepest descent method if
k2(TTAT) < ka(A). The optimal change of coordinates is given by T = C~T where C is
the factor of the Cholesky factorization of A as CCT. Indeed, in this case

TIAT =Cc'ccfc T = = ro(TTAT) =1,

and the method converges in a single iteration! However, this iteration amounts to solving the
linear system by direct Cholesky factorization of A. In practice, it is usual to define T from an
approximation of the Cholesky factorization, such as the incomplete Cholesky factorization.
To conclude this section, we demonstrate that the change of variable from x to y need not
be performed explicitly in practice. Indeed, one step of the steepest descent algorithm applied

to function freads

y(k+1) - y(k) _ gk(ﬂy(k) _ 5)7 Op = — TR

Letting ®) = Ty®), this equation can be rewritten as the following iteration:

dT (k)
e® ) = 2® —Gid, @ = §L7
dTAd),

dy = T'T(Az® —b).
A comparison with (4.28) shows that the step size Uy, is such that f(z*+1)) is minimized. This
reasoning shows that the preconditioned conjugate gradient method amounts to choosing the

k)

direction d® = TTTr(*) at each iteration, instead of just ) as is apparent in Algorithm 4.

It is simple to check that —d™® is a descent direction for f:

—V (@) (T"T(Az — b)) = —(T(Az — b))" (T(Az — b)) < 0.
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Algorithm 4 Preconditioned steepest descent method

1: Pick €, invertible T and initial
2:r<+ Ax—>

3: while ||7|| > ¢||b|| do

4 d« TITr

5. wdlr/d'Ad

6 T+ x—wd

7 r+— Ax—b

8: end while

Conjugate directions method

Definition 4.6 (Conjugate directions). Let A be a symmetric positive definite matrix. Two
vectors dy and dg are called A-orthogonal or conjugate with respect to A if d,{AdQ =0, i.e.
if they are orthogonal for the inner product (x,y)a = xz” Ay.

Assume that dy, ..., d,_1 are n pairwise A-orthogonal nonzero directions. By Exercise 4.19,
these vectors are linearly independent, and so they form a basis of R™. Consequently, for any

0)

initial guess 2 the vector () — z,, where z, is the solution to the linear system Ax = b,

can be decomposed as

0)

20—z, = aody + -+ ap_1d,—1.

Taking the (e, #)a inner product of both sides with dy, with &k € {0,...,n — 1}, we obtain an

expression for the scalar coefficient ay:

diA(z® —2,)  dF(Az©) —b)
ak = e
di Ady dl Ady

Therefore, calculating the expression of the coefficient does not require to know the exact
solution @, but only the residual (! Given conjugate directions, the exact solution can be

obtained as
dlr©
~ dlAdy,

n—1
Ty — ZL'(O) — Z Ozkdk, QL (4.31)
k=0

If (9 = 0, then r(©) = —b and this equations gives that

n—1 T n—1 T
=D ragr % =\ 2 A )
k=0 @k MOk k=0 @k MOk

which implies that that the inverse of A is given by

n—ld dT
A=) ’“V’“ vy = di Ady,.
k
k=0

The conjugate directions method is illustrated in Algorithm 5. Its implementation is very similar

to that of the steepest descent method, the only difference being that the descent direction at
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iteration k is given by dj, instead of »(¥). In particular, the step size at each iteration is such
that f(z*+1) is minimized.

Algorithm 5 Conjugate directions method

: Assuming dy, ..., d,_1 are given.
. Pick initial 2(*)
: for kin {0,...,n —1} do
rB) = azk) _p
wy, = dFr®) /dLAdy,
2D = 20 Z o d,
end for

NP R W

Let us now establish the connection between the Algorithm 5 and (4.31), which may not
be immediately apparent because (4.31) involves only the initial residual Az(©) — b, while the

k)

residual at the current iteration »(*) is used in the algorithm.

Proposition 4.18 (Convergence of the conjugate directions method). The vector z®) ob-

tained after k iterations of the conjugate directions method is given by

0 _ 0N dir®
'\ =g\ — gaidi, o = diTAdi' (4.32)

In particular, the method converges in at most n iterations.

Proof. Let us denote by y*) the solution obtained after k steps of Algorithm 5. Our goal is to
show that y*) coincides with 2*) defined in (4.32). The result is trivial for k = 0. Reasoning
by induction, we assume that it is true up to k. Then performing step k£ + 1 of the algorithm

gives -
d,r
(1) — ) _ ,.d wp = —& .
On the other hand, it holds from (4.32) that
dLr(0)
e* D) — 2B _ o, dy, oy = ;T .
di, Ady,

By the induction hypothesis, it holds that y*) = 2(*), so in order to prove that y++1) = g+,

it is sufficient to show that w; = oy, i.e. that
dir® =dl'r® o 4™ —rO) =0 < dIa@E® —20)=0.

The latter equality is obvious from the A-orthonormality of the directions. O

Since wy in Algorithm 5 coincides with the expression in (4.28), the conjugate directions

algorithm satisfies the following “local optimization” property: the iterate &*+1) minimizes f
on the straight line w x®) — wd. In contrast with the steepest descent method, however,

the conjugate directions method also satisfies the following stronger property.

106



Chapter 4. Solution of linear systems of equation

Proposition 4.19 (Optimality of the conjugate directions method). The iterate %) is the
minimizer of f over the set ©©) 4+ By, where By, = Span{dy, . .., d_,}.

Proof. By (4.31), it holds that

- dT ()
0 § : ]

On the other hand, any vector y € (© + By, can be expanded as
y=2 - Bodo — - — Br_1dj_1.

Employing these two expressions, the formula for f in (4.26), and the A-orthogonality of the

directions, we obtain

1 1
fly) = §(y — ) Ay - z.) - ST AT,
1 1
— - Z — o;)?dlAd; + = . > ajdlAd; — §ac*TAas*
i=k
This is minimized when 3; = «; for all ¢ € {0,...,k — 1}, in which case y coincides with the
k-th iterate ) of the conjugate directions method in view of Proposition 4.18. O

Remark 4.3. Let ||¢||a denote the norm induced by the inner product (e, «)a. Since

2% = 2,]la = y/2f(2®) + 2T Az,

Proposition 4.19 shows that 2*) minimizes the norm ||£*) — x, ||a over (%) +- By,. This is not
surprising since, by construction, the vector ¥) — z, is the orthogonal projection of (9 — x,

onto Bi, for the inner product (e, ).

A corollary of (4.19) is that the gradient of f at ™) ie. the residual 7*) = Az®*) — b, is
orthogonal to any vector in {dy, ..., d_1} for the usual Euclidean inner product. This can also

be checked directly from the formula

a7+
— Ty = 1,y U= T A
Z i %= TG,

which follows directly from Proposition 4.18. Indeed, it holds that

Vie{o,....k—1},  dlr® =d;A@e® —x,) Zazdd—o. (4.33)
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The conjugate gradient method

In the previous section, we showed that, given n conjugate directions, the solution to the
linear system Axz = b can be obtained in a finite number of iterations using Algorithm 5. The
conjugate gradient method can be viewed as a particular case of the conjugate directions method.
Instead of assuming that the conjugate directions are given, they are constructed iteratively
as part of the algorithm. Given an initial guess (9, the first direction is the residual r(©),
which coincides with the gradient of f at 2(9). The directions employed for the next iterations
are obtained by applying the Gram-Schmidt process to the residuals. More precisely, given
conjugate directions dy, . ..,d;_1, and letting ®) denote the k-th iterate of the conjugate

directions method, the direction dj is obtained by

k—1

d} Ar(®
dp=r® 3" g, e = Az b, (4.34)
— dTAd;

It is simple to check that dj is indeed A-orthogonal to d; for ¢ € {0,...,k — 1}, and that dy, is
nonzero if r(¥) is nonzero. To prove the latter claim, we can take the Euclidean inner product
of both sides with »*) and use Proposition 4.19 to deduce that

dir® = (p)Tpk) > 0, (4.35)

Note also that since the directions are obtained by applying the Gram—Schmidt process to the
residuals, it holds that

Vk € {0,...,n— 1}, Bj.11 := Span {d,, . ..,d;} = Span {r(o),...,r(k)}. (4.36)

The following result characterizes precisely the subspace By1.

Proposition 4.20. Assume that ||| # 0 for all k < m < n. Then it holds that
Vk € {0,...m}, Span {r(o), rO r(k)} = Span {r(o), Ar© . ,Akr(o)} (4.37)

The subspace on the right-hand side is called a Krylov subspace.

Proof. The result is clear for k = 0. Reasoning by induction, we prove that if the result is true

up to k < m, then it is also true for & + 1. A simple calculation gives that

P+ — A <a:(k) — wkdk> -b

= r®) — o Ady,. (4.38)
From (4.34), we deduce that

k=1 A (k
d!' Ar(k)
(k+1) — n(B) — G A [ r®) — T A
r r w r E i -
' ( i=0 d{ Ad; )
By (4.36) and the induction hypothesis, the bracketed expression on the right-hand side belongs
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to By1, so the inclusion C in (4.37) is clear. The inclusion O then follows from the fact the

dimension of the subspace
Span {dp, . ..,d;} = Span {r(o), e ,r(k)}

is equal to k + 1. O

It appears from (4.34) that the cost of calculating a new direction grows linearly with the
iteration index. In fact, it turns out that only the last term in the sum is nonzero, and so the
cost of calculating a new direction does not grow with the iteration index k. Indeed, notice that
if i <k —2, then

d'Ar® = (Ady)TAr®) =0,

because Ad; € B2 C By by Proposition 4.20, and rk) orthogonal to By, for the Euclidean inner
product by (4.33). This observation leads to Algorithm 6.

Algorithm 6 Conjugate gradient method

1: Pick initial 2(©
2: do = T(O) = ACC(O) -b
3: for k in {0,...,n—1} do

4: if [|#*)|| = 0 then

5: Stop

6: end if

7w, =dir® /dEAdy,

8: m(k‘H) = m(k) — wrdp

9: D) — Ag+l) _p

100 B = di ArttD /dT Ady,.
11: dk+1 = ’I“(k'H) — ,Bkdk
12: end for

Although the conjugate gradient method converges in a finite number of iterations, perform-
ing n iterations for very large systems would require an excessive computational cost, and so it
is sometimes desirable to stop iterating when the residual is sufficiently small. To conclude this

section, we study the convergence of the method.

Theorem 4.21 (Convergence of the conjugate gradient method). The error for the conjugate

gradient method, measured as
Ep = (™ — 2 )TA@® — ),
satisfies the following inequality:
Vi, € P(k), Erpi1 < max (1+ )\iQk()\z‘))QEo- (4.39)

Here P(k) is the vector space of polynomials of degree less than or equal to k.
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(k+1)

Proof. In view of Proposition 4.20, the iterate x can be written as

k
z* D) — 20 4 Z AP =20 1 p (A)r©),
i=0

where p; is a polynomial of degree k. By Proposition 4.19, pi is in fact the polynomial of
degree k such that f(z*+1)) is minimized, and thus also Ej,1 by (4.26). Noting that

c* D) g, =20 — 2, 4+ pp(A)r® =2 —z, 4 p(AAD —2,)
= (I+ Ap(A)) () — ),

we deduce that
Var € P(k), B < (2@ —2)TA(I+ Age(A))* (@@ — ).

In order to exploit this inequality, it is useful to diagonalize A as A = QDQ, for an orthogonal
matrix Q and a diagonal matrix D. Since gx(A) = Qgr(D)QT for all ¢ € P(k), it holds that

Yo, € P(k),  Epo = (QT (@ —.))"D(1+ Dg(D))*(Q7 (2 — x.))
< 111%(1 +200:(0) (T (@0 — 2,)) ' D(QT (2 — .)),
Ey
which completes the proof. O

A corollary of Theorem 4.21 is that, if A has m < n distinct eigenvalues, then the conjugate

gradient method converges in at most m iterations. Indeed, in this case we can take

qm_lmzi<(A1—A)...(Am—x)_1>_

Al Ay

It is simple to check that the right-hand side is indeed a polynomial, and that 1+ \;¢n—1(A;) =0
for all eigenvalues of A.

In general, finding the polynomial that minimizes the right-hand side of (4.39) is not possible,
because the eigenvalues of A are unknown. However, it is possible to derive from this equation an

error estimate with an explicit dependence on the condition number k = k2(A).

Theorem 4.22. It holds that

\/E—l 2(k+1)
k> ) E <4 E’
v 0 k <\/E—|—1 0

Proof. Theorem 4.21 implies that

2
Vg € P(E),  Fpy < 14 Agr(MN)2Eo,
qr (k) 1 Aelg)l\?ﬁn]( + Agr(N) " Eo
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where A1 and A, are the minimum and maximum eigenvalues of A. Notice that

{142a 0 € P0)} = {pr s pr € P(k +1) and pi(0) = 1}
Therefore, it follows from Exercise C.7 that the right-hand side is minimized when
Tht1 (7’\";; A,1,\_1%)
Thor (3532)

where Tj11 is the Chebyshev polynomial of degree k+ 1, see (C.1). We recall that [Ty (z)| <1
for all z € [-1,1]. Consequently, by the expression of Chebyshev polynomials given in Exer-

14+ Age(N) = (4.40)

cise C.3, the following inequality holds true for all A € [A1, A,]:

1 k+1 k+1\ 1
|1+>\Qk()‘)‘<ﬁ: ((T+ 7‘2—1) +<T— 1"2—1) ) ,
T) +1 ()\Zi_)\i)
-1
, JR+1 k+1+ N k+1
B VE—1 VE+1 '
where r = ﬁzifg\& Since the first term in the bracket converges to zero as kK — oo, it is

natural to bound this expression by keeping only the second term, which after simple algebraic

manipulations leads to

\/E 1 k+1
VA € (A1, A, 1+ Agrp(N)]| <2 .
(A1, An] 1+ Age (V)] <\/E+1
From this inequality, the statement of the theorem follows immediately. O

4.4 Exercises

#; Exercise 4.1. In the simple case where A is symmetric, find values of &, b and Ab for

which the inequality (4.2) is in fact an equality?
£} Exercise 4.2 (Inverse of Gaussian transformation). Prove the formula (4.8).
£ Exercise 4.3. Prove that the product of two lower triangular matrices is lower triangular.

£ Exercise 4.4. Assume that A € R™ " is positive definite, i.e. that
Ve € R"\{0,}, zT Az > 0.

Show that all the principal submatrices of A are nonsingular.

O Exercise 4.5. Implement the backward substitution algorithm for solving Ux = y. What is

the computational cost of the algorithm?

0 Exercise 4.6. Compare the condition number of the matrices L and U with and without

partial pivoting. For testing, use a matriz with pseudo-random entries generated as follows
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import Random

# Set the seed so that the code is deterministic
Random.seed! (0)

n = 1000 # You can change this parameter

A = randn(n, n)

Solution. See the Jupyter notebook for this chapter. A

U Exercise 4.7. Write a code for calculating the Cholesky factorization of a symmetric positive
definite matriz A by comparing the entries of the product CCT with those of the matriz A. What
is the associated computational cost, and how does it compare with that of the LU factorization?
Extra credit: ... if your code is able to exploit the potential banded structure of the matriz
passed as argument for better efficiency. Specifically, your code will be tested with a matriz is
of the type BandedMatrix defined in the BandedMatrices. j1 package, which you will need to

install. The following code can be useful for testing purposes.

import BandedMatrices

import LinearAlgebra

function cholesky(A)
m, n = size(A)
m != n && error("Matrix must be square")
# Convert to banded matrix
B = BandedMatrices.BandedMatrix(A)
B.u != B.1 && error("Matrix must be symmetric")

# —-—-> Your code comes here <—-

end
n, u, 1 = 20000, 2, 2
A = BandedMatrices.brand(n, u, 1)

A = AxA"

# so that A is symmetric and positive definite (with probability 1).
C = @time cholesky(A)

LinearAlgebra.norm(C*C' - A, Inf)

For information, my code takes about 1 second to run with the parameters given here.

£ Exercise 4.8 (Matrix square root). Let A € R™ " be a symmetric positive definite matriz.
Show that A has a positive definite square root, i.e. that there exists a symmetric matriz B such
that BB = A.

Solution. Since A is symmetric, there exist a diagonal matrix D and an orthogonal matrix Q
such that A = QDQT. Let D'/2 denote the diagonal matrix obtained by applying the square
root function to the entries of D, and notice that D*/2D'/2 = D. Then it holds that

A= (QD1/2QT) (QD1/2QT)
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The matrix A/2 := QDY2QT is a square root of the matrix A, in the sense that AL/2A1/2 and

it is positive definite because the diagonal elements of D'/? are strictly positive. A

& Exercise 4.9. Show that if A is row or column diagonally dominant, then A is invertible.

£ Exercise 4.10. Let T be a nonsingular matriz. Show that
AT = T AT

defines a matriz norm induced by a vector norm.

£ Exercise 4.11. Let A € R™ ™ be a symmetric positive definite matriz. Show that the

functional

l*lla:x— VaTAz

defines a norm on R™.

Solution. We need to prove that the three axioms of a norm are satisfied:
o (Positivity) Since A is positive definite, it holds that ||x||a > 0 for any = € R™ \ {0}.
o (Homogeneity) It is clear that ||cx||a = |c|||x||a for any ¢ € R.

o (Triangle inequality) Let A'/2 denote the positive definite square root of A, which
exists by Exercise 4.8. Then
lz]la = A" ?]|2.

The triangle inequality for ||¢|/a then follows from that for ||e||2:
Iz +ylla = [|AY 22 + A2y, < AV 22| + |AY2y)l2 = |2]la + lyla.
Another option for solving this exercise is to show that
(@, y)a =z Ay
defines an inner product, with induced norm given by ||||a. A

& Exercise 4.12. Show that the residual satisfies the equation
r*HD = NMLr®) = (1 = AM1)7 (R

&5 Exercise 4.13. Show that, if A and B are two square matrices, then p(AB) = p(BA).

&% Exercise 4.14. Is p(¢) a norm? Prove or disprove.
o

Exercise 4.15. Prove that, if A is a diagonal matriz, then
[All = [[All2 = [[Alle = p(A).
&% Exercise 4.16. Show that, for any matriz norm ||+|| induced by a vector norm,

p(A) <[IA].
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&f Exercise 4.17. Let ||+|| denote the Euclidean vector norm on R™. We define in Appendiz A
the induced matriz norm as
1Al = sup{||Az] - =] < 1}.

Show from this definition that, if A is symmetric and positive definite, then

1ALl = [|A]l, == sup{|a” Az] : || < 1}.

Solution. By the Cauchy—Schwarz inequality and the definition of ||A||, it holds that
Vo € R" with [« <1, |a"Az| < =] |Az]| < [zl Al ]l < [A].

This shows that [|All. < ||A]l. Conversely, letting B denote a matrix square root of A (see

Exercise 4.8), we have

Ve € R" with |z <1,  [Az| = VaTATAz = \/(Bx)TBB(Bx) = \/(Bx)TA(Bx)
Bx
= ||Bz||vyT Ay, y=w~

It holds that ||Bz| = VaTAz < /||All«. In addition |ly|| = 1, so the expression inside the

square root is bounded from above by ||A||., which enables to conclude the proof. A

&% Exercise 4.18. Prove that, if the matriz A is strictly diagonally dominant (by rows or
columns), then the Gauss—Seidel method converges, i.e. p(M~IN) < 1. You can use the same

approach as in the proof of Proposition /.11.

£ Exercise 4.19. Let A € R™ " denote a symmetric positive definite matriz, and assume that
the vectors dy,...,d, are pairwise A-orthogonal directions. Show that di,...,d, are linearly

independent.

0 Exercise 4.20 (Steepest descent algorithm). Consider the linear system

3 1 T 1 .
o () (7)< (1) 0 o

o Show that A is positive definite.

e Draw the contour lines of the function

1
f(x) = inA:c — bl

o Plot the contour lines of f in Julia using the function contourf from the package Plots.

e Using Theorem 4.17, estimate the number K of iterations of the steepest descent algorithm

required in order to guarantee that Ex < 1078, when starting from the vector (0 = (23)T.

o Implement the steepest descent method for finding the solution to (4.41), and plot the

iterates as linked dots over the filled contour of f.
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e Plot the error Ey as a function of the iteration index, using a linear scale for the x axis

and a logarithmic scale for the y axis.

& Exercise 4.21. Compute the number of floating point operations required for performing
one iteration of the conjugate gradient method, assuming that the matriz A contains o <€ n

nonzero elements per row.

O Exercise 4.22 (Solving the Poisson equation over a rectangle). We consider in this exercise
Poisson’s equation in the domain Q = (0,2) x (0,1), equipped with homogeneous Dirichlet

boundary conditions:
—Af(a:,y) :b(l‘,y), S Qy

flx) =0, x € oS
The right-hand side is
b(x,y) = sin(4nx) + sin(27y).

A number of methods can be employed in order to discretize this partial differential equation.
After discretization, a finite-dimensional linear system of the form Ax = b is obtained. A
Julia function for calculating the matriz A and the vector b using the finite difference method
s given to you on the course website, as well as a function to plot the solution. The goal of
this exercise is to solve the linear system using the conjugate gradient method. Use the same

stopping criterion as in Ezercise 4.25.

& Exercise 4.23. Show that if A € R™™ is nonsingular, then the solution to the equation
Ax = b belongs to the Krylov subspace

Kn(A, b) = Span{b, Ab,A%b, ..., A"‘lb}.

& Exercise 4.24. Write a function 1u(A) for calculating the LU decomposition of a square
matriz A € R™"  with L unit lower triangular and U upper triangular, not by Gaussian
elimination but by comparing the entries of the product LU with those of A. To this end, one
option is to compare the entries one by one in the order (1,1), (1,2), .., (1,n), (2,1), (2,2), ..,

i.e. row by row starting from the top. For example,

o Comparing the entry (1,k) with k € {1,...,n} gives
liiuag = aig.

Since £11 = 1 as L is unit lower triangular, this implies that uix = aqp.

o Comparing the entry (2,1) gives

la1ur = ag

and so 621 = agl/un.

o Comparing the entry (2,k) with k € {2,...,n} gives
lorugy + Lagugk, = agy.
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Given the previous items, the only unknown in this equation is usg.
o Comparing the entry (3,1) gives
l31u11 = asy,
and so 531 = a31/u11.

o Comparing the entry (3,2) gives
€31u12 + l32u22 = aza,

Given the previous items, the only unknown in this equation is {3o.

o Comparing the entry (3, k) with k € {3,...,n} gives
Cz1ung + Laouak + L33u3, = agk,

Given the previous items, the only unknown in this equation is ugg.

Notice that a pattern seems to be emerging: when going through the entries row by row starting
from the top left corner of the matriz, comparing the entry (i,j) provides an equation for {;;
if j <1, and an equation for u;; if j = i. Do not use any external package for this exercise.

Extra credit: ... if your code is able to exploit the potential banded structure of the matriz
passed as argument for better efficiency. Specifically, your code will be tested with a matriz

created as follows

b, n = 5, 10000
A = [abs(i-j) <= Db ? rand() : 0.0 for i in 1:n, j in 1:n]

0 Exercise 4.25. Implement an iterative method based on a splitting for finding a solution to

the following linear system on R™.

2 -1 T 1
-1 2 -1 T2 1
1 2 -1 3 1 1
h? - ’ h= n+1
1 2 1| | e 1
12 Tn 1

Plot the norm of the residual as a function of the iteration index. Use as stopping criterion the

condition
Ir®| <elbll, e=10"%

As initial guess, use a vector of zeros. The code will be tested with n = 500. Do not use any
library (except for plotting), and do not use the backslash operator.

£ Exercise 4.26. Find a formula for the optimal value of w in the relazation method given n,
for the linear system in Fxercise 4}.25. The proof of Proposition 4.15, as well as the for-

mula (4.24) for the eigenvalues of a tridiagonal matriz, are useful to this end.
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Solution. Corollary 4.13 and Proposition 4.14 imply that a sufficient and necessary condition
for convergence, when A is Hermitian and positive definite, is that w € (0,2). Let M, = %D +L
and N, = 1’T‘*’D — U. A nonzero scalar A € C is an eigenvalue of M'N,, if and only if

det(MZ'N, —A) =0 < det(Mj')det(Ny, —AM,) =0 <= det(AM,, —N,,) = 0.

Substituting the expressions of M,, and N, we obtain that this condition can be equivalently

rewritten as
1 1
det(/\L—i—(/H_:j)D+U>=O o det(ﬁL+<)\+:}>D+\[\U>:0

where we used (4.23) for the last equivalence. The equality of the determinants in these two

equations is valid for v/ denoting either of the two complex square roots of X. This condition

At+w-—1
det L+ ———|)D+U]) =0.

We recognize from the proof of Proposition 4.15 that this condition is equivalent to

is equivalent to

Adtw-—1
Vw

In other words, for any (A, 1) € C? such that

€ Spectrum(MglNJ).

A+ w—1)2
%ZM{ (4.42)

it holds that p € spectrum(M}lNJ) if and only if A € spectrum(MJIN,). By (4.24), the
eigenvalues of M}lN 7 are real and given by

Jm ‘
_ 1<j<n 4.4
W COS(n—&—l)’ Jsn (4.43)
Rearranging (4.42), we find
AMHA2w-1) —w’p®) + (w—1)>=0.

For given w € (0,2) and p € R, this is a quadratic equation for A with solutions

2,2 B2
)\i<w2ﬂ +1w>:|:wu w4u +1—-w,

Since the first bracket is positive when the argument of the square root is positive, it is clear
that

2,2
v +1—w

w22
max{|A_|, |A4|} = ‘2 +1—w+wy

Combining this with (4.43), we deduce that the spectral radius of M;N,, is given by

2,2 2,,2
wWH WTH;

p(MZ'N,) = max +1—w+wlyyl +1—w|. (4.44)

je{l,.n}| 2 4

We wish to minimize this expression over the interval w € (0,2). While this can be achieved
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by algebraic manipulations, we content ourselves here with graphical exploration. Figure 4.3
depicts the amplitude of the modulus in (4.44) for different values of p. It is apparent that, for
given w, the modulus increases as p increases, which suggests that

w2 2 OJ2 2
PMSINL) = |22 41 —w + vl “E +1-w

The figure also suggests that for a given value of y, the modulus is minimized at the discontinuity

e =p(MZINg). (4.45)

of the first derivative, which occurs when the argument of the square root is zero. We conclude

that the optimal w satisfies

1—T—p2 2 B 2
T 1+/1—pd 1+sin<L>.

2 2
wopt 2

4

+1—-wopt =0 == wopt =2
w<2
n+1

[AL
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Figure 4.3: Modulus of |[A1| as a function of w, for different eigenvalues of .

&} Exercise 4.27 (Midterm 2022). Let A € R™*" be a symmetric positive definite matriz and
let b€ R™. The steepest descent algorithm for solving Ax = b is given hereafter:

Pick € > 0 and initial x

r<—Ax—b

while ||r|| > ¢||b|| do
w < rTr/rTAr
T xT—wr
r<—Ax—b

end while

o Why is this method called the steepest descent algorithm?
e How many floating point operations does an iteration of this algorithm require?

o Are the following statements true of false? (2 marks)
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1. There exists a unique solution x, to the linear system Ax = b.
2. The iterates converge to . in at most n iterations.
3. We consider the following modification of the algorithm:
Pick e >0, w > 0 and initial x
r<—Ax—-b
while ||r|| > ¢||b|| do
T+ xT—wr
r+—Ax—b
end while
If w is sufficiently small, then this algorithm converges.

4. Here we no longer assume that A is positive definite. Instead, we consider that

(0 5)

In this case, the steepest descent algorithm is convergent for any initial x.

&% Exercise 4.28 (Final exam Spring 2022). Assume that A € R™" is a nonsingular matriz
and that b € R™. We wish to solve the linear system (4.1) using an iterative method where each

iteration is of the form
Mxgi1 = Nz + b. (4.46)

Here A =M — N is a splitting of A such that M is nonsingular, and xy € R™ denotes the k-th
iterate of the numerical scheme.

1. Let ey := xy, — T, where x, is the exact solution to (4.1). Prove that

€r41 = M_lNek.

2. Let L = |M~!N||o. Prove that

Vk € N, leklloo < LF|l€o]|oo- (4.47)

3. Is the condition |[M~IN|| < 1 necessary for convergence when xo # x+?

4. Assume that A is strictly row diagonally dominant, in the sense that

n

Vie{l,...,n}, || > Z |aij.

=L
Show that, in this case, the inequality |M~N|o < 1 holds for the Jacobi method, i.e.

when M contains just the diagonal of A. You may take for granted the following expression

for the co-norm of a matriz X € R™*":

n

X[loo = max Y |a;].
1<i<n 1
‘77
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5. Write down a few iterations of the Jacobi method when

() ) )

Is the method convergent?

4.5 Discussion and bibliography

In this chapter, we presented direct methods and some of the standard iterative methods for
solving linear systems. We focused particularly on linear systems with a symmetric positive
definite matrix. Section 4.2 is based on [9, 16] and Section 4.3 roughly follows [14, Chapter 2].
The book [10] is a very detailed reference on iterative methods for solving sparse linear systems.

The reference [12] is an excellent introduction to the conjugate gradient method.
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