Chapter 3

Linear Systems

We present algorithms for solving systems of linear equations whose coefficient ma-
trix is nonsingular, and we discuss the accuracy of these algorithms.

3.1 The Meaning of Az =b

First we examine when a linear system has a solution.

Fact 3.1 (Two Views of a Linear System) Let A € C"™*" and b € C"™*!.

1. The linear system Az = b has a solution if and only if there is a vector x that
solves the m equations

rir =b Tm® = by,

where
T1 bl
b=

Tm bm

A=

2. The linear system Az = b has a solution if and only if b is a linear combination
of columns of A,
b=airy + -+ anTp,

where

A= (a1 ... an), x

In

When the matrix is nonsingular, the linear system has a solution for any
right-hand side, and the solution can be represented in terms of the inverse of A.

Corollary 3.2 (Existence and Uniqueness). If A € C"*" is nonsingular then
Ax = b has the unique solution x = A~'b for every b € C™.
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50 Chapter 3. Linear Systems

Before we discuss algorithms for solving linear systems we need to take into
account, as discussed in Chapter 2, that matrix and right-hand side may be con-
taminated by uncertainties. This means, instead of solving Ax = b, we solve a
perturbed system (A + E)z = b+ f. We want to determine how sensitive the
solution is to the perturbations f and E.

Even if we don’t know the perturbations E and f, we can estimate them from
the approximate solution z. To this end define the residual r = Az — b. We can
view z as the solution to a system with perturbed right-hand side, Az = b+ r. If
z # 0, then we can also view z as the solution to a system with perturbed matrix,

*

rz

12113

(A+ E)z=0b, where E = —
see Exercise 1.

Exercises

(i) Determine the solution to Az = b when A is unitary (orthogonal).

(ii) Determine the solution to Az = b when A is involutory.

(iii) Let A consists of several columns of a unitary matrix, and b be such that the
linear system Az = b has a solution. Determine a solution to Az = b.

(iv) Let A be idempotent. When does the linear system Ax = b have a solution
for every b?

(v) Let A be a triangular matrix. When does the linear system Az = b have a
solution for any right-hand side b7

(vi) Let A = wv* be an outer product, where v and v are column vectors. For
which b does the linear system Ax = b have a solution?

(vii) Determine a solution to the linear system (A B) <i1> = 0 when A is non-
2

singular. Is the solution unique?

1. Matrix Perturbations from Residuals.
This problem shows how to construct a matrix perturbation from the residual.
Let A € C™*™ be nonsingular, Az = b, and z € C" a nonzero approximation
to z. Show that (A + FEy)z = b, where Ey = (b — Az)z" and 2f = (2*2)~12%;
and that (A + E)z = b, where E = Ey + G(I — zz') and G € C™*" is any
matrix.

2. In Problem 1 above show that, among all matrices F that satisfy (A+F)z = b,
the matrix Ey is one with smallest two-norm, i.e. | Epll2 < ||F||2-

3.2 Conditioning of Linear Systems

We derive normwise bounds for the conditioning of linear systems. The following
two examples demonstrate that it is not obvious how to estimate the accuracy of
an approximate solution z for a linear system Ax = b. In particular, they illustrate
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that the residual r = Az — b may give misleading information about how close z is
to x.

Example 3.3 We illustrate that a totally wrong approximate solution can have a
small residual norm.
Consider the linear system Ax = b with

1 1 2 1
ae(U 1) 6=(2) omesn a=())

whose solution x is approximated by z = (2 O)T. The residual

r:Az—b:(O)
—€

has small norm, ||r||, = €, because € is small. This appears to suggest that z does a
good job of solving the linear system. However, comparing z to the exact solution,

z—x = -1
=)
shows that z is a bad approximation to z. Therefore, a small residual norm does
not imply that z is close to z. N

The same thing can happen even for triangular matrices, as the next example
shows.

Example 3.4 For the linear system Ax = b with

(1 108 (14108 (1
= V) =00 ()

consider the approximate solution

0 0
z-(1+108), r—Az—b—(log).

As in the previous example, the residual has small norm, i.e. ||r||, = 1078, but z is

totally inaccurate,
(-1
z—w={0-8)"

Again, the residual norm is deceptive. It is small even though z is a bad approxi-
mation. N

The bound below explains why inaccurate approximations can have residuals
with small norm.
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Fact 3.5 (Residual Bound) Let A € C"*" be nonsingular, Az = b and b # 0. If
r = Az — b then

Iz = ]y

[l

71l
< rp(4) :
T Al

Proof. If b # 0 and A is nonsingular, then x # 0, see Fact 1.10. The desired bound
follows immediately from the perturbation bound for matrix multiplication: Apply

Fact 2.22to U=U=A"", V=0V =b+r, ey =0and ey = |r|,/||b|, to obtain

7l

e e
1Al

Iz = zllp _ A plblly 7l

< e = [[A[lpll A~
1l [A=10ll, (10l 3

The quantity k,(A) is the normwise relative condition number of A with re-
spect to inversion, see Definition 2.27. The bound in Fact 3.5 implies that the linear
system Az = b is well-conditioned if k,(A) is small. In particular, if k,(A) is small

and the relative residual norm % is also small then the approximate solution

z has a small error (in the normwise relative sense). However, if x,(A) is large, then
the linear system is ill-conditioned. We return to Examples 3.3 and 3.4 to illustrate
the bound in Fact 3.5.

Example. The linear system Az = b in Example 3.3 is

1 1 2 1
a=(U 1) s=(2) ocexn e=())

and an approximate solution z = (2 O)T with residual

r:Az—b:(O).
—€

The relative error in the infinity norm is ||z — #||co /|| %]|cc = 1, indicating that z has
no accuracy whatsoever. To see what the bound in Fact 3.5 predicts, we determine

the inverse
_ 1/1+e -1
1 _ —
= (),
the matrix norms

2 2 +¢)?
e =246 470 =2TC  po(a)= EEL

as well as the ingredients for the relative residual norm

Ile e
Mlllielle ~ 24

[7llc =€ ll2lleo = 1,
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Since koo(A) & 4/€, the system Ax = b is ill-conditioned. The bound in Fact 3.5
equals

[I7[loo
[Alloc Il [l
and so correctly predicts the total inaccuracy of z. The small relative residual norm
of about €/2 here is deceptive because the linear system is ill-conditioned. O

< Koo (4) =2+e¢,

Even triangular systems are not immune from ill-conditioning.

Example 3.6 The linear system Az = b in Example 3.4 is

(1 108 (14108 N
=) =) =0)

and an approximate solution z = (O 1+ 10_8)T with residual

0
r=Az—-b= (108).

The normwise relative error in the infinity norm is ||z — || /||%]|cc = 1 and indicates
that z has no accuracy. From
1 —10®
-1 _

we determine the condition number for Ax = b as koo (A4) = (1+10%)? ~ 106, Note
that conditioning of triangular systems cannot be detected by merely looking at the
diagonal elements; the diagonal elements of A are equal to 1 and far from zero but
nevertheless A is ill-conditioned with respect to inversion.

The relative residual norm is

Irfloe _ _107°

= ~ 10716,
lAlsollzlloo 14108

As a consequence the bound in Fact 3.5 equals

2 = 2lloo [I7[loo 81108
Y < Koo(A) ———— = (1 +10°)107° ~ 1,
]| oo [ Allool2]loo
and correctly predicts that z has no accuracy at all. W

The residual bound below does not require knowledge of the exact solution.
The bound is analogous to the one in Fact 3.5, but bounds the relative error with
regard to the perturbed solution.

Fact 3.7 (Computable Residual Bound) Let A € C"*" be nonsingular and
Ax =b. If z# 0 and r = Az — b then

Iz — ]l

71l
< kp(A)
11l '

I[Allpllz1l5’
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We will now derive bounds that separate the perturbations in the matrix from
those in the right-hand side. We first present a bound with regard to the relative
error in the perturbed solution because it is easier to derive.

Fact 3.8 (Matrix and Righthand Side Perturbation) Let A € C"*™ be non-
singular, and Az =b. If (A+ E)z = b+ f with z # 0 then

Z—x
Bzt < ey a) (eat ),
121l
where
Bl W
1Al | Allpll 2]l

Proof. In the bound in Fact 3.7, the residual r accounts for both perturbations,
because if (A+ E)z = b+ f then r = Az — b = f — Ez. Replacing ||r|, <
IEpllzllp + | fllp in Fact 3.7 gives the desired bound. 0O

Below is an analogous bound for the error with regard to the exact solution.
In contrast to Fact 3.8, the bound below requires the perturbed matrix to be non-
singular.

Fact 3.9 (Matrix and Righthand Side Perturbation) Let A € C"*™ be non-

singular, and Az = b with b # 0. If (A+ E)z = b+ f with ||[A7Y|,| B, < 1/2
then

P2 =2l < oy (A) (ea + ep)
EP
where
SN LT V1
4], 1Al el

Proof. We could derive the desired bound from the perturbation bound for matrix
multiplication in Fact 2.22 and matrix inversion in Fact 2.25. However, the resulting
bound would not be tight because it does not exploit any relation between matrix
and righthand side. This is why we start from scratch.

Subtracting (A+ E)x = b+ Ex from (A+ E)z =b+ f gives (A+ E)(z —x) =
f — Ex. Corollary 2.24 implies that A + F is nonsingular. Hence we can write
z—x=(A+ E) ' (—=Ex + f). Taking norms and applying Corollary 2.24 yields

lz = zllp < 21 A7 (Bl ], + 1 £1lp) = 26p(A)(ea + €5) l|z]lp-

We can simplify the bound in Fact 3.9 and obtain a weaker version.

Corollary 3.10. Let Az = b with A € C"*™ nonsingular and b # 0. If (A+ E)z =
b+ f with ||[A7Y | Ell, < 1/2 then

1z = zllp

1l

FE
< 2kp(A) (€a + ), where €4 = £l € = |||£|||p
p

1Al
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Proof. In Fact 3.9 bound ||b]|, < ||A|p|lz]l,. O

Effect of the Right-Hand Side. So far we have focused almost exclusively on the
effect that the matrix has on the conditioning of the linear system, and we have
ignored the right-hand side. The advantage of this approach is that the resulting
perturbation bounds hold for all right-hand sides. However the bounds can be too
pessimistic for some right-hand sides, as the following example demonstrates.

Example 3.11 We illustrate that a favourable right-hand side can improve the
conditioning of a linear system. Let’s change the right-hand side in Example 3.6
and consider the linear system Ax = b with

1 108 1 1-—108
a=(o V) o) ==(7):

and approximate solution

—-108 -9 0
z-(1+107), r—Az—b—(107).

Although Ko (A) =~ 1016 implies that A is ill-conditioned with respect to inversion,
the relative error in z is surprisingly small,
Iz — 2|00 _ 10
|0 1-108

~ 107",

The bound in Fact 3.5 recognizes this, too. From

PR e 1077
racld) = (LH100% e ~ G - DS 1 1)

we obtain

e 10841
[Alloll#lloe 0% 1

12 = 2l

[E4P9

< Koo(A) 1077~ 1077,
So, what is happening here? Observe that the relative residual norm is extremely

small, W ~ 10723, and that the norms of the matrix and right-hand side

oo
lzllo

are large compared to the norm of the right-hand side, i.e. [|Alloo||7|/oc = 1016 >
Ib]lcc = 1. We can represent this situation by writing the bound in Fact 3.5 as

Iz = 2o _ 1A loollblloo [Illoo
[#lloe = [[A7 Bl [1Blloo’

Because [|A7Y|sol[blloo/[|A710]|00 & 1, the matrix multiplication of A= with b is
well-conditioned with regard to changes in b. Hence the linear system Az = b is
well-conditioned for this very particular right-hand side b. W
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Exercises

(i) Absolute residual bounds.
Let A € C™*"™ be nonsingular, Az = b, and r = Az — b for some z € C". Show

Irllp /1Al < 12 = zllp < A7 plrl-

(ii) Lower bounds for normwise relative error.
Let A € C™*"™ be nonsingular, Az = b, b # 0, and r = Az — b for some z € C".

Show
[Eg(F% lz — zllp L irllp _ Iz —=llp

[Alpllzlly = Nzl " wp(A) bl = =l
(iii) Relation between relative residual norms.
Let A € C™*™ be nonsingular, Az = b, b # 0, and r = Az —b for some z € C™.
Show

7l 7l 7l
FAllely = 16, =Tl T,
(iv) If a linear system is well-conditioned, and the relative residual norm is small,
then the approximation has about the same norm as the solution.
Let A € C™"*™ be nonsingular, and b # 0. Prove: If

b— A
pr <1, where &k = kp(A), p= o= Azl
181l
then
1 owp b2l gy
[E41M

(v) For this special righthand side, the linear system is well-conditioned with
regard to changes in the righthand side.
Let A € C"*" be nonsingular, Ax = b, and Az = b+ f. Show: If [[A7Y|, =
I A=*b]l,/[[b]l,, then
e = zllp  I/1lp
[E4( 1611,

1. Let A € C™*™ be the bidiagonal matrix

a) Show that

|| +1 0 )
poo(A) = 4 o1 (" = 1) i Jaf #1
2n it o] = 1.

Hint: See Exercise 4 in §1.13.
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b) Suppose we want to compute an approximation to the solution of Az = e,
when o = 2 and n = 100. How small, approximately, must the residual
norm be, so that the normwise relative error bound is less than .17

2. Componentwise Condition Numbers.
Let A € C**™ be nonsingular, b # 0, and Az = b. Prove: If z; # 0 then
2 =zl [Ib—Azlp [ ]

o e 4-
T <, A
J p

|z;

where k; =

We can interpret «; as the condition number for ;. Which components of z
would you expect to be sensitive to perturbations?

3. Condition estimation.
Let A be nonsingular. Show how to determine a lower bound for x,(A) with
one linear system solution involving A.

3.3 Solution of Triangular Systems

Linear systems with triangular matrices are easy to solve. In the algorithm below
we use the symbol “=” to represent an assignment of a value.

Algorithm 3.1. Upper Triangular System Solution.

Input: Nonsingular, upper triangular matrix A € C**", vector b € C"
Output: z=A4"1b

1. If n =1 then x = b/A.
2. If n > 1 partition

n—1 A a n—1/( 2 n—1/(0b
A= (0 a,m)’ ! (acn) b= (bn)

(i) Set x, = byp/ann.-

(ii) Repeat the process on the smaller system Az =b— zpa.

The process of solving an upper triangular system is also called backsubstitu-
tion, and the process of solving a lower triangular system is called forward elimina-
tion.

Exercises

(i) Describe an algorithm to solve a non-singular lower triangular system.
(ii) Solution of Block Upper Triangular Systems.
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Even if A is not triangular, it may have a coarser triangular structure of which
one take advantage. For instance, let

Apr Ag
A =
( 0 A
where A;1 and Ass are nonsingular. Show how to solve Ax = b by solving two
smaller systems.
(iii) Conditioning of Triangular Systems.
This problem illustrates that a nonsingular triangular matrix is ill-conditioned,
if a diagonal element is small in magnitude compared to the other non-zero

matrix elements.
Let A € C™"*™ be upper triangular and nonsingular. Show:

[A]l o

miny <j<n |a ;]

Koo(A) >

3.4 Stability of Direct Methods

We do not solve general nonsingular systems Az = b by first forming A~! and
then multiplying by b (likewise, you would not compute 2/4 by first forming 1/4
and then multiplying by 2). It is too expensive and numerically less accurate, see
Exercise 4 below.

A more efficient approach factors A into a product of simpler matrices, and
then solves a sequence of simpler linear systems. Examples of such factorizations
include:

e LU factorization: A = LU (if it exists), where L is lower triangular, and U is
upper triangular.

® Cholesky factorization: A = LL* (if it exists), where L is lower triangular.

® QR factorization: A = QR, where @ is unitary and R is upper triangular. If
A is real then @ is real orthogonal.

Methods that solve linear systems by first factoring a matrix are called direct
methods. In general, a direct method factors A = 5152 (where “S” stands for
”simpler matrix”) and then computes the solution = = A~'b = S5 1S, b by solving
two linear systems.

Algorithm 3.2. Direct Method.

Input: Nonsingular matrix A € C"*™, vector b € C"
Output: Solution of Az =15

1. Factor A = 51955.
2. Solve the system S1y = b.
3. Solve the system Sox = y.
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Each step of the above algorithm is itself a computational problem that may
be sensitive to perturbations. We need to make sure that the algorithm does not
introduce additional sensitivity by containing unnecessary ill-conditioned steps. For
a direct method, this means that the factors S; and S5 should be well-conditioned
with respect to inversion. The example below illustrates that this cannot be taken
for granted. That is, even if A is well-conditioned with respect to inversion, S; or
S5 can be ill-conditioned.

Example 3.12 The linear system Az = b with

(e 1 _(1+e
a=(5 D) 0= (1), ocesin

has the solution x = (1 l)T. The linear system is well-conditioned because

AT = (? _1€> L Reo(A) = (1462 <9/4

We can factor A = 5155 where

1 0 1
a9 s Y

and then solve the triangular systems Sy = b and Ssx = y. Suppose we compute
the factorization and the first linear system solution exactly, i.e.

€

A =515, S1y =10, Yy= (1+16) )

and that we make errors only in the solution of the second system, i.e.

1 _
ngerrQ(_l), 7»2(06).

Then the computed solution satisfies

0) Iz = #[loo
2= (7)), —1.
(1 [E1PS

The relative error is large because the leading component of z is completely wrong
— although A is very well-conditioned. What happened? The triangular matrices
S1 and S contain elements that are much larger in magnitude than the elements

of A,

1+e 1
[Alloc =1+, 151llc = ——» [182llec = =,

and the same is true for the inverses

1+e

A oo =1+€, 18T oo = 1153 M loo =
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The condition numbers for S; and S5 are

1+e\? 1 1+e 1
HOO(SI) = < c > ~ 5 HOO(SQ) = 62 ~ 6—2

As a consequence, S and Ss are ill-conditioned with respect to inversion. Although
the original linear system Ax = b is well-conditioned, the algorithm contains steps
that are ill-conditioned, namely the solution of the linear systems Siy = b and
SQ.T =Y. .

We want to avoid methods, like the one above, that factor a well-conditioned
matrix into two ill-conditioned matrices. Such methods are called numerically un-
stable.

Definition 3.13. An algorithm is (very informally) numerically stable in exact
arithmetic, if each step in the algorithm is not much worse conditioned than the
original problem.

If an algorithm contains steps that are much worse conditioned than the orig-
inal problem, the algorithm s called numerically unstable.

The above definition talks about “stability in exact arithmetic” because in this
book we do not take into account errors caused by floating arithmetic operations
(analyses that estimate such errors can be rather tedious). However, if a problem
is numerically unstable in exact arithmetic then it is also numerically unstable in
finite precision arithmetic, so that a distinction is not necessary in this case.

Below we analyze how the conditioning of the factors S; and S, affects the
stability of Algorithm 3.2. The bounds are expressed in terms of relative residual
norms from the linear systems.

Fact 3.14 (Stability in Exact Arithmetic of Direct Methods) Let A € C**"
be nonsingular, Az = b, b # 0, and

I E]lp

A + FE = S1S2, €A =
Al
S1y =b+r1, €1 = Irally
161,
Soz =y + 7, €y = 21l
[yllp

It A=Y, Ell, < 1/2 then
Iz =z,

< 26p(A) (eat e t6),
H‘THP SN——

condition

where

_ 185 S il
[(A+E)H,
~—_— —

stability

62(1 + 61).
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Proof. Expanding the right-hand side gives
(A + E)Z = 51S22 = Sl(y + 7’2) = Sly + SlTQ =b —+r1 + S17’2.

The obvious approach would be to apply Fact 3.9 to the perturbed linear system
(A+ E)z = b+ r1 + Sira. However the resulting bound would be too pessimistic,
because we did not exploit the relation between matrix and righthand side. Instead,
we can exploit this relation by subtracting (A + E)x = b+ Ez to obtain

(A+ E)(z—z) = —Ez+ 1 + Sira.
Corollary 2.24 implies that A + E is nonsingular, so that
z—x=(A+ E)_l(—Ex +71)+ S{lrg.
Taking norms gives
Iz = zllp < A+ E) (B pll2lly + Ir1ls) + 153 lplr2llp-
Substituting [l = e1[1ll, < 1| Al o]l gives
Iz = 2llp < A+ E) "M pl Allp(ea + en)llzllp + 183 ]l
It remains to bound ||r2|,. From ||r2||, = ea|y|l, and y = Sy (b +71) follows
Irallp = eallylly < 15T Ip (1015 + lIr1lp)-
Bounding ||r1 ||, as above yields
Ir2llp < 15T a1 Allpllzllpea(1 + e1).
We substitute this bound for ||r2]|, into the above bound for ||z — z||,,
Iz = 2l < [1Allpllzllp (1(A + B)"Hlp(ea + ex) + 1185 o187 lpe2(1 + €1)) -

Factoring out ||(A + E)~!||, and applying Corollary 2.24 gives the desired bound.
a

Remark 3.15.

® The numerical stability in exact arithmetic of a direct method can be repre-
sented by the condition number for multiplying the two matrices Sy * and S7*,
see Fact 2.22, since
-1 —1 —1 -1
155 NpllSy Mo _ IS5 lpllSi Il

1A+ E) (1S5S

o If IS5 LISy, =~ (A + E)7Y|, then the matriz multiplication Sy *Sy*
is well-conditioned. In this case the bound in Fact 3.14 is approximately
2kp(A)(ea + €1 +e2(14€1)), and Algorithm 3.2 is numerically stable in exact
arithmetic.
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o If IS5 M LISy I > I(A+ E)~Y|, then Algorithm 3.2 is unstable.

Example 3.16 Returning to Example 3.12 we see that

IST loollSy Hloo _ 1+¢ [72lloe _ 2
Fioo(A) = (1 +¢€)?, - = , =
A= oo € 19lo

Hence the bound in Fact 3.14 equals 2(1+¢€)? and correctly indicates the inaccuracy
ofz. |1

The following bound is similar to the one in Fact 3.14, but it bounds the
relative error with regard to the computed solution.

Fact 3.17 (A Second Stability Bound) Let A € C"*™ be nonsingular, Az = b,
and

I £1lp
A+FE = 5152, €A =

[l Allp

[l
Sy =b+r, Q= va
I1S1plllp

[Ir2]lp
Soz =y +r2, €= To T
[192lp]2]1»

where y # 0 and z # 0. Then
[z — =l

< Kp(A) (ea+o),
=L, - &2

condition

where

o = IS1llp 1521l
1Al

stability

(62 + 61(1 + 62)) .

Proof. As in the proof of Fact 3.14 we start by expanding the right-hand side,
(A + E)Z = 5159z = Sl(y + 7“2) = Sly +Siro =b+1r1 + S179.

The residual is r = Az — b= —Ez + S1y + Siro = b+ r1 + Syry. Take norms and
substitute the expressions for ||ri||, and ||72]|, to obtain

17l < 1 Elpl12llp + x| Sillpllylls + e2llSullpllS2llp 2]l

To bound ||y||, write y = Saz — ro, take norms and replace |72, = €2|S2lp |||l to
get
19llp < 1Sallpllylly + Ir2llp = [1S2llpl2lp(1 + €2)-

Substituting this into the bound for ||r||, gives

17l < I2llp (1Ellp + [1S1]lp]lS2llper (1 + €2) + [1S1llpl1S2llpe2) = [|Allpllzllp(ea + €).
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The relative error bound now follows from Fact 3.7. |

In Fact 3.17, the numerical stability is represented by the factor ||S1 ||, [ S2lp/[| Allp-
If ||S1llpllS2]l > || Allp then Algorithm 3.2 is unstable.

Exercises

1. The following bound is slightly tighter than the one in Fact 3.14.
Under the conditions of Fact 3.14 show that

Iz = s

[l

< 205, (4) [ea+ pp(Ab)

where

—1 —1
oAy — s S IST e 4 ey e

AN Ul 2 €= —
[Allp Il 1A+ E)~Hl,

2. The following bound suggests that Algorithm 3.2 is unstable if the first factor
is ill-conditioned with respect to inversion.
Under the conditions of Fact 3.14 show that

1z = zllp
]l

3. The following bound suggests that Algorithm 3.2 is unstable if the second
factor is ill-conditioned with respect to inversion.
Let Ax = b where A is nonsingular. Also let

< 2kp(A) [6,4 + €1+ Kp(S1) e2(1 + 61)].

A=55, S1y = b, Soz =1y + 1o, where €9 = ﬂ
[1S2lpll 2]l
and z # 0. Show that
Iz —zllp
<k (Sg) €2
121l !

4. How Not to Solve Linear Systems.
One could solve a linear system Az = b by forming A~!, and then multiplying
A~! with b. The bound below suggests that this approach is likely to be
numerically less accurate than a direct solver.
Let A € C"*" be nonsingular, and Az = b with b # 0. Let A+ E € C"*"
with |A7Y|,||E|lp < 1/2. Compute Z = (A+ E)~! and z = Z(b+ f). Show

that = — 2 LA, o]
Z— Z|p “ipllbllp
12~ 2 < 4, (4) (276,”6),
B g [A=15]], d
where
S -/
I4ll,” Al Nz,

and compare this to the bound in Fact 3.9.
Hint: Use the perturbation bounds for matrix multiplication and matrix in-
version in Facts 2.22 and 2.25.
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3.5 LU Factorization

The LU factorization of a matrix is the basis for Gaussian elimination.

Definition 3.18. Let A € C™"*". A factorization A = LU, where L is unit lower
triangular and U is upper triangular matriz is called a LU factorization of A.

The LU factorization of a nonsingular matrix, if it exists, is unique, see the
Exercise 5 in §1.13. Unfortunately there are matrices that do not have a LU fac-
torizations, as the example below illustrates.

Example 3.19 The nonsingular matrix

()

cannot be factored into A = LU, where L is lower triangular and U is upper
triangular. Suppose to the contrary that it could. Then

(o)=G ) w):

The first column of the equality implies u; = 0, and lu; = 1 so u; # 0, a contra-
diction. N

Example 3.12 illustrates that a matrix A that is well-conditioned with respect
to inversion can have LU factors that are ill-conditioned with respect to inversion.
Algorithm 3.3 below shows how to permute the rows of a nonsingular matrix so
that the permuted matrix has a LU factorization. Permuting the rows of A is called
partial pivoting — as opposed to complete pivoting where both rows and columns are
permuted. In order to prevent the factors from being too ill-conditioned, Algorithm
3.3 chooses a permutation matrix so that the elements of L are bounded.

Algorithm 3.3. LU Factorization with Partial Pivoting.

Input: Nonsingular matrix A € C™*"
Output: Permutation matrix P, unit lower triangular matrix L,
upper triangular matrix U such that PA = LU

1. Iifn=1then P=1,L=1and U = A.
2. If n > 1 then choose a permutation matrix P, such that

1 n-—1

1 leY a
ra= (3 an)

where « has the largest magnitude among all elements in the leading column,
ie. |a| > ||d||eo, and factor

1 0 a a
ra=(i00) (6 5):
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where | =da~'and S = A,,_1 — la.
Compute P,_1S = L,_1U,_1, where P,_; is a permutation matrix, L,_1 is
unit lower triangular, and U, _; is upper triangular.
Then
@ a
(6 o)

(1 0 . 1 0
P(O Pn_l) P, L<Pn_1l Ln_1>’ v

Remark 3.20.

Each iteration of step 2 in Algorithm 3.8 determines one column of L and one

row of U.

Partial pivoting ensures that the magnitude of the multipliers is bounded by
one, i.e. ||llloc < 1 in Step 2 of Algorithm 8.53. Therefore all elements of L
have magnitude less than or equal to one.

The scalar o is called a pivot, and the matriz S = A,_1 — da~'a is a Schur
complement. We already encountered Schur complements in Fact 1.14, as part
of the inverse of a partitioned matriz. In this particular Schur complement S
the matriz dota is an outer product.

The multipliers can be easily recovered from L, because they are elements of
L. Step 4 of Algorithm 3.8 shows that the first column of L contains the
multipliers P,_1l that zero out elements in the first column. Similarly, column
1 of L contains the multipliers that zero out elements in column i. However,
the multipliers cannot be easily recovered from L™1.

Step 4 of Algorithm 3.3 follows from S = PI_|L,_1U,_1, extracting the per-
mutation matriz,

1 0 1 0 a a
Fud = <0 P,?l) <Pn_1l In_1> <o Ln_lUn_1>

and separating lower and upper triangular parts

1 0 « a . 1 0 « a
Pnfll Infl 0 LnflUnfl B Pnfll Lnfl 0 Unfl '

In the vector P,_1l, the permutation P, _1 reorders the multipliers [, but does
not change their values. To combine all permutations into a single permuta-
tion matriz P, we have to pull all permutation matrices in front of the lower
triangular matriz. This, in turn, requires reordering the multipliers in earlier
steps.

Fact 3.21 (LU Factorization with Partial Pivoting) Every nonsingular ma-
trix A has a factorization PA = LU, where P is a permutation matrix, L is unit
lower triangular, and U is nonsingular upper triangular.
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Proof. Perform an induction proof based on Algorithm 3.3. 0O

A factorization PA = LU is in general not unique because there are many
choices for the permutation matrix.

With a factorization PA = LU, the rows of the linear system Ax = b are
rearranged, and the system to be solved is PAxz = Pb. The process of solving this
linear system is called Gaussian elimination with partial pivoting.

Algorithm 3.4. Gaussian Elimination with Partial Pivoting.

Input: Nonsingular matrix A € C"*™, vector b € C"
Output: Solution of Az =b

1. Factor PA = LU with Algorithm 3.3.

2. Solve the system Ly = Pb.
3. Solve the system Uz = y.

The next bound implies that Gaussian elimination with partial pivoting is
stable in exact arithmetic, if the elements of U are not much larger in magnitude
than those of A.

Corollary 3.22 (Stability in Exact Arithmetic of Gaussian Elimination
with Partial Pivoting). If A € C"*" is nonsingular, Az = b, and

&0
P(A+E) = LU, “4T 4w
T o
Ly=Pb+rp, eL:W
Uz=y+ry, EU%'
where y # 0 and z # 0 then
%gmm (€a+e),  where €”||Z||OO(EU+6L(HEU))'

Proof. Apply Fact 3.17 to A+ E = 5155, where S; = PTL and S, = U. Per-
mutation matrices do not change p-norms, see the Exercise (iv) in §2.6, so that
|PTL||oc = ||L||co- Because the multipliers are the elements of L, and |/;;] < 1 with
partial pivoting, we get ||L||lcc <n. 0O

The ratio |U||oo/||A]lc represents the element growth during Gaussian elim-
ination. In practice, ||U]|oo/||Allco tends to be small, but there are n x n matrices
for which ||U|leo/[|Allec = 277 !/n is possible, see Exercise 2. If ||U|loc > [|A] o
then Gaussian elimination is unstable.
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Exercises

(1)

(i)
(ii)

(vii)

Determine the LU factorization of a non-singular lower triangular matrix A.
Express the elements of L and U in terms of the elements of A.

Determine a factorization A = LU when A is upper triangular.

For
0 0
1= o)

with A; nonsingular, determine a factorization PA = LU where L is unit
lower triangular and U is upper triangular.

LDU factorization.

One can make a LU factorization more symmetric by requiring that both
triangular matrices have ones on the diagonal, and factoring A = LDU, where
L is unit lower triangular, D is diagonal, and U is unit upper triangular.
Given a LU factorization A = LU, express the diagonal elements d;; of D and
the elements 1;; in terms of elements of U.

Block LU factorization.

Suppose we can partition the invertible matrix A as

A A
A =
(A21 A22) ’
where Ai; is invertible. Verify that A has the block factorization A = LU

where
B I 0 _ (A A
L(A21A1‘11 1)’ U(o S)’

and S = Agy — Ay A7 Ary is a Schur complement. Note that L is unit lower
triangular. However U is only block upper triangular, because A7 and S are
in general not triangular. Hence a block LU factorization is not the same as
a LU factorization.

Determine a block LDU factorization A = LDU, where L is unit lower trian-
gular, U is unit upper triangular, and D is block diagonal.

The matrix

_ = O
=N O =
W = W

N = DN

3

W~

does not have a LU factorization. However, it does have a block LU factor-

ization A = LU with
0 1
= (1)

Determine L and U.
UL Factorization.
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Analogous to Algorithm 3.3, present an algorithm that factors any square
matrix A into PA = UL, where P is a permutation matrix, U is unit upper
triangular, and L is lower triangular.

. Let A € C™*™ be nonsingular, and P a permutation matrix such that

An A
PA=
(A21 Azz)

with Aj; nonsingular. Show: If all elements of A21A1_11 are less than one in
magnitude then
Koo (A22 - A21Af11A12) < koo (A).

. Compute the LU factorization of the n x n matrix

1 1
-1 1 1
A—|-1 -1 1 1
1 ... .. -1 1

Show that pivoting is not necessary. Determine the one norms of A and U.

. Let A € C""™ and A + wv* be nonsingular, where u,v € C". Show how to

solve (A4+uv*)x = b using two linear system solves with A, two inner products,
one scalar vector multiplication, and one vector addition.

. This problem shows that if Gaussian elimination with partial pivoting encoun-

ters a small pivot, then A must be ill-conditioned.

Let A € C™*" be nonsingular, and PA = LU, where P is a permutation
matrix, L is unit triangular with elements |l;;| <1 and U is upper triangular
with elements u;;. Show that koo (A) > || A]|co/ min; |uj;|.

. The following matrices G are generalizations of the lower triangular matrices

in the LU factorization. The purpose of G is to transform all elements of a
column vector to to zero, except for the kth element.

Let G = I, — geg, where g € C" and 1 < k < n. Which conditions do the
elements of g have to satisfy so that G is invertible? Determine G~! when it
exists.

Given an index k and a vector € C™, which conditions do the elements of x
have to satisfy so that Gz = e;? Determine the vector g when it exists.

3.6 Cholesky Factorization

It would seem natural that a Hermitian matrix should have a factorization that
reflects the symmetry of the matrix. For a n x n Hermitian matrix, we need to
store only n(n + 1)/2 elements, and it would be efficient if the same were true of
the factorization. Unfortunately this is not possible in general. For instance, the
matrix

=)
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is nonsingular and Hermitian. But it cannot be factored into a lower times up-
per triangular matrix, as illustrated in Example 3.19. Fortunately, a certain class
of matrices, so-called Hermitian positive definite matrices do admit a symmetric
factorization.

Definition 3.23. A Hermitian matriz A € C™*™ is positive definite if z* Az > 0
for all x € C™ with x # 0.

A Hermitian matriz A € C™*" is positive semi-definite if *Ax > 0 for all
xeCm.

A symmetric matriz A € R™*" §s positive definite if 7 Az > 0 for all x € R"
with x # 0, and positive semi-definite if 27 Az > 0 for all x € R™.

A positive semi-definite matrix A can have z*Ax = 0 for z # 0.

Example. The 2 x 2 Hermitian matrix

13
=69
is positive definite if |3] < 1, and positive semi-definite if [3]> =1. O

We derive several properties of Hermitian positive definite matrices. We start
by showing that all Hermitian positive definite matrices are nonsingular.

Fact 3.24 If A € C"*" is Hermitian positive definite then A is nonsingular.

Proof. Suppose to the contrary that A were singular. Then Az = 0 for some x # 0,
implying z* Az = 0 for some x # 0, which contradicts the positive definiteness of
A jie Az >0forallz#0. O

Hermitian positive definite matrices have positive diagonal elements.

Fact 3.25 If A € C"*™ is Hermitian positive definite then its diagonal elements
are positive.

Proof. Since A is positive definite, we have x*Ax > 0 for any = # 0, and in
particular 0 < ejAe; = a;;, 1 <j<n. O

Below is a transformation that preserves Hermitian positive definiteness.

Fact 3.26 If A € C™*" is Hermitian positive definite, and B € C™*" is nonsingular
then B*AB is also Hermitian positive definite.

Proof. The matrix B*AB is Hermitian because A is Hermitian. Since B is non-
singular, y = Bx # 0 if and only if z # 0. Hence

2*B*ABx = (Bx)" A (Bz) =y"Ay >0
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for any vector y # 0, so that B*AB is positive definite. O

At last we show that principal submatrices and Schur complements inherit
Hermitian positive definiteness.

Fact 3.27 If A € C™*" is Hermitian positive definite then its leading principal
submatrices and Schur complements are also Hermitian positive definite.

Proof. Let B be a k x k principal submatrix of A, for some 1 < k < n — 1.
The submatrix B is Hermitian because it is a principal submatrix of a Hermitian
matrix. To keep the notation simple, we permute the rows and columns of A so
that the submatrix B occupies the leading rows and columns. That is, let P be a
permutation matrix, and partition

A=PTAP = (B A”).
12 A

Fact 3.26 implies that A is also Hermitian positive definite. Thus z* Az > 0 for any

vector x # 0. In particular, let x = (g) for y € C*. Then for any y # 0 we have

« 3 . B A (y «
0<xAx:(y 0)<A’1‘2 A22><O>yBy.

This means y* By > 0 for y # 0, so that B is positive definite. Since the submatrix
B is a principal submatrix of a Hermitian matrix, B is also Hermitian. Therefore
any principal submatrix B of A is Hermitian positive definite.

Now we prove Hermitian positive definiteness for Schur complements. Fact
3.24 implies that B is nonsingular. Hence we can set

B I 0
L= (A;*QBl Ink)

) 5 where S = A22 — ATQB_lAlg.

so that
LAL" =
(s
Since L is unit lower triangular, it is nonsingular. From Fact 3.26 follows then that
LAL* is Hermitian positive definite. Earlier in this proof we showed that principal
submatrices of Hermitian positive definite matrices are Hermitian positive definite,
thus the Schur complement S must be Hermitian positive definite. 0O

Now we have all the tools we need to factor Hermitian positive definite ma-
trices. The following algorithm produces a symmetric factorization A = LL* for a
Hermitian positive definite matrix A. The algorithm exploits the fact that the diag-
onal elements of A are positive and the Schur complements are Hermitian positive
definite.
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Definition 3.28. Let A € C™"*"™ be Hermitian positive definite. A factorization
A = LL*, where L is (lower or upper) triangular with positive diagonal elements is
called a Cholesky factorization of A.

Below we compute a lower-upper Cholesky factorization A = LL* where L is
a lower triangular matrix.

Algorithm 3.5. Cholesky Factorization.

Input: Hermitian positive definite matrix A € C**"
Output: Lower triangular matrix L with positive diagonal elements
such that A = LL*

1. If n = 1 then L = VA.
2. If n > 1 partition and factor

1 n-—1

1 «Q a* all? 0 1 0 al’?2 o 1/2g*
A= = 19 ,
n—1\a A,_1 ac~ Y% I, 0o S 0 1,1
1, %

where S = A4,,_1 — aa” ‘a*.

3. Compute S = L,, 1L} where L,,_; is lower triangular with positive diago-

n—1»
nal elements.
B al/? 0
L= (aa1/2 L, 1)

4. Then
A Cholesky factorization of a positive matrix is unique.

Fact 3.29 (Uniqueness of Cholesky factorization) Let A € C"*" be Hermi-
tian positive definite. If A = LL* where L is lower triangular with positive diagonal
then L is unique. Similar;y, if A = LL* where L is upper triangular with positive
diagonal elements then L is unique.

Proof. This can be shown in the same way as the uniqueness of the LU factoriza-
tion. 0O

The following result shows that one can use a Cholesky factorization to deter-
mine whether a Hermitian matrix is positive definite.

Fact 3.30 Let A € C"*™ be Hermitian. A is positive definite if and only if A = LL*
where L is triangular with positive diagonal elements.

Proof. Algorithm 3.5 shows that if A is positive definite then A = LL*. Now
assume that A = LL*. Since L is triangular with positive diagonal elements, it is
nonsingular. Therefore Lz # 0 for x # 0, and * Az = || L*z||3 > 0. 0O
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The next bound shows that a Cholesky solver is numerically stable in exact
arithmetic.

Corollary 3.31 (Stability of Cholesky Solver). Let A € C"*™ and A+ E be
Hermitian positive definite matrices, Az = b, b # 0, and

I El2
A+ E=LL*, e4—
[ All2
[[71]]2
Ly = b + T, €1 =
[16]]2
Lis—y v ey 2]z
lyll2

A7 2l Ell2 < 1/2 then

Iz — [l

T < 2ko(A) (ea+e1+e(l4¢€)).

Proof. Apply Fact 3.14 to A+ E, where S; = L and Sy = L*. The stability factor
is | L=*||2||L~Y|2/[[(A + E)~1]|2 = 1 because Fact 2.19 implies

I(A+E)"Hlo = L7 L7 2 = IL7HI3 = 127 [l 27l

Exercises

(i) The magnitude of an offdiagonal element of a Hermitian positive definite ma-
trix is bounded by the geometric mean of the corresponding diagonal elements.
Let A € C"*™ be Hermitian positive definite. Show: |a;;| < \/ai;aj; for i # j.
Hint: Use the positive definiteness of the Schur complement.

(ii) The magnitude of an offdiagonal element of a Hermitian positive definite ma-
trix is bounded by the arithmetic mean of the corresponding diagonal elements.
Let A € C**™ be Hermitian positive definite. Show: |a;;| < (ai; + a;;)/2 for
i .
Hint: Use the relation between arithmetic and geometric mean.

(iii) The largest element in magnitude of a Hermitian positive definite matrix is
on the diagonal.
Let A € C™ " be Hermitian positive definite. Show: maxi<; j<n |aij| =
maxi<i<n @ij-

(iv) Let A € C™ ™ be Hermitian positive definite. Show: A~! is also positive
definite.

(v) Modify Algorithm 3.5 so it computes a factorization A = LDL* for a Her-
mitian positive definite matrix A, where D is diagonal and L is unit lower
triangular.
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(vi) Upper-Lower Cholesky Factorization. Modify Algorithm 3.5 so it computes a
factorization A = L*L for a Hermitian positive definite matrix A, where L is
lower triangular with positive diagonal elements.

(vii) Block Cholesky factorization.
Partition the Hermitian positive definite matrix A as

A A
A= .
<A21 A22>

Analogous to the block LU factorization in Exercise (v) of Section 3.5 deter-
mine a factorization A = LL*, where L is block lower triangular. That is, L

is of the form
I —
<L21 L22) ’

where Lq; and Los are in general not lower triangular.

(viii) Let
A A
A=
<A21 A22>

be Hermitian positive definite. Show:
[ Ao — Az ATy Ara]l2 < [|All2,

and
Ko (Ao — A21Af11A12) < ka(A).
(ix) Prove: A = M M* for some nonsingular matrix M if and only A is Hermitian
positive definite.

(x) Generalized Cholesky Factorization.
Let M € C™*"™ be Hermitian positive-definite. Prove: If M = M{M; =
M3 My for square matrices My and My then there exists a unitary matrix @
such that My = QM;.

(xi) Let M = A+ 1B be Hermitian positive definite, where 12 = —1, and A and B
are real square matrices. Show that the matrix

A -B
(5 7)
is real symmetric positive definite.

3.7 QR Factorization

The QR factorization is a matrix factorization where one of the factors is unitary,
and the other one is triangular. We derive the existence of a QR factorization from
the Cholesky factorization.

Fact 3.32 Every nonsingular matrix A € C"*™ has a unique factorization A = QR,
where @) is unitary and R is upper triangular with positive diagonal elements.
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Proof. Since A is nonsingular, Az # 0 for x # 0, and z* A* Az = || Az||% > 0, which
implies that M = A* A is Hermitian positive definite. Let M = LL* be a Cholesky
factorization of M, where L is lower triangular with positive diagonal elements.
Then M = A*A = LL*. Multiplying by A= on the left gives A = QR, where
Q = A"*L, and where R = L* is upper triangular with positive diagonal elements.
Exercise (ix) in Section 3.6 shows that @ is unitary.

The uniqueness of the QR factorization follows from the uniqueness of the
Cholesky factorization, as well as from Exercise 6 in Section 1.13. 0

The bound below shows that a QR solver is numerically stable in exact arith-
metic.

Corollary 3.33 (Stability of QR Solver). Let A € C"*™ be nonsingular, Az =
b, b#0, and

| £]|2
A+ FE =QR, €A =

| All2

r
Qu=b+m, o=10k

(012
Rz =y + 1y, €2 = ||r2||2-

lyll2

If |A7 2| Ell2 < 1/2 then

Iz — [l

T < 2ko(A) (ea+e1+e(l+e€)).

Proof. Apply Fact 3.14 to A+ E, where S1 = @ and Sy = R. The stability factor
is ||R7Y|2]|@*|l2/]I(A + E)~1|]2 = 1 because Exercise (v) in Section 2.6 implies
1Q%[l2 =1 and [[(A+ E)~ 2 =[R2 D

There are many ways to compute a QR factorization. Here we present an
algorithm that is based on Givens rotations, see Definition 1.17. Givens rotations
are unitary, see Example 1.16, and they are often used to introduce zeros into
matrices. Let’s start by using a Givens rotation to introduce a single zero into a
vector.

Example. Let x,y € C.

(5 )6 o o

o

If x =y =0 then ¢ = 1 and s = 0; otherwise ¢ = T/d and s = g/d. That is, if
both components of the vector are zero then there is nothing to do and the unitary
matrix is the identity. Note that d > 0, and |c|? +|s|> =1. O
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When introducing zeros into a longer vector, we embed each Givens rotation
in an identity matrix.

Example. Suppose we want to zero out elements 2, 3 and 4 in a 4 x 1 vector with
a unitary matrix. We can apply three Givens rotations in the following order.

1. Apply a Givens rotation to rows 3 and 4 to zero out element 4,

1 0 0 0 T T
0 1 0 0 i) o T
0 0 Cy S4 T3 o Y3
0 0 —S4 C4 T4 0

where y3 = /|z3|? + 24> > 0. If 24 = 23 = 0 then ¢4 = 1 and s4 = 0,
otherwise ¢y = T3/y3 and s4 = T4/ys.

2. Apply a Givens rotation to rows 2 and 3 to zero out element 3,

1 0 0 0 T I
0 C3 S3 0 i) o Y2
0 —53 53 0 Y3 o 0
0 0 0 1 0 0

where yo = /|22 +|ys5|2 > 0. If y3 = 290 = 0 then ¢c3 = 1 and s3 = 0,
otherwise ¢z = Ta/y2 and s3 = Y5 /yo.

3. Apply a Givens rotation to rows 1 and 2 to zero out element 2,

C2 S92 0 0 X1 Y1
—32 Eg 0 0 Y2 . 0
0 0 1 0 o] o
0 0 0 1 0 0

where y1 = \/|71]2 + |y2/2 > 0. If yo = 21 = 0 then c; = 1 and s = 0,
otherwise co = T1/y1 and s2 = Ty /y1.

Therefore Qx = y1e1, where y; = ||Qx||2 and

c2 s2 0 0 1 0 0 O 1 0 O 0
s om0 0|0 e ss 0l{o1 0 o0
Q= 0 0 1 0 0 —s3 ¢ O 0 0 ¢4 S4
0 0 0 1 0 0 0 1 0 0 —54 ¢4

There are many possible orders in which to apply Givens rotations, and Givens
rotations don’t have to operate on adjacent rows either. The example below illus-
trates this.

Example. Here is another way to to zero out elements 2, 3 and 4 in a 4 x 1 vector.
We can apply three Givens rotations that all involve the leading row.



76 Chapter 3. Linear Systems

1. Apply a Givens rotation to rows 1 and 4 to zero out element 4,

ca 0 0 s4 T (A
0 1 0 0 i) . To
0 1 0 I3 o T3

—354 0 0 ¢4 T4 0

where y1 = /|z1]2 + |24? > 0. If 24 = 21 = 0 then ¢4 = 1 and s4 = 0,
otherwise ¢4 = T1/y1 and s4 = T4 /y1.

2. Apply a Givens rotation to rows 1 and 3 to zero out element 3,

C3 0 S3 0 m 21
1 0 i) o i)

—33 0 53 0 I3 o 0
0 0 0 1 0 0

where z1 = /|y1|? +]z3]? > 0. If 23 = y; = 0 then ¢3 = 1 and s3 = 0,
otherwise c3 = 7, /21 and s3 = T3/z1.

3. Apply a Givens rotation to rows 1 and 2 to zero out element 2,

Co S92 0 0 T U1
752 52 0 0 Y2 - 0
0 0 1 0 ol |o
0 0 0 1 0 0

where u; = /|z1]2 4+ |22 > 0. If 22 = 21 = 0 then ¢ = 1 and s2 = 0,
otherwise co = Z1 /u; and s = Ta/uy.

Therefore Qx = uje;, where u; = ||Qz||2 and
Co S9 0 0 C3 0 S3 0 Cq 0 0 Sq
0= —S9 ¢ 0 0 1 0 O 0 1 0 O
- 0 0 1 0 —s53 0 3 O 0 0 1 0
0 0O 0 1 0 0 0 1 354 0 0 ¢y
O

The preceding examples demonstrate that if a Givens rotation operates on
rows i and j, then the ¢ and s elements occupy positions (i,4), (i,5), (j,4) and
(i ).

At last here is a sketch of how one can reduce a square matrix to upper
triangular form by means of Givens rotations

Example. We introduce zeros one column at a time, from left to right, and within
a column from bottom to top. The Givens rotations operate on adjacent rows.
Elements that can be nonzero are represented by *. Elements that were affected by
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the 7th Givens rotation have the label i. We start by introducing zeros into column
1

3

* % ok % * % ok % * % % % 3 3 3 3
S I O IR R R ) 2 2 2 2 3 0 3 3 3
* & %k 11 11 0 2 2 2 0 2 2 2
x ok % % 0 1 1 1 01 1 1 01 1 1
Now we introduce zeros into column 2, and then into column 3,
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
0 3 3 3 R 0 3 3 3 5, 0 5 5 5 5, 0 5 5 5
0 2 2 2 0 4 4 4 0 0 5 5 0 0 6 6
0 1 1 1 0 0 4 4 0 0 4 4 0 0 0 6

Below is the general algorithm.

Algorithm 3.6. QR Factorization for Nonsingular Matrices.

Input: Nonsingular matrix A € C*"*"
Output: Unitary matrix @ € C™*™ and upper triangular matrix R €
C™*"™ with positive diagonal elements such that A = QR
1. f n =1 then @ = A/|A| and R = |A]
2. If n > 1 zero out elements n,n — 1,...,2 in column 1 of A as follows.
(1) Set (bnl bng e bnn) = (anl an2 e ann).
(ii) Fori=n,n—1,...,2
Zero out element (7,1) by applying a rotation to rows ¢ and i — 1

C; Si aj—-1,1 Ai—-1,2 ... Qi—1n\ _ bi71,1 bi71,2 bz‘fl,n
—S; C; bi1 bio bin 0 (2 Ain

where bifl_’l = 4/ |bi1|2 + |ai,111|2. If b“ = Q;j—-1,1 = 0 then C; = 1 and

s; = 0; otherwise ¢; = @;—1,1/bi—1,1 and s; = bi1 /bi—1.1.
(iii) Multiply all n — 1 rotations

c2 83 0 I, o 0 0
Qr=|-5 o 0 e 0 Cn  Sn
0 0 I,—9 0 —5, Cn

(iv) Partition the transformed matrix

QA= (Tg)l TA> , where A ; ; ,

r* = (b12 bln), and r1; = by1 > 0.
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3. Compute A= Qn-1Rn—1, where QQ,,_1 is unitary and R,,_1 is upper triangular
with positive diagonal elements.

4. Then
_ 1 0 — T11 r*

Exercises

(i) Determine the QR factorization of a real upper triangular matrix.

(ii) QR Factorization of Outer Product.
Let z,y € C", and apply Algorithm 3.6 to zy*. How many Givens rotations
do you have to apply at the most? What does the upper triangular matrix R
look like?

(i) Let A € C™*™ be a tridiagonal matrix, that is, only elements a;;, a;+1,; and
a;i+1 can be nonzero; all other elements are zero. We want to compute a
QR factorization A = QR with n — 1 Givens rotations. In which order do the
elements have to be zeroed out, on which rows do the rotations act, and which
elements of R can be nonzero?

(iv) QL Factorization.
Show: Every nonsingular matrix A € C"*™ has a unique factorization A =
QL, where @ is unitary, and L is lower triangular with positive diagonal
elements.

(v) Computation of QL Factorization.
Suppose we want to compute the QL factorization of a nonsingular matrix
A € C™"*" with Givens rotations. In which order do the elements have to be
zeroed out, and on which rows do the rotations act?

(vi) The elements in a Givens rotation
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are named to invoke an association with sine and cosine, because |c|[>+]s|? = 1.
One can also express the elements in terms of tangents or cotangents. Let

G (z) = (g) , where d=+/|z|? + |y|?.

Y
Show the following: If |y| > |z| then

x y 1 .
T ;’ o HTW’ -
and if || > |y| then
Y T 1 _
T THyee T
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(vii) Householder Reflections.
Here is another way to introduce zeros into a vector without changing its two
norm. Let x € C" and 27 # 0. Define Q = I — 2vv™/v*v, where v = = +
allz|l2e1 and o = z1/|z1|. Show that @ is unitary and that Qz = —«/||x||2€;1.
The matrix @ is called a Householder reflection.

(viii) Householder Reflections for Real Vectors.
Let 2,y € R™ with ||z|]]2 = |ly|l2- Show how to choose a vector v in the
Householder reflection so that Qx = y.

3.8 QR Factorization of Tall and Skinny Matrices

We look at rectangular matrices A € C™*" with at least as many rows as columns,
i.e. m > mn. If A is involved in a linear system Az = b, then we must have b € C™
and x € C". Such linear systems do not always have a solution; and if they do
happen to have a solution then the solution may not be unique.

Example. If
1 b
A=11], b= | b2
1 b3

then the linear system Ax = b has a solution only for those b all of whose elements
are the same, i.e. 3 = by = by = b3. In this case the solution is z = f. O

Fortunately there is one righthand side for which a linear system Ax = b
always has a solution, namely b = 0. That is, Ax = 0 always has the solution z = 0.
However x = 0 may not be the only solution.

Example. If
1 -1
A=|-1 1
1 -1
then Ax = 0 has infinitely many solutions x = (xl xQ)T with x1 = xs. O

We distinguish matrices A where z = 0 is the unique solution for Az = 0.
Definition 3.34. Let A € C™*"™. The columns of A are linearly independent if
Ax = 0 implies © = 0. If Ax = 0 has infinitely many solutions, then the columns
of A are linearly dependent.

Example.

e The columns of a nonsingular matrix A are linearly independent.

e If A is nonsingular then the matrix (é) has linearly independent columns.
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e Let x € C™. If x # 0 then z consists of a single, linearly independent column.
If x = 0 then z is linearly dependent.

o If A € C™*™ with A*A = I,, then A has linearly independent columns. This
is because multiplying Ax = 0 on the left by A* implies x = 0.

o If the linear system Az = b has a solution «, then the matrix B = (A b) has
linearly dependent columns. That is because B <_x1> =0.

How can we tell whether a tall and skinny matrix has linearly independent
columns? We can use a QR factorization.

Algorithm 3.7. QR Factorization for Tall and Skinny Matrices.

Input: Matrix A € C™*" with m > n
Output: Unitary matrix @ € C™*™ and upper triangular matrix

R € C™*" with nonnegative diagonal elements such that A = @ <R)

0
1. If n = 1 then @ is a unitary matrix that zeros out elements 2,...,m of A, and
R = ||All2.
2. If n > 1 then, as in Algorithm 3.6, determine a unitary matrix @, € C"™*™
to zero out elements 2,...,m in column 1 of A, so that

s (i
wr(3 %)
where r1; > 0 and A € Cm=Dx(n=1)
Rn—l
0
R,_1 € C(»=Ux(n=1) s ypper triangular with nonnegative diagonal elements.

4. Then
_ 1 0 — T11 r*

Fact 3.35 Let A € C™*" with m > n, and A = Q (1(?) where Q € C™*™ is

3. Compute A= Qm_1 ), where Q,,_1 € Cm=Ux(m=1) i5 ynitary, and

unitary, and R € C"™*" is upper triangular. Then A has linearly independent
columns if and only if R has nonzero diagonal elements.

10% 0 = x = 0 if and only if Rz =0 =
2 = 0. This is the case if and only if R has is nonsingular and has nonzero diagonal
elements. 0O

Proof. Since @ is nonsingular, Az = @
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One can make a QR factorization more economical by reducing the storage
and omitting part of the unitary matrix.

Fact 3.36 (Thin QR Factorization) If A € C™*™ with m > n then there exists
a matrix 1 € C"™*" with Q1Q1 = I,, and an upper triangular matrix R € C"*"
with nonnegative diagonal elements so that A = Q1 R.

Proof. Let A = @ <§) be a QR factorization as in Fact 3.35. Partition Q =
(Q1 Qg), where Q1 has n columns. Then A =@Q1R. 0O

Definition 3.37. If A € C™*™ and A*A = I, then the columns of A are orthonor-
mal.

For a square matrix the thin QR decomposition is identical to the full QR
decomposition.

Example 3.38 The columns of a unitary or an orthogonal matrix A € C"*" are
orthonormal because A*A = I,, and so are the rows because AA* = I[,. This
means, a square matrix with orthonormal columns must be a unitary matrix. A
real square matrix with orthonormal columns is an orthogonal matrix. H

Exercises

(i) Let A € C™*™, m > n, with thin QR factorization A = QR. Show: ||A]|2 =
IR]2.

(ii) Uniqueness of Thin QR Factorization.
Let A € C™*"™ have linearly independent columns. Show: If A = QR, where
Q € C™*™ gatisfies Q*Q = I,, and R is upper triangular with positive diagonal
elements, then ) and R are unique.

(iii) Generalization of Fact 3.35.
Let A € C™*" m > n, andA:B(g
independent columns, and C € C"*". Show: A has linearly independent
columns if and only if C' is nonsingular.

(iv) Let A € C™*" where m > n. Show: There exists a matrix Z € C™*(m=n)
such that Z*A = 0.

(v) Let A € C™*" m > n, have a thin QR factorization A = QR. Express the
kth column of A as a linear combination of columns of ¢ and elements of R.
How many columns of @ are involved?

(vi) Let A € C™*™ m > n, have a thin QR factorization A = QR. Determine a
QR factorization of A — Qejei R from the QR factorization of A.

(vii) Let A = (a1 an) have linearly independent columns a;, 1 < j < n.
Let A = QR be a thin QR factorization where ) = (q1 qn) and R is

), where B € C™*™ has linearly
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upper triangular with positive diagonal elements. Express the elements of R
in terms of the columns a; of A and the columns g; of Q.

Let A be a matrix with linearly independent columns. Show how to compute
the lower-upper Cholesky factorization of A*A without forming the product
A*A.

Bessel’s Inequality.

Let V € C™*"™ with V = (vl vn) have orthonormal columns, and let
x € C™. Show

n

Z |v;-‘z|2 <z*z.

Jj=1

. QR factorization with column pivoting.

This problem presents a method to compute QR factorizations of arbitrary
matrices. Let A € C™*™ with rank(A4) = r. Then there exists a permutation
matrix P so that

Ry Rg)

AP =
@ ( 0 0
where R; is an upper triangular nonsingular matrix.

(a) Show how to modify Algorithm 3.7 so that it computes such a factoriza-
tion. In the first step, choose a permutation matrix P, that brings the
column with largest two-norm to the front, i.e.

|APe1l2 = max |APe;]|2.

(b) Show that the diagonal elements of R; have decreasing magnitudes, i.e.
(Ri)11 2 (R1)22 > ... > (R1)pr



