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1 Basic Matrix Computations

Exercise 1.1 Let A and B be two n x n matrices. Prove that (AB)T = BT AT. Also prove that if
both A and B are non-singular then (AB)™' = B~1A~L

Exercise 1.2 Prove that if A € R™ " is non-singular then (A~")7 = (AT)~!. Hence the notation
AT makes sense.

Exercise 1.3 Prove that dim(Null(A)) 4+ dim(Range(A)) = n.
Hint Pick a basis for Null(A) and complete to a basis for all of R™.

Exercise 1.4 Suppose A € R™*™ and B € R™*"™ m > n. How many operations are required to
evaluate the formula z = (A + I)Bx + y, where x and y are vectors.

Exercise 1.5 An n X n matrix is said to be elementary if it can be written as A = I —uv”, where
u and v are vectors. What condition on uw and v ensures that A is non-singular? Also prove that
A~ is also elementary (by showing A~! = I — auv’).

Exercise 1.6 Prove the Sherman-Morrison formula
(A—uh) P =A71 + A7t — 0T A7) 1T AL
Exercise 1.7 Prove the inequality ||z]|c < ||z|l2 < v/7l|2]00-

Exercise 1.8 Let v € R™ and v € R™. Show that

luv™ 2 = [[ull2]|v]l2-

Exercise 1.9 Prove that ||I|| = 1 and ||A||[|A7!|| > 1 for all matrix norms induced by a vector
norm.

Exercise 1.10 Suppose we implement matrix-vector multiplication by a loop:

y=zeros(n,1);
for i=1:n
for j=1:n
y(1)=y(@)+A(1,j)*x(§);
end
end

on a machine where matrices are stored by column in main memory.

a) Suppose one memory block corresponds exactly to the size of one column A(:, j) or the vectors
x and y. Further assume that only a couple of memory blocks fit in Cache memory. Clearly
explain why the above code is inefficient. Also check the ratio between the number of memory
blocks loaded into Cache memory and the number of floating point operations needed.

b) Propose an alternative implementation of matrix-vector multiply and clearly explain why it
is better.



2 Linear Systems of Equations

Exercise 2.1 Suppose we have a linear system Az = b where

2 1 =2 6
A= -1 0 3 and b = 1
1 2 -1 -3

During the first step of Gaussian elimination we multiply the system with a matrix L; such that
the new system L1 Ax = L1b is

2 1 =2 6
0 05 2 T = 4
0 15 0 —6

Give the Gausstransformation Lq.

Exercise 2.2 Let r = b — AZ be the residual for an approximate solution to the linear system

Ax = b. Prove the formula:
= || < JA7]||rl.

Exercise 2.3 Suppose A, B, and C are matrices and b is a vector. How would you implement the
formula

z=DB12A+1)(C + A)b.

without computing any matrix inverse? Aim for as few arithmetic operations as possible.

Exercise 2.4 Suppose A has a Cholesky decomposition A = RTR. Prove that A is symmetric and
positive definite.

Exercise 2.5 Let PA = LU be the LU decomposition. Prove the formula
det(A) = (—1)kH?:1uii.
What is k£ here?

Exercise 2.6 Suppose we want to solve the upper triangular system Rz = y by backwards substi-
tution. Clearly show how many floating point operations are needed.

Exercise 2.7 How would you solve a partitioned linear system

(5 o) ()-(0)

where Ly and Lo are lower triangular. Show the steps in terms of the given submatrices and vectors.



3 Least Squares Problems

Exercise 3.1 Suppose @ is an orthogonal matrix. Show that ||Qx||2 = ||z||2, for all vectors z, and
thus [|Q]|2 = 1.

Exercise 3.2 If A is both an ortgohonal matrix and an orthogonal projection. What can you
conclude about A?

Exercise 3.3 Let v # 0. The Householder reflection can be written as,
T
vV
H=1-2—.
vl

Prove the following properties of Householder reflections

a) H is symmetric and orthogonal.
b) Suppose that x = (1,2,3)" and Hz = (a,0,0)T. What is the value |a|? O

Exercise 3.4 Suppose A € R™*" m > n, and that we have the QR decomposition
R
A=Q ( 0 ) =R

a) Show that if Range(A) = Span(Q1) then the least squares system has a unique solution. Show
that in this case R is non-singular.

b) Show that the linear system Ax = b has an exact solution if b = Q1Q7b.

Exercise 3.5 Consider the vector a as an n x 1 matrix. Write out its Q R decomposition explicitly.
Also write down a formula for the solution of the least squares problem ax = b, where b is a given
n X 1 vector.

Exercise 3.6 Let a be any non-zero vector. If v = a — aey, a = %£|a|2, and

’UUT

H=1-2""
vTo’

show that Ha = «e;.

Exercise 3.7 Prove that the product of two lower triangular matrices is also lower triangular and
that the inverse of a lower triangular matrix is also lower triangular.

Hint This is important since it leads to a uniqueness result for the QQ R decomposition.

Exercise 3.8 Suppose B is an n X n matrix and assume B is both orthogonal and triangular. Prove
that B is a diagonal matrix and that the diagonal entries are +1. Use the result to prove that the
decomposition A = QR is "essentially unique", i.e. only the sign of the diagonal entries in R may

differ.



Exercise 3.9 We are intressted in the least squares problem min || Az — b||2. Suppose A = Q1R is
the reduced QR decomposition. Use @1 to give a formula for a orthogonal projection P, such that
Pb=r =0b— Az, where z is the least squares solution.

Exercise 3.10 Compute the QR factorization of the matrix

0 V2
A= -1 1
11

Let b = (1,2,3)”. Find the vector  that minimize || Az — b].

Exercise 3.11 Consider the least squares problem min ||Az — b||2. We compute the QR decompo-
sition of the augumented matrix

QR = [A,b] € R (1),

Clearly show how the least squares problem can be solved using only the R matrix. That is we
don’t need to save the () matrix when computing the factorization.

Exercise 3.12 Let W € R™*" be real, symmetric, positive definite, and let || - ||y be defined by,

||xHI2/V =2 Wa.

a) Verify that ||z|lw = 0 if and only if z = 0.

Hint Use the Cholesky factorization W = RTR.
b) Derive an expression for the normal equations of the minimization problem,
min |[|Az — b|w.
€T
Exercise 3.13 Suppose A is an m x n matrix and m > n. Clearly demonstrate how Householder

reflections can be used to compute the decomposition A = QR. It is sufficient to consider the 5 x 4
case.

Exercise 3.14 Let A be an m X n matrix, m > n. How many Givens rotations would be needed
to transform A into upper triangular shape?

Exercise 3.15 Suppose A is an m X n matrix, m > n, and that we have the QR decomposition of
A and also the least squares solution . We add a new row to the previously solved least squares
problem and need to transform a matrix of the form,

8 O O 8
8 O &8 &
8 8 8 8
8 8 8 8

into upper triangular form. Clearly demonstrate how this can be accomplished using Givens rota-
tions.



4 Eigenvalues

Exercise 4.1 What are the eigenvectors and eigenvalues of the following matrix?

1 2 —4
0 2 1
00 3

Exercise 4.2 Suppose that all of the row sums of an n X n matrix have the same value, e.g. a.
Prove that « is an eigenvalue. What is the corresponding eigenvector?

Exercise 4.3 Show that a matrix is singular if and only if zero is one of its eigenvalues.

Exercise 4.4 Let A be an n x n matrix. Prove that A and AT have the same eigenvalues. Do A
and AT also have the same eigenvectors? Prove or give a counter example.

Hint Use Matlab for the second part to avoid tedius calculations.

Exercise 4.5 Prove that all the eigenvalues of a Hermitean matrix A are real. Use the result to
prove that the eigenvalues of a real symmetric matrix are real.

Exercise 4.6 Prove that for any matrix norm induced by a vector norm the spectral radius satisfies
p(A) < [|A]].

Exercise 4.7 A matrix A is said to be nilpotent if A¥ = 0 for some positive integer k. Show that
all eigenvalues of a nilpotent matrix are zero. Can you conclude that A is the zero matrix?

Exercise 4.8 Suppose A, B € R™™" and in addition A is non-singular. Show that AB and BA
have the same eigenvalues.

Exercise 4.9 Let A have block-triangular form, i.e.

A Agy
0 Ay )’
where Ai; and Agg are both quadratic but not nessecarily of the same size. Show that A is an

eigenvalue of A if and only if it is an eigenvalue of either A1 or Ass.

Remark This is often called the decoupling theorem.

Exercise 4.10 Let A € R"*" have eigenvalues A1, Ag, ..., \n. Show that

det(A) = II™_, \,.

Exercise 4.11 Suppose A € R™ " is real and of rank one. Show that A = uv”, for some vectors
w and v, and also that u”'v is an eigenvalue of A. What are the other eigenvalues of A?

Exercise 4.12 Show that for any two real vectors u and v the formula
det(I +uv?) =1+ uTv
holds.



Exercise 4.13 Let A € R™*"™ and p(A) < 1. Show that I — A is non-singular and
(I-A) =) A~
k=0

Exercise 4.14 Let A be real and symmetric with eigenvalues A\pin < AM(A) < Ajpge. Show that for

x #0, .
xt Ax
>\min § T § Amax-
xrtx

Exercise 4.15 Clearly show how Housedolder reflections can be used to reduce a matrix into
Hessenberg form by a sequence of similarity transformations. It is enough to consider the 4 x 4 case.

Exercise 4.16 Suppose A € R™ " rank(A) = n, and A = QR, where @ is orthogonal and R is
upper triangular.

a) Show that RQ is a Hessenberg matrix if A is a Hessenberg matrix.

b) Show that RQ is tridiagonal if A is symmetric and tridiagonal.

Hint: Write () as a product of Givens rotations. It is enough to treat the 4 x 4 case to clearly see
the pattern.

Exercise 4.17 The kth step of the shifted QR algorithm for computing eigenvalues is
Ay — spl = Qi Ry, Apr1 = BpQp + si 1.
Show that Aiy; and Ay has the same eigenvalues.

Exercise 4.18 Given A € C"*™ show that for every € > 0 there exists a diagonalizable matrix B
such that ||[A — Bl|2 < e. This shows that the set of diagonalizable matrices is dense in C™*™.

Hint Use the Schur decomposition.

Exercise 4.19 Any matrix A € R™ " can be factorized as A = QTQH, where Q is unitary and T
upper triangular. This is called the Schur decomposition and is mainly of theoretical importance.
Prove that the diagonal elements of T are eigenvalues of A and also real symmetric matrix A has
orthogonal eigenvectors.

Exercise 4.20 Suppose (A, x) is a known eigenpair for the matrix A. Give an algorithm for com-
puting an orthogonal matrix P such that

2wt
_<0 A )

Write P as a product of Givens rotations.



Exercise 4.21 Let

16 0 4
A= 0 16 4
4 4 12

The matrix has one eigenvalue A\; = 20 with the corresponding eigenvector

v; = (—0.5774, —0.5774, —0.5774)T .

a) Use Gershgorin’s theorem to prove that A\; = 20 is the largest eigenvalue of A and that A is
non-singular.

b) If we attempt to use shifts to modify the convergence rate we replace A by B = (A — sI)~ L.
Suppose (x,\) is an eigenpair of A. What is the corresponding eigenpair of B?

c) Let s be a scalar. Show that the matrix B = A+ svjv! has the same eigenvectors as A. What
are the eigenvalues of B?

Exercise 4.22 Consider the matrix

14 -2 -1
A= -2 9 0.5
-1 05 4

a) Use Gershgorin’s theorem to estimate the eigenvalues as accurately as possible. Can you
conclude that the matrix is non-singular?

b) Let s be a scalar and v; an eigenvector. Show that the matrix B = A + svlvlT has the same
eigenvectors as A. What are the eigenvalues of B?

Exercise 4.23 Consider the matrix

100 0 1
A= 5 —10 1
-1 2 4

a) Use the Gershgorin theorem to estimate the eigenvalues of the matrix A as accurately as
possible.

b) Show that A is singular if and only if A = 0 is an eigen value of A. Can you conclude that A
is non-singular?

c) Suppose we apply inverse iteration to the matrix, i.e.
wh = A7 R gD = (k) )R, k=0,1,2,...

Does the results from a) imply that the iteration will converge?



5 Non-linear Equations and Least Squares

Exercise 5.1 Determine if the following functions are coercive on R2.

(a) f(z,y) =2 +y+2

(b) flz,y) =a?+y*+2
(c) flz,y) = — 2y +y°.
(d) f(z,y) = 2" =22y + y*

Exercise 5.2 Formulate the Newton method for solving the system of equations
234 223 =9, and 323z — 25 = 4.

Exercise 5.3 Let 2(0) = (0, 1)T. Perform one iteration in Newtons method applied to the system

of equations

¥ — 23 =0, and 2z129 = 1.

Exercise 5.4 Prove that if 2* is a fixed point of a smooth function g : R — R and ¢'(z*) = 0 then
the convergence rate of the fixed point iteration zx11 = g(z) is at least quadratic.

Exercise 5.5 Let,

f(x):< x? + sin(x) )

1+ cos(x3) + x2

Do the follwing: Compute the Jacobian matrix Jr(x) of the function f(z). Also perform one Newton
step for solving the non-linear equation f(x) = 0 using the starting value z(®) = (1,0)7.

Exercise 5.6 Consider the over determined system of equations

(z+1)* 4+ y* = 0.25,
22 + (y —1)2 = 0.25,
(z —1)% +y* = 0.25.

a) Describe how the Gauss-Newton Method can be used for finding an approximate solution the

above problem. What is the residual vector r(z) and the Jacobian J,(x)?

b) Perform one Gauss-Newton step using the starting vector 20 = (0,0)T.

Exercise 5.7 Let f(x) : R” — R be given by

flx) = %JETAJJ —2Tb+ ¢,

where A € R™*" is symmetric and b is a vector. Formulate Newtons method for finding the minimum
of f(z) and show that the method converges in one iteration.

10



Exercise 5.8 In non-linear least squares we seek to a minimizer of

win D@ = i f@), F0) = 2o,

where r(z) : R” — R™, m > n. Using Newtons method we attempt to find a root z* of the equation
Vf(z) =0. In each step we compute the next approximation 2 D) by,

Hy@®)s® = v p@®), 20+ — 50 4 @),

where Hy is the Hessian matrix and V f is the gradient.

a) What are the dimensions of H; and V f?

b) Typically the Hessian matrix is difficult to compute. The approximation,
Hp =~ JlJ,,

where J,. is the Jacobian of the function r(z), leads to the Gauss-Newton method. Show that
using this approximation the above Newton step reduces to the least squares problem,

min || J, (%) s®) 4 ()|,

c) Suppose r(z) = b — Az, where A € R™*" is a matrix. Show that the Gauss-Newton method
produces the exact solution after just one step.

Exercise 5.9 A river has been polluted by a large spill of a chemical substance that breaks down
slowly with time. A theoretical model suggests that the concentration of the pollutant in the river
decays with time according to a model

F(t) = cpexp(—cit) + cosin(wt),

where the last term is due to smaller naturally occuring pollution by the same chemical compund.
In order to estimate the parameters of the model we measure the concetration F'(¢;), for times
th <ty <...<ty, and want to use the Gauss-Newton method to fit the parameters ¢g, ¢1, and ¢y
to the measured data.

a) The Gauss-Newton method is based on writing down an appropriate residual vector r := r(c),
where ¢ = (¢, c1, 02)T are the coefficients of the model. Give the residual vector for the
above situation.

b) In each step of the Guass-Newton method we need to solve a least squares problem to minimize
| (c¥))sp + (™)) |9, where ¢*) is the approximate coefficient vector at step k. Derive an
expression for the Jacobian J,. for this case.

11



6 The Singular Value Decomposition

Exercise 6.1 Let a = (a1,aq,... ,an)T be a column vector. What is the singular value decompo-

sition of a considered as a n x 1 matrix? Similarily what is the singular value decomposition of
T9
a’

Exercise 6.2 Let AT be an m xn matrix of rank & < min(m, n). Use the decomposition A = UXV 7
to give an orthogonal basis for null(AT).

Exercise 6.3 Show that the eigenvalues of the symmetric matrix
0 AT
A 0

are precisely {£o0;}. What are the corresponding eigenvectors?

Exercise 6.4 Show that if A € R™*" has rank n, then ||A(ATA)~1AT |y = 1.

Exercise 6.5 Suppose the matrix B € R™*" has full column rank. Use the decomposition B =
ULVT to give a formula for the solution to the the problem

min || Bz||2, subject to ||z|2 = 1.
x

Exercise 6.6 Suppose A € R™*" m > n, rank(A) = n, and that we have a factorization A =
USVT. Clearly demonstrate how the matrices U and V provides basis vectors for the spaces
Range(A) and null(A). What are the dimension of the range and null space respectively.

Exercise 6.7 Let A € R™*"™ m > n, and rank(4) = n. Demonstrate how the decomposition
A =UXVT can be used for solving the least squares problem

in || Az — bl|2.
min || Az — b2

Give formulas for both the solution z and the redisual r = b — Ax.
Exercise 6.8 Let A € R™*" m < n, and rank(A) = m. Let b € R™. Show that the formula

m
ul
xr = E V;
0;

1=1

provides a solution to Az = b. Is the solution unique? If not what is the property that characterize
the solution x provided by the above formula?

Exercise 6.9 Suppose we want to find the solution to a linear system Ax = b, where rank(A) =
k < n so that the solution x is not unique. Demonstrate how the solution x can be split into two
parts,

T =1 + T2, z; € mull(A)*, and, =z, € null(A),

and how the SVD of A can be used to write expressions for the solution components x; and xs.

12



Exercise 6.10 Consider the Least Squares problem with linear constraints,
min | Az — bl|2, for all x € R™ such that Bx =0,

where A is m x n, m > n, and B is n X n.

a) Suppose rank(B) = n. What is the solution of the least squares problem?

b) Suppose rank(B) = k < n. Show how the SVD can be used to derive a formula for the solution
of the least squares problem.

Exercise 6.11 Let A € R™*" where m >> n, have full column rank. Use the decomposition
A = UXVT to develop a criteria that ensures that the linear system Az = b has a solution. Try
and make the criteria as inexpensive as possible to check.

Exercise 6.12 Demonstrate how a 4 x 4 matrix A can be reduced to upper bidiagonal form using
Householder reflections. That is UT AV = B, where U and V are products of Householder reflections
and B is upper bidiagonal.

Exercise 6.13 Tikhonov regularization means replacing an ill-conditioned linear system Az = b
by the more stable problem,
min || Az — ]| + A\?l«[3,

where A is the regularization parameter. Show that the normal equations of the above least squares
problem are

(ATA + X1z = ATb.

Also derive a formula for the singular values of the matrix (A7 A + A\2I) and use the result to show
that the normal equations are not ill-conditioned (provided A is selected appropriately). Finally
derive a formula for the solution .

Exercise 6.14 Show that
yT Az

Umax(A) = ax :
yeRm zeRm [lyl|2 |z |2

13



7 Sparse Matrices and Iterative Methods

Exercise 7.1 Show that the Jacobi iteration can be written in the form z*+1) = () 4 Fpk)
where (%) is the residual.

Exercise 7.2 Show that the iterative method,
B = Ga®) 4 ¢,
is convergent if the spectral radius p(G) < 1.

Exercise 7.3 Show that if A = M — N is singular then we can never have p(M~'N) < 1 even if
M is non-singular.

Exercise 7.4 Let A € R™™" be symmetric and positive definite. Prove that the Conjugate Gradient
iteration converges to the exact solution of Az = b within at most n steps.

Exercise 7.5 Let A be symmetric and positive definite. Write down the formulas for a general
projection method in the case K = £ = span(e;).

Exercise 7.6 A general projection method is defined by solving: Find z(™ e z(®) + K,,, such that
(™) is orthogonal to L,,, where K,, and L, are two m dimensional subspaces. Introduce basis sets
for the two subspaces and derive an explicit formula for the approximate solution (™.

Exercise 7.7 Let A be symmetric and positive definite, and suppose that V' € R"** is a basis for
a k dimensional subspace. Prove the following

a) The matrix A~! exists.

b) The matrix VT AV is non-singular.

Exercise 7.8 Let A be symmetric and positive definite. Consider a projection method where at
each step K = £ = span(r, Ar), and r = b — Ax is the current residual. Do the following:

a) As basis for K we use r and a vector p obtained by orthogonalizing Ar against r with respecy
to the A-inner product. Derive a formula for computing p.

b) Write down the algorithm for performing the projection step using the subspace K.

Exercise 7.9 Suppose the Arnoldi method is used to create an orthogonal basis for the Krylov
subspace K., (A, T(O)); and that break-down occurs after k steps. Show the following
a) The space Ki(A,79) is an invariant subspace, i.e. x € Ky then Az € K.

b) The solution of the equation Az = b belong to the space 2 4+, Hence a projection method
should produce an exact solution.

c) Suppose Vj is the basis computed by the Arnoldi process and Hy = VkTAVk. Show that
the eigenvalues of Hj are also eigenvalues of A in this case. What are the corresponding
eigenvectors?

14



1 Basic Matrix Computations

Exercise 1.1 First look at an element of (AB)”. We have

(AB); = (AB)ji =Y AjBri=> ABj =Y BLA[, = (BTAT),;.
k=1 k=1 k=1

To prove that (AB)~! = B~1A~! we use
(AB)(B'A ) = A(BB H)A ' =441 =TI
Exercise 1.2 To demonstrate that (A7)™' = (A~ we use

ATA Y =(A AT =1T =1

Exercise 1.3 Suppose the dimension of the null space is k. Then there is a basis {z1,z2,..., 2}
for the nullspace. Add n — k linearly independent vectors {Zj1,...,Z,} so that we have a basis for
R™. Now take a vector y that belongs to the subspace Range(A), i.e. y = Az for some x € R". We
can express  using the above basis and since Az; = 0, for i = 1,...,k, we find that y is a linear
combination of the vectors {AZyy1,...,AZ}. So the dimension is at most n — k. To show that the
dimension is exactly n — k we assume that there is a linear combination so that

0= > AT =AY ¢A%) = Az,
i=k+1 i=k+1

so z belongs to the nullspace which contradicts the assumption that the set of vectors

{331,$2, vy Ly Tht1y e - - 7$n}

was a basis. So the dimension of the range is exactly n — k.

Exercise 1.4 We evaluate the expression using the following operations
z=(A+Bx+y=A+)ni+y=Ani+z1+y=z2+r1ty=a3+y=14

Computing the matrix vector product xy = Bz requires mn multiplications and additions so a
total of 2mn operations and the product x5 = Az requires 2m? mult/adds. The remaining two
vector additons require m additions (as y,z1 € R™). So the operation count is m(2m + 2n + 2) or
2(m? 4 mn) if just the leading terms are kept.

Exercise 1.5 A = I — uv” is non-singular if Az # 0 for each z # 0. We calculate

T T

0O=Az=z—-wlz=2— (w'z)uorz=auand viz=a#0.
Thus it is sufficient to check that
Au=u — (vTu)u = (1 — v u)u # 0,
which is true if vTu # 1. Check that A~! is elementary by
AT'A = (T — aw™) (I —w) = T+ (—a — 1+ avTw)un?.

so we have an inverse if we select a so that —a — 1+ avTu =0 or if @ = (vTu—1)71.

15



Exercise 1.6 Define a scalar @ = vZ’ A= . Verify the formula by

T T T
(A—uw") AT+ AT A ) = AA ! AA A AT AT A = (),
1-«a 11—« 11—«
Now replace vI A~1u by « to obtain
1 @ T 41
=1 -1- A =1
() +(1—oz 1_a)uv

Exercise 1.7 Demonstrate the first inequality by
ol = max faif? < Z Jif* = 13-
=1

Also, since |z;| < ||#]|oo, we have

n n
213 =D lail® < D llzl3 = nllz]o.
i=1 i=1

Exercise 1.8 Recall the definition

T T
HUUTHQ — max HUU ‘T”Q _ ‘U ‘T‘HUHQ
zeR"  ||x|2 zeRn  ||x]|2

The Cauchy-Schwarz inequality is |v?z| < ||lv||2]|z||2 With equality for z = v. So

TH ‘U U’”uHQ

Exercise 1.9 First from the definition of the matrix norm, and since Iz = x we have

Iz _ _
M Iy o1 2y = aat) < papga.

1 =
220 Jall ~ 90 [l

Exercise 1.10 a)First during the inner loop y(i) and x can be kept in Cache memory. But the
elements A(i,j), for j = 1,...,n, all belong to different blocks. Thus a new block needs to be
loaded for each multiply A(i, j)*x(j). So the ratio memory loads to multiplies is 1 — 1.

b) To fix the issue is is enough to change the order of the loops. So the inner loop copmputes

y(D)=y(1)+A(i,j)*x(j), for i = 1,...,n. Now the column A(:, j) can be loaded into Cache and n
multiplications can be performed until the next vector load is needed.

16



2 Linear Systems of Equations

Exercise 2.1 Use the matrix

Ly

DO =
o = O
= o O

Exercise 2.2 We have that
r-T=A"(Ar - AZ) = A7'(b— A7) = A"
Thus ||z — Z[| < |A7H][|r]].

Exercise 2.3 We aim to keep intermediate results small. Multiplication by an inverse is dealt with
by solving the corresponding linear system, i.e. compute z = A~z by solving Az = z. The order
of computation is

z21=Ab, Czp=b, z3=2z1+29, z4=Az3, 2z5=2z4+ 23, and finally Bx = z5.
All intermediate results are vectors.
Exercise 2.4 That A is symmetric follows from A7 = (RTR)T = RT(R")T = RTR = A. For
r # 0 we have 7 Az = 2T(RTR)x = (Rx)"(Rx) = ||Rx|? > 0. If in addition A is non singular
then so is R and Rx # 0 so A is strictly positive definite.
Exercise 2.5 Use the LU decomposition of A to obtain
A= PTLU, so det(A) = det(PT)det(L)det(U).

Here both L and U are triangular so the determinant is the product of the diagonal elements. Also
P is a permutation matrix. If we exchange two rows in a matrix then the determinant changes sign.
So k is the number of row exchanges that actually occured during the Guassian elimination when
computing the LU decomposition.

Exercise 2.6 Simplest is to note that there are n?/2 — n subdiagonal elements in a triangular
matrix. Every element should appear in one multiply and one addition. The n diagonal elements

should appear in one division each. Thus the number of operations is approximately n?.

Exercise 2.7 First solve Lix; = b;. Then compute bg = by — Bxy. Finally solve Loxo = bs.
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3 Least Squares Problems

Exercise 3.1 Since @ is orthogonal Q7Q = I. So
Q)3 = (Q2)"(Qz) = 2" QT Qu = 2" = ||z|5.

Exercise 3.2 First Range(A) = R" since A is orthogonal and thus has linearly independent
columns. So A is an orthogonal projection on the whole of R". So Az = x for every z € R"
so A = I is the identity matrix.

Exercise 3.3 That H is symmetric follows from the observation that

T

VU (vo™)T vl
H =1 -2—)T =17 -2 =]—-2— =H.
( vTv) vTw vTy
The orthogonality can be seen by computing
T T T T T\ T
o) o) v v v(vtv)v
H'H=HH=(I-2—)I-2—)=1-2— —2 4 =1
( vl I vl ) T (vTw)?

Since H is orthogonal ||Hz|2 = ||z]|2 so |a| = v/14.

Exercise 3.4 a) A Vector y € Range(A) if y = Ax for some = € R".
y=Ax = Q1Rx.
Since @1 has orthogonal columns dim(span{@1}) = n. So, if Range(A4) = span{Q } then Rank(A) =

n. This can only hold if Rank(R) = n so R is non-singular. The solution is unique since if
Rank(A) = n then A doesn’t have a non-trivial null space.

b) Since @ is an orthogonal basis for Range(A4) then Q1Q7 is an orthogonal projection onto
Range(A). The criteria b = QlQ{b simply means that b belongs to the range which means that a
solution exists.

Exercise 3.5 The vector a can be seen as a matrix in R”*1. This means that

a = (a/l|all2)ljelz = QR

where Q € R™! and R € R, Since in this case R is a scalar we can write the solutuion formula
as z = R71QTb = (a/||all2)Tb/||allz = (a¥b)/||al|3. The same formula is obtained by forming the
normal equations a” ax = a”'b.

Exercise 3.6 If v = a — ae; and o = +a”a . Then

vTv = (a—ae))T(a—ae)) = ala — 2a(ela) + o = 20T a — 2a(eTa).

and

vla=(a—ae))Ta=ala—alela).

This means that

Ha = (I - 2¢)a o 2v(vTa) ala — a(ela)
vl v

(a—aer)=a—(1)(a — aer) = ae;.




Exercise 3.7 If both A and B are lower triangular then a;;, = 0 for 7 < k and by; =0 for £ < j .
Soif C = AB and i < j then

n 7
Cij = E aikbkj = E aikbkj = 0.
k=1 k=j

For the second part we write AB = I and eliminate elements in B. Consider the 3 x 3 case:

ail 0 0 bll b12 blg 1 0 0
AB = ag1 Aoy 0 b21 b22 b23 = 01 0 =1.
asy azz as3 bs1 b3z b33 001

First note thar a11b11 = 1 and a1; # 0 since A™! exists. This leads to by # 0. Then aj1b12 = 0
and ai1b13 = 0 means b1o = bz = 0. Second, use as1bio + azebos = a910 + ag9bss = 1 to conclude
that bes # 0. Also age # 0 and since ag1b13 + a22ba3 = ag9bag = 0 we find that bog = 0 so B is lower
triangular. In both cases a similar proof works for the upper triangular case.

Exercise 3.8 Assume B is upper triangular and orthogonal. The 3 x 3 case can then be written

bll 0 0 b11 b12 513 1 0 0
BTB=| by by 0 0 by b |=1010|=1I
bis bos b33 0 0 b 001

First look at the first column of BT. We obtain b%l = 1 which means by; = 1. Also bigb;; =
b13b11 = 0 which means b1 = bj3 = 0. Now multiply second row of BT with second column of B
to obtain b3, = 1 and bgy = 41. Second row of BT multiplied with third column of B now gives
baobas = 0 so bog = 0. Finally b§3 = 1 means b3z = £1 so B is a diagonal matrix with entries +1.

Now assume A = Q1 R; = Q2 Ro are two different reduced QR decompositions. Then
B=Q1Qy=RR;"

is both orthogonal and upper triangular. Thus B is a diagonal matrix. This means that R; = BRs.
So we obtain R; by changing signs on the rows of Rs.

Exercise 3.9 Let x be the least squares solution. Since the orthogonal projection onto Range(A)
is Q1QT we have Az = Q1QTb. Sor=b— Ar =b—Q1QTb = (I — Q:QT)b = Pb.

Exercise 3.10 The matrix has orthogonal columns, i.e. if A = (aj,a1) then (aj,a2) = 0. Thus the
QR decomposition is

0

a
A= @/lala. laa/lale) (190 O

) = Q1R
The numbers are not very important.

Exercise 3.11 We want to minimize ||Az — b||. We rewrite the problem as

e =l =140 (7 Y=l (¢ ) (%) le=1(5) (7)) 1=
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where R € R(VFDX(+1)  We find the minimum by noting that

R T Rx —
er=1(5 1) (5 B=0(" ) 1= IRe =218+ ol

where R € R™" and v € R", so the minimum is achived for z = R~'y. Note that the last column
of R is <7> € R+,
o
Exercise 3.12 a) Let W = RT R be the Cholesky decomposition ans rewrite
|z|3 = 2" Wz = 2" RT Rz = (Rx)T (Rx) = || Rz|j3.

Since R is non-singular Rz = 0 if and only if x = 0.
b) Use the same reformulation as above to obtain

[Az = bllw = [|R(Az = b)[|2-
The normal equations are now (RA)T(RA)x = (RA)T(Rb) or ATW Az = ATWb.

Exercise 3.13 We start with a full matrix and eliminate columns using reflections Hi, Hs, H3 and

H4:

r Tr T x + + 4+ + r Tr T X r Tr T X r Tr T x
r T T T 0 + + + 0o + + + 0 z =z =« 0 z =z =z
T T x x ~ 0 + + + ~ 0 0 4+ + ~ 0o 0 + + ~ 0 0 =z =
r r x x 0o + + + 0o 0 + + 0 0 0 + 0 0 0 +
r r x x 0 + + + 0o 0 + + 0 0 0 + 0 0 0 O

We need one reflection to zero out each column.

Exercise 3.14 Each element below the diagonal requires one givens rotation to zero out. Thus the
number of rotations is mn — n?/2.

Exercise 3.15 We use rotations Ry4, Ro4 and R34 to obtain

r Tr T x + + 4+ + r Tr T X r Tr T X
0 =z = «x 0 = x «x 0o + + + 0 =z =z =z
002|710 o022z [oo =z 2|00+ +
r r x x 0o + + + 0o 0 + + 0 0 0 +
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4 Eigenvalues

Exercise 4.1 The eigenvalues are the diagonal elements so Ay = 1,2,3. The eigenvectors are
obtaied by solving (A — A\ I)z, = 0, or for A = 2,

1 2 —4 1 00 -1 2 —4
0 2 1 -2 010 T = 0 0 1 xp = 0.
0 0 3 0 01 0 0 1

So for instance x% = (2,1, 0) is an eigenvector. Can find the other eigenvectors the same way.

Exercise 4.2 Let z = (1, 1, ..., 1)T. Then Az = (o, a, ..., @)T = ax. So z is the correspond-
ing eigenvector.

Exercise 4.3 Singular means there is a non trivial null space. So there is an x # 0 such that
Az = 0 = 0z which means that zero is an eigenvalue.

Exercise 4.4 This follows from det(A4) = det(A”). Thus the Characteristic polynomials are
pa(N) = det(A — M) = det((A — AXI)T) = det (AT — XI) = pyr (V).

So both A and AT have the same characteristic polynomial. To see that the eigenvectors are different
just pick a random matrix and check in Matlab. Its rare that A and AT has the same eigenvectors.

Exercise 4.5 Pick an eigenpair (\,z). Then 2 Az = Az 2. So
ety = \aflo)f = (2 Ax)H = 2T APz = {use A = AP} = 2 Az = \al .
So A = A. For a real matrix AT = A so this is just a special case.

Exercise 4.6 The spectral radius is the largest eigenvalue. Thus

T
- xy Az _ ||| Az | | Az
A) = max |\y| = {z,. eigenvector } = =& = [|A]|.

Exercise 4.7 If A* = 0 and Az = Az for x # 0 then Az = \*z = 0 means A = 0. The matrix
does not have to be zero. Easiest is to look at

(o),

A(BA)A™' = AB(AA™Y) = AB.

Exercise 4.8 Since A1 exists we have

So BA and AB are similar.
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Exercise 4.9 If z = (z,,22)7 is an eigenvector and X is an eigenvalue of A then we have

A Az 1) (™
0 A22 o H) ’

If we first assume that A is an eigenvalue of A then there is an z = (z1,22)7 such that the above
relation holds. If xo # 0 then the second row is Agoxes = Azg so A is an eigenvalue of Agy. If
9 = 0 then the first row is Aj121 = Axy so in this case A is an eigenvalue of A;;. This means that
A(A) C A(A11) U A(Agz). Secondly we assume that \ is either an eigenvalue of Aj; or of Age and
want to show that then A is also an eigenbvalue of A. If A is an eigenvalue of Ay, then there is an
x1 # 0 such that Aj;z1 = Azy. This means that = (21, 0)7 is an eigenvector to A. So A € A(A).
If, intead A is an eigenvalue of Ass but not of A;1, we find an x5 # 0 such that Assxs = Axs. Let
x = (z1, 22)7 and chose x; so that the first row is satisfied, i.e.

A1y + Agjao = Aoy = 11 = —(A11 — )\I)_1A21$2.
The inverse exists since A is not an eigenvalue of A1; by the assumption. Thus we can construct an

eigenvector for A. So A € A(A) again. The conclusion is that A(A11) U A(Aaz) C A(A).

Exercise 4.10 The eigenvalues are the roots of the characteristic polynomial. Thus
p(A) =det(A—A) = (A = AN (A2 =) - (An = A) = p(0) = A Ao\

Exercise 4.11 Since A is rank one we have Range(A) = span(u), for a non-zero vector u. Every
column of A must be a multiple of u. So

A= (viu, vou, ..., vpu) = uv’.

Also Au = u(vTu) = (vTu)u so vTu is an eigenvalue and the corresponding eigenvector is u. If y is
orthogonal to v then Ay = (vTy)u = 0 = Oy so zero is also an eigenvalue. The number of lineary
independent eigenvectors is the same as the dimension of the space span(v)* which is n — 1.

Exercise 4.12 The determinant of A is the product of the eigenvalues. We have
M 4wy = {1 +ulv,1,1,... 1} = det(I + wo”) = (1 +u"v).
Exercise 4.13 Since p(A) < 1 we have |\;| < 1 so zero is not an eigenvalue of I — A. To verify the
formula for the inverse we use
(I-A) T -A)=T+A+ A2+ A3+, )(I-A)=
T—A4+ AT - A)+ AT - A+ AT -A) =T+ (—A+ A + (-A> + A°D)+...=1.

Strictly we need to show that we can change the order of summation. This holds since the series is
absolute convergent for p(A) < 1.

Exercise 4.14 If A is real and symmetric it has a full set of eigenpairs (\;,x;) such that X =
(z1,22,...,2y) is an orthogonal matrix. Any z # 0 can be written using the basis {z;} so . We
obtain

n
el Ax 3L N
ZE:E c;r;, and T = -
=1 L=z > i1 €

The lower bound follows from \,;,(A) < A; and the upper bound from A\; < Ajpaz(A).
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Exercise 4.15 First we use the same reflection H; applied from the left and from the right. The
reflection is selected so the elements A(3 : 4, 1) are set to zero. We get

H, HI =

B8 B8
BB B8
SR
+++ =8
++ + 8
++ + 8
cosw &
++++
++++
++++

Second we find a reflection Hy that zeroes out the element A(4,2). We get

H, HI =

co8 8
8 8 8 8
8 8 8 8
o4+ 8 8
+ + 8 8
+ + 8 8
co8 8
o8 8 8
+ + + +
+ + + +

which is Hessenberg.

Exercise 4.16 a) In the 4 x 4 case we need 3 rotations G34G23G12 to compute the QR decompo-
sition of A. We have

r r T T + + + + r Tr T x r r T
T xz T x | _ o + + + |_ O+ + +1 10z 2z =
a1 G23Gha 0 z =z z= | GaaGas 0 z = =z | G 0 0+ +] |00 + +
0 0 =z =z 0 0 = =« 0 0 z = 00 0 +
Now compute R@) by multiplying the rotations in the same order from the left.
r r xr x + + T r + + z r r + +
0 =z z =« T ~T T _| + + T T~ | T + + =z r |z x + +
0 0 z = GroGasGiyy = 0 0 = = GayGiag = 0 + + = Gaa = 0 =z + +
0 0 0 =z 0 0 0 = 0 0 0 =z 0 0 + +

Which is again Hessenberg. The part b) follows from the fact that if RQ is Hessenberg and
Symmetric then it is trigdiagonal. No new proof is needed.

Exercise 4.17 We show that Ay is similar to Ay by
QL ArQr = QL (Qi Ry + sI)Q) = RpQy, + sQF Q = RyQp, + sI = Agy1.

Exercise 4.18 If B have distinct eigenvalues then B is diagonalizable. Use the Schur decomposition
T = QAQT. The eigenvalues are the diagonal elements of T. Pick a diagonal matrix D, with
|di;| < e, such that T+ D has distinct diagonal elements. Then B = Q(T 4 D)Q is diagonalizable
and [|[A — B2 = [|QTDQ|2 = || D[|2 < e.

Exercise 4.19 First T'and A are similar and have the same eigenvalues. Since T is upper triangular
we have ppr(\) = (T11 — ) - -+ (T — ). So the diagonal elements are the roots of the characteristic
polynomial. If A is symmetrix then A = QTQT and AT = (QTQT)T = QTTQ" so T =T". So T
is upper triangular and symmetric and thus 7T is actually a diagonal matrix. So A = QTQ” is an
eigenvalue decomposition with the columns of ) as eigenvectors.
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Exercise 4.20 Compute a QR decomposition

11

8
I
O

0
where @ is n X n orthogonal. This means that x = r11g; where ¢ is the first column of Q). So ¢y is
also an eigenvector. We get

T T T
raa=warawed= (g 405 ) = (5 )

where QgAql = )\ngl = 0 since @ is orthogonal. We can thus obtain P = () by using rotations
to compute the QR decomposition of . Thus P = G19G13G14 - G1in.

Exercise 4.21 a) The Gershgorin discs are
IA—16] <4, |A—16] <4, and |A —12| <8.

Since any eigenvalue A has to belong to one of the discs we see that its not possible for an eigenvalue
to be larger than 20.

b) We have Az = \x so (A — sl)x = (A — s)x and finally Bxr = (A — sI)"'z = (A — s)"'z so
(z, (A — s)71) is the eigenpair of B.

¢) The matrix A is symmetric so the eigenvectors vy, vs, and v are orthogonal. So

Bvy = Avy + svlfuipful = A\v1 + svp = (A + s)vy,

s0 (A1 + s,v1) is an eigenpair. Since vag = vlTvg = 0 we see that Bvy = Ayvy and Bvg = A3vg so
the two eigenpairs remain the same.

Exercise 4.22 a The Gershgorin discs are
IA—14| <3, |A—9] <25, and |\ —4| < 1.5.

Since the matrix is symmetric there is no need to consider AT. Zero is not included in any of the
discs so zero cannot be an eigenvalue. Thus the matrix is non-singular.
b) The matrix is symmetric so the eigenvectors vy, vo and vs are orthogonal. We get

Bvy = Avy + svlvfful = (A1 + s)v1, and Bug, = Avg + svw{vk = AUy, for k =2,3.
Thus the eigenvevtors remain the same and the eigenvalues are {A; + s, A2, Ag}.
Exercise 4.23 a) The Gershgorin discs are
A =100 <1, |A+10] <6, and |A—4| <3.
We can also consider the discs obtained by looking at AT. We get

IA—100 <6, |A+10] <2, and |A—4| <2.
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Since the discs are disjoint each disc has exactly one eigenvalue and we can pick the best disc
for each. Since the matrix is real and each disc contains one eigenvalue we cannot have complex
eigenvalues.

b) If A is non-singular then there is an = # 0 such that Az = 0 = Ox so zero is en eigenbalue. None
of the above discs contain zero so the matrix is non-singular.

c) The iteration will converge since all the eigenvalues are different as the discs are disjoint. This
means that one eigenvalue will have a strictly smaller absolute value than the others. Which in turn
means one of the eigenvalues of A~! will be strictly larger than the other two.
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5 Non-linear Equations and Least Squares

Exercise 5.1 Determine if the following functions are coercive on R2.
(a) No, since x = —2 — y gives f(z,y) = 0.

(b) Yes. We have f(z,y) > || <:;> I|2-

(¢) No. Since f(z,y) = a* — 2zy + y* = (x — y)*. So z =y gives f(z,y) = 0.

(d) Yes. We see that f(z,y) = 2* —2zy +y* = 22(22 - 1) +92(* — 1)+ (z + )% If (v, y)T —
then f(x,y) — oo.

Exercise 5.2 Let f(z) = (22 + 7123 — 9, 32225 — 23 — 4)T. Then the Jacobian is

o 2x + 3 3123
Ii(@) = < 6r1z2 33— 323 )

The Newton iteration is

There is no reason to write the iteration in more detail.

Exercise 5.3 We have

flx) = ( o — a3 ) and Jy(z) = ( 201 2@ >

2rx1r9 — 1 2xy 21y

In the first step we solve Jf((?))s(o) = _f(<(1)>) or
0 =2\ o__ (-1
<2 0 >s N (—1>'
W _ .0, 0 _ (0 05 _ (05
2  =x% 45 —<1>+<_0,5>_<0.5 .

Exercise 5.4 We use the Taylor series expansion of the iteraton function g(z), i.e.

g//(ﬂl‘*)
2

So we obtain

g(a:(k)) _ g(x* + (x(k) _ x*)) _ g(x*) + g/(x*)(m(k) _ x*) + (x(k) _ x*)2 + O(’x(k) — x*‘i’»)

Since ¢'(z*) = 0 the error can be written

(%
* * x * *
|l‘(k+1) —r | — |g($(k)) _g($ )| < |g (2 )|(gj(k) — )2 + O(|$(k) — |3)

This is quadratic convergence.
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Exercise 5.5 We have
2 .
B x] + sin(xz) | 21 cos(x2)
fz) = ( 1+ cos(z3) + z9 > so Jy(w) = ( 0 —2xpsin(x3)+1 /)°

In the first step we solve Jf((é))s(()) = _f(<(1)>) or
2 1 1
0) — _
(0 1>s <2>
(1) _ 0 4 0 _ (1 000 _ (15
T vV + s <0>+<_2> (—2 '

So we obtain

Exercise 5.6 a) Use Gauss-Newton to minimize r’r where
(z+ 1) +y* —0.25 2(z +1) 2y
r((z, )" = 22+ (y—-1)2-025 | and J.((z, y)T) = 2z 2y —1)
(x— 1) +y*—0.25 2(x — 1) 2y

b) In the first Gauss-Newton step we minimize ||.J,((?))s(® +r(z©)|. If 2 = (0,0)” we obtain

0.75 9 0
r((0,07) = 075 | and J((0,0")=[ 0 -2
0.75 9 0

Easiest is to solve using the normal equations which gives s(0) = (0, 0.375). So M) =z 4 50 =
(0, 0.375)7.

Exercise 5.7 The problem is to prove that the Hessian and gradient are the expected ones. In
order to do this we write f(z) in component form, i.e.

1 n n n
flxy, e, ... xy) = 3 ZZaijxixj — Zbixi +c
i=1 j=1 i=1

In order to find the gradient V f. we differentiate with respect to a particular x; to obtain
n
O, f(x) =Y arjaj — by
j=1

This is one row of the residual vector Ax — b. Since the gradient is supposed to be a column vector
we find that Vf = Ax — b. Differentiate again to obtain

amlaxjf(:E) = Qjj.

Thus Hy = A. One Newton step would then consist of solving H fs(o) =—VforAs® = —(Ax(o) —
b). So ) = 2 + 5 will be a solution to Az = b. For the next step Vf(z()) = Az() —p =0
so the method terminates.
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Exercise 5.8 a) The vector r(x) is of length m and the number of variables in the vector z is n.
Thus f(x) is simply a function of n variables so its gradient is n x 1 and its Hessian, or the matrix
consisting of all second derivatives, Hy is n X n.

b) If H; ~ JI'J, and we use Vf = JIr(z) then we get J'J,s*) = —JTr which is the normal
equations for the least squares problem min ||.J, (z))s®) 4 r(2®)||,.

c) If @ = b — Az® then J,(z) = —A so Gauss-Newton minimize || — As©® + b — Az, =
|A(z@ + 5©) = b||a. So (M is the minimum to 77r = ||b — Az||3.

Exercise 5.9 a) The residual vector would be
—c1t : —cit . T
r(c) = (coe Wt eosin(wty) — Fi, ...y coe” ™ + e sin(wityy,) — Fm) .

b) The Jacobian is obtained by differentiation with respect to the parameters cg, ¢; and ca. A row
of the matrix is given by

(Jr)ins = (e | —cptie™ | sin(wt;)).

The whole matrix is m x 3.
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6 The Singular Value Decomposition

Exercise 6.1 Since a is n x 1 the dimensions of the factors are U € R™*" ¥ € R**! and V e R*1.

The decomposition is
a lall2
=Uxv! = A 1
‘ () (157

where Ay € R™" ! has columns that are orthogonal to a. To obtain the SVD of a” we simply use
AT =vxTyT.

Exercise 6.2 AT = VXTUT. If y € span(ugy1,. .., um) then uly =0 for i = 1,..., k. This is the
null space of AT.

Exercise 6.3 Let A= UYXV7 be an m x n matrix. First note that the whole matrix is (m +n) x
(m +n). We obtain

0 AT :|:’UZ' . ATUZ' . o;U; — 4o, :|:UZ'

A 0 U; o :]:AUZ' o :|:O’Z"U,Z' o ¢ U; ’
There is also the posibility of zero eigenvalues corresponding to eigenvevtors of the type (0, uf)T or
(vI,0)T if A or AT has a null space (i.e. if m > n or m < n).

Exercise 6.4 First compute (A7A)™! = (VTUTUxvh)=! = V(ETE)"'WT. Here XY =
diag(c?) € R™". Thus A(ATA)1AT = UxVTV(ST)~WWVTVeTuT = un(sTs)~12TU”. Since
U is orthogonal [|A(AT A)~1Als = |Z(X78)~1X7||,. Evaluate the product of the diagonal matrices

to obtain
I 0

0 0

The norm is the largest diagonal entry, i.e. 1.

»(xTe) et = < > c R™™ [ R™™

Exercise 6.5 Let B=UXV7”. Since V = (v1,...,vy,) provides a basis for R" any = can be written

n n
T = E cv; — Bx = E Cio; U
i=1 i=1

If ||z]]2 = 1 then 3" ¢? = 1. So

n

n
1Bzll3 =Y oic 2 o) i =0y,
i=1 i=1

with equality for ¢ = e,,. So the minimum is o,, and it is obtained for x = 4w,.

Exercise 6.6 The decomposition A = UXV” can be written

n
A= E ol
i=1
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where o, > 0 as rank(A) = n. This means that Av; = o;u; # 0 for i = 1,...,n. So the null space
is only the trivial one null(A) = {0} with dimension 0. Similarily, if ¥ belongs to the range then
there is an x such that y = Az, or

n
y=Ax = Zai(viTx)ui,

i=1

so the y is a linear combination of {uj,...,u,}. Thus range(A) = span(uy,...,u,) and the dimen-
sion of the range is n.
Exercise 6.7 Let A =UXV7T. Since U = (uy,...,uy) is a basis for R™ we can write

m

Z u; b Yui,

i=1
Similarily, V' = (v1,...,v,) is a basis for R" so

n n
Az = A(Z(UZTJJ)UZ) = Z (vl ).
i=1 i=1
We obtain
n m n
T T T T uf T
1Az = bll3 = | Y _(ou(o] @) = (uf B)us = Y (uf O)usl)3 =Y lou(v] ) b)* + Z g b
i=1 i=n+1 =1 i=n+1
The minimum is obtained for O'Z(’UZTJJ) — u;fpb fori=1,...,n,so
no.T
B u; b
x = Z ptl

i=1

For this particular = we get
m
r=b—Ax = Z (ulb)u;
i=n+1

ot " ul'b " ul'b -
PP SE LT S LYV LS sy
i=1 -1 7t -1 7t i=1
where the last equality holds since U = (uq, ..., u,,) provides an orthogonal basis for R™ which is
the space b belongs to.
Since m < n the matrix has a null space null(A) = span(vy,+1, - . .,v,). If 22 belongs to the nullspace

then A(x + x2) = Az = b so the solution is not unique. Since the above formula for z does not
include a component from the null space it can be characterized as

min |||z such that Az = b,

that is the minimum norm solution of the linear system Az = b.
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Exercise 6.9 Since rank(A) = k we note that {vg41,...,v,} is a basis for null(A) and {vq,...,vx}
is a basis for its orthogonal complement (null(A))+. Thus for evey = we can write

n

k
T=x1+ a9 = (Z civi) + ( Z Civ;).
i=1

i=k+1

In order to determine x; we compute

k m
Ar = A(x1 + x2) = Az +0 = Zcmiui =b= Z(u?b)ul

i=1 i=1

Where (usz) =0,fori=k+1,...,m, or a solution doesn’t exist. Thus

k

ul' =
T = E v; and x9 = E CiV;,

; 0 .

=1 i=k+1
where ¢;,i = k+1,...,n, are undetermined parameters.

Exercise 6.10 a) If B has full rank then Bx = 0 if and only if x = 0 so the unique, and only
feasible, solution is precisely x = 0.

b) If rank(B) = k < n then B has a non-trivial null space and write V' = (Vj, V,,_1) so that the
null space is given by V,_j then the feasible solutions are z = V,,_ic, ¢ € R**. So in fact we have
a regular least squares problem

min ||(AV,_k)c—b|2 and = = V,,_gc.

ceERn—k

The above qualifies as a formula. Otherwise continmue and write the normal equations for the
above least squares problem.

Exercise 6.11 Let A = UXVT and U = (uy,...,uy). A solution exists if b € range(A) =
span(uq, ..., u,). We can check this by, for instance, verifying that u;?Fb =0,fori=n+1,...,m.
If m >> n it is cheaper to instead check if

n

b— Z(u?b)ul = 0.

i=1

If we split the matrix U = (U, Us) then the same criteria can be written as UJ b = 0 or b— U U{'b =
0.

Exercise 6.12 First we use a reflection H; applied from the left. The reflection is selected so the
elements A(2:4,1) are set to zero. Second we apply a reflection Hs from the right to zero out the

clements A(1,3 : 4). We get

T T T T + 4+ + + xr + 0 O
r T T X 0+ + + r_| 0 + + +
Bl o o s 0+ + + |27 0 + + 4
T T T T o + + + 0o + + +



Now we continue with reflections Hs and Hy that zero out A(3:4,2) and A(2,4). We get

Hy HY = H =

8 8 8 8
8 8 8 ©

0
T
x
x

T
+
0
0

S o OoOR
SO OoOR
+++o0
+++o0
S o OoOR
oo r &
+++o0
++oo

Finally we apply one reflection Hy from the left to zero out the element A(4,3). We get

Hs

oo o8
oo 8 8
8 8 8 ©
8 8 © O
oo o8
oSO8 R
o+ 8 ©
+ + oo

which is bidiagonal.

Exercise 6.13 The normal equations can be derived by the identity

(5 e G5) - (0)

The last is a regular least squares problem with an extended matrix. The normal equations are

2

= min
X

2
min (|| Az — b3 + X2 z[3) = min

2 2

(AT AI)<;\4[>:1::(AT 1)(3) or (ATA+ X\2I)z = A",

Now we can derive the solution formula using the decomposition A = ULVT. Since AT A + A1 =
VETSVT £ X2V VT = V(STS + A21)VT and ATb = VEUTH we obtain the solution

_ - g;
A =VETS+XD)'SUTh = — 0

i=1 ¢

(X b)v;.

Too see that the normal equations are not ill-conditioned we look at AT A which has singular values
022 + A% > A2, So the addition of the regularization parameter removes the small singular values
and makes the condition number smaller.

Exercise 6.14 Use A = UXV7T to obtain

T T N\NT T n
y' Ax (U y) ' 5(Vix)  po~ . T~ i~
= =y X =) oz <o1|(y) (@) < orlyll2lzllz = o1
[yll2lll2 lyll2lll2 ; o

where 5 = UTy/|ly|l2 and & = VT x/||z||2 both are normalized and equality is achived for z = Ve;
and y =Ue; (or 2 =y = eq).
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7 Sparse Matrices and Iterative Methods

Exercise 7.1 Start from Az = b and use the splitting A = D 4+ (A — D). The Jacobi method is
¢* D) = D7 (D-A)z®)+ D710 = W D Az® 4 D71 = 2®) D7 (h— Az®)) = 2 *) L D1 (),
Thus H = D71,
Exercise 7.2 The error in step k can be written

) o = Q2™ — o) = GF((2©) — z¥).
Since G* — 0 as k — oo if p(G) < 1 we have convergene in this case.

Exercise 7.3 If A is singular then zero is an eigenvalue so there is an x # 0 such that 0 = Ax =
(M — N)x and we obtain M ~'Nz = z. So z is an eigenvector of M !N corresponding to the
eigenvalue A = 1. Thus p(M~1N) > 1.

Exercise 7.4 The Conjugate gradient method minimizes the error over solutions of the type x =
2O + I, (A, 7). After n steps either the dimension of C,,(A,(?) is exactly n and we minimize
the error in the whole space R™ and get the exact solution; or we had breakdown and found an
invariant subspace containing the exact solution earlier.

Exercise 7.5 Let 2(%) be the current iterate. Since K = span(e;) the next iterate will be z(*+1)
z®) + ae;. The requirement that r* Y1 £ leads to

0=c!'(b— Az = el (b — Az® + ae)) = el 1™ — ael Ae; = el r™®) — qay;.

So one formula would be 2*+1) = 2(*) 4 (eI'r(®) /g;:)e;.

Exercise 7.6 Let V = (v1,v2,...,0y,) € R™™ be a basis for K,,,. Then then projection step
produces an (™ = 2z + Vy, y € R™. The orthogonality condition 7™ £ can be rewritten using
a basis W = (w1, ws, ..., wy,) € R™™ for L,,. We obtain

0=wortm = wTH - Az™) = WT(b— A + V) = WT O — Avy) = wTrO —wTAvy.
Soy = (WTAV)_lVVTr(O) and z(™ = 20 4 V(WTAV)_1WTT(O).

Exercise 7.7 a) Positive definite means that 7 Az > 0 for all  # 0. This means that zero cannot
be an eigenvalue so A™! exists.

b) Let = # 0. Since V has orthogonal columns we have y =V # 0 if  # 0 and
TVTAVE = (Va)TA(Vz) = yT Ay > 0,

A is positive definite. VT AV is thus positive definite and therefore also non-singular.
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Exercise 7.8 a) We make Ar orthogonal to r by Gram-Schmidt orthogonalisation: Set p = Ar—ar
and select a so

0= (p,r)a =plAr = (Ar — ar)T Ar = (Ar)T (Ar) — arT Ar,

and p = Ar — ||Ar||3/(rT Ar)r. Note that p is always well-defined unless r = 0 and we already have
an exact solution.

b) The next iterate will be of the form z® D = 2 (k) 4 81r() 4 Byp. We get
pFD = p — AgCHD = () _ g, 4r(F) — g, Ap.

We need to select 31 and B, so that r#+D ig orthogonal (not A-orthogonal) to both r®) and p. We
obtain, with r = (%)

0=r"(r— BiAr — B2Ap) = ||r[|3 — Bir" Ar — Bor" Ap = |Ir|l3 = Buir" Ar = B1 = ||r[l3/ (" Ar).
and

0=p"(r — B1Ar — B2Ap) = pr — Bip" Ar — Bop™ Ap = pTr — Bap” Ap = B> = "7/ (p" Ap).
Now we have everything needed to compute z(*+1).
Exercise 7.9 a) Suppose z € Ki(A,7(?). Then

z=c1r® 4 e ar® 4 4 AR 0
Break-down means A*r(0) belongs to Ky (A4,7(?) so
Az = Ar 4 A% O 4+ ck_lAk_lr(O) + ckAkr(O),
also belongs to K (A, (%)) so it is invariant under multiplication by A.
b) Let £ = (O + Z, where 7 € Kj41 = K. Then
r=b—Azr=b— Az +7) =r® — Az,
Thus
r=rO 4 Acor® + ..+ o AP = 2O 40 Ar© 1 AR O) € Ky = K.

Since the vectors (@, ... Akr© are linearly dependent (due to break down having occured) it is
possible to pick cg,...,cx—1 so that » = 0. This means that the exact solution belongs to the
subspace (0 + K.

c) Let V}, be the basis computed by the Arnoldi process. Find V,,_ so V' = (Vi, V,,_x) is orthogonal.
Then AV € Range(V})LV,,_i due to the break down. Thus

_ T AV — T =
H=V"AV = (Vi, Viui)" A(Vie, Vier) = ( VI, AV, VI AV,

So the decoupling theorem says A(Hy) C A(A). The eigenvectors are obtained from
(ViF AVi)y = My = A(Viy) = AVpy

so (Viy) are the eigenvectors of A.
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8 Sparse Matrices and Iterative Methods
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