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Numerical Analysis — Lecture 1

1 The Poisson equation

Problem 1.1 (Approximation of V?) Our goal is to solve the Poisson equation

Viu=f (z,9)€Q, (1.1)

where V2 = 88—22 + 8‘9722 is the Laplace operator and 2 is an open connected domain of R? with a

Jordan boundary, specified together with the Dirichlet boundary condition

u(z,y) = ¢(x,y)  (2,y) € 0N (1.2)

(You may assume that f € C(Q), ¢ € C%(92), but this can be relaxed by an approach outside the
scope of this course.) To this end we impose on (2 a square grid with uniform spacing of A > 0
and replace (1.1) by a finite-difference formula. For simplicity, we require for the time being that 02
‘fits” into the grid: if a grid point lies inside €2 then all its neighbours are in ¢l Q. We will discuss
briefly in the sequel grids that fail this condition.

Remark 1.2 Finite differences are neither the only nor, arguably, the best means of solving partial
differential equations. Other methods abound: finite elements, boundary elements, spectral and
pseudospectral methods, finite-volume methods, vorticity methods, particle methods, meshless
methods, gas-lattice methods and, in the important special case of the Poisson equation (1.1), fast
multipole methods. Yet, finite differences are the simplest. The only additional ones that will
feature in this lecture course are spectral methods in Chapter 3.

Since V2 = ;—; + 38722, we need to consider a finite-difference approximation of second derivatives.
Proposition 1.3 Let g € C*[a,b] and x € (a + h,b — h). Then
A} g(z) = g(x — h) — 2g(x) + g(z + h) = h%g" (x) + 750 9@ + O(hO). (1.3)

Proof. Expanding into Taylor series,

gz +h)—g(x) = hg'(z)+ 582" () + 3h°" (@) + -

glzx—h)—g(x) = —hg'()+ 5h%" (@) — 5;h%¢" () + -
and adding two expressions, we see that the terms with odd derivatives vanish, and the LHS of
(1.3) is equal to >~ , %h%g(%) (z) + O(h?™+2), where we took m = 2. O

Remark 1.4 Inapproximation of the second derivative ¢” by the second central difference A} g(x) =
g(x —h) — 2g(z) + g(z + h), it is sometimes useful to know the terms of higher order:

1 1 iv 1 vi
o lo(e —h) = 29(2) + g(w + b)) = ¢" () + 5% + 2 bt + O(hF).
Corollary 1.5 The approximation
(Af e+ A ul,y) = w@—hy)+ul@+hy) +ulz,y—h)+uzy+h) - du(z,y)

RAV2u(x, y)

produces a local error of O(h*).



Approximation 1.6 The aforementioned analysis justifies the five-point method
Uit Wig1j + Ui+ i1 — dug g = B2 fi g, (ih, jh) € Q, (1.4)

where f; ; = f(ih, jh) are given, and w; ; =~ u(ih, jh) is an approximation to the exact solution. It
is usually denoted by the following computational stencil

— 2
O ws = P,

Whenever (ih, jh) € 0, we substitute appropriate Dirichlet boundary values. Note that the
outcome of our procedure is a set of linear algebraic equations whose solution approximates the
solution of the Poisson equation (1.1) at the grid points.

Approximation 1.7 It is easy (but laborious) to produce higher-order methods. You may verify,
for example, that the stencil

. — 2f. .
(=D w = Ry

produces a local error of O(hS). (This scheme is just a linear combination of two five-point meth-
ods with steps h and 2, respectively.) Needless to say, the implementation of this method is more
complicated, since we might be ‘missing” points near the boundary. Moreover, the set of algebraic
equations that needs to be solved is less sparse than for the 5-point method, hence its solution is
more expensive.

It is considerably easier to implement the nine-point method

but, as such, it again produces error of O(h*). However, this can be remedied by a clever trick of
adding the term 751*V?f to the right-hand side, with the 5-point approximation to h2V? f, which
increases the order to O(h®) (see Exercise 1).

Problem 1.8 (Non-equispaced grids) Since the boundary often fails to fit exactly into a square
grid, we sometimes need to approximate V? using non-equispaced points. Clearly, it is enough
to be able to approximate a second directional derivative w.r.t. each variable and subsequently
‘synthetize’ an approximation to V2.



For example, suppose that grid points are given with the spacing o o 2" o, where
0 < o < 1. It is easy to verify by a Taylor expansion that

2 2

ole =) = Zgl@) + S ale+ oh) = o (@At + 5o — g @k + 001,

with error of O(h?) (note that a = 1 gives, as expected, O(h?)).

Better approximation can be obtained by taking two equispaced points on the “interior’ side,

ie o " o N o a g asfollows:

- 2a - 2) o3 6
a2 =S e Y S g

(z + ah) = %" (z) + O(h?).
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Finite-difference discretization of V?u = f replaces the PDE by a large system of linear equa-
tions. In the sequel we pay special attention to the five-point formula, which results in the approxi-
mation

W*V2u(z,y) = u(e — hyy) +u(x +h,y) +u(z,y — h) +ule,y +h) —du(z,y) . (15)

For the sake of simplicity, we restrict our attention to the important case of () being a unit square,

where h= #H for some positive integer m. Thus, we estimate the m? unknown function values
u(ih, jh)7";_; (where (ih, jh) € Q) by letting the right-hand side of (1.5) equal h2f(ih, jh) at each

value of i and j. This yields an n x n system of linear equations with n = m? unknowns u; ;:
Wit Wig1j + Ui+ i1 — 4w = B2 f(ih, jh). (1.6)

(Note that when i or j is equal to 1 or m, then the values ug j, ;0 OF Ui m41, Um+1,; are known
boundary values and they should be moved to the right-hand side, thus leaving fewer unknowns
on the left.) Having ordered grid points, we can write (1.6) as a linear system, say

Au=5>5.

Our present concern is to prove that, as h — 0, the numerical solution (1.6) tends to the exact
solution of the Poisson equation V2u = f (with appropriate Dirichlet boundary conditions).

Example 1.8 (Natural ordering) The way the matrix A of this system looks depends of course on
the way how the grid points (ih, jh) are being assembled in the one-dimensional array. In the nat-
ural ordering, when the grid points are arranged by columns, A is the following block tridiagonal

matrix:
B

1 —4
I B I 1

1
—4 1
I B 1
I B 1 -4

Before heading on let us prove the following simple but useful theorem whose importance
will become apparent in the course of the lecture.

Theorem 1.9 (Gershgorin theorem) All eigenvalues of an nxn matrix A are contained in the union of
the Gershgorin discs in the complex plane:

J(A)CU?:J‘Z-, F1 = {Z€C3|Z*(lii|§7’i}, Ty = Zj;ﬁi |aij\.

Proof. For any matrix 4, if Ax = Ax and |z;| = max |z;|, then the ith equation of the relation
Ax = \x gives

A=l foil = | e < D lasgllag] < il S laggl = foil i,
j#i i j#i

and after dividing by |z;| we obtain |A — a;;| < r;. So, for any eigenvalue X of A, the inequality
|A — ai;| < r;is valid for at least one value of ¢, hence the theorem. O

Lemma 1.10 For any ordering of the grid points, the matrix A of the system (1.6) is symmetric and nega-
tive definite.



Proof. Equation (1.6) implies that if a;; # 0 for ¢ # j, then the i-th and j-th points of the grid
(ph, qh), are nearest neighbours. Hence a;; # 0 implies a;; = a;; = 1, which proves the symmetry
of A. Therefore A has real eigenvalues and eigenvectors.

It remains to prove that all the eigenvalues are negative. The arguments are parallel to the
proof of Gershgorin theorem. Let Ax = Az, and let i be an integer such that |z;| = max|z;|. With
such an i we address the following identity (which is a reordering of the equation (Ax); = Az;):

’()\—aii) wzl = ’Z;I;éz aijatj| . (17)

[A+4] |z <4z
Here a;; = —4 and a;; € {0,1} for j # i, with at most four nonzero elements on the right-hand
side. It is seen that the case A > 0 is impossible. Assuming A = 0, we obtain |z,| = |z;| whenever

a;; = 1, so we can alter the value of i in (1.7) to any of such j and repeat the same arguments.
Thus, the modulus of every component of  would be |z;|, but then the equations (1.7) that occur
at the boundary of the grid and have fewer than four off-diagonal terms (see (1.6)) could not be
true. Hence, A = 0 is impossible too, hence A < 0 which proves that A is negative definite. O

Proposition 1.11 The eigenvalues of the matrix A are

kwh brh 1
Ao =—4 (sinQ% + sin? WT),

Proof. Let us show that, for every pair (k, £), the vectors
v=(v;;), v;;=sinizsinjy, where z=krh, y=/{rh,
are the eigenvectors of A. Indeed, for i, j = 1...m, we have

(Av);; = sin(jy) [sin(iz — x) — 2sin(iz) + sin(iz + z)]
+ sin(iz) [sin(jy —y) — 2sin(jy) + sin(jy + y)]
= sin(jy) sin(iz)[2 cosx — 2] + sin(iz) sin(jy) [2cosy — 2] = Av; ;.

Note that the terms u;+1 ;, u; ;41 do not appearin (1.6) for i, j =1 or 4, j =m, respectively, therefore
(for such i, j) we should have dropped the corresponding components from above equation, but
they are equal to zero because sin(i — 1)z = 0 for ¢ = 1, while sin(i + 1)z = 0 for ¢ = m, since

km :
w1 Thus, the eigenvalues are

xr =

Ao = [QCOS:B—Q] + [200sy—2] =—4 (sian—&—sin2 %) =—4 (sinQ@ + sin? @) O

Remark 1.12 As a matter of independent mathematical interest, note that for 1 < k,¢ < m we
have sin z ~ z, hence the eigenvalues for the discretized Laplacian V7 are

M - 7£ |:k27r2h2 N £2W2h2:| _ 7(k2+€2)ﬂ2'

h? h? 4 4
Now, recall (e.g. from the solution of the Poisson equation in a square by separation of variables
in Maths Methods) that the exact eigenvalues of V2 (in the unit square) are —(k? + ¢%)7?, k, £ € N,
with the corresponding eigenfunctions Vj, ¢(x, y) = sin kma sin £7y. So, the eigenvectors of the dis-
cretized V7 are the values of Vj, ¢(z,y) on the grid-points, and the eigenvalues of V3 approximate
those for continuous case.



Prof. A. C. Hansen
Mathematical Tripos Part II: Michaelmas Term 2024

Numerical Analysis — Lecture 3

Let @; ; = u(ih, jh) be the grid values of the exact solution of the Poisson equation, and let ¢; ; =

u; j — U ; be the pointwise error of the 5-point formula. Set e = (e; ;) € R™ where n = m?, and
for x € R"™ let ||z|| = ||z||¢, be the Eucledian norm of the vector «:
n m m
) =l =D iyl
k=1 i=1 j=1
Theorem 1.11 Subject to sufficient smoothness of the function f and of the boundary conditions, there
exists a number ¢ > 0, independent of h = L such that
m+1
llel] < ch.

Proof. 1) We already know (having constructed the 5-point formula by matching Taylor expan-
sions) that, for the exact solution, we have

Wi, + Ui, + Ui jo1 + Ui jo1 — Wiy = B2 fij + Mg, ni; = O(h).
Subtracting this from numerical approximation (1.6), we obtain
€i—1j + €it15 T €ij—1+ €ijr1 —4€i; =1
or, in the matrix form, Ae = 1, where A is symmetric (negative definite). It follows that
Ae=n = e=A"'n = |e|<[A7[n].

2) Since every component of n satisfies |1; j|> < ¢*h8, where h = and there are m?

components, we have

1
m-+17

m m
Inl2 =" Inigl? < AmPh® < 25 h¥ =S = || < ch.
i=1j=1

3) The matrix A is symmetric, hence so is A~! and therefore ||A~!|| = p(A~!). Here p(A™')
is the spectral radius of A™!, that is p(A~!) = max; |\;|, where ); are the eigenvalues of A~'.
The eigenvalues of A~! are the reciprocals of the eigenvalues of A, and the latter are given by
Proposition 1.12. Thus,

~1
-1 _ 1 2 kmh .2 {nh _ 1 1
A = 4k,€:E1i.}fm (sm 5 tsin 2) = Fem2(Leh) < gpz-

Therefore |le|| < [|[A™!]|||n]| < ch for some constant ¢ > 0. O

Observation 1.12 (Special structure of 5-point equations) We wish to motivate and introduce a
family of efficient solution methods for the 5-point equations: the fast Poisson solvers. Thus, sup-
pose that we are solving V2u = f in a square m x m grid with the 5-point formula (all this can
be generalized a great deal, e.g. to the nine-point formula). Let the grid be enumerated in natural
ordering, i.e. by columns. Thus, the linear system Au = b can be written explicitly in the block
form

B I uy b 4 1
I B uz || b p_| 140
I B w, b 14|

A

where u, b, € R™ are portions of u and b, respectively, and B is a TST-matrix which means
tridiagonal, symmetric and Toeplitz (i.e., constant along diagonals). By Exercise 4, its eigenvalues
and orthonormal eigenvectors are given as

J4 Jlmr \m

Bq, = M\vqy, A¢e = —4+4 2cos T q, = 'ym(sin m—+1)j=17 £=1..m,



m—+1
and Q = QT = (gj¢). Note that all m x m TST matrices share the same full set of eigenvectors,
hence they all commute!

where v,,, = /=2~ is the normalization factor. Hence B = QDQ~! = QDQ, where D = diag (A\r)

Method 1.13 (The Hockney method) Set v, = Quy, ¢, = @by, therefore our system becomes

DI vy €
I D Op) C2
I D . e

Let us by this stage reorder the grid by rows, instead of by columns.. In other words, we permute
v — U = Pv, ¢ — ¢ = Pc, so that the portion ¢; is made out of the first components of the

portions ¢y, . . ., ¢, the portion ¢ out of the second components and so on. This results in new
system
A o 2 A 1
ho 0 R VO I VS O
‘A R K Y
fvm cm mXm

These are m uncoupled systems, AV, = ¢, for k = 1...m. Being tridiagonal, each such system can
be solved fast, at the cost of O(m). Thus, the steps of the algorithm and their computational cost
are as follows.

1. Form the products e, = Qbg, k=1..m ..., O(m3)
2. Solve m x m tridiagonal systems Ayv, =¢,, k=1.m ........ O(m?)
3. Form the products uy, = Qug, k=1..m ... ..o, O(m?)

(Permutations ¢ — ¢ and ¥ +— v are basically free.)

Method 1.14 (Improved Hockney algorithm) We observe that the computational bottleneck is to
be found in the 2m matrix-vector products by the matrix (). Recall further that the elements of () are
gje = "Ym Sin % This special form lends itself to a considerable speedup in matrix multiplication.
Before making the problem simpler, however, let us make it more complicated! We write a typical
product in the form
= mjl i imjl ! 2imjl
(Qy)e = ;sm ek Im;)exp W= Im jz:;) exp 5 L {=1...m, (1.7)

where Y41 =+ = Y2m+1 = 0.

Definition 1.15 (The discrete Fourier transform (DFT)) Let I1,, be the space of all bi-infinite com-
plex n-periodic sequences x = {x¢}ocz (such that x¢4, = x¢). Set w,, = exp %, the primitive root of
unity of degree n. The discrete Fourier transform (DFT) of x is

1 n—1 .
Fn 10, — 11, such that y=F,x, where y; =— Z w;ﬂxg, 7 =0..n—1.
"o
Trivial exercise: You can easily prove that 7, is an isomorphism of II,, onto itself and that
n—1
x=F "y, where T = Z wity;, £=0..n—1.
=0

An important observation: Thus, multiplication by @ in (1.7) can be reduced to calculating an
inverse of DFT.

Since we need to evaluate DFT (or its inverse) only in a single period, we can do so by multi-
plying a vector by a matrix, at the cost of O(n?) operations. This, however, is suboptimal and the
cost of calculation can be lowered a great deal!
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Algorithm 1.15 (The fast Fourier transform (FFT)) We assume that n is a power of 2,i.e. n = 2m = 27,
and for y € Ily,,, denote by

(0)

y® = {ya;}jez and Y ={yzjt1}jez

the even and odd portions of y, respectively. Note that y®), y(©) € I1,,,.
Suppose that we already know the inverse DFT of both ‘short’ sequences,

2® = Fy®  0) _ 1,00

m

It is then possible to assemble z = F,,}y in a small number of operations. Since w3™ = 1, we obtain

w3, = W, and
2m—1 m—1
E _ 2j¢ E (23+1)£
Wme] - w2my2] + w27n
Jj=0
m—1 m—1
_ i, (E) 1 j0,,(0) _ () ¢ (0) _
= WinY;  t+ Way, E wly Y; Ty 4+ wy,Ty {=0,...,m—1.
j=0 j=0

Therefore, it costs just m products to evaluate the first half of x, provided that ™ and z(©) are known.
It actually costs nothing to evaluate the second half, since

wg‘r(bm-kf) _ gt m+l _ ¢ N (E) Y (O) (=0,

wl, Wopn —Ws,, Tmgt =Ty — Wop, Ty s ..,m—1.

To execute FFT, we start from vectors of unit length and in each s-th stage, s = 1...p, assemble 2P~°
vectors of length 2° from vectors of length 257 !: this costs 2°~2°~! = 2P~! products. Altogether, the
cost of FFT is p2P~! = 1nlog, n products.

(0]1[2[3[4]5]6]7] <1  block of length 27
S N
(0]2]4]6] < 2P~ blocks of length 2¢
7N 7N
(0] 4] (2]6 ] + 2P~1 blocks of length 2
7N

7N SN 7N
@ @ < 2P Dblocks of length 1

For n = 1024 = 2'9, say, the cost is ~ 5 x 10% products, compared to ~ 10° for naive matrix multiplica-
tion! For n = 220 the respective numbers are &~ 1.05 x 10" and ~ 1.1 x 10'?, which represents a saving
by a factor of more than 10°.

Matlab demo: Check out the online animation for computing the FFT at
http://www.damtp.cam.ac.uk/user/hf323/M21-II-NA/demos/fft_gui/fft_gui.html
and download the Matlab GUI from there to follow the computation of each single FFT term.

Example 1.16 Computation of FFT for n = 4 in general, and for the vector y = (1,1, —1, —1) in particu-
lar.

’02:014—11‘12221+i31‘22:01—11‘32221—i31‘ ’0‘2+2i‘0‘2—2i‘

/N AN
’01:004*20‘21:00720‘ ’11:104*30‘31:10*30‘ =
N /N /N N

/"
(1] =) (2] (=1




2 Partial differential equations of evolution

Method 2.1 We consider the solution of the diffusion equation
ou _ o
ot 0x2’

with initial conditions u(z,0) = ug(x) for t = 0 and Dirichlet boundary conditions u(0,t) = ¢o(t) atx = 0

and u(1,t) = ¢1(t) at x = 1. By Taylor’s expansion

0<z<1, t>0,

Qurd) — Ly(a,t 4 k) — u(, t)] + O(k), k= At,
2
Tule ) — L lu(e = hyt) = 2u(a,t) + ule + b, t)] + O(R%), b= Ax,
so that, for the true solution, we obtain
(@, t+ k) = ulz,t) + 55 [ule — h,t) — 2u(z,t) + u(z + h,t)] + O(k*+kh?) . 2.1)

That motivates the numerical scheme for approximation u}}, = u(z,, t,) on the rectangular mesh (z,,,t,) =
(mh,nk):

ult =up, +p(ul = 2ul Ful ), m=1.M. (2.2)
Here h = ﬁ and p = % = (AA—;)Q is the so-called Courant number. With 1 being fixed, we have k =

ph?, so that the local truncation error of the scheme is O(h*). Substituting whenever necessary initial
conditions ), and boundary conditions u{ and v}, ,, we possess enough information to advance in
(2.2) from u™ := [u}, ..., u},] to w1t = [t u.

Similarly to ODEs or Poisson equation, we say that the method is convergent if, for a fixed p, and for
every T' > 0, we have

}llirrb luryy, — wW(Zm, tn)| = 0 uniformly for (z,,t,) € [0,1]x][0,T].
—

In the present case, however, a method has an extra parameter 1, and it is entirely possible for a method
to converge for some choice of ;s and diverge otherwise.

Theorem 2.2 If i1 < L, then method (2.2) converges.

Proof. Let e}, := u)}, — u(mh, nk) be the error of approximation, and let e” = [e7, ..., e};] with ||e"]| :=

max,, |e},|. Convergence is equivalent to

lim max |e"||=0
h—01<n<T/k

for every constant 7' > 0. Subtracting (2.1) from (2.2), we obtain
emt = et pleny — 265+ enpy) + O(RY)
= pep_y + (1= 2p)en + pep, .y + O(h?).

Then
le" ™| = max [e™ | < (2u 4 [1 — 2u|) ||€™]] + ch? = ||e”| + ch?,

by virtue of 1 < 1. Since ||€°|| = 0, induction yields
le*| < enh® < GFR*=SER* =0 (h—0) 0

Discussion 2.3 In practice we wish to choose h and k of comparable size, therefore 1 = k/h? is likely
to be large. Consequently, the restriction of the last theorem is disappointing: unless we are willing to
advance with tiny time step k, the method (2.2) is of limited practical interest. The situation is similar
to stiff ODEs: like the Euler method, the scheme (2.2) is simple, plausible, explicit, easy to execute and
analyse — but of very limited utility....

Matlab demo: Download the Matlab GUI for Stability of 1D PDEs from
http://www.damtp.cam.ac.uk/user/hf323/M21-I1-NA/demos/pde_stability/pde_stability.
html and solve the diffusion equation in the interval [0, 1] with method (2.2) and p = 0.51 > 3. Using

(as preset) 100 grid points to discretise [0, 1] will then require the time steps to be 5.1 - 10~°. The solution

will evolve very slowly, but wait long enough to see what happens!
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2 Partial differential equations of evolution

Method 2.1 We consider the solution of the diffusion equation

ou  0%u

—_— = — <zx<l1 >

ot ~ o2 0swsh 120
with initial conditions u(z,0) = ug(x) for t = 0 and Dirichlet boundary conditions u(0,t) = ¢o(t) atz = 0
and u(1,t) = ¢1(t) at x = 1. By Taylor’s expansion

et Ly(e,t+ k) — ulz,t)] + O(F), k= At
—azggt) = % [u(z — h,t) — 2u(z,t) + u(z + h,t)] + O(h?), h= Az,

so that, for the true solution, we obtain
u(w,t+ k) = ulz,t) + 25 [ule — h,t) — 2u(@, t) + u(z + h,t)] + O(k*+kh?) . (2.1)

That motivates the numerical scheme for approximation «, = u(%,, t,) on the rectangular mesh (z,, t,)
(mh,nk):

ul =y + p(upy g — 2up, ), m=1.M. (2.2)
Here h = M;H and p = h—kg = (AA—;)Q is the so-called Courant number. With u being fixed, we have k =

ph?, so that the local truncation error of the scheme is O(h*). Substituting whenever necessary initial
conditions u9, and boundary conditions u{ and %, ,, we possess enough information to advance in
(2.2) from u” := [u}, ..., u},] tou™ = Wit .

Similarly to ODEs or Poisson equation, we say that the method is convergent if, for a fixed ., and for
every T' > 0, we have

}llin% |upy, — w(Zm,t,)] =0 uniformly for (z,,,t,) € [0,1]x[0,T].
—

In the present case, however, a method has an extra parameter y, and it is entirely possible for a method
to converge for some choice of ;1 and diverge otherwise.

Stability, consistency and the Lax equivalence theorem Suppose that a numerical method for a partial
differential equation of evolution can be written in the form!

un+1 _ Ahun,

. . Apx
where u™ € RM, 4;, € RM*M jg a matrix, and h = ﬁ I H;” I

be the corresponding induced matrix norm. If we define stability as preserving the boundedness of u”
with respect to the norm || - ||, then since

Fixanorm |- on R, and let || 4| = sup

[ < [l ARl < (| An]™ [,

we get:
[An]l <lash —0 = themethod is stable.

If we denote the exact solution of the PDE by u(z,t) and let u" = (u(mk,nt))1<m<nm, then we have
"t = A,3" + n™ where 1" is the local truncation error. The error vector e” = " — u" satisfies

et = Ape” + .

! Assuming zero boundary conditions



Using ||4]| < 1 and assuming ||€°]| = 0, we get [[€"] < [[n" || + -+ + [|[n°]. If consistency holds, i.e.,
[n™|| = O(k?), then we see that ||e"|| < nck? for some constant ¢ > 0. Since n < T//k we end up with
lle™]| < Tk, and so ||e™|| — 0 as k — 0 uniformly in n € [1, T/k]. This shows convergence.

We have thus arrived at the Lax equivalence theorem:

Theorem 2.2 “consistency + stability = convergence”

(more precisely what we have proved here is the implication = ).

Norms The discussion above involves a choice of norm on RM. There are two standard choices of
norms:

* Sup-norm. Here, we choose
Jull = lfloe = _maxfui].

yerey

It can be easily shown that the corresponding induced norm for a matrix A € RM* g given by:

M
— [Az]lo _ 3
[Allcsoe = sup T = = i, 314l

This the choice of norm we implicitly used in the convergence proof of Theorem 2.1 (Lecture 4).
The matrix in this case was

1=2p p

A= *

Sl
poo1=2p

for which we get || An|lcosoo = |1 —2p] + 20 < 1if p < 1/2.

* Normalized Euclidean norm. Another common of choice of norm is the normalized Euclidean length,

namely,
1 M
lull =/ 2 S0 il

The reason for the factor % is to ensure that, because of the convergence of Riemann sums, we
obtain

1/2 1 1/2
lull o= 3 S 2] = [fy lu@)Pdz] =, (h=1/(M +1) > 0),

The induced matrix norm in this case is the spectral norm (or the operator norm) and is denoted
1A]l2:2

o A2l
42 3= sup T,

The spectral norm of A is equal to the largest singular value of A. Equivalently, we can write
| All2 = [p(AAT)]*/? where p is the spectral radius:

p(M) := max {|\| : X eigenvalue of M} .
For certain matrices, such as normal matrices, one can show that || A||2 = p(A).

Problem 2.3 (Stability of (2.2)) Although we can deduce from the theorem that y < § implies stability,

we will prove directly that stability < p < 3. Let u™ = [uf,...,u’,]". We can express the recurrence
(2.2)
ut =y, + p(upy g — 2up, +ul ), m=1.M,
2Note that if || - || is the normalized Euclidean norm, then || Az||/||=|| = ||A=||2/||=||2 where |||z = (3, |z]?)/? is the usual

(unnormalized) Euclidean norm

10



in the matrix form

'LLZJ'_1 = Ah'u,Z, Ah = I+ ,uA*, A* = .
1- MxM
Here A, is TST, with \;(A,) = —4sin® ”T“‘, hence \;(A) = 1 — 4usin® T, 5o that its spectrum lies

2
within the interval [Ays, Ai] = [1 — 4pcos® 2, 1 — 4psin® Z2]. Since A), is symmetric, we have

|1—4usin27r—2h|§1, ,ug%,
h 1
1 —dpcos® TH[>1, p>35

|Anll2 = p(Ar) = {
(h <hy).

We distinguish between two cases.
) p<
2) u>

[wr (| < JAJ - lum =t < - < A ul]] < [u®] as n — oo, for every u®.

= N

Choose u” as the eigenvector corresponding to the largest (in modulus)
eigenvalue, |\| > 1. Then u" = A"u", becoming unbounded as n — cc.

Technique 2.4 (Semidiscretization) Let u,,(t) = u(mh,t), m = 1...M, t > 0. Approximating 9?/9z? as
before, we deduce from the PDE that the semidiscretization

d 1

% = ﬁ(um_l — 2Upy + Umt1), m=1.M (2.3)
carries an error of O(h?). This is an ODE system, and we can solve it by any ODE solver. Thus, Euler’s
method yields (2.2), while backward Euler results in

n+1 n+1 n+1 n+ly _  n
Uy — /’L(U’m—l - 2um + um+1) = Upy-

This approach is commonly known as the method of lines. Much (although not all!) of the theory of finite-
difference methods for PDEs of evolution can be presented as a two-stage task: first semidiscretize,
getting rid of space variables, then use an ODE solver. Typically, each stage is conceptually easier than
the process of discretizing in unison in both time and in space (so-called full discretization).

Method 2.5 (The Crank-Nicolson scheme) Discretizing the ODE (2.3) with the trapezoidal rule, we ob-
tain
upt = ety = 20 ) = w4 gy = 200 b ), m=1lM 24)

Thus, each step requires the solution of an M x M TST system. The error of the scheme is O(k® + kh?),
so basically the same as with Euler’s method. However, as we will see, Crank-Nicolson enjoys superior
stability features, as compared with the method (2.2).

Note further that (2.4) is an implicit method: advancing each time step requires to solve a linear alge-
braic system. However, the matrix of the system is TST and its solution by sparse Cholesky factorization
can be done in O(M) operations.

11
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Definition 2.4 (Normal matrices) We say that a matrix A is normal if A = QDQT, where D is
a (complex) diagonal matrix and @ is a unitary matrix (such that QQT = I, where the bar in
@ means complex conjugation). In other words, a matrix is normal if it has a complete set of
orthonormal eigenvectors.

Examples of the real normal matrices, besides the familiar symmetric matrices (A = AT,
inlclude also the matrices which are skew-symmetric (4 = — A7), and more generally the matrices
with skew-symmetric off-diagonal part.

Proposition 2.5 If A is normal, then || A|| = p(A).

Proof. Let u be any vector (complex-valued as well). We can expand it in the basis of the or-
thonormal eigenvectors u = Y ", a;q; . Then Au = """ | \;a;q;, and since gq; are orthonormal,
we obtain . o112
Aull2 1 Aay
Al = sup 12002 _ gy Do ool 2
u  ul2 a; {202 lail?}

Remark 2.6 More generally, one can prove that, for any matrix A, we have ||Allz = [p(AAT)]*/2,

and the previous result for normal matrices can be deduced from that formula.

Example 2.7 (Crank-Nicolson method for diffusion equation) Let

1
unJrl _ 1

n+1 n+1 n+ly _ n 1 n n n _
- si(uy Ty = 2up ™ ) = g, 4 5 (U, g — 2up, + U ), m=1..M.

Then Bu"*! = Cu", where the matrices B and C are Toeplitz symmetric tridiagonal (TST),

1
B=1-5uA,
2 b)
u™tl = B*16’14”7 A, =

C=1+3iuA., 1

1 -2 MxM

All M x M TST matrices share the same eigenvectors, hence so does B~1C. Moreover, these
eigenvectors are orthogonal. Therefore, also A = B~!C is normal and its eigenvalues are

M(C)  1—2p sin? %Wk‘h
Me(B) 1+ 2usin? smkh

A(A) = = [(4)<1, k=1.M.

Consequently Crank-Nicolson is stable for all ¢z > 0.

Matlab demo: Download the Matlab GUI for Stability of 1D PDEs from http://www.damtp.
cam.ac.uk/user/hf323/M21-11-NA/demos/pde_stability/pde_stability.html and
solve the diffusion equation in the interval [0, 1] with the Euler method and with Crank-Nicolson.
See the effect of unconditional stability!

Example 2.8 (Convergence of the Crank-Nicolson method for diffusion equation) It is not dif-
ficult to verify that the local error of the Crank-Nicolson scheme is 7, = O(k*+kh?), where O(k?)
is inherited from the trapezoidal rule (compared to O(k?) for the Euler method). We also have

n M n
0™l = {h >y I P32 = O(K® + kB?).
Hence, for the error vectors e™ we have

Be"t' =Ce"+n" = |l <(IBTC| e[+ 1B 0"

11



We have just proved that || B~!C| < 1, and we also have ||B~!|| < 1, because all the eigenvalues
of B are greater than 1 (by Gershgorin’s theorem). Therefore, ||e"*!|| < ||e”| + [|n™]], and

le™|| < e+ nllnl = nlnll < 55 (K + kh?) = ¢T(k* + h?).
Thus, taking k= ah will result in O(h?) error of approximation.

We consider the solution of the advection equation

Ou Ou

— = — <zxr<l1 >

ot oz’ 0szsl 20,
with initial conditions u(x,0) = ug(z) for t = 0 and Dirichlet boundary conditions u(0,t) = ¢o(t) at
x=0and u(l,t) = ¢1(t) atz = 1.

Example 2.9 (Crank-Nicolson for advection equation) Let

n+1 n _ 1 n+1 n+1 1 n n o
Uy — Uy = Zu(um+1 - umfl) + Zﬂ(um+1 - um—l)a m=1.M.

(This is the trapezoidal rule applied to the semidiscretization of advection equation 2% = 9%). In

this case, u" ! = B~!Cu", where the matrices B and C are Toeplitz antisymmetric tridiagonal,

1—%@
po 1

&
Il
PN

7 RN 77
—%,U 1

i

Th

Similarly to Exercise 4, the eigenvalues and eigenvectors of the matrix

a f
s=| Po
7504
are given by A = a+2iBcoskzx, and wy = (im sin kmx)%zl, where x = mh = ML—&-I So, all such

S are normal and share the same eigenvectors, hence so does A = B~IC, hence A is normal and

A(C) 14 gipcosks
Ae(B) 1— Jipcosks

Ao(A) = Me(A) =1,  k=1.M.

So, Crank-Nicolson is again stable for all 1z > 0.

Example 2.10 (Euler for advection equation) Finally, consider the Euler method for advection

equation

n+1 n o __ n n —
Upy = Uy, = (U — Uy, ), m=1.M.

We have u"t! = Au™, where

L—p p

I—p

but A is not normal, and although its eigenvalues are bounded by 1 for ;1 < 2 (note 1 — p is the
only eigenvalue of A), it is the matrix induced norm of A that matters. For this example, it is
easier to work with || A||cc— o Which we see is given by |1 — u| + u (by the formula in Lecture 5),
and this is smaller than 1 precisely when p < 1.

12
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Technique 2.11 (Fourier analysis of stability) Let us now assume a recurrence of the form
S, akufn‘ilk =Y el g n €7+, (2.5)

where m ranges over Z. (Within our framework of discretizing PDEs of evolution, this corresponds to
—00 < z < oo in the undelying PDE and so there are no explicit boundary conditions, but the initial
condition must be square-integrable in (—oo, c0): this is known as a Cauchy problem.) The coefficients
ay, and by are independent of m,n, but typically depend upon ;. We investigate stability by Fourier
analysis. [Note that it doesn’t matter what is the underlying PDE: numerical stability is a feature of
algebraic recurrences, not of PDEs!]

Let v = (vy)mez € l2[Z)]. Its Fourier transform is the function

9(0) =X, cn e ™vp, —r<6<m.

We equip sequences and functions with the norms

and ||a||*:{%/ |6(9)|2d0} .

[N

ol = { > loml*}

meZ
Lemma 2.12 (Parseval’s identity) For any v € {3]Z], we have ||v|| = ||V]|+.
Proof. By definition,

. 2 0 .
HEJ\HE — % Z e—lmevm‘ do = %/ Z va@ke_l(m_k)eda
A T meZkEL
1 T i ©) _
= S [ s S S e = ol
meZkEL - meZkEL

where equality (*) is due to the fact that
T or, £=0,
/ eip = " O
— 0, (e€Z\{0},

The implication of the lemma is that the Fourier transform is an isometry of the Euclidean norm. This
is an important reason underlying its many applications in mathematics and beyond.

Analysis 2.13 (Fourier analysis of stability) For 6 € [-m, 7], let u"() = Y, ., e""™%u7, be the Fourier

transform of the sequence u" € 5[Z]. We multiply the discretized equations (2.5) by e~ and sum up
for m € Z. Thus, the left-hand side yields

[eS) s s [eS)
—im@ n+1 —im6 n-+1
[§] Ak Uy 4 Qg [§] Utk
k=r k=r

m=—o00 m=—o00
s oo s
— Zak Z efi(mfk)gu:;fl — (Zakeikﬂ)an«kl(e)'
k=r m=-—o00 k=r

Similarly manipulating the right-hand side, we deduce that

a"t(0) = H(0)a"(0), where H(6) = ey bre™ 2.6)
- ) - ZZ:T' akeikﬂ : :

The function H is sometimes called the amplification factor of the recurrence (2.5)

Theorem 2.14 The method (2.5) is stable < |H(0)| <1 forall 6 € [—m, 7).

13



Proof. The definition of stability is equivalent to the statement that there exists ¢ > 0 such that ||u"|| < ¢
for all n € Z*. [Because we are solving a Cauchy problem, equations are identical for all h = Az, and
this simplifies our analysis and eliminates a major difficulty: there is no need to insist explicitly that
|lu™|| remains uniformly bounded when h — 0]. The Fourier transform being an isometry, stability is
thus equivalent to ||u"||. < cforalln € Z™. Iterating (2.6), we obtain

a™(0) = [H(0)]"u’(0), 0| <m, neZ. (2.7)

1) Assume first that |H(6)| < 1 for all |§| < w. Then, by (2.7),

n ~ ~n L[ L[ ~
ToI<Ol = @E=g [ @ePres s [ @ePre - @k,

Hence stability.

2) Suppose, on the other hand, that there exists 8y € [, x| such that |[H(6y)| = 1 + 2¢ > 1, say.
Since H is continuous, there exist —m < ¢ < 6 < 7 such that |[H(0)| > 1+ ¢ for all 6 € [0y, 65]. We set
1 = 0 — 01 and choose as our initial condition the function (or the ¢3[Z]-sequence)

27
aO(G): n’ 91§9§927
0, otherwise,
Then
1 T 1 72
[a2 = 5- [ [H(O)*"[a’(0)do = 5/9 |H (6)*"[a®(6)|>d6
02
> %(1—&-6)2”/ 2%d@: (146" 500 (n— ).
01
We deduce that the method is unstable. O

Example 2.15 Consider the Cauchy problem for the diffusion equation.

1) For the Euler method

n+l _ . n n n n
Uy = Uy + u(um—l - 2um + um+1) )

we obtain 4 .
HO) =1+p(e™—2+e% =1—dusin?L € [1—4p,1],

thus the method is stable iff y < 1.
2) For the backward Euler method

U = gy = 20+ uﬁ»:-ll) = U,
we have
HO)=[1—p(e -2+ ei@)]_1 = {1 + 4y sin? g B € (0,1].
thus stability for all .

3) The Crank—Nicolson scheme

n+1 l n+1 n+1 n+ly _ . n l n n n
Uy — 2,LL(Um71 - 2um + um+1) = Uy, + Qlu(um—l - 2um + um—i—l)?

results in ) )
1+ (e — 2+ €l%) o 1-2u sin?

H(0) = . L =
(©) 1—Zpu(e ¥ —2+4e?) 1+ 2usin?

Hence stability for all ¢ > 0.

14
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Problem 2.18 (The advection equation) We look at the advection equation which we already considered
in Lecture 6.
Ut = Ug, t Z 07 (26)

where v = u(z,t). It is given with the initial condition u(z,0) = ¢(z). The exact solution of (2.6) is
simply u(z,t) = ¢(z + t), a unilateral shift leftwards. This, however, does not mean that its numerical
modelling is easy.

Example 2.19 (Downwind instability) 1) Downwind instability: Consider the discretization auaLz(t) R

ﬁ [m (t) — Uum—1(t)], so coming to the ODE u/,(t) = % [t (t) — wm—1(t)]. For the Euler method, the
outcome is
=l k), e Zy

We can analyze the stability of this method using Fourier analysis. The amplification factor is
H(O) =1+ p—pe?.
We see that for = 7/2, |H(0)|*> = (1 + u)? + p? > 1, and so the method is unstable for all ;1 > 0.

aug;c(t) ~ g [m+1(8) = (1)), and

Method 2.20 (Upwind method) Upwind scheme: If we semidiscretize
solve the ODE again by Euler’s method, then the result is

W =l ), e Zy 2.7)

The local error is O(k?+kh) which is O(h?) for a fixed 1, hence convergence if the method is stable. We
can again use Fourier analysis to analyze stability. The amplification factor is

H®)=1—p+ pe

and we see that |H (0)| = |1 — pu+ pel®| < |1 — p|+pu = 1 for u € [0, 1]. Hence we have stability for y < 1.
If o > 1, then note that |H ()| = |1 — 2p| > 1, and so we have instability for p > 1.

Matlab demo: Download the Matlab GUI for Solving the Advection Equation, Upwinding and Stability from
https://www.damtp.cam.ac.uk/user/hf323/M21-II-NA/demos/index.html and solve the
advection equation (2.6) with the different methods provided in the demonstration. Experience what
can go wrong when “winding” in the wrong direction!

What about the case when 0 < 2 < 1 (bounded domain)? Recall from Lecture 6 when we considered
the Euler method for the advection equation

n+1 n __ n n _
Upy = Uy, = (U, — Uy, ), m=1.M.

We have u"*! = Au™, where

I—p
but A is not normal, and although its eigenvalues are bounded by 1 for ;1 < 2 (note 1 — i is the only
eigenvalue of A), it is the matrix induced norm of A that matters. For this example, it is easier to work
with || A]|co— 0o Which we see is given by |1 — x| 4 p (by the formula in Lecture 5), and this is smaller than
1 precisely when p < 1.
Method 2.21 (The leapfrog method) Leap-frog method: We semidicretize (2.6) as 8“5; 0 ~ % [t (t) —
Um—1(t)], but now solve the ODE with the second-order midpoint rule

yn+1 = yn—l + 2k.f(tnayn)7 n e Z+ .

15



The outcome is the two-step leapfrog method
W = (g — ) ol 2.8)

The local error is now O(k?+kh?) = O(h?).
We analyse stability by the Fourier technique, assuming that we are solving a Cauchy problem. Thus,
proceeding as before,

a"tHO) = p (¥ — e ) an(0) + a1 (o) (2.9)

whence
"t (0) — 2ip sinfa"(0) —a""*(9) = 0, ne”z,

and our goal is to determine values of x such that [¢" ()| is uniformly bounded for all n, 6.

This is a difference equation wy+1 + bw,, + cw,_1 = 0 with the general solution w,, = c1 A} + 23,
where A1, A\, are the roots of the characteristic equation A24+bA+c = 0,and c1, ¢ are constants, dependent
on the initial values wy and wy. If Ay = Ay, then solution is w,, = (¢1 + con)A™. In our case, we obtain

A2(0) =ipusind + /1 — p2sin?6.

Stability is equivalent to |\ 2(6)| < 1 for all # and this is true if and only if ¢ < 1.

Problem 2.22 (The wave equation) Consider the wave equation

Ou_0u sy
otz Ox2 -
given with initial conditions u(z, 0) and u,(z, 0) = % (x,0). The usual approximation looks as follows

n+1 n n—1 __ n n n
U — 2um + U = .u“(um—i-l - 2um + um—l) )

with the Courant number being now p = k2 /h?%.
The Fourier analysis (for Cauchy problem) provides

@L(0) — 20" (0) + @ 1(0) = —dpsin® § @ (0),

with the characteristic equation A2 — 2(1 — 2usin® )\ + 1 = 0. The product of the roots is one, therefore
stability (that requires the moduli of both A to be at most one) is equivalent to the roots being complex
conjugate, so we require

(1-2usin® §)2 < 1.

This condition is achieved if and only if u = k? /h? < 1.

16
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Problem 2.25 (The diffusion equation in two space dimensions) We are solving

Oou 9

EZVu, 0<z,y<1, t>0, (2.11)
where u = u(z,y,t), together with initial conditions at ¢t = 0 and Dirichlet boundary conditions
at 99, where Q = [0,1]? x [0, 00). It is straightforward to generalize our derivation of numerical

algorithms, e.g. by the method of lines. Thus, let us ., (t) = w(¢h, mh,t), where h = Az = Ay, and
let uy,,, ~ wugm(nk) where k = At. The five-point formula results in

/ 1
Upm = ﬁ(uf—lym + Upt1,m T Uem—1 + Ugm41 — 4“[,777,),

or in the matrix form
u = %A*u, u = (ugm) € RY, (2.12)

where A, is the block TST matrix of the five-point scheme:

H I —41
A=l | H= L 1
I H 1 -4
Thus, the Euler method yields
uZ‘fnl = Uf (UG F UG 1 UG 1 U 1 — UG ), (2.13)

or in the matrix form
u"tt = Au”, A=1+ pA,

where, as before, y = % = (AA—;)Q The local error is n = O(k*+kh?) = O(h'). To analyse stability,

we notice that A is symmetric, hence normal, and its eigenvalues are related to those of A, by the
rule

Moo (A) =1+ pde(A) T2 1 — 4y (sin2 TR | sin? ”TE") .
Consequently,

sup p(A) = max{1, |1 — 8ul}, hence p< i & stability.
h>0

Method 2.26 (Fourier analysis) Fourier analysis generalizes to two dimensions: of course, we
now need to extend the range of (z,y) in (2.11) from 0 < z,y < 1to z,y € R. A 2D Fourier

transform reads _
a(a w) _ Z uLmefl(fGerd))
£,meEZ

and all our results readily generalize. In particular, the Fourier transform is an isometry from
62 [Zz} to Lg([—ﬂ', 71']2), i.e.

(3 k)" =slall =l o= (525 [ [ .0 avas) ™

LmEZ

and the method is stable iff | H (6, ¢)| < 1 for all 8, € [—m,7]. The proofs are an easy elaboration
on the one-dimensional theory. Insofar as the Euler method (2.13) is concerned,

HO,9) =1+p (e +e +e ™ e —4) =1 —dp(sin® & +sin2 ),
and we again deduce stability if and only if ; <

1
-
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Method 2.27 (Crank-Nicolson for 2D) Applying the trapezoidal rule to our semi-dicretization
(2.12) we obtain the two-dimensional Crank-Nicolson method:

(I — uA)umtt = (I + pA)u, (2.14)

in which we move from the n-th to the (n+1)-st level by solving the system of linear equations
Bu"t! = Cu", or u"™! = B~!'Cu™. For stability, similarly to the one-dimensional case, the
eigenvalue analysis implies that A = B~!C is normal and shares the same eigenvectors with B
and C, hence

MC) _ 14 5uM(AY)
NB) ~ 1- Lun(A,)

and the method is stable for all i.. The same result can be obtained through the Fourier analysis.

AA) =

IMA)] < 1as M(A,) <0

Matlab demo: Download the Matlab GUI for Solving the Wave and Diffusion Equations in 2D
fromhttp://www.damtp.cam.ac.uk/user/hf323/M21-I11-NA/demos/pdes_2d/pdes_
2d.html|and solve the diffusion equation (2.11) for different initial conditions. For the numerical
solution of the equation you can choose from the Euler method and the Crank-Nicolson scheme.
The GUI allows you to solve the wave equation as well. Compare the behaviour of solutions!

Technique 2.28 (Splitting) In all the examples of semi-discretization we have seen so far, we al-
ways reach a linear system of ODE of the form:

u' = Au, u(0) = uo. (2.15)
The solution of this linear system of ODE is given by
u(t) = ety (2.16)

where the matrix exponential function is defined by e® := Y77 %Bk . It is easily verified that
det4 /dt = Aet”, therefore is indeed a solution of (2.15).

If A can be diagonalized A = VDV ™1, then !4 = Ve!PV~! where ! is the diagonal matrix
consisting diag (e'”#). As such one can compute the solution of w exactly. However comput-
ing an eigenvalue decomposition can be costly, and so one would like to consider more efficient
methods, based on the solution of sparse linear systems instead.

Observe that one-step methods for solving (2.15) are approximating a matrix exponential. In-
deed, with k£ = At, we have:

Euler: u" ™t = (I +kA)u, e =1+2+0(2?%);
Implicit Euler: «"*! = (I — kA)~ ", e =(1-2)"1+0(z?);
471+%z

Trapezoidal:  w™! = (I — 1kA) ™" (I + 1kA) um, e =

+0(2%).

1
1—52

In practice the matrix A is very sparse, and this can be exploited when solving linear systems e.g.,
for the implicit Euler or Trapezoidal Rule.

In many cases, the matrix A is naturally expressed as a sum of two matrices, A = B + C. For
example, when discretizing the diffusion equation in 2D with zero boundary conditions, we have

A= %(Az + A,) where #Ai € RM*xM? corresponds to the 3-point discretization of 6‘9—;, and
LA, € RM>M? corresponds to the 3-point discretization of g—;. In matrix notations, if the grid
points are ordered by columns, then we have:

9T I a -21
A= | Tn LAy = L= Vi [ JerMmL @y
I —2I G 1 -9
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Remark: It is convenient to note that A, = G ® I and A, = I ® G, where ® is the Kronecker
product of matrices (kron in Matlab) defined by

AllB A12B . AlmAB
A21B A22B e AQmAB

A@B: ) ERnAnBXmAmB
AwaB ... ... Awm.B

where A € R*"4*™4 and B € R"8*X™M5,

In general, exp(t(B + C)) # exp(tB) exp(tC). Equality holds however when B and C' com-
mute.

Proposition 2.29 For any matrices B, C,
HBHO) = otBetC 4 Li2(0B — BO) + O(F?). (2.18)

If B and C commute, then eP+¢ = ePeC.

tB otC (B+0).

Proof. We Taylor-expand both expressions e and e’

eBel® = (I +tB+t>B%/2 4+ O(t*))(I +tC + t>C? /2 + O(t?))
=I+t(B+0O)+ 5(32 +C? +2BC) + O(t?)

and

BT — T+ ¢(B+C)+ 5 (B+C)? + O(t%)

t_
2
£ 5 (B?+C?+ BC +CB) + O(t*).

=I+tB+C)+

Equation (2.18) follows.
When B and C commute, we can write:

eXPB+C inlB—FC ii(” ()Bn kck>:§:i1|< )Bn—kck_
k

n=0 n=0 =0 k=0n=~k
n n!
Recall th = —
ecall that (k) k!(n—k)!'so
S 1 n—k ~k S m k_ B C
exp(B + C) g;k'( —k)!B C kZm;)mB C" =c"e
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Technique 2.31 (Splitting for the 2D diffusion equation) Recall that for the 2D diffusion equa-
tion
ou  d*u  Ou

ot~ oa? o2
using the five-point discretisation scheme for the Laplacian yields the following ODE

du 1
where the matrices A, and A, are expressed as A, = G ® I and 4, = I ® G, where ® is the
Kronecker product, and G is the M x M tridiagonal matrix

-21
G = 1. c RMxM
R | ’
1 -2

It is straightforward to verify that A, and A, commute; namely A, 4, = A, A, = G®G (check
out the basic rules of multiplication with the kronecker producthttps://en.wikipedia.org/
wiki/Kronecker_product). This should not come as a suprise since the operators 9% /9z* and
9%/0y?, which A, /h* and A, /h? approximate, are known to commute. So we can write

2 2 2
QR (At Ay /W _ (kA /B kA, [h

This means that the solution of the semi-discretized diffusion equation in 2D, with zero boundary

conditions, satisfies ) )
w'tl = ghAe/h7 gk Ay /R (2.17)

The split Crank-Nicolson scheme: In the split Crank-Nicolson scheme, we approximate each
exponential map in (2.17) by the rational function

r(z) = (1+2/2)(1 - 2/2)7",

which leads to

w"t = (I + %Aw)(I - %AI)‘l(I + gAy)(I — LAt (2.18)

2

Note that computing u" /2 = (I + £A,)(I — §A,)~'u" can be done efficiently in O(M?) time
as A, is block-diagonal, and the matrices G are tridiagonal (each tridiagonal solve requires O(M)
time, and we have M of these). Computing u™*! = (I+%5A,)(I—5A,) " u""/? can also be done
in O(M?) time, since A, is also block-diagonal provided we appropriately permute the rows and
columns so that the grid ordering is by rows instead of columns. This means that the update step
of Split-Crank-Nicolson can be performed in time O(M?) and only requires tridiagonal
matrix solves (no FFT needed).

Stability: One can easily verify stability of the split Crank-Nicolson scheme. Indeed, we can
write

[r(pAz)r(pdy)llz < [Ir(pda)ll2llr(ndy)]2 < 1

since, as seen in previous lectures, ||7(1nAz)|l2 = ||({ + %Az)(I - %Am)*lﬂg < 1since A, is sym-
metric and its eigenvalues are < 0. (Same for ||7(pAy)||2.)
Exercise: Check the consistency of the scheme

W = (A (uAy)u

In particular, show that split Crank-Nicolson has the ‘same’ local error as the classical Crank-
Nicolson scheme. That is the local error is O(k® + kh?).
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Example 2.32 Consider the general diffusion equation

du _ gt (a(x,y)Vu) + f(z,y) = 9 (a(:z:,y)au) 2 (a(w)au) + f(z,), (2.19)

ot or ox dy dy
where a(z,y) > a > 0and f(z,y) are given, together with initial conditions on [0, 1]* and Dirichlet
boundary conditions along 9[0, 1]? x [0, 00). Replace each space derivative by central differences at
midpoints,
dg(¢) _ 9(6+ 3h) — g(& = 3h)
de h ’

resulting in the ODE system

) - Lla U +a U +a U +a U
tem  — 2 |—i mM-1m 0+ 5 mUl+lm tm—1Wm—1 £,m+3 We,m+1 (2.20)

- (aéfé,m + a‘ZJr%,m + aé,mfé + aé,m+%)u£,m:| + f@,m'

Assuming zero boundary conditions, we have a system v’ = Au, and the matrix A can be split as
A= #(Az + Ay). Here, A, and A, are again constructed from the contribution of discretizations
in the z- and y-directions respectively, namely A, includes all the a,, 1 ,, terms, and A, consists
of the remaining a, ,,,..1 components. The resulting operators A, and A, do not necessarily com-
mute, and so the splitting scheme
w" L = okAz/h? kA, /W2

will carry an error of O(k?).

Strang splitting : One can obtain better splitting approximations of e!(5+). For example it is

not hard to prove that e3*Pe!Ce3tP gives a O(t%) approximation of e/(5+C), ie.,

t(BHC) _ o5tBtC 518 | O(t?’). (2.21)

Technique 2.33 (Splitting methods) Recall that, for z1, 2o € C, we have e*7#2 = ¢*1¢*2 and had
this been true for the matrices, i.e. that ¢4 = e!(B+C) = ¢!Be!C we could have approximated each
component of the exponent of A = A, + A, with the trapezoidal rule, say, to produce

Wt = (1= L) T+ SpAL) (1 3pAy) T (14 SuA)u”,  p=k/R2, (2.22)

and since both I — %/LAx and I — %/LAy are tridiagonal, this system can be solved very cheaply.

Unfortunately, the assumption that e!(B+C) = ¢*BetC s, in general, false. Not all hope is lost,

though, and we will demonstrate that, suitably implemented, splitting is a powerful technique to
reduce drastically the expense of numerical solution.

Method 2.34 (Splitting of inhomogeneous systems) Our exposition so far has been limited to
the case of zero boundary conditions. In general, the linear ODE system is of the form

u = Au+ b, u(0) = u?, (2.23)

where b originates in boundary conditions (and, possibly, in a forcing term f(x,y) in the original
PDE (2.19)). Note that our analysis should accommodate b = b(t), since boundary conditions
might vary in time! The exact solution of (2.23) is provided by the variation of constants formula

t
u(t) = et4u(0) +/ et=5)4p(s) ds, t>0,
0
therefore

tnit
w(tni) = e u(t,) +/ eltn+1794p(5) ds .
t

n

The integral on the right-hand side can be evaluated using quadrature.
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For example, the trapezoidal rule fok g(T)dr = %k[g(()) + g(k)] + O(k?) gives
w(tni1) ~ e ulty) + 5k b(t,) + b(tns1)),

with a local error of O(k®). We can now replace exponentials with their splittings. For example,

Strang’s splitting (2.21), together with the rational function approximation r(z) = (1 + z/2)/(1 —
z/2) of the exponential map, results in

wtl = r(3kB) r(kC) r(3kB) [u" + $kb"] + 3kb™H.

As before, everything reduces to (inexpensive) solution of tridiagonal systems.
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3 Spectral Methods

General idea of spectral methods. The basic idea of spectral methods is simple. Consider a PDE
of the form
Lu=f (3.1)

where L is a differential operator (e.g., £ = 88—;2, or L = 59—;2 + g—;?, etc.) and f is a right-hand
side function. We consider a finite-dimensional subspace of functions V' spanned by a basis
¥i1,...,¥N. A typical choice for V is a space of (trigonometric) polynomials of finite degree.
We seek an approximate solution to the PDE by a linear combination of the ¢, i.e., uy(z) =
ZT]:/:I cn¥n (). Plugging un () in the PDE we get the following linear equation in the unknowns

(cn): N
> enlipn = f. (3.2)
n=1

In general the equation will not have a solution, as there is no reason to expect that the original
PDE has a solution in the subspace V. However, we can seek to satisfy equation (3.2) approxi-
mately. Assume that the (1,,)1<n<n are an orthonormal family of functions, with respect to some
inner product (-, -). Then instead of looking for (c,,) that satisfy (3.2), we will require only that the
projection of Luy — f on the subspace V is zero. This is the same as requiring that

N
> e (Ln,m) = (fim)  ¥m=1,...,N. (3.3)
n=1

If we call A the matrix A,, ,, = (LYn, ¥m), we end up with a N x N linear system Ac = f, where

fm = <fa¢m>

Discussion 3.1 (Large matrices versus small matrices) Finite difference schemes rest upon the
replacement of derivatives by a linear combination of function values. This leads to the solu-
tion of a system of algebraic equations, which on the one hand tends to be large (due to the slow
convergence properties of the approximation) but on the other hand is highly structured and
sparse, leading itself to effective algorithms for its solution. We will get to know some of these
algorithms in Section 4.

However, an enticing alternative to this strategy are methods that produce small matrices in
the first place. Although, these matrices will usually not be sparse anymore, the much smaller
the size of the matrices renders its solution affordable. The key point for such approximations are
better convergence properties requiring much smaller number of parameters.

Problem 3.2 (Fourier approximation of functions) We consider the truncated Fourier approxima-
tion of a function f on the interval [—1, 1]:

N/2

flx) = on(x) = Z foe™® oz e [-1,1], (3.4)

n=—N/2+1

where here and elsewhere in this section IV > 2 is an even integer and

~ 1 /1! )
fn= f/ f®)e ™ dt, neZ
2)

are the (Fourier) coefficients of this approximation. We want to analyse the approximation prop-
erties of (3.4).
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Theorem 3.3 (The de la Valleé Poussin theorem) If the function f is Riemann integrable and Fn =
O(nY) for |n| > 1, then ¢n(x) = f(z) + O(N~1) as N — oo for every point x € (—1,1) where f is
Lipschitz.

Remark 3.4 (The Gibbs effect at the end points) Note that if f is smoothly differentiable then,
integrating by parts,
( -1 ) n+1 1 -

T (f(1) — ()] + =i = O™ for fn] > 1.

fr =
Since such an f is Lipschitz on (—1, 1), we deduce from Theorem 3.3 that ¢ converges to f there
with speed O(N~'). However, convergence with speed O(N ') is very slow and moreover, we

cannot guarantee convergence at the endpoints —1 and 1. In fact, it is possible to show that

on (1) — %[f(fl) + f(1)] asn — oo

and hence, unless f is periodic we fail to converge.

Method 3.5 (Fourier approximation for periodic functions) Suppose f is an analytic function in
[—1,1], that can be extended analytically to a closed complex domain 2. In addition let f be
periodic with period 2. In particular, f(™)(—1) = f™)(1) for all m € Z,. Then, by multiple
integration by parts, we get

- 1 —~ 1 — 1 —
_ I " _— "mo—
In min”" (m’n)zf" (win)3 I
Thus, we have
- I
o= ——fm™ m=o0,1,.... (3.5)
(min)™

o(m)

But, how large is | f»"’|? To answer this question we use Cauchy’s theorem of complex analysis,
which states that ' ) d
(m)(py = M [ _J\E)AE 1.1
1) = g [ g w1

where 7 is the positively oriented boundary of 2. Therefore, with a=! > 0 being the minimal
distance between v and [—1,1] and M = max{|f(z)| : z € v} < oo, it follows that

! dz| _ M length
(m) < m lf ()] < gmny L omt1
@l < 27 /7 |z — x|m+l — 27 e

—

and hence, we can bound | f7(,,m)‘ < ecm!a™*! for some ¢ > 0. Now, using (3.5) and the above
upper bound,

N/2

|¢N($) - f($)| = ’ Z ]?nei””m - Z ]?nemmg

n=—N/2+1 n=-—oo

£ ms

- !
< Z |[fal = Z |7m|m§cm:m Z nm

In|>N/2 n|>N/2 n=N/2

Using, that forany »r € N,and m > 1

400
Z i < - ﬁ — 1 r7m+1 9
nm — [t m-—1 ’ 1/x

n=r+1

I, I‘+1,r+2
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we deduce that

ox(@) — f@)] < el ()" mzz

Finally, we have a competition between (a/(7N))™~! and m! for large m. Because of Stirling’s
formula

m! a V2r m™ T/ 2e—m

we have

m'( o >7n—1 2 m m( am >m—1
"= ~ T™m —
TN e \meN

which becomes very small for large N. Hence, |¢pn — f| = O(N~?) for any p € N and we deduce
that the Fourier approximation of an analytic periodic function is of infinite order.

Definition 3.6 (Convergence at spectral speed) An N-term approximation ¢ of a function f
converges to f at spectral speed if ||¢n — f| decays faster than O(N~?) forany p =1,2,....

Remark 3.7 Itis possible to prove that there exist constants ¢;,w > 0 such that || ¢y — f|| < cre™ %N
for all N € N uniformly in [—1, 1]. Thus, convergence is at least at an exponential rate.

23



Prof. A. C. Hansen

Mathematical Tripos Part II: Michaelmas Term 2024

Numerical Analysis — Lecture 12

Method 3.8 (The algebra of Fourier expansions) Let A be the set of all functions f : [-1,1] — C,
which are analytic in [—1, 1], periodic with period 2, and that can be extended analytically into the complex
plane. Then A is a linear space, i.e., f,g € Aand o € Cthen f + g € Aand af € A. In particular,
with f and g expressed in its Fourier series, i.e.,

f(l‘): Z f-neirrnm’ g(m): Z @\neiﬂ-nx
we have - -
f@)+g@) = > (fat+G)e™, af(x)= Y afpe™" (3.3)
and

f@)-glx)= > ( > ﬁ_m§m> ™= N~ (fxg), e, (34)

— ~

where * denotes the convolution operator, hence (f-g),. = (f*9),. Moreover, if f € Athen f' € A

n
and
oo

flla)=ir Y n o™ (3.5)

n=—oo

Since {fn} decays faster than O(n~?) for any p € N, this provides that all derivatives of f have
rapidly convergent Fourier expansions.

Example 3.9 (Application to differential equations) Consider the two-point boundary value prob-
lem: y = y(x), —1 <z < 1, solves

Y +a(x)y +b(x)y = f(z), y(=1)=y(1), (3.6)

where a,b, f € A and we seek a periodic solution y € A for (3.6). Substituting y, a, b and f by their
Fourier series and using (3.3)-(3.5) we obtain an infinite dimensional system of linear equations
for the Fourier coefficients 4,,:

oo o0
—T° 0% 4 im > Mol + Y, bnembm = fn, nE L. (3.7)
m=—0oo m=—0o0

Since a,b, f € A, their Fourier coefficients decrease rapidly, like O(n~?) for every p € N. Hence,
we can truncate (3.7) into the N-dimensional system

N/2 N/2
_77277'23//\n 4o Z man—'rn@\m + Z bn—mz//\m = f’ru n= _N/2 +1,..., N/2 (38)
m=—N/2+1 m=—N/2+1

Remark 3.10 The matrix of (3.8) is in general dense, but our theory predicts that fairly small
values of N, hence very small matrices, are sufficient for high accuracy. For instance: choosing
a(x) = f(z) = cosmz, b(x) = sin 2mx (which incidentally even leads to a sparse matrix) we get

N =16 ‘ error of size 1010

N =22 ‘ error of size 107! (which is already hitting the accuracy of computer arithmetic )
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Method 3.11 (Computation of Fourier coefficients (DFT)) We have to compute

~ 1 /! ,
Fo=s / FHe ™t dt, ne . (3.9)
—1
For this, suppose we wish to compute the integral on [—1, 1] of a function € A by means of
the Riemann sums on the uniform partition

N/2

/1 h(t) dt ~ % > o (i’;) . (3.10)

-1 k=—N/2+1

This is known as a rectangle rule. We want to know how good this approximation is. As in Defini-
tion 1.18, let wy = €2™/N Then we have

9 N/2 2% 9 N/2 00 , o N/2
il Z h () - = Z Z R e2mink/N _ = Z A Z ik
N k=—N/2+1 N N k=—N/241n=-00 N n=—c0  k=—N/2+1
Since w¥ = 1 we have
N/2 No1 B
Soowph= o HN/2=1) Sk = N, n =0 (modN),
N N — N 0, n#0 (modN),
k=—N/2+1 0
and we deduce that )
N/2 -
2 2k ~
¥ X n(F)-2 X b
k=—N/2+1 r=—00

Hence, the error committed by the Riemann approximation is

N/2 1 00
2 2k ~ ~
en(h) = Nk—_%mh (N> 7/71h(t) dt = 27«;00 hr — 2ho
= QZ(/};NT +TL—N7")-
r=1

Since h € A, its Fourier coefficients decay at spectral rate, namely hr = O((N7)~P), and hence
the error of the Riemann sums approximation (3.10) decays spectrally as a function of N,

en(h) =O(N"P) WpeN.

Going back to the computation of the Fourier coefficients (3.9), we see that we may compute

the integral of h(z) = 3f(z)e”"™* by means of the Riemann sums, and this gives a spectral

method for calculating the Fourier coefficients of f:

N/2

fnz% Z f(?\];)wg,”’“, n=-N/2+1,...,N/2. (3.11)

k=—N/2+1

Remark 3.12 One can recognise that formula (3.11) is the discrete Fourier transform (DFT) of the
sequence (y;) = (f(2)), see previous definition, hence not only have we a spectral rate of con-

vergence, but also a fast algorithm (FFT) of computing the Fourier coefficients.

Revision 3.13 (The fast Fourier transform (FFT)) The fast Fourier transform (FFT) is a computa-
tional algorithm, which computes the leading N Fourier coefficients of a function in just O(N log, N)
operations (cf. Algorithm 1.19). We assume that N is a power of 2, i.e. N = 2m = 27, and for
y € Ily,,,, denote by

Yy ={y}jez  and Yy ={yj1}jez
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the even and odd portions of y, respectively. Note that y® y(©) e 11,,. To execute FFT, we start
from vectors of unit length and in each s-th stage, s = 1...p, assemble 2P~° vectors of length 2°
from vectors of length 2°~! with

v =2 +whal®  r=o0,... 271 (3.12)
Therefore, it costs just s products to evaluate the first half of x, provided that z(® and z(©) are
known. It actually costs nothing to evaluate the second half, since

() _ 6 0 g

Tos-14p =T,  — WosTy ', 25711,

“ey

Altogether, the cost of FFT is p2?~! = 1 N log, N products.
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Problem 3.13 (The Poisson equation) We consider the Poisson equation

Viu=f, —-1<zy<l, (3.11)
where f is analytic and obeys the periodic boundary conditions

fELy) =fy), —1<y<l,  fle,-1)=f(1), -1<z<L

Moreover, we add to (3.11) the following periodic boundary conditions

1) = u(l =Ly =u.,(ly), —-1<y<l1
u(=1,y) = u(l,y), us(-1,9) = us(1,y) y<1 (3.12)

u(z,—1) =u(z, 1), uy(z,-1) =uy(z,1), —-1<z

With these boundary conditions alone, a solution of (3.11) is only defined up to an additive con-
stant. Hence, we add a normalisation condition to fix the constant:

1 1
/ / u(z,y) dx dy = 0. (3.13)
—1J-1

We have the spectrally convergent Fourier expansion

f(CU,y): Z ﬁc’zeiw(k’m+£y)

k,l=—o0

and seek the Fourier expansion of u

o0
U(I, y) _ Z ak,ﬂeiﬂ(kz+£y)~

k4=—o00
Since
1,1 o0 11
0 :/ / u(z,y)dedy = Z ﬂw/ / el (katty) qo dy = Uo 0,
—1J-1 . —1J-1
and -
Viu(z,y) = -2 Z (k? +f2)ﬂk$ge”(k“+€y)7
k4=—o00
together with (3.11), we have
po == o kicZ (k,0) # (0,0)
k4 — (I{i2+€2)ﬂ'2 k,ls ) ) ) )

ﬂop =0.

Remark 3.14 Applying a spectral method to the Poisson equation is not representative for its
application to other PDEs. The reason is the special structure of the Poisson equation. In fact,
b0 = €™ FH) are the eigenfunctions of the Laplace operator with

V2¢po = =12 (k% 4+ 02 pp 0,

and they obey periodic boundary conditions.
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Problem 3.15 (General second-order linear elliptic PDE) We consider the more general second-
order linear elliptic PDE
Viavu) =f, —-1<zy<l,

with a(z,y) > 0, and a and f periodic. We again impose the periodic boundary conditions (3.12)
and the normalisation condition (3.13). We rewrite

0 0
T = — _ =
VT (@Va) = (o) + (o) = 1
and use the Fourier expansions

9(@,y) = > Geetre(@y),  h@zy) = Y hmabma(z,y),

k€L m,n€”z

together with the bivariate versions of (3.4)-(3.5)

— —

(9 : h)k’z = Z gk—m,l—nhm,n; (gw)k,g =mk @c,b (gy)k,g = iﬂe@c,é,
m,n€”z

Ly )

This gives

—m2 3" (kA ) G T e () = D Frtre(@,y) -

k,l€Z m,n€EZ kLEZ

In the next steps, we truncate the expansions to —N/2 +1 < k,¢,m,n < N/2 and impose the
normalisation condition % o = 0. This results in a system of N2 — 1 linear algebraic equations in
the unknowns ,, ,, where m,n = —N/2 4+ 1...N/2, and (m,n) # (0,0):

N/2

Z (k:m + En) ak,ml,n am)n =
m,n=—N/2+1

1 -~
—pf]ﬁg, k,{=—-N/2+1..N/2.
Discussion 3.16 (Analyticity and periodicity) The fast convergence of spectral methods rests on
two properties of the underlying problem: analyticity and periodicity. If one is not satisfied the
rate of convergence in general drops to polynomial. However, to a certain extent, we can relax
these two assumptions while still retaining the substantive advantages of Fourier expansions.

* Relaxing analyticity: In general, the speed of convergence of the truncated Fourier series of
a function f depends on the smoothness of the function. In fact, the smoother the function
the faster the truncated series converges, i.e., for f € C?(—1, 1) we receive an O(N ~P) order
of convergence.

Spectral convergence can be recovered, once analyticity is replaced by the requirement that
f € C®(—1,1), ie., f™(z) exists for all z € (—1,1) and m = 0,1,2,.... Consider, for
instance, f(z) = e~/ (1=2*) Then, f € C*(—1,1) but cannot be extended analytically
because of essential singularities at +1. Nevertheless, one can show that \fn| ~ Oe~n"),
where ¢ > 0 and o ~ 0.44. While this is slower than exponential convergence in the analytic
case (cf. Remark 3.7), it is still faster than O(n~™) for any integer m and hence, we have
spectral convergence.

* Relaxing periodicity: Disappointingly, periodicity is necessary for spectral convergence. Once
this condition is dropped, we are back to the setting of Theorem 3.3, i.e., Fourier series
converge as O(N ') unless f(—1) = f(1). One way around this is to change our set of basis
functions, e.g., to Chebyshev polynomials.
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Revision 3.17 (Chebyshev polynomials) The Chebyshev polynomial of degree n is defined as
T,(z) := cosnarccosz, x € [—1,1],
or, in a more instructive form,
T, (z) :==cosnf, x=cosf, 6¢€]l0,n]. (3.14)
1) The sequence (T},) obeys the three-term recurrence relation

To(x) =1, Ti(z)==x
Thi1(x) = 22T, (z) — Tror(z), n>1,

in particular, T;, is indeed an algebraic polynomial of degree n, with the leading coefficient 2"~ 1.
(The recurrence is due to the equality cos(n+1)8 + cos(n—1)8 = 2cosf cosnf via substitution
x = cos 0, expressions for T and T} are straightforward.)

2) Also, (T},) form a sequence of orthogonal polynomials with respect to the inner product

Dw = Lll f(x)g(z)w(z)dz, with the weight function w(z) := (1 — 22)~'/2. Namely, we have

1 d - T, m=n=020,
x
Ty Ton)w = T ()T (2) ———= = 0 0do =4I, = 1, 3.15
( ) /_1 (x) (x)m /0 cosmb cosn T, m=mn2> (3.15)
0, m#n.
Method 3.18 (Chebyshev expansion) Since (T},)72, form an orthogonal sequence, a function f
such that f z)]?w(z) dr < oo can be expanded in the series
= fuTu(@)
n=0

with the Chebyshev coefficients f,,. Making inner product of both sides with 7}, and using or-
thogonality yields

_ 7 O _
(= EnTn = o= Bk [ one 2 e

where ¢ = 1 and ¢,, = 2 forn > 1.
Connection to the Fourier expansion. Letting « = cos 6 and g(6) = f(cos ), we obtain

/f T, )m /fcos@ n(cos0) df = ;/:g(é))cosnOdH. (3.17)

Given that cosnf = (e’ + e=™?), and using the Fourier expansion of the 2r-periodic function
9,

. 1 ™ .
= E Gne™? where g, = o / gt)ye ™dt, neZ,
Y[

nez -

we continue (3.17) as

/f A = 33,

and from (3.16) we deduce that



Discussion 3.19 (Properties of the Chebyshev expansion) As we have seen, for a general inte-
grable function f, the computation of its Chebyshev expansion is equivalent to the Fourier ex-
pansion of the function g(f) = f(cos ). Since the latter is periodic with period 27, we can use a
discrete Fourier transform (DFT) to compute the Chebyshev coefficients f,. [Actually, based on
this connection, one can perform a direct fast Chebyshev transform].

Also, if f can be analytically extended from [—1, 1] (to the so-called Bernstein ellipse), then f,,
decays spectrally fast for n > 1 (with the rate depending on the size of the ellipse). Hence, the
Chebyshev expansion inherits the rapid convergence of spectral methods without assuming that
f is periodic.

Method 3.20 (The algebra of Chebyshev expansions) Let B be the set of analytic functions in
[—1, 1] that can be extended analytically into the complex plane. We identify each such function
with its Chebyshev expansion. Like the set A, the set B is a linear space and is closed under
multiplication. In particular, we have

T (2)Tn(x) = cos(mb)cos (nh)
= 5 [cos ((m—n)f) + cos ((m +n)0)]
= % [T|m*”‘ (l‘) + Tm+n(x)]
and hence,
F@o@) = 3 FaTnle) Y 5uTul) = 5 S Fude [Tononi() + T (a)]
m=0 n=0 m,n=0

I = ¢ (. y
= ) Z fm(g\m—n\+g7rL+n) T (z).

m,n=0

Lemma 3.21 (Derivatives of Chebyshev polynomials) We can express derivatives T}, in terms of
(T%) as follows,

T3, () = (2n) - 22T2k—1($), (3.18)
k=1
Typi1(x) = 20+ 1) [To(z) + 2 Z Top ()] - (3.19)
k=1
Proof. From (3.14), we deduce
. , ~ msinmf B
Tm(z) =cosmbl = T, ()= “and x =cosf.

So, for m = 2n, (3.18) follows from the identity 5222 — 23"  cos(2k—1)6, which is verified as

sin 0

M=

QSiHOZcos (2k—1)0 = Z2cos(2k—1)95in9 =
k=1 k=1

[ sin 2k6 — sin (2k—1)0] = sin 2n6.

=~
Il
-

sin(2n+1)60
sin 6

For m = 2n + 1, (3.19) turns into identity =1+2>}_, cos2kf, and that follows from

sino(l 42 ; cos 2k9) — sind + ]; [sin(2k-+1)0 — sin(2k — 1)6] = sin(2n + 1)6.

O

Remark 3.22 (Application to PDEs) With Lemma 3.21 all derivatives of u can be expressed in an
explicit form as a Chebyshev expansion (cf. Exercise 19 on Example Sheets). For the computation
of the Chebyshev coefficients the function f has to be sampled at the so-called Chebyshev points
cos (2rk/N), k = —N/2+1,...,N/2. This results into a grid, which is denser towards the edges.
For elliptic problems this is not problematic, however for initial value PDEs such grids can cause
numerical instabilities.
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Remark 3.23 (Chebyshev expansion for the derivatives) For an analytic function u, the coeffi-
cients ii\;” of the Chebyshev expansion for its derivatives are given by the following recursion,

if) =c, Y milfh, VE>1,

m=n-+1
n+m odd

where ¢y = 1 and ¢,, = 2 for n > 1. This can be derived from Lemma 3.21 (the case m = 1 is the
topic of Ex. 19 on the Example Sheets).

Method 3.24 (The spectral method for evolutionary PDEs) We consider the problem

a“g;’t) — Lu(z,t), wel-1,1], t>0, 520
u(x,O) = g(‘r)a S [_171]a

with appropriate boundary conditions on {—1,1} x Ry and where £ is a linear operator (act-
ing on z), e.g., a differential operator. We want to solve this problem by the method of lines
(semi-discretization), using a spectral method for the approximation of u and its derivatives in
the spatial variable z. Then, in a general spectral method, we seek solutions uy (x, t) with

un(@,t) = > enlt) onl(a), (3.21)
#{n}=N
where ¢, (t) are expansion coefficients and ¢,, are basis functions chosen according to the specific
structure of (3.20). For example, we may take
1) the Fourier expansion with ¢, (t) = U, (t), ¢n(x) = €™ for periodic boundary conditions,
2) a polynomial expansion such as the Chebyshev expansion with ¢, (t) = @, (t), pn(z) = T, (x)
for other boundary conditions.
The spectral approximation in space (3.21) results into a /N x N system of ODEs for the expan-
sion coefficients {c, (¢)}:
¢ = Be, (3.22)

where B € RV*YN ‘and ¢ = {c,(t)} € RY. We can solve it with standard ODE solvers (Euler,
Crank-Nikolson, etc.) which as we have seen are approximations to the matrix exponent in the
exact solution c(t) = e*B¢(0).

Example 3.25 (The diffusion equation) Consider the diffusion equation for a function u = u(z, ),

{ Up = Ugy, (z,t) € [-1,1] x Ry,

3.23
u(z,0) = g(x), x€[-1,1]. (.23)

with the periodic boundary conditions u(—1,t) = u(1,t), uz(—1,¢) = uz(1,¢), and standard nor-
malisation [ _11 u(z,t) de = 0, both imposed for all values ¢ > 0.
For each t, we approximate u(z, t) by its N-th order partial Fourier sum in z,

u(,t) mun(z,t) = > An(t)e™*, Ty :={-N/2+1,..,N/2}.
nel'ny

Then, from (3.23), we see that each coefficient u,, fulfills the ODE

a(t) = —m*nu,(t). neln (3.24)

n

Its exact solution is @, (t) = ¢~™ "'t g, for n # 0 and we set 7g(t) = 0 due to the normalisation
condition, so that

2 2 .
-~ —m°n“t imne
un(@,t) = Y Gne e,
nel'y
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which is the exact solution truncated to IV terms.

Here, we were able to find the exact solution without solving ODE numerically due to the
special structure of the Laplacian. However, for more general PDE we will need a numerical
method, and thus the issue of stability arises, so we consider this issue on that simplified example.

Analysis 3.26 (Stability analysis) The system (3.24) has the form
u' = Bu, B =diag {—7*n%}, nely,

and we note that (a) all the eigenvalues of B are negative, and that (b) they consist of the eigen-

values A2 of the second order differentiation operator, with max |/\$L2 )| =(§)%
If we approximate this system with the Euler method:

"t = 1+ rB)W, = AL

then we see that, for stability condition ||I+7B|| < 1, we need to scale teh time step 7 = At ~ N~2.

Note that, for the Crank-Nikolson scheme, since the spectrum of B is negative, we get stability
for any time step 7 > 0.

For general linear operator £ in (3.20) with constant coefficients, the matix B is again diagonal
(hence normal), and provided that it spectrum is negative, for stability we must scale the time
step 7 ~ N~™, where m is the maximal order of differentiation.

The scaling 7 ~ N2 may seem similar to the scaling k ~ h? in difference methods which
we viewed as a disadvantage, however in spectral methods we can take N, the order of partial
Fourier or Chebyshev sums to achieve a good appoximation, rather small. (We may still need to
choose 7 small enough to get a desired accuracy.)

Example 3.27 (The diffusion equation with non-constant coefficient) We want to solve the dif-
fusion equation with a non-constant coefficient a(x) > 0 for a function u = u(z, t)

uy = (a(x)ug )y, z,t) € [—1,1] x Ry,

¢ = (a(2)uz) (z,1) € [=1,1] x Ry (3.25)
U(J),O) :g(J?), RS [_171]a

with boundary and normalization conditions as before. Approximating u by its partial Fourier

sum results in the following system of ODEs for the coefficients %,

() == > mnlp_min(t), nely.
mel'n

For the discretization in time we may apply the Euler method, this gives

~k+1 _ ~k 2 ~ ~k _
Uy  =Uy, —TT g MN Ay —yn, Uy, T =At,

mel'n

or in the vector form
a"t! = (I +B)u",

where B = (b, n) = (—m*mna,_n). For stability of Euler method, we again need || + 7B|| < 1,
but analysis here is less straightforward.

Remark 3.28 (Chebyshev methods for evolutionary problems) In general, the boundary condi-
tions for the considered PDEs have to be implemented in the Chebyshev expansion. If the bound-
ary conditions are to be imposed exactly, either the basis functions have to be slightly modified,
e.g., to T,,(z) — 1 instead of T,,(z) for the boundary condition u(1) = 0, or we get additional condi-
tions on the expansion coefficients ,, (cf. Exercise 20 from the Example Sheets). While the exact
imposition is in general not a problem for the numerical treatment of elliptic PDEs, as soon as the
boundary conditions depend on time we may run into serious stability issues. One way around
this is the use of penalty methods in which the boundary conditions is added to the scheme later
as a penalty term.
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4 Iterative methods for linear algebraic systems

The general iterative method for solving Az = b is a rule ¢! = f (20 z,..., zF). We will
consider the simplest ones: linear, one-step, stationary iterative schemes:

bt = Ha* + v, ', v e R". 4.1)
Here one chooses H and v so that z*, a solution of Ax = b, satisfies x* = Hx* + v, i.e. it is the
fixed point of the iteration (4.1) (if the scheme converges). Standard terminology:

k

the iteration matrix H, the error e* := x* — ¥, the residual v* .= Ae* = b — Azx*.

For a given class of matrices A (e.g. positive definite matrices, or even a single particular matrix),
we are interested in convergent methods, i.e. the methods such that ¢ — x* = A~1b for every
starting value °. Subtracting * = Hz* 4 v from (4.1) we obtain

et = Heb = ... = HF1el, (4.2)
i.e.,, a method is convergent if ¥ = H*e" — 0 for any e° € R™.
Scheme 4.1 (Iterative refinement) This is the scheme
Mt = zF — S(Ax* —b).

If S = A7%, then ! = A='b = z*, so it is suggestive to choose S as an approximation to A1
The iteration matrix for this scheme is Hg = I — S A.

Scheme 4.2 (Splitting) This is the scheme
(A— B)z"™' = —Bx" + b,

with the iteration matrix H = —(A — B) ™' B. Any splitting can be viewed as an iterative refine-
ment (and vice versa) because

(A-B)z¥*' = -BzF+b & (A-B)z**! = (A - B)z* — (Az* - b)
& zFtl=gzF - (A- B)"'(Az" - b),
so we should seek a splitting such that S = (A — B)~! approximates A~!.
Theorem 4.3 Let H € R"*". Then len;O H%z = 0 for any z € R" if and only if p(H) < 1.

Proof. 1) Let A be an eigenvalue of (the real) H, real or complex, such that |\| = p(H) > 1, and let
w be a corresponding eigenvector, i.e., Hw = Aw. Then H kw = Mw, and

1H wl|oo = [A*[[w]los > [[w]loo =27 > 0. (4.3)

If w is real, we choose z = w, hence ||H*z||». > 7, and this cannot tend to zero.

If w is complex, then w = u + iv with some real vectors u,v. But then at least one of the
sequences (H*u), (H*v) does not tend to zero. For if both do, then also H*w = H*u+iH*v — 0,
and this contradicts (4.3).

2) Now, let p(H) < 1, and assume for simplicity that H possesses n linearly independent
eigenvectors (w;) such that Hw; = \jw;. Linear independence means that every z € R” can
be expressed as a linear combination of the eigenvectors, i.e., there exist (¢;) € C such that z =
Z?:l CjWwy. Thus,

ko _ o ko
H z—zjzlcj)\jw],

and since |\;| < p(H) < 1 we have limy_,, H*z = 0, as required. O
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Remark 4.4 The complete proof of case (2) of Theorem 4.3 exploits the so-called Jordan normal
form of the matrix H, namely H = SJS~!, where J is a block diagonal matrix consisting of the
Jordan blocks,

Ul

[ )]

, Ji = )‘21 , J; € Rmxme ZZTLZ:TL

To prove that JF — 0if |\;| < 1 one should split J; = \;I + P, notice that P™ = 0 for m > n;, and
evaluate the terms of expansion (\;I + P)F = S "1 (K)\k=m pm,

m=0 \m

Applying Theorem 4.3 to the error estimate (4.2), we arrive at the following statement.
Theorem 4.5 Let x*, a solution of Ax = b, satisfy * = Ha* + v and we are given the scheme
bt = Ha* + v, x v eR". (4.4)
Then x* — x* for any choice of x° if and only if p(H) < 1.

Note: Of course, we would like to know not just convergence but the rate of it. For example, we
achieve convergence with
7 [ 0.99 106 }

0 099

but it will take quite a long time. We will discuss this topic briefly later on.

Method 4.6 (Jacobi and Gauss—Seidel) Both of these methods are versions of splitting which can
be applied to any A with nonzero diagonal elements. We write A as the sum of three matrices
Lo + D + Up: subdiagonal (strictly lower-triangular), diagonal and superdiagonal (strictly upper-
triangular) portions of A, respectively.

1) Jacobi method. We set A — B = D, the diagonal part of A, and we obtain the next iteration by
solving the diagonal system

Dz V) = (Lo + Up)z™ +b,  Hy=-D""(Lo+ Up).

2) Gauss—Seidel method. We take A — B = Lo + D = L, the lower-triangular part of A, and we
generate the sequence (z*)) by solving the triangular system

(Lo + D) &) = —yyz™ + b, Hgs = —(Lo+ D) 'Up .

There is no need to invert (Lo + D), we calculate the components of z(**1) in sequence by forward
substitution:

k1 k41 2 .
a“-x,g +1) _quaijx; +1) _ Zj>iaijx§‘ ) + b;, i=1.n.

As we mentioned above, the sequence z®) converges to solution of Ax = b if the spectral
radius of the iteration matrix, Hy = —D (Lo + Up) or Hgs = — (Lo + D)~ 'Up, respectively, is less
than one. Our next goal is to prove that this is the case for two important classes of matrices A:

a) diagonally dominant and b) positive definite matrices.

We start with recalling the simple, but very useful Gershgorin theorem.

Revision 4.7 (Gershgorin theorem) All eigenvalues of an nxn matrix A are contained in the union of
the Gershgorin discs in the complex plane:

o(A) cur, Ty, Ii:={z€C:l|z—ay| <r}, T = Zj# lai;] -
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Definition 4.10 (Strictly diagonally dominant matrices) A matrix A is called strictly diagonally
dominant by rows (resp. by columns) if

laii| > 30, laigl, i=1.n  (resp. |aj;| >3, .;lai;l, j=1.n).
From Gershgorin theorem, it follows that strictly diagonally dominant matrices are nonsingular.

Theorem 4.11 If A is strictly diagonally dominant, then both the Jacobi and the Gauss-Seidel methods
converge.

Proof. For the Gauss-Seidel method, the eigenvalues of the iteration matrix Hgg = —(L¢+D) -1,
satisfy the equation

det[Has — M] = det[—(Lo + D) Uy — Al =0 = det[A,] := det[Up + AD + ALg] = 0

It is easy to see thatif A = Ly + D + Uy is strictly diagonally dominant, then for |A| > 1 the matrix
Ay = ALy + AD + Uy is strictly diagonally dominant too, hence it is nonsingular, and therefore
the equality det[A)] = 0 is impossible. Thus |A| < 1, hence convergence. The proof for the Jacobi
method is the same. O

Theorem 4.12 (The Householder-John theorem) If A and B are real matrices such that both A and
A— B— BT are symmetric positive definite, then the spectral radius of H = —(A — B) !B is strictly less
than one.

Proof. Let A be an eigenvalue of H, so Hw = Aw holds, where w # 0 is an eigenvector. (Note
that both X and w may have nonzero imaginary parts when H is not symmetric, e.g. in the Gauss—
Seidel method.) The definition of H provides equality —Bw = A\(A— B)w, and we note that A # 1
since otherwise A would be singular (which it is not). Thus, we deduce

A
ETBw = ﬁETA’UJ, (43)
where the bar means complex conjugation. Moreover, writing w = u+4v, where w and v are real,
we find (for C' = C7') the identity @’ Cw = u? Cu + v’ Cv, so symmetric positive definiteness in
the assumption implies w’ Aw > 0 and w” (A — B — BT)w > 0. In the latter inequality, we use
relation (4.3) and its conjugate transpose to obtain
=T =T —T T A A\ or
O<wAw-—-w Bw-w Bw=|(l-——-=——|w Aw =
A-=1 x-1

Now A # 1 implies |\ — 1|2 > 0. Hence, recalling that w” Aw > 0, we see that 1 — |\|? is positive.
Therefore |A| < 1 occurs for every eigenvalue of H as required.

Corollary 4.13 1) If A is symmetric positive definite, then the Gauss-Seidel method converges.
2) If both A and 2D — A are symmetric positive definite, then the Jacobi method converges.

Proof. 1) For the Gauss-Seidel method, B is the superdiagonal part of symmetric A, hence A—B—
BT is equal to D, the diagonal part of 4, and if A is positive definite, then D is positive definite
too (this is the first part of the Exercise 23 from Example Sheets).

2) For the Jacobi method, we have B = A— D, and if A is symmetric, then A— B— BT =2D—A.
(The latter matrix is the same as A except that the signs of the off-diagonal elements are reversed.)
O
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Example 4.14 (Poisson’s equation on a square) As we have seen in the previous sections linear
systems Az = b, where A is a real symmetric positive (negative) definite matrix, frequently occur
in numerical methods for solving elliptic partial differential equations. A typical example we
already encountered is Poisson’s equation on a square where the five-point formula approximation
yields an n x n system of linear equations with n = m? unknowns u, ,:

Up—1,q T Upt1,q + Up,g—1 + Upgt1 — dUpq = th(ph7 qh) (4.4)

(Note that when p or g is equal to 1 or m, then the values ug g, up 0 OF Up m+1, Um+1,4 are known
boundary values and they should be moved to the right-hand side, thus leaving fewer unknowns
on the left.)

For any ordering of the grid points (ph, ¢h) we have shown in Lemma 1.11 that the matrix A
of this linear system is symmetric and negative definite.

Corollary 4.15 For linear system (4.4), for any ordering of the grid, both Jacobi and Gauss-Seidel methods
converge.

Proof. By Lemma 1.11, A is symmetric and negative definite, hence convergence of Gauss-Seidel.
To prove convergence of the Jacobi method, we need negative definiteness of the matrix 2D — A4,
and that follows by the same arguments as in Lemma 1.11: recall that the proof operates with the
modulus of the off-diagonal elements and does not depend on their sign. O

Method 4.16 (Relaxation) It is often possible to improve the efficiency of the splitting method by
relaxation. Specifically, instead of letting (A — B)z**1) = —Bx*) + b, we let

(A-B)z*™ = —Bz™ 4+ b, andthen ¥V =wz®™ ™ 4+ (1 -w)z® k=0,1,...,

where w is a real constant called the relaxation parameter. (Note that w = 1 corresponds to the
standard “unrelaxed” iteration.) Good choice of w leads to a smaller spectral radius of the iteration
matrix (compared with the “unrelaxed” method), and the smaller the spectral radius, the faster
the iteration converges. To this end, let us express the relaxation iteration matrix H,, in terms of
H = —(A - B)"!B. We have

g5 = Ha® 10 = 2®H) = wa® ) 41— w)e® = wH® 4 (1 - w)z® +we

hence
H,=wH+ (1-w)l.

It follows that the spectra of H,, and H are related by the rule A\, = w\ + (1 — w), therefore one
may try to choose w € R to minimize

p(H,) = max{lwA+ (1 —w)|: A€ o(H)}.

In general, o(H) is unknown, but often we have some information about it which can be utilized
to find a “good” (rather than “best”) value of w. For example, suppose that it is known that o (H)
is real and resides in the interval [a, ] where —1 < a < 8 < 1. In that case we seek w to minimize

max {|wA + (1 —w)|: A € [a, 5]} .

It is readily seen that, for a fixed A < 1, the function f(w) = wA+ (1 —w) is decreasing, therefore, as
w increases (decreases) from 1 the spectrum of H,, moves to the left (to the right) of the spectrum
of H. It is clear that the optimal location of the spectrum o(H,,) (or of the interval [«,,, 8,] that
contains o (H,,)) is the one which is centralized around the origin:

—fwa+(1-w)]=wb+(1-w) = wopth, —Oéwopt:ﬁuopt:m.
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Approach 4.20 (Minimization of quadratic function) The methods we considered so far for solv-
ing Az = b, namely Jacobi, Gauss-Seidel, and those with relaxation, fit into the scheme

2D — 20 4o d®) |

where we were aimed at getting p(H) < 1 for the iteration matix H. Say, for Jacobi with relaxation,
we set ¢, = wand d® = D~1(b— Azx®).

For solving Az = b with a (positive definite) matrix A > 0, there is a different approach
to constructing good iterative methods. It is based on succesive minimization of the quadratic

function
F(a®) = [lz* —a®|% = e,

since the minimizer is clearly the exact solution. Here, ||y[a = (Ay,y)'/? := /yTAy is a
Euclidean-type distance which is well-defined for A > 0. So, at each step k, we are decreas-
ing the A-distance between z(*) and the exact solution z*. Thus, for a symmetric positive definite
A > 0, we choose an iterative method that provides the descent condition

et = 20 o d® = ety < Pae®). (4.5)
An equivalent approach is to minimize the quadratic function

Fi(z) = %IETAw — a:Tb,

which attains its minimum when VF;(x) = Az — b = 0, and which does not involve the unknown x*.
It is easy to check that Fi(z) = 1F(z) — ic, where ¢ = "7 Az" is a constant independent of k, hence
equivalence.

Example 4.21 Both the Jacobi and the Gauss-Seidel methods satisfy (4.5), precisely
(Ae(k+1)7e(k+1)) - (Ae(k),e(k)) _ (Cy(k)7y(k)) < (Ae(’“)7e(k))7
where for Gauss-Seidel: C =D >0, y®) .= (Lo + D) *4e®);
and forJacobi: C=2D—-A>0, y* =D 14el,

Method 4.22 (A-orthogonal projection) Next, we strengthen the descent condition (4.5), namely
given z® and some d*) (called a search direction), we will seek x(*+1) from the set of vectors
on the line £ = {x" +ad®} e such that it makes the value of F(z(**1)) not just smaller than
F(x®), but as small as possible (with respect to this set), namely

2D .= arg min F(z® + ad®) . (4.6)
Lemma 4.23 The minimizer in (4.6) is given by the formula

(r®) d®))

(k+1) _ (k) (k) = - J
x =@+ opd™, Ok = (Ad(k), d(k)) ’

(4.7)

(This choice of «y, is referred to as exact line search.)

Proof. From the definition of F, it follows that in (4.6) we should choose the point D) ey
that minimizes the A-distance between x* and the points y € ¢. Geometrically, it is clear that the
minimum occurs when z(*+1) is the A-orthogonal projection of z* onto the line ¢ = {z*) +ad™},
i.e., when

o —x®t) 1, d® = A —2*Y) LdP = pEED — B gy Ad® | g®)

This gives expression for oy, in (4.7). O
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Method 4.24 (The steepest descent method) This method takes d*) = —~VF, (x*)) = b — Az
for every k, the reason being that, locally, the negative gradient of a quadratic function shows the
direction of the (locally) steepest descent at a given point. Thus, the iterations have the form

2D = 2®) Loy (b— Az®)),  k>0. (4.8)

It can be proved that the sequence (x(*)) converges to the solution x* of the system Az = b as
required, but usually the speed of convergence is rather slow. The reason is that the iteration (4.8)
decreases the value of F(z(*+1)) locally, relatively to F(z*)), but the global decrease, with respect
to F(z(©)), is often not that large. The use of conjugate directions provides a method with a global
minimization property.

5 T T T T T 5

(a) Worst case scenario of steepest descent (b) Conjugate gradient method applied to the same
problem as in (a)

Conjugate directions Let’s revisit equation (4.7) for a general direction d (i.e., not necessarily
equal to the negative gradient). Assume x = (%), and let e*) = z* — (%) be the error and r¥) =
b — Az®) = Ae® be the residual. Then we can write (r(*), d) = (e*), d) 4, and so for a general

search direction d with an exact line search, the iterate takes the form z*+t1) = () 1 %d.
) A
By substracting x*, the iterates in terms of the error e**1) are given by:
(k)
okt _ gt _ (€, d)a (4.9)

<d7 d>A

Geometrically, this means that e(**!) is the projection of e(¥)

orthogonal to d, i.e., we have

onto the hyperplane that is A-

(e V) d) 4 = 0. (4.10)

Definition 4.25 (Conjugate directions) The vectors u,v € R" are conjugate with respect to a sym-
metric positive definite matrix A if they are nonzero and A-orthogonal: (u, v) 4 := (u, Av) = 0.

The observation above allows us to prove the following important result.

Theorem 4.26 Let d©,dV, ..., d""~V be n nonzero pairwise conjugate directions, and consider the
sequence of iterates

(r®) dk))
<d(k)7Ad(k)>'
Let r*) = b—Ax®) be the residual. Then for each k = 1, ... n, ) is orthogonal to span{d®, ..., d* =1},
In particular 7™ = 0.

2D = 2™ 40 d®, ay =
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Proof. Since r(*) = Ae®, it suffices to show that e(*) is A-orthogonal to span{d”,... d*~1}.,
The proof is by induction on k. For & = 0 there is nothing to prove. Assume the statement is
true for £ > 0, and consider the equation (4.9) (with d = d™). From the induction hypothesis,
and the fact that the d'*) are pairwise conjugate directions, we see that e(*+1) is A-orthogonal to
d(o), R d*~Y . Purthermore, we have already seen in (4.10) that (e +1)] d(k))A = 0. Thus this
shows that e**1) is A-orthogonal to d(o), ey d'® as desired. O

So, if a sequence (d*)) of conjugate directions is at hands, we have an iterative procedure with
good approximation properties.

The (A-orthogonal) basis of conjugate directions is constructed by A-orthogonalization of the
sequence {rg, Arg, A%rq, ..., A" 1rg} with 7o = b — Az,. This is done in the way similar to or-
thogonalization of the monomial sequence {1, z,z?, ...,2" '} using a recurrence relation.

Remark 4.27 It is possible to extend the methods for solving Az = b with symmetric positive
definite A to any other matrices by a simple trick. Suppose we want to solve Bx = ¢, where
B € R™*" is nonsingular. We can convert the above system to the symmetric and positive definite
setting by defining A = BTB, b = B¢ and then solving Az = b with the conjugate gradient
algorithm (or any other method for positive definite A).
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Algorithm 4.26 (The conjugate gradient method) Here it is.
(A) For any initial vector (9, set d@ = 70 = b — Az(©);

(B) For k > 0, calculate z*+1) = 2£*) 4+ o, d* and the residual

(,,.(lc)7 d(k))

(k+1) _ (k) _ (k) ; .— [ p(k+1) (k)y —
r r arAdY",  with ap:={r 1d"} (Ad(k),d(k))’

E>0.  (48)

(C) For the same k, the next conjugate direction is the vector

(,r.(kJrl)7 Ad(k))

(k+1) _ .(k+1) (k) ; o [ glk+1) )y — _
d =r + Bpd"™, with B :={d 1L Ad\"™} = (d(k)7Ad(k))

. k>0. (49

Theorem 4.27 (Properties of CGM) For every m > 0, the conjugate gradient method has the following
properties.

(1) The linear space spanned by the residuals {r")} is the same as the linear space spanned by the
conjugate directions {d'"} and it coincides with the space spanned by {Air(0)}:

span{rM" = span{d@}" , = span{A'r©}7

(2) The residuals satisfy the orthogonality conditions: (r(™ 7)) = (r(m) d) = 0 for i < m.
(3) The directions are conjugate (A-orthogonal): (d™ ., dD) 4 = (d™, AdD) =0 for i <m.
Proof. We use induction on m > 0, the assertions being trivial for m = 0, since d® = r© and

(2)-(3) are void. Therefore, assuming that the assertions are true for some m = k, we ask if they
remain true when m = k + 1.

(1) Formula (4.9)
dFTD) — p(k+1) + ﬁkd(k)

readily implies that equivalence of the spaces spanned by (r®)% and (d”)}, is preserved when
k is increased to k + 1. Similarly, from r(*+1) = p(¥) — arAd™ in (4.8), and from the inductive
assumption r(®), d*) € span{ArO}F_ it follows that #(*+1) € span{Air(©}F+1,

(2) Turning to assertion (2), we need 1) | r() for i < k, which by (1) is equivalent to
rHD 1 a9 for i<k.

We have r*+1) | g by the definition of a4, in (4.8), so we need

p+1) @8 L) _ o Ad® 1L @D for i<k,

and this follow from the inductive assumptions r*) | d”) and Ad*) 1 d¥.
(3) It remains to justify (3), namely that d**Y defined in (4.9) satisfies

dFt) 1 AdD for i<k.

The value of 3, in (4.9) is defined to give d* ) 1 A4d™, so we need

dt+D D) L) g g® | 4d®D for i< k.

By the inductive hypothesis d*) 1 Ad'”, hence it remains to establish that #*+1 | Ad® for
i < k. Now, the formula (4.8) yields AdY = (r() —r(i+1) /o, therefore we require the conditions
rk+D) | (0 — 2(+D) for i < k, and they are a consequence of the assertion (2) for m = k + 1
obtained previously. O
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Corollary 4.28 (A termination property) If the conjugate gradient method is applied in exact arith-
metic, then, for any () € R™, termination occurs after at most n iterations. More precisely, termination
occurs after at most s iterations, where s = dim span{ A'rq}}"_;' (which can be smaller than n).

Proof. Assertion (2) of Theorem 4.27 states that residuals (r(*));>, form a sequence of mutually
orthogonal vectors in R", therefore at most n of them can be nonzero. Since they also belong to
the space span{A’r(}"~, their number is bounded by the dimension of that space. O

Definition 4.29 (The Krylov subspaces) Let A be an n x n matrix, v € R"™ nonzero, and m € N.

m—1

The linear space K, (A, v) := span{A‘v}" " is called the m-th Krylov subspace of R™.

Theorem 4.30 (Number of iterations in CGM) Let A > 0, and let s be the number of its distinct
eigenvalues. Then, for any v,
dim K,,(A,v) <s Vm. (4.10)

Hence, for any A > 0, the number of iterations of the CGM for solving Ax = b is bounded by the number
of distinct eigenvalues of A.

Proof. Inequality (4.10) is true not just for positive definite A > 0, but for any A with n linearly
independent eigenvectors (u;). Indeed, in that case one can expand v = Y " | a;u;, and then
. . . m .
group together eigenvectors with the same eigenvalues: for each A, we set w, = >","", a;, u;, if
Au;, = Ayu;,. Then
v=>"_cw,, ¢, €{0,1},

hence A'v = Y7 ¢, \ow,, thus for any m we get K,,(4,v) C span{w;,ws,...,w}, and that
proves (4.10). By Corollary 4.28, the number of iteration in CGM is bounded by dim K., (A4, (),
hence the final conclusion. O

Remark 4.31 Theorem 4.30 shows that, unlike other iterative schemes, the conjugate gradient
method is both iterative and direct: each iteration produces a reasonable approximation to the
exact solution, and the exact solution itself will be recovered after n iterations at most.

We now simplify and reformulate Algorithm 4.26.
Firstly, we rewrite expressions for the parameters oy, and jj, in (4.8)-(4.9) as follows:

k) g®)y (k)||12
LGN L R L
(d(k),Ad(k)) (d(k),Ad(k))

g — _(r(k+1),Ad(k)) (@ _(r(k+1)’r(k+1) —’I"(k)) 0 ||,,.(1c+1)||2 (©) H""<k+1)||2 -
(d®, Ad™®) (@™ pkt1) —pk)y (@) k) [ ®)2 '

Here, for 8, we used in (a) the fact that Ad™ is a multiple of r**1) — r(k) by (4.8), and in (b)
orthogonality of r* 1) to both ), a® proved in Theorem 4.27(2). Then, for both 8 and «a, we
used in (c) the property (d*), r(#)) = ||#(*)||2 which follows from (4.9) with index k + 1, taking in
account orthogonality 7*+1) 1 d®),

Secondly, we let 29 be the zero vector.

Algorithm 4.32 (Standard form of the conjugate gradient method) Here it is.
(1) Setk=0,2© =0,7© =b and d = r©);
(2) Calculate the matrix-vector product v*) = Ad*) and oy, = ||r®)|2/(d®,v®) > 0;
(3) Apply the formulae z*+1) = 2(*) + a;,d*) and r*+1) = ¢(B) — a3 0*k);
(4) Stop if ||r(*+1)|| is acceptably small;
() Setd*+H = pk+D) 4 3 4R where B, = ||[r*TD|12/[r®) |2 > 0;
(6) Increase k — k + 1 and go back to (2).

The total work is dominated by the number of iterations, multiplied by the time it takes to
compute v*) = Ad®), Thus the conjugate gradient algorithm is highly suitable when most of the
elements of A are zero, i.e. when A is sparse.
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Technique 4.33 (Preconditioning) In Ax = b, we change variables, x = PT%, where P is a non-
singular n x n matrix, and multiply both sides with P. Thus, instead of Ax = b, we are solving
the linear system

PAPTZ=Pb & Ai=5b. (4.11)

Note that symmetry and positive definiteness of 4 imply that A = PAPT is also symmetric and
positive definite since (Ay,y) = (PAPTy,y) = (APTy, PTy) > 0. Therefore, we can apply con-
jugate gradients to the new system. This results in the solution Z, hence * = PTZ. This procedure
is called the preconditioned conjugate gradient method and the matrix P is called the preconditioner.

The condition number of a matrix A is the value k(4) := || A[|-||A~!||, so for a symmetric positive
definite matrix A it is the ratio between its largest and smallest eigenvalues,
Amax(4)
A)=——=>1.
K( ) )\min(A) -

The closer is this number to 1, the faster is convergence of CGM. More precisely, for the rate of
convergnce of CGM, we have the uppper estimate

k(A) —1
le®la <20 1e@s,  p=pa= YD g (412)
VE(A) +1

The main idea of preconditioning is to pick P in (4.11) so that #(A) is much smaller than x(A),
thus accelerating convergence.
To this end, we note that the similarity transform B — C'~! BC preserves spectrum, hence

k(A) = k(PAPT) = (P~ '[PAPT|P) = x(APT P),

and if we set
S7hi=P'P=(QQ")",

then it is suggestive to choose S as an approximation to A which is easy to Cholesky-factorize,
ie, S = QQT (or already in this form), and then take P = Q~!. Then APTP = AS~!is close to
identity, hence

k(A) = k(APTP)~ k(1) =1 = k(A) < k(A),

and the preconditioned system (4.11) will be solved much faster because of (4.12).

Each step in the CGM for solving Az = b requires one matrix-vector product Ay, so with
P = @', additional expense in each step of the CGM for the preconditioned system (4.11) while
computing Ay = PAPTy is two additional computations

u=Ply=Q "y, w=Pz=Q 'z

for some y, z € R", but note that computing Q' z is the same as solving the linear system Qv = z,
which is cheap (via forward substitution) as () is a lower triangular matrix.

Example 4.34 1) The simplest choice of S is D = diag A, then P = D~1/2in (4.11).

2) Another possibility is to choose S as a band matrix with small bandwidth. For example,
solving the Poisson equation with the five-point formula, we may take S to be the tridiagonal
part of A.

3) One can also take P = L', where L is the lower triangular part of A (maybe imposing
some changes). For example, for the Poisson equation, with m = 20 hence dealing with 400 x 400
system, we take P! as the lower triangular part of A, but change the diagonal elements from 4
to 2. Then we get a computer precision after just 30 iterations.
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Example 4.35 For the tridiagonal system Az = b below, we choose the preconditioner as follows.
2-1 1 1-1
-1 2. -1 1 s | -1 27
A= - . Q= N ., S=0QT = SR

-1 2 -1 1 -1 2

The matrix S coincides with A except at the (1,1)-entry. The matrix A= Q 1'AQ™T for the
preconditioned CGM has just two distinct eigenvalues, and we recover the exact solution just in

two steps. To see the latter, note that A is similar to Q"TQ'A = S~14, hence it has the same
spectrum. Since A = S + ejel, we have S™1A = I + ue? | a rank-1 perturbation of the identity
matrix, with all eigenvalues but one equal 1 (the remaining one equal 1 4 u;).

Remark 4.36 (Rate of convergence of CGM ) Here, we prove (4.12). As we have seen, every di-
rection d'”) in CGM is a linear combination of the vectors (A%r(©))i_, therefore, any vector of the
form 2% = z(© 4 Zi:ol a;d"” can be represented as

7*) = 20 4 S e Al () (4.13)
Approximation of this kind also arises from various iterative methods of the form
g* ) =z _ 5 az® —b),

in particular for the steepest descent method.

Subtracting both parts of (4.13) from the exact solution z* we obtain &*) = e(© -3 ¢, A7 (0),

and since r(©) = Ae(®), we can express the error e*) = z* — z(¥)

as
e® = (1= A1) e = Py(A) e, (4.14)

where P, is a polynomial of degree < k, which satisfies P, (0) = 1.

Now we make use of the following.

Theorem 4.37 (Non-examinable) Given A € R"*", A > 0, let {d™}7""! be a set of the conjugate
directions, i.e., (Ad(k), d(i)) = 0 for i < k, and consider

F(a®) = [z —a™|5 = |le™ %

Then the value of F(x(™+1)) obtained through the CGM coincides with the minimum of F (y) taken over
ally =2 + S epd™ simultaneously, namely

k=0
Hence, at the k-th stage, the CGM produces the vector %) that minimizes the functional
F@") =[5 = (42, e)

over all vectors %) of the form 2% = z(© + Zf;ol a;d?, hence over all e*) of the form (4.14).
Expressing e® as e® = > y;w;, where (w;) are orthonormal eigenvectors of A, we find from

(4.14) that e®) — > YiPe(Ai)w;, and Ae™) = > YiPe(Xi) \iw;, and respectively

[E™15 = i[Pe)PAn? < max [PO]? le ]

Hence, because of the minimization property of CGM,

le® |4 = min|[e™ |4 < min max [P,(\)]]le?] .
Py, P Aeo(A)
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Now, assume that, for the spectrum o(A), we know the largest and the smallest eigenvalues, or
some lower and upper bounds, say, 0 < m < XA < M. Then the following minimization problem,
on the class of polynomials of degree k, arises:

P(0) =1, a;en[lrg)z(w] | P (x)| — min .

This problem has a classical solution P; = T}, where T} is the Chebyshev polynomial on the
interval [m, M|, which is obtained by dilation and translation of the standard Chebyshev polyno-
mial T}, given on the interval [-1, 1]:

Ty () = cos kb, x = cos, 6 €0,7].

One can show that |} (z)| < 2p* on the interval [m, M], hence the rate of convergence of CGM
admits the following estimate:

_ VM—ym

(k) k|| o(0)
le®la < 2 |eO)la,  p= LHE

<1,  o(A)€m, M].
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5 Eigenvalues and eigenvectors

Remark 5.1 (Introduction to matrix eigenvalue calculations) Let A be a real n x n matrix. The
eigenvalue equation is Aw = Aw, where ) is a scalar, which may be complex if A is not symmetric.
There exists a nonzero vector w € R" satisfying this equation if and only if det(A — AI) = 0. The
function p(\) = det(A — AI), A € C, is a polynomial of degree n, but calculating the eigenvalues
by finding the roots of p is a disaster area because of loss of accuracy due to rounding errors.

If the polynomial has some multiple roots and if A is not symmetric, then the number of lin-
early independent eigenvectors may be fewer than n, but there are always » mutually orthogonal
real eigenvectors in the symmetric case. We assume in all cases, however, that the eigenvalue
equations Aw; = A\w;, @ = 1..n, are satisfied by eigenvectors w; that are linearly independent,
which can be achieved by making an arbitrarily small change to A if necessary.

Method 5.2 (The power method) The iterative algorithms that will be studied for the calculation
of eigenvalues and eigenvectors are all closely related to the power method, which has the fol-
lowing basic form for generating a single eigenvalue and eigenvector of A.

We pick a nonzero vector 2 in R™. Then, for k = 0,1,2,..., we let z**1) be a nonzero
multiple of Az®), typically to satisfy [|z*+1)|| = 1 so that

2+t = Az®) /)| Az®), k=0,1,2,...

This method is oriented on finding an eigenvector corresponding to the largest eigenvalue as the
the following theorem shows.

Theorem 5.3 Let Aw; = \;w;, where the eigenvalues of A satisfy |A1] < --- <|Ap—1] < |An| and the
eigenvectors are of the unit length |w;|| =1. Assume x(*) = ", c;w; with ¢, #0. Then z*) — +w,,
as k — oo.

Proof. Given (%) as in the assumption, (¥ is a multiple of

Ar® = S eMbw; = end (wa + X1 2 (5E) i)

i=1 ¢,
Since ||z®)|| = ||w, || =1, we conclude that *) = +w,, + O(p*), where the sign is that of ¢, \F and
the ratio p = M|;_\1| < 1 characterizes the rate of convergence. O

Here are the details of an implementation of the procedure.

0. Pick z(*) € R™ satisfying ||z(?)|| = 1. Let ¢ be a small positive tolerance. Set k = 0.
1. Calculate 2™ = Az® and set A = % .
(This A is called the Raleigh quotient and it minimizes f(u) = Hi(kﬂ) — uzx® || over p.

2.1f f(\) < ¢, accept \ as an eigenvalue and z(*) as the corresponding eigenvector.

3. Otherwise, let z*+1 = z*+D /121 increase k by one and go back to 1.

The termination occurs because, by the previous theorem, we have
[25 = 2aM = min @Y - | < 3D - 220
= Az® =0z = [|Aw, — Auw,| + O(p*) = O(p*) = 0.

Discussion 5.4 (Deficiencies of the power method) The power method may perform adequately
if ¢, #0 and |A\,,—1| < |A,|, where we are using the notation of Theorem 5.3, but often it is unac-
ceptably slow. The difficulty of ¢,, = 0 is that, theoretically, in this case the method should find
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an eigenvector w,, with the largest m such that ¢,, # 0, but practically computer rounding er-
rors can introduce a small nonzero component of w, into the sequence ") and then w,, may be
found eventually, but one has to wait for the small component to grow. Moreover, |A,_1| = |\,
is not uncommon when A is real and nonsymmetric, because the spectral radius of A may be
due to a complex conjugate pair of eigenvalues. Next, we will study the inverse iterations (with
shifts), because they can be highly useful, particularly in the more efficient methods for eigenvalue
calculations that will be considered later.

Method 5.5 (Inverse iteration) This method is highly useful in practice. It is similar to the power
method 5.2, except that, instead of z(*+1) being a multiple of Az*), we make the choice

(A —sDaz*+D = k) k=0,1,..., (5.1)

where s is a scalar that may depend on k and ||=(*)|| = 1. Therefore the calculation of x(*+1)
from x(*) requires the solution of an n x n system of linear equations whose matrix is (4 —sI).
Further, if s is a constant and if A — sT is nonsingular, we deduce from (5.1) that (*) is a multiple
of (A —sI)~Fz(0),

We again let 20 = Z?zl ciw;, as in the proof of Theorem 5.3, assuming that w;, i = 1..n,
are linearly independent eigenvectors of A that satisfy Aw; = \;w;. Therefore we note that the
eigenvalue equation implies (4 — sI)w; = (\; — s)w;, which in turn implies (A — sI) 1w, =
(\i — 5)"taw;. It follows that (*) is a multiple of

n n

(A — SI)_k(B(O) = ZC;‘(A — sI)_k'wi = Zci()\i — s)_kwl

i=1 i=1

Thus, if the m-th number in the set {|\; — s|} is the smallest and if c,, is nonzero, then (%) tends
to be a multiple of w,, as k — oco. We see that the speed of convergence can be excellent if s is
very close to A,,. Further, it can be made even faster by adjusting s during the calculation. Typical
details are given in the following implementation.

Algorithm 5.6 (Typical implementation of inverse iteration)

0. Set s to an estimate of an eigenvalue of A. Prescribe £(*) # 0,let 0 < ¢ < 1 and set k = 0.

1. Calculate (with pivoting if necessary) the LU factorization of A — sI.

2. Stop if U is singular because then s is an eigenvalue of A, while its eigenvector is any vector
in the null space of U: it can be found easily, U being upper triangular.

3. Calculate z*+1) by solving (A — sI)z*+1) = LUz*+1) = z(*) using the LU factorization
from 1.

4. Set 1) to the number that minimizes f(u) = ||&®) — pz*+1|.

5. Stop if f(n) < el|lx®*V|. Since f(n) = [|[Az*+D — (s + n)z*+D]||, we let s + 1 be the
calculated eigenvalue of A and z*+1) /||z(*+1)|| be its eigenvector.

6. Otherwise, replace z(*+1) by x(*+1) /|z(*+1)||, increase k by one, and either return to 3
without changing s or to 1 after replacing s by s + 7.

Remark 5.7 (Further on inverse iteration) Algorithm 5.6 is very efficient if A is an upper Hessen-
berg matrix: every element of A under the first subdiagonal is zero (i.e. a;; =0 if j <i—1). In this
case the LU factorization in 1 requires just O(n?) or O(n) operations when A is nonsymmetric or
symmetric, respectively. Thus the replacement of s by s 4+ 7 in 6 need not be expensive, so fast
convergence can often be achieved easily. There are standard ways of giving A this convenient
form which will be considered later.
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Theorem 5.8 Let A and S be n x n matrices, S being nonsingular. Then w is an eigenvector of A with
eigenvalue X if and only if w = Sw is an eigenvector of A = SAS~! with the same eigenvalue.

Proof. Aw = w & AS'(Sw)=\w <& (SAS™H(Sw) = A\(Sw). O

Definition 5.9 (Deflation) Suppose that we have found one solution of the eigenvector equation
Aw = A\w, where A is again n x n. Then deflation is the task of constructing an (n—1) x (n—1)
matrix, B say, whose eigenvalues are the other eigenvalues of A. Specifically, we apply a similarity
transformation S to A such that the first column of A = SAS~!is A times the first coordinate
vector ey, because it follows from the characteristic equation for eigenvalues and from Theorem
5.8 that we can let B be the bottom right (n — 1) x (n — 1) submatrix of A=SAS L.

We write the condition on S as (SAS™!)e; = Aej. Then the last equation in the proof of
Theorem 5.8 shows that it is sufficient if S has the property Sw = ce;, where c is any nonzero
scalar.

Technique 5.10 (Algorithm for deflation for symmetric A) Suppose that A is symmetricand w €
R™, A € R are given so that Aw = Aw. We seek a nonsingular matrix .S such that Sw = ce;
and such that SAS~! is also symmetric. The last condition holds if S is orthogonal, since then
S—1 = ST, 1tis suitable to pick a Householder reflection, which means that S has the form

H, =TI —2uu”/|u|?, where ucR"

Specifically, we recall from the Numerical Analysis IB course that Householder reflections are
orthogonal and that, because H,u = —u and H,v = v if uTv = 0, they reflect any vector in R"
with respect to the (n—1)-dimensional hyperplane orthogonal to u. So, for any two vectors « and
y of equal lengths,

Hy,x =y, where u=x—y.

Hence,

uu”
<I - 2||u||2> w = t|w|le;, where u=wF|w|e;.
Since the bottom n—1 components of u and w coincide, the calculation of u requires only O(n)
computer operations. Further, the calculation of SAS™! can be done in only O(n?) operations,
taking advantage of the form S = I — 2uu” /||u||?, even if all the elements of A are nonzero.

After deflation, we may find an eigenvector, w say, of SAS~!. Then the new eigenvector of
A, according to Theorem 5.8, is S ~lw = Sw, because Householder matrices, like all symmetric
orthogonal matrices, are involutions: S = I.

Revision 5.11 (Givens rotations) The notation Q[+l denotes the following n x n matrix

1.
Q[7J] — C'.'S , 02+32:1.
— S C
Pt
t J

Generally, for any vector a; € R", we can find a matrix Q") such that

1 a1k alk — Aik

. C = —F—=
. . 2 2 )

c s ik ro| i V it

Q[%J]a = T L.' = : S = Gk
. . )

— Ajk 0 |«j a?k-"_a?k

— 2 2
Tt 1 Gnk Qnk T =y taj. -
( J
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1) We can choose Q1] so that any prescribed element @y, in the j-th row of A = Q] x A is
Zero.

2) The rows of A = Qlidl x A are the same as the rows of A, except that the i-th and j-th rows
of the product are linear combinations of the i-th and j-th rows of A.

3) The columns of A = A x Q)T are the same as the columns of 4, except that the i-th and
j-th columns of A are linear combinations of the i-th and j-th columns of A.

4) Ol"7] is an orthogonal matrix, thus A = QI3 AQ[I1T inherits the eigenvalues of A.

5) If A is symmetric, then so is A.

Method 5.12 (Transformation to an upper Hessenberg form) We replace A by A = SAS™!, where S'is a
product of Givens rotations Q) chosen to annihilate subsubdiagonal elements a; ;1 in the (i—1)-st column:

* %k K * %k K * @@ % * %k K x0%xe® * % ok x*xoe
xxxx | Q23] (0000 | xQ23]T | xeex [ Q24 x | 0000 | x24T | xexe | QB4 x [xxxx | xQB4T [ xxo00
— — — — — —

* ok ok K Oeee Oeex 0 % * Oexe Oeee Oxee
* ok % K * K K K * 0@ % Oeee Oexe 00ee 0Oee
The e-elements have changed through a single transformation while the *-elements remained the same.

It is seen that every element that we have set to zero remains zero, and the final outcome is indeed an
upper Hessenberg matrix. If A is symmetric then so will be the outcome of the calculation, hence it will be
tridiagonal. In general, the cost of this procedure is O(n?).

Alternatively, we can transform A to upper Hessenberg using Householder reflections, rather than Givens
rotations. In that case we deal with a column at a time, taking u such that, with H, = I — 2uu”/||u||?, the
i-th column of B = H,, B is consistent with the upper Hessenberg form. Such a u has its first i coordinates
vanishing, therefore B =BH T has the first ¢ columns unchanged, and all new and old zeros (which are in
the first ¢ columns) stay untouched.

* K K Kk * ok K K Kk xe0e00 * K K Kk *x00e® * K Kk ok *%xx00
* K K Kk ok XXX X) XXX X * K K Kk EEX X X) Kk Kk ok k%00
Hyx xHT Ha x xHT Hzx xHJ
* %k % ok " |O0eeee — Qeeee| = |Qeocee — Oxoee | = | Ok — Ox*xee@
* %k %k %k % XX X) IEXXX) OOeee OOeee OOeee OOxee
* K ok Kk Oeecee XXy O0Oeee 0Oeee 000ee 000ee

Algorithm 5.13 (The QR algorithm) The “plain vanilla” version of the QR algorithm is as follows. Set Ay =
A. For k =0,1,... calculate the QR factorization Ay = QxR (here Qi is n x n orthogonal and Ry isn x n
upper triangular) and set A1 = Rr Q.

The eigenvalues of A1 are the same as the eigenvalues of Ay, since we have

Api1 = RiQr = Q1 (QrRr)Qr = Q1 " AxQx, (5.2)

a similarity transformation. Moreover, Q,:l = QT, therefore if Ay, is symmetric, then so is Ax41.
If for some k > 0 the matrix Ax41 can be regarded as “deflated”, i.e. it has the block form

B C
Ak“:[D E}

where B, E are square and D~ O, then we calculate the eigenvalues of B and E separately (again, with QR,
except that there is nothing to calculate for 1x1 and 2 x 2 blocks). As it turns out, such a “deflation” occurs
surprisingly often.

Technique 5.14 (The QR iteration for upper Hessenberg matrices) If A, is upper Hessenberg, then its QR
factorization by means of the Givens rotations produces the matrix

Ry = Q{Ak — n=1n] "'9[2’3]9[1’2]Ak ’

which is upper triangular. The QR iteration sets A1 = RyQr = R QIATQR3IT ... qn=1nT "and it
follows that A1 is also upper Hessenberg, because

* ok k¥ XEE x 0 @ x *x0e
Ox % | x0T | eosx [ xa237 | xeex | xaB4T | x x 0 @
00 * % - 00 * = - 0eex - Oxee
000 = 000 = 000 % 0Oee

Thus a strong advantage of bringing A to the upper Hessenberg form initially is that then, in every iteration
in QR algorithm, Q1 is a product of just n —1 Givens rotations. Hence each iteration of the QR algorithm
requires just O(n?) operations.
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Technique 5.15 (The QR iteration for symmetric matrices) We bring A to the upper Hessenberg
form, so that QR algorithm commences from a symmetric tridiagonal matrix Ay, and then Tech-
nique 5.14 is applied for every k as before. Since both the upper Hessenberg structure and sym-
metry is retained, each Ay is also symmetric tridiagonal too. It follows that, whenever a Givens
rotation Q[*7] combines either two adjacent rows or two adjacent columns of a matrix, the total
number of nonzero elements in the new combination of rows or columns is at most five. Thus
there is a bound on the work of each rotation that is independent of n. Hence each QR iteration
requires just O(n) operations.

Notation 5.16 To analyse the matrices A that occur in the QR algorithm 5.13, we introduce
Qr = QoQ1 - Q, Ry, = RyRi—1 - Ro, k=0,1,.... (5.3)
Note that Q, is orthogonal and Ry, upper triangular.

Lemma 5.17 (Fundamental properties of Q) and Ry) A1 is related to the original matrix A by the
similarity transformation A1 = QT AQy. Further, Qi Ry, is the QR factorization of AFT1.

Proof. We prove the first assertion by induction. By (5.2), we have A; = QL A0Qo = QT AQ.
Assuming Ay, = QF_, AQy_1, equations (5.2)-(5.3) provide the first indentity

A1 = QL ArQr = Q1 (Qf_1AQi—1)Qr = QL AQy, -

The second_ assertion is true for k = 0, since QoRy = QoRy = Ay = A. Again, we use induction,
assuming Qr_1Rr—1 = A¥. Thus, using the definition (5.3) and the first statement of the lemma,
we deduce that

QrRr = (Qr—1Qr)(RiRi—1) = Qr-14kRi—1 = Qp—1(QF_1AQp—1)Ry—1
= AQp 1Ry, =A-AF = AR

and the lemma is true. O

Remark 5.18 (Relation between QR and the power method) Assume that the eigenvalues of A
have different magnitudes,

|)\1| < |)\2| < -0 < |)\n|, and let e = Z?:l C;w; = Z?ll C;W; (54)

be the expansion of the first coordinate vector in terms of the normalized eigenvectors of A, where
m is the greatest integer such that ¢,,, # 0.

Consider the first columns of both sides of the matrix equation A¥*! = Q R..

By the power method arguments, the vector AFtle; isa multiple of Z:Zl ci(Ni/Am) T w,, so
the first column of A**! tends to be a multiple of w,, for k£ > 1. On the other hand, if g,, is the
first column of @y, then, since Ry, is upper triangular, the first column of Qj Ry, is a multiple of g,

Therefore g,, tends to be a multiple of w,,. Further, because both g;, and w,,, have unit length,
we deduce that q;, = +w,,, + hj, where h;, tends to zero as k — oco. Therefore,

k+1

Aq = A\ngqy, +0(1), k—occ. (5.5)

Theorem 5.19 (The first column of A;) Let conditions (5.4) be satisfied. Then, as k — oo, the first
column of Ay, tends to e, making Ay, suitable for deflation.
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Proof. By Lemma 5.17, the first column of Ay is QT AQye1, and, using (5.5), we deduce that

Arer = QF AQuer = Qf Agy *2 Qf Mgy +0(1)] & her +0(1).
where in () we used that Q7 q;, = e; by orthogonality of Q, and that Qyz = O(x) because
orthogonal mapping is isometry. O

Remark 5.20 (Relation between QR and inverse iteration) In practice, the statement of Theorem
5.19 is hardly ever important, because usually, as k¥ — oo, the off-diagonal elements in the bottom
row of Ay, tend to zero much faster than the off-diagonal elements in the first column. The rea-
son is that, besides the connection with the power method in Remark 5.18, the QR algorithm also
enjoys a close relation with inverse iteration (Method 5.5).

Let again

M| < Ao << |A|, andlet el =37 ol =371 col (5.6)
be the expansion of the last coordinate row vector el in the basis of normalized left eigenvectors of
A, ie. vI A= \;vT, where s is the least integer such that ¢, # 0.

Assuming that A is nonsingular, we can write the equation A**! =Q;, Ry, in the form A~(*+1) =
R, 'QF. Consider the bottom rows of both sides of this equation: eZ A=+ = (eI R, 1) QF.

By the inverse iteration arguments, the vector e} A~(*+1) is a multiple of 3" _ ¢;(As/\i)*1oF,
so the bottom row of A~(*+1) tends to be multiple of v7. On the other hand, let p} be the bottom
row of Q. Since Ry, is upper triangular, its inverse R ! is upper triangular too, hence the bottom
row of R, 'Q¥, is a multiple of p .

Therefore, p! tends to a multiple of v, and, because of their unit lengths, we have p! =
+v7 + hl, where hy — 0, ie.,

pFA=\pl +0(1), k— . (5.7)

Theorem 5.21 (The bottom row of A;) Let conditions (5.6) be satisfied. Then, as k — oo, the bottom
row of Ay, tends to A\sel, making Ay, suitable for deflation.

Proof. By Lemma 5.17, the bottom row of A1 is el QT AQy, and similarly to the previous proof
we obtain

el A1 = e QT AQw = pEAQK = [\l +0(1)] Qi = Acell +o(1). (5.8)
the last equality by orthogonality of Q. O

Technique 5.22 (Single shifts) As we saw in Method 5.5, there is a huge difference between
power iteration and inverse iteration: the latter can be accelerated arbitrarily through the use
of shifts. The better we can estimate s, ~ A, the more we can accomplish by a step of inverse
iteration with the shifted matrix Ay — szI. Theorem 5.21 shows that the bottom right element
(Aj)nn becomes a good estimate of As. So, in the single shift technique, the matrix Ay, is replaced
by Ay —siI, where sy, = (Ag)nn, before the QR factorization:

A — sl = QrRyg,
Apt1 = ReQr + skl
A good approximation sy = (Ag)ny to the eigenvalue \; generates even better approximation of
Sk+1 = (Ak+1)nn to A, and convergence is accelerating at a higher and higher rate (it will be the
so-called cubic convergence |As — sk+1] < 7|As — sx|?). Note that, similarly to the original QR
iteration, we have
A1 = QF (QrRy + s1.1)Qk = Q1 ArQy
hence Ay+1 = QF AQy, but note also that Q Ry, # A1, but we have instead

QiRi = Ty—o(A — s, 1)
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Multigrid methods The speed of convergence of some iterative methods (Jacobi with relax-
ation, Gauss—Seidel, etc.) can be increased drastically when the linear system originates in the
discretization of PDEs, using multigrid methods. Here we look at the system Au = b originat-
ing from the 3-point formula for the Poisson equation on an m-grid Q, = {ih : 1 < i < m},
h =1/(m + 1), being solved by the weighted Jacobi iteration.

Recall that the matrix A in this case is given by

A — .. e RmXTn

The diagonal part of A is D = 2I. Thus the weighted Jacobi iterations takes the form:
w Y = H,u™ + (w/2)b

where v = 0,1,... is the iteration count, H = I — D™'A =1 — %A, and H, = wH + (1 —w)I =
I — % A. The error decay is expressed in terms of the iteration matrix H,,:

e) = H(Ze(o).
We know from the results of Lecture 2 that the eigenvectors and the eigenvalues of H,, are

km

w” = [szm_"'l}iﬂ,...,m , Me(w) = 1 — 2wsin? 2(m—:-1) (k=1,...,m).
Consider the choice w = 1/2; then the eigenvalues of H,, are \j, = 1—sin? % = cos? %

With this choice, the eigenvalues are all positive and decreasing with £, see Figure below.
1 o} se.,
0.8 , ?
0.6 , .
0.4 , .
02} .

5 10 15 20 25 30

Figure 1: Eigenvalues of H,, for w = 1/2 (m = 31).

In particular p(H,,) = A\; = cos® o 1 % < 1, guaranteeing convergence, although
a very slow one when m is large! However, expanding the error with respect to the (orthogonal)

eigenvectors we obtain

e =3 o wk, e = HLe® = o) = N[0,
k=1
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i.e. the components of e() (with respect to the basis of eigenvectors) decay at a different rate for
different frequencies & = 1, ..., m. More precisely, the high frequencies, where £ is close to m, will

decay faster than the low frequencies, where k is closer to 1. Let us say that & € (0,m+1) = (0, %)
is high frequency (HF) with respect to the grid Q, if kh > 1/2 (i.e., mT'H < k < m). Then the decay
rate for the high frequency components of the error e is at least:

fre = | A(my1y /2] = 1 —sin®(w/4) = 1/2.

Therefore, for the coefficients at the HF components of e”) we obtain
01 < .10 = (3) 1al”1 < 1ol

i.e. the Jacobi method converges fast for high frequencies.

The main observation of the multigrid is to note that the low frequencies k € (ﬁ, %) with
respect to the grid 25, become high frequencies for the coarser grid Qo) with step 2h; indeed for
such k we have k(2h) > 1/2.

The idea of the multigrid method then is that, although the global error may decrease slowly
by iteration, its components with high frequencies relative to €2, are suppressed very quickly, and
that dealing with the remaining components (with low frequencies relative to {2;) we can move
to the coarse grid {22, where these components (in part) would be of high frequencies, and thus
they can be suppressed in a similar way. Therefore, we cover the domain [0, 1] by a range of
nested grids, of increasing coarseness, say,

QhCQQhCQ4hC"'CQQJ’h-

At every y,,, the iterations (Jacobi, or Gauss-Seidel) remove the high frequencies relative to this
grid, and we move to {2g,. On the coarsest grid, where the number of variables is small, we can
afford to solve the equations with a direct method, by Cholesky, say.

A typical multigrid method can be summarized by the following routine MGV, which gives

an approximate solution to the linear system Au = b, starting from the initial guess u". We

assume below that the size of the linear system is m = 1/h — 1 = 2¢ — 1 for some integer /.
MGV(A4,b,u’)
1. If size of A is small enough, use a direct method to solve Au = b and exit. Else:

2. Presmoothing: Perform a small number (typically < 5) of Jacobi or Gauss-Seidel iterations

on Au = b starting from u’.

3. Let r = b — Au be the residual, with u from the previous step.

4. Let I}, - R™2"~! — R™ be an interpolation operator that interpolates vectors on the coarse

grid Oy, to vectors on the fine grid ©,; and let R?" : R™ — R(™+1/2=1 be a restriction
operator that restricts vectors on the fine grid 2, to vectors on the coarse grid Qsy,.

5. Let A = R?" AIl, which is of size = m/2 x m/2.

6. Recurse: let 8 = MGV(A, R?"r,0) (approximate solution to the residual equation A§ = r
on the coarse grid)

7. Letu =u + I},0
8. Postsmoothing: apply a few Jacobi or Gauss-Seidel iterations starting from uw on Ap,u = b
9. Return u

Remark 5.15 If we follow the recursive procedure outlined above, then we see that the algorithm starts at

the finest grid, travels to the coarsest (where we apply a direct solver), and back to the finest:
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Qp
Qap,
Qqn

For this reason, the algorithm above describes what is known as a V-cycle, hence the name of the routine.

To make the algorithm above complete, one needs to define the interpolation and restriction
operators. A common choice for the interpolation operator is linear interpolation, i.e.,

(I},v)2 =v; and  (I3,v)241 = (v; + vif1)/2

fori € [0, %) Assuming zero boundary conditions, this takes the following matrix form:

1
2
11
2
11
I, =1/2
11
2
1

For the restriction operator R%", we take the following averaging operator
2h 1 ) 1
(Ry"v); = Z(in—l + 2v9; + v2i41) i€(0,355;)

which corresponds, up to scaling, to the transpose of the linear interpolation operator above;
namely R?" = £ (13;,)7.

In practice, one may need to apply the routine MGV multiple times to improve the accuracy,
each time starting from the previously obtained solution.

Matlab demo: Download the Matlab GUI for Multigrid Methods from https://www.damtp.
cam.ac.uk/user/hf323/M21-II-NA/demos/multigrid/multigrid.html and see the ef-
fect of multigrid (in comparison with Jacobi and Gauss-Seidel) for solving the Poisson equation
with a forcing term f that possesses multiple frequencies.
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