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1

Introduction

1. Scientific computing and computational science

Scientific computing (numerical computing) is about the design and analysis of algo-
rithms and engineering software for solving mathematical problems.

Computational science involves innovative and essential use of high performance com-
putation, and/or the development of computational technologies to advance knowl-
edge or capabilities in scientific and engineering disciplines. A necessary element in
computational science is a strong, close tie to an application discipline. Research in
computation is inherently multidisciplinary and includes, for example, environmental
modeling, simulation of complex physical systems that generate energy, semiconductor
design, modeling DNA sequences and protein structure, and the simulation and anal-
ysis of flow through geologic structures. Ref: [DOE’s computational science graduate
fellowship program].

. Algorithms as a technology, computational simulation as the third pillar of science

. General strategy: to replace a difficult problem with an easier one that has the same

solution, or at least a closely related solution.

For example, solve Ax = b. If we can write A = LU, where L and U are lower and
upper triangular matrices, respectively, then it is equivalent to solve Ly = b for y and
Uz = y for x, can be easily computed by forward and back substitution. We will
discuss this in more detail when we study the solution of linear system of equations.

. Approximation and error are the facts of life in computational science.

Sources of errors:

modeling

data uncertainty,

truncation (discretization),

rounding in finite precision arithmetic

For example, let f : R — R
x— f(z)

We have an inexact input &, and approximate function f

total error = f(z) — f(x)

F(
= [f(&) = f@)] + [f(&) — f(2)]

= computational errors + propagated data errors

= trunction/rounding + (conditioning) x (data error)

. Absolute error and relative error

Let & be an approximation of x. Then the absolute error is defined by

abserr(z) = | — x|,



and the relative error (assume that z is a nonzero number) is defined by
relerr(x) = |p| == |Z — z|/|z|.

By the definition of the relative error, = z(1 + p)

Relative error is independent of scaling.

Rule of Thumb: if the relative error is approximately 10~¢, then z and & agree to
about d significant digits, and conversely.

. Forward error and backward error

Suppose that an approximation § to y = f(z) is computed. How should we measure
the “quality” of 3?

Ideally, we would like to have the relative forward error relerr(y) = |y — y|/|y| = tiny.

Instead, we can ask “for what set of data have we actually solved our problem?” That
is, for what Az, do we have y = f(x + Ax) ?

|Az| (or min |A] if there are many such Az) is called backward error.

Two main motivations for using backward error:

e interprets errors as being equivalent to perturbations in the data,

e reduces the question of bounding or estimating the forward error to perturbation
theory, for which many problems is well understood (and only has to be developed
once, for the given problem, and not for each method.)

. An algorithm for computing y = f(z) is called (backward) stable if, for any x, it
produces a computed g with a small backward error, that is, § = f(x + Ax) for some
small Azx.

. Conditioning of problems: the relationship between forward and backward errors for
a problem is governed by the conditioning of the problem, that is, the sensitivity of
the solution to perturbation in the data.

Example: compute y = f(x). Let the computed results in terms of backward error
g = f(x + Az). Then the absolute error is

j—y=fa+Ar) - f2) = f@)Az + 0 ((Az)?) .
Correspondingly, the relative error is given by

e () e

X

where

- f'(x)

f(x)
The quantity r¢(x) is called the condition number of f at x. It measures approxi-
mately how much the relative backward error in x is magnified by evaluating of f at
x.

kf(x) =




10.

Rule of Thumb:

[relative forward error| < (condition number) x |relative backward error|.

The computed solution to an ill-conditioned (i.e., large condition number) problem
can have a large forward error, even for small backward error!

. Some desirable qualities of numerical software

e reliability

e robustness

e accuracy

e efficiency (speed)

e maintainability (structure modules, documentation, ... easy to modify)
e portability

e usability (easy of use)

e applicability (functionality)

Tradeoffs among the different desirable qualities are common. Different priority for
different users.

Three programming paradigms for exploiting other experts’ software

e Traditional software libraries and packages

e Scientific computing environment: a much easier-to-use environment, but at the
cost of some performance.

e Templates for assembling complicated algorithms out of simpler building blocks.

Netlib (www.netlib.org) is a valuable resource for free numerical software to solve
all kinds of computational problems.



2 Floating-Point Arithmetic

1. Floating point representation (scientific notation) of numbers, for example,

— 3.1416 x 10! T exponent
T T 1

sign significant base

For representation on the computer, we prefer base 2 to base 10. The floating point
representation of a nonzero binary number x is of the form

T = ibo.blbg'--bp,1 X 2E, (1)

(a) It is normalized, i.e., by = 1 (the hidden bit)
(b) Precision (= p) is the number of bits in the significant (including the hidden bit).

(¢) Machine epsilon e = 2=P=1 the gap between the number 1 and the smallest
floating point number that is greater than 1.

(d) The unit in the last place, ulp(z) = 2-@=D x 28 = ¢ x 2F,
If x > 0, then ulp(z) is the gap between x and the next larger floating point

number. If z < 0, then ulp(z) is the gap between x and the smaller floating
point number (larger in absolute value).

Special numbers: 0, —0, co, —oo, NaN = “Not a Number”.
2. IEEE 754 floating point standard (IEEE 1985) essentials:

e consistent representation of floating point numbers by all machines adopting the
standard;
e correctly rounded floating point operations, using various rounding modes;

e consistent treatment of exceptional situation such as division by zero.

3. IEEE single format takes 32 bits long (= 4 bytes):

| «— 8 —| 23 —
sl B e / |
sign exponent binary point fraction

It represents (—1)°-(1.f) x 2¥7127 (note that the leading 1 in the fraction need not be
stored explicitly, because it is always 1. This hidden bit accounts for the“l.” here).

Special repsentations for 0, 0o and NaN:

zero = | = [ 00000000 | 00000000000000000000000 |
+oo = | & [ 11111111 | 00000000000000000000000 |
NaN = |+ [ 11111111 | otherwise |

The range of positive normalized numbers is from Nyj, = 1.00- -0 x 27126 = 27126 ~
1.2 x 10738 £0 Npax = 1.11--- 1 x 2127 = (2 — 2723) x 2127 = 2128 5 3.4 x 1038,



4. IEEE double format takes 64 bits long (=8 bytes):

| «— 11 —] «— 52 —|
sl E o ! |
sign exponent binary point fraction

It represents (—1)° - (1.f) x 261023,
Special repsentations for 0, £o0o and NaN.

The range of positive normalized numbers is from Ny, = 271022 ~ 9 9 % 107308 to
Npax = 1.11 -+ 1 x 21023 5 91024 & 7 8 5 10308,

5. IEEE extended format, with at least 15 bits available for the exponent and at least 63
bits for the fractional part of the significant. (Pentium has 80-bit extended format)

6. Precision and machine epsilon of the IEEE formats

‘ Format ‘ Precision p ‘ Machine epsilon € = 27P~! ‘

single 24 e=2"2x12x10"7
double 53 e=2"5229292x%x 1016
extended 64 e=2"6~11x10"1

7. Rounding

Let a positive real number x is in the normalized range, i.e., Npin < z < Npax, and
write in the normalized form

x = (1biby - by_1bpbpi1...) x 2F,
Then the closest floating point number less than or equal to x is
x_ = Lbiby---by_1 x 2%,
i.e., x_ is obtained by truncating. The next floating point number bigger than z_ is
x4 = ((1.bybg - by—1) + (0.00---01)) x 27

therefore, also the next one that bigger than x.
If x is negative, the situtation is reversed.

Correctly rounding modes:

e round down: round(x) = z_;
e round up: round(z) = x4 ;
e round towards zero: round(x) = z_ of x > 0; round(z) = x4 of x < 0;

e round to nearest: round(x) = x_ or x4, whichever is nearer to z, except that if
x > Npax, round(z) = oo, and if x < —Nyax, round(x) = —oo. In the case of tie,
i.e., x_ and x4 are the same distance from z, the one with its least significant
bit equal to zero is chosen



10.

11.

When the round to nearest (IEEE default rounding mode) is in effect,
1
abserr(z) = |round(x) — z| < iulp(x).

and

d(z) — 1
relerr(x) = [round(z) — z| |(T) i < €
x

IEEE single: The maximum relative representation error is % 221724 — 9724 506 -
10°8

IEEE double: The maximum relative representation error is % 22752 2 1.11 x 10716,

. Correctly rounded floating point operations

IEEE rules are as follows: if x and y are correctly rounded floating point numbers,
then

fi(z+y) = round(z+y) = (z+y)(1+9)

filz —y) = round(z —y) = (z —y)(1+9)

filz xy) = round(z x y) = (x x y)(1+9)
fi(z/y) = round(z/y) = (/y)(1 +0)

where for the round to nearest,

1

IEEE standard also requires that correctly rounded remainder, and square root oper-
ations be provided.

. IEEE standard response to exceptions

Event Example Set result to

Invalid operation | 0/0, 0 x oo NaN

Division by zero | Finite nonzero/0 +oo

Overflow |z| > Nmax 400 or +Nyax
underflow x #0,|z| < Npin +0, &=Npin or subnormal
Inexact wheneven fl(z o y) # x oy | correctly rounded value

Itanium Chip

In 2000, Intel announced its new [A-64 Itanium chip. The IA-64 complies with the
IEEE standard, and its floating point registers support the 80-bit extended format.
In many aspects, the TA-64 departs radically from the Intel’s previous chips. Most
significantly, as far as floating point is concerned, is the fact that it has 128 floating
point registers (compared with 8 on Pentium). Another significant change is that
the IA-64 includes a fused multiply-add instruction (FMA). The FMA computes the
correctly rounded value
round(a X b+ ¢).

Further Reading

The following article based on lecture notes of Prof. W. Kahan of the University of
California at Berkeley provides an excellent review of IEEE float point arithmetics.



D. Goldberg. What every computer scientist should know about floating-point
arithmetic. ACM Computing Surveys, 18(1):5-48, 1991.

The following recent published textbook gives a broad overview of numerical comput-
ing, with special focus on the IEEE standard for binary floating point arithmetic.

M. Overton. Numerical computing with IEEE floating point arithemetic. SIAM,
Philadelphia, 2001. ISBN 0-89871-482-6. Student price $20.00 directly from
WWW.sSlam.org.

To know more about [A-64, and particularly on floating point arithmetic aspects, see

P. Markstein. IA-64 and Elementary Functions. Prentice Hall PTR. 2000

M. Cornea, J. Harrison, and P. Tang, Scientific and Engineering Computation on
Itanium Processors, Intel press, to appear.



3 Floating Point Arithmetic Error Analysis

1. Let £ and g be the floating point numbers and that

T=xz(14+m7) and yg=y(l+m), for|n| <71,

where 7; could be the relative errors in the process of “collecting/getting” the data
from the original source or the previous operations.

Question: how do the four basic arithmetic operations behave?

(a) Addition and subtraction

| =

(& + 9) (@ +9)(1+9), €
(1 +71)(1+06) + y(1+72)(1 +90)

r+y+x(ri+6+0(te) + y(r2 + 5 + O(7¢))

@+3) (1+ == (n +0+0(0) + - (r+ 5+ 0(re)) )
(z +y)(1+9),

where 0 can be bounded as follows:
2] + |yl
lz + yl

0] <

—~ DN

X

a 1
0] < <T+ §€+O(T€)> .

Three possible cases:
i. If z and y have the same sign, i.e., zy > 0, then |z + y| = |z| + |y|; this
implies
A 1
0] <71+ §€+O(T€) < 1.

Thus fl( + y) approximates x + y well.

ii. If o ~ —y = |z 4+ y| =~ 0, then (|z| + |y|)/|]z + y| > 1; this implies that |4
could be nearly or much bigger than 1. Thus fl(Z + ) may turn out to have
nothing to do with the true x +y. This is so called catastrophic cancellation
which happens when a floating point number is subtracted from another
nearly equal floating point number. Cancellation causes relative errors or
uncertainties already presented in & and ¢ to be magnified.

ExaMPLE. Computing v/n + 1 — /n straightforward causes substantial loss
of significant digits for large n

[ n ] A/nT 1) | A/m) [ AAW/nt D —00/m
1.00e+10 1.00000000004999994e+05 1.00000000000000000e+05 4.99999441672116518e-06
1.00e+11 3.16227766018419061e+05 3.16227766016837908e+05 1.58115290105342865e-06
1.00e+12 1.00000000000050000e+06 1.00000000000000000e+06 5.00003807246685028e-07
1.00e+13 3.16227766016853740e+06 3.16227766016837955e+06 1.57859176397323608e-07
1.00e+14 1.00000000000000503e+07 1.00000000000000000e+07 5.02914190292358398e-08
1.00e+15 3.16227766016838104e+07 3.16227766016837917e+07 1.86264514923095703e-08
1.00e+16 1.00000000000000000e+08 1.00000000000000000e+08 0.00000000000000000e+00

Catastrophic cancellation can sometimes be avoided if a formula is properly
reformulated. In the present case, one can compute v/n + 1 — /n almost to
full precision by using the equality

VATT-va=

1
Vit 1+ n




n_ [ A0/(Wn+1+vn) |

1.00e+10 | 4.999999999875000e-06
1.00e+11 1.581138830080237e-06
1.00e+12 | 4.999999999998749e-07
1.00e+13 | 1.581138830084150e-07
1.00e+14 | 4.999999999999987e-08
1.00e+15 | 1.581138830084189e-08
1.00e+16 | 5.000000000000000e-09

In fact, one can show that fi(1/(vn+1+ /n)) = (Vn+1—+/n)(1+ 9),

where |[§] < 5e + O(€?) (try it!)
ExAMPLE: Consider the function

oy = Lo = ] (b2

Note that 0 < f(z) < 1/2 for all x # 0.

Compare the computed values for z = 1.2 x 107° using the above two ex-

pressions (assume that the value of cos x rounded to 10 significant figures).
iii. In general, if (|z| + |y|)/|x + y| is not too big, fl(Z + §) provides a good

approximation to x + y.

(b) Multiplication and Division are very well-behaved.

A(Exg) = (& x§)(1+8) = oyl +7)(1+m)(1+3) = oy(1+5),
A(z/9) = (@/9)1+0) = (x/y) (A +7)(1+72)" (1+0) = xy(l +9.),
where

~

Ox =TI+ 7o +0+0(1€), b6:=11—15+0+O0(re).
Thus |0 | < 27 + 2e+ O(e) and 0] <27+ ze+ O(7e).

2. Forward and backward error analysis

We illustrate the basic idea through a simple example. Consider the computation of
an inner product of two vector z, y € R?

def
xTy = T1Y1 + T2Yy2 + T3Y3,

assuming already z;’s and y;’s are floating point numbers. It is likely that fl(z - y) is
computed in the following order.

fi(z"y) = A(A(f(z191) + f(zaya)) + A(z3y3) ).
Adopting the floating point arithmetic model, we have

f(z"y) = A(Aziy(1+ e1) + z2y2(1 + €2)) + z3y3(1 + €3))

A( (z191(1 + €1) + 22y2(1 + €2))(1 + 61) + 23y3(1 + €3) )

((1y1(1 +€1) + z2y2(1 4+ €2))(1 4 01) + z3y3(1 + €3) ) (1 + 62)

= zy1(1+€e1)(1+61)(1 + 62) + z2y2(1 + €2)(1 + d1)(1 + d2)
+23y3(1 + €3)(1 + 02),

where |¢;| < 1e and |§;] < Ze.

Now there are two ways to interpret the errors in the computed fl(z”y):

10



(a) We have
fi(z"y) =2’y + E,

where E = x1y1(€1 + 01 + 62) + maya(ea + 81 + d2) + z3ys(e3 + 62) + O(€?). It
implies that

1 3
|B| < Selaayn| + 3lwaya| + 2wsys|) + O(e*) < Se- [l [y[ + O(e").

This bound on FE tells the worst case difference between the exact = -y and its
computed value. Such an error analysis is so-called Forward Error Analysis.

(b) We can also write

fi(z"y) =279 = (z + Az)T (y + Ay),

where!
1 = ni(l+e), o= n(l+0)(1+d6) = n(l+d),
Ty = w2(l+ €2), g2 = yl+0)1+60) = 92(1+§2)7
3 = x3(1+e3), g3 = y3(1+02) = y3(1+93)

It can be seen that |§;] = |da| < e+ O(e2) and |83 < +e. This says the computed
value fl(z7y) is the exact inner product of a slightly perturbed # and 7. Such an
error analysis is so-called Backward Error Analysis.

3. Further Reading
A classical book on error analysis, where the notion of backward error analysis is

invented, is

J.H. Wilkinson. Rounding Errors in Algebraic Process. Prentice-Hall, Englewood,
NJ, 1964. Reprinted by Dover, New York, 1994.

A contemporary treatment of error analysis and its applications to numerical analysis
is

N.J. Higham, Accuracy and stability of Numerical Algorithms. second edition,
SIAM, Philadelphia, 2002.

!There are many ways to distribute factors (1 + ¢;) and (1 4 §;) to x; and y;. In this case it is even
possible to make either £ = x or § = y.

11



4 Vector and Matrix Norms

1. A vector norm on C" is a mapping that maps each x € C" to a real number ||z||,
satisfying
(a) ||z|| > 0 for z # 0, and ||0|| = 0 (positive definite property)
(b) |laz|| = || ||z|| for o € C (absolute homogeneity)
(©) [lz+yll < ll=ll + llyll (triangle inequality)
)"

e Commonly used vector p-norms: Let x = (21,22, -, 2y

def n 1/p
lz[l, = <Z\xi1p> ,  1<p<oo

i=1
Most commonly used vector norms:

n

lz|1 = Z |z;|, “Manhattan” or “taxi cab” norm
i=1
n 1/2
llzlle = (Z ]:1:1]2> , Euclidean length
i=1
lzlloo = max |il.

e The geometry of the closed unit “ball”: {x € C? : |lz|| < 1} corresponding to
each norm.

e Norm equivalence: Let || - || and || - ||3 be any two vector norms. There are
constants ¢y, ca > 0 such that

all - fla < I+ lla < el - la
for examples, it can be easily proved that

[zl < valllz, )z < [l [z]l1 < nlzfloo,
[2lloo < llzllis izl < Vallzlleo,  [[2lloo < ]2

e Cauchy-Schwarz inequality:
Tyl < 2]yl

Holder inequality:
2yl < llzllpllyllq,

wherelgp,q<ooand%—|—%:1.

2. A matrix norm on C™*" is a mapping that maps each A € C"™*™ to a real number
||Al|, satisfying

(a) ||A|| > 0 for A # 0, and ||0]] = 0 (positive definite property)
(b) ||aA] = |a] ||A]| for a € C (absolute homogeneity)

12



(c) [|[A+ B| < ||A|| + ||B] (triangle inequality)
Commonly used matrix norms:

e The Frobenius Norm || - |p: For A = (a;;) € C"™*",
. 1/2
|A|lp & (ZZ \aijﬁ) = \/tr(AH" 4).
i=1j=1

e The induced (operator) norm | - ||: Any vector norm | - || that is generic
induced a (matrix) norm on C"™*", denoted by the same notation,

A
1A max A2
#0 |z Jlel=1

Then it can be verified that ||A|| so defined is indeed a norm on C™*"™;

— 4|1, ||A]l2, and ||A||s are frequently used induced norm, induced by the
vector 1, 2, and oo-norms respectively.

m
1Al = 1]%&%”; la;j| = max absolute column sum,
|All2 = +/the largest eigenvalue of A*A = the largest singular value of A,
n
|Allcc =  max la;j| = max absolute row sum.
1§z§mj:1

— Useful property: ||Az| < ||A] ||z
— “Geometry” of |A||: the maximal factor by which A can “strech” a vector.
o 1415 < [[All1]|Alloc-

13



5 Frequently Used Matrix Decompositions

1. LU decomposition (Gaussian Elimination). If A is nonsingular, then there exist
permutations P, a unit lower triangular matrix L, and a nonsingular upper triangular
matrix U such that

PA=LU.

Special cases:

(a) Cholesky decomposition. A matrix A is symmetric positive definite if and only if
there exists a unique nonsingular upper triangular matrix R, with positive diag-
onal entries, such that

A=R"R.

(b) LDLT factorization If A” = A is nonsingular, then there exists a permutation
P, a unit lower triangular matrix L, and a block diagonal matrix D with 1-by-1
and 2-by-2 blocks such that

PAPT = LDLT.

Applications:
e Solve Az =b.

2. QR decomposition (Gram-Schmidt orthogonalization). Let A be m-by-n with m >
n. Suppose that A has full column rank. Then there exist a unique m-by-n orthogonal
matrix Q (Q7Q = I) and a unique n-by-n upper triangular matrix R with positive
diagonal r; > 0 such that

A=QR.

Applications:

e Find an orthonormal basis of the subspace spanned by the columns of A.
e Solve the linear least squares problem min, || Az — b||2.
3. Schur decomposition. Let A be of order n. Then there is an n X n unitary matrix

U (UHU = 1) such that
A=UTU",

where T is upper triangular. By appropriate choice of U, the eigenvalues of A, which
are the diagonal elements of T', may be made to appear in any order.

Applications:

e Compute eigenvalues and eigenvectors of A.

4. Singular Value Decomposition (SVD). Let A be an m-by-n matrix with m > n.
Then we can write

A=UxVT,

14



where U is m-by-n orthogonal matrix (UTU = I,,) and V is n-by-n orthogonal matrix
(VIV = 1), and ¥ = diag(o1,09,...,0,), where oy > 09 > - >0, > 0. (If m < n,
the SVD can be defined by considering AT).

The columns wuq,us,...,u, of U are called left singular vectors of A. The columns
V1, V2, ...,y of V are called right singular vectors. The o1,09,...,0, are called sin-
gular values.

Applications:

Suppose that A is m-by-n with m > n and has full rank, with A = USV7” being
A’s SVD. Then the pseudo-inverse can also be written as

AT = (ATA)TAT = vy~1UT,

(If m < n, then AT = AT(AAT)™1)

Suppose that

012022+ 20p>0p41 =" =0p=0,
Then the rank of A is r. The range space of A is span(uy,usg,---,u,). and the
null space of A is span(vy41,Vry2,. .., Un).

HA||2 = O-l(E Umax)
Let A be m x n with m > n. Then

(a) eigenvalues of ATA are 02, i = 1,2,...,n. The corresponding eigenvectors
are the right singular vectors v;, 1 = 1,2,...,n.
(b) eigenvalues of AAT are 02, i =1,2,...,n and m — n zeros. The left singu-
lar vectors u;, 1 = 1,2,...,n are corresponding eigenvectors for the eigenvalues
o2. Onme can take any m — n other orthogonal vectors that are orthogonal to
u1,us, ..., Uy, as the eigenvectors for the eigenvalues 0.
Optimal rank-k approximation:
min A= Bllz = [[A = Akll2 = ok+1,
B:mxn
rank(B) = k

where Ak = UZkVT, Zk = diag(al,ag, ooy Ok, 0, e ,0)
Note that A; can be written in a compact form as

A = UV L,

where Uy and Vj, are the first k& columns of U and V', respectively, f]k = diag(o1, 09, ...

Therefore, Ay, is represented by mk+k-+nk = (m+n+1)k elements, in contrast,
A is represented by mn elements.

Application: image compression.

(m+n+1)k
mn

compression ratio =

15

7Uk)'



Matlab’s M-scripts:

>> load clown.mat;

>> [m,n]=size(X);

>> figure(1);

>> colormap (map) ;

>> imag(X);

>> [U,S,V]=svd(X);

>> k = 20;

>> X20 = U(:,1:k)*S(1:k,1:k)*V(:,1:k)’;
>> figure(2);

>> colormap (map) ;

>> image (X20);

>> compression_ratio = (m+n)*k/(m*n)

Output:

anginal imaga comprassion @lio =004

90 100 1560 =20 25 30 20 100 190 M3 2E 3D

comression ralio = 018 comprassion @l =024

100

180

=00

&0 100 150 =200 2R 300 & 100 160 200 21 300

16



6 Iterative Linear Solvers — Basics

1. The landscape of linear system solvers

Direct Iterative
(A=LU) (u= Av)
Nonsymmetric | pivoting LU GMRES,...

Symm.pos.def. Cholesky | Conjugate Gradient

2. A general framework for iterative projection methods

Given the linear system of equations
Axr=1b

where A is an n X n real matrix, b and n vector. The basic idea of projection techniques
is to extract an approximate solution from subspaces of R". Let W and V be two
m-~dimensional subspaces of R", and z¢ is a “good” initial guess of the solution, then
the projection technique is to

Find = € o + W such that b — Az LV. (2)

Write £ = x9 + 2, z € VW and define initial residual ro = b — Axg. Notice that
b— AT =b— A(xo + z) = ro — Az. Then the formulation (2) is equivalent to

Find z € W such that ro — AzLV. (2a)

This is a basic projection step in its most general form. Most standard techniques use
a succession of such projections. Typically, a new projection step uses a new pair of
subspaces W and V (updated from the previous step) and an initial guess xy equal to
the most recent approximation. This simple framework is common to many numerical
computing.

Definition 1 If W =V, then it is called orthogonal projection method. Otherwise,
it is called oblique projection method.

Matrix Representation Let V = [v,v2,...,v,] be an n x m matrix whose
columns form a basis of V, and similarly W = [wq,ws,...,wy,] an n X m matrix
whose columns form a basis of WW. Then any approximation solutions in xg + W can
be written as

T=x9+z=z0+ Wy, ie, z=Wy,

and orthogonality implies VT(T() — Az) = 0; thus
ViAWY =VTry = y=VTAW) 'V,
provided VT AW is invertible. Putting it all together, we have
T=xo+WVTAW) Ty,

Now, we have a prototype projection method:
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0. Let zg be an initial approximation

1. Iterate until convergence:

2. Select a pair of subspaces V and W

3. Generate basis matrices V and W for V and W
4 ro < b— Ax()

5 y — (VIAW)1VTy,

6 xg «— xg+ Wy

There are two important remarks:

1. In many practical algorithms to be discussed below, the matrix V7 AW does not
have to be formed explicitly. It is available as a by-product of Steps 2 and 3,
e.g., the Arnoldi process.

2. The method is defined only when V7 AW is nonsingular, which is not guaranteed

to be true even when A is nonsingular.

The following theorem states that there are two important special cases where the
nonsingularity of VT AW is guaranteed.

Theorem 1 Let A, W, and V satisfy either one of the following two conditions:
(a) A is symmetric positive definite (SPD) and W =V, or
(b) A is nonsingular, and V = AW.

Then the matriz VT AW is invertible for any basis matrices W and V. of W and V,
respectively.

Optimality We now discuss two important optimality results that are satisfied by
the approximate solutions in some cases.

Theorem 2 Assume that A is SPD and that YV = W. Then a vector T is the result
of (2) if and only if

| = 3lla = min_ [ ~olla,

where ||z, — x||a = \/(:c* — )T A(xy — x), and z. is the exact solution to Az =b.

L s
/1“

N
T

o+ W

Zo

PROOF: Notice that (A(-), -) is an inner product on R" since A is SPD. Thus ||z.—x|| o
over all possible x € x¢p + W is minimized at Z if and only if x, —2Z LA W, i.e.,

(A(zy — 7),w) = (b— AZ,w) =0 for any w e W = V.
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This is (2). |

The corresponding methods are steepest descent method and conjugate gradient (CG)
method.

Theorem 3 Let A be an arbitrary square matriz and assume V = AW. Then a
vector T is the result of (2) if and only if

b~ A2 = min b~ Axo.
b
/m
Axg + AW
N
A.CCO Az

PROOF: ||b — Azl||2 over all possible z € xg + VWV is minimized at Z if and only if
b— AT LAW, ie.,
(b—Az,v) =0 foranyve AW =V.

This is (2). n

The corresponding methods are minimal residual residual (MR) method and general-
ized minimal residual (GMRES) method.

. One-Dimensional Projection Processes are defined when
W =span{w} and V =span{v},
where w and v are two vectors. In this case, the new approximation takes form
T <— Tt+tz=T+aw
and the condition (2a) implies v’ (r — Az) = vT (r — aAw) = 0, and thus

’UT’I”

Wl Aw’

Following are two popular choices of w and v.

(0%

(a) STEEPEST DESCENT This is for SPD A, and at each step v = w = r, the residual
vector. This yields

STEEPEST DESCENT ALGORITHM:
1. Pick an initial guess xg

2. Until convergence for £k =0,1,2,... do
3 T = b— A{lfk
_ T‘T’I”k
4. Ok = TfAT’k
5 Thk+1 = Tk + aTE
6. EndDo
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Alternatively, we can view that each step of the above iteration minimizes

Fl@) €z, — 2% = (22 — )T Alz, — ),

over all vectors of the form = — a(V f(x)), where V f(x) is the gradient of f at
x. Recall that the negative of the gradient direction is locally the direction that
yields the fastest rate of decrease for f.

Now we show that the convergence of the steepest descent is guaranteed when A
is SPD.

Theorem 4 Let A be SPD, and let Anin and Amax be its smallest and largest
eigenvalues respectively. Then for the STEEPEST DESCENT ALGORITHM

)\max - )\min Ii(A) —1
o = aalla < (T o, — e = (ST ) D il

where x, is the exact solution to Ax = b. K(A) = Amax/Amin 1S the condition
number of A.

Thus the STEEPEST DESCENT ALGORITHM converges for any initial guess.

(b) MINIMAL RESIDUAL (MR) ITERATION This is for matrix A not necessary sym-
metric but A+ AT is SPD?. At each step take w = r and v = Ar.

MINIMAL RESIDUAL (MR) ITERATION:

Pick an initial guess xg

Until convergence for k =0,1,2,... do
Ty = b— A.Cl?k

rgArk

rl AT Ary,
T = Tk + QLT

EndDo

A —

S

Alternatively, we can view that each step of the MR iteration minimizes
def
f@) = |73 = [Ib — Az|3

over all vectors of the form z — ar.

Theorem 5 Assume that A+ AT is SPD, and let = Amin (A*'QAT), and o =
|All2. Then for the MR iteration

Irksall2 < (1= @2 /o) 2 re-

Thus the MR iteration converges for any initial guess.

2This is equivalent to say that A is positive definite. A real matrix A said to be positive definite if
uTAu > 0 for any 0 # u € R. It can be shown that if A is real positive definite, then A is nonsingular, in
addition, v Au > Amin (%(A + AT)) ulu.
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7 Iterative Linear Solvers — Krylov subspace methods I

1. Krylov Subspace. Given a vector v € R"™, the Krylov subspace is defined as
K = Kim(A,v) = span{v, Av, A%v,..., A" 1o},

Note that if z € K,,, then z = p(A)v, where p(A) is a polynomial of degree not
exceeding m — 1.

2. Arnoldi procedure is an algorithm for building an orthogonal basis of the Krylov
subspace K, (A,v) using a modified Gram-Schmidt orthogonalization process.

ARNOLDI PROCEDURE — MODIFIED GRAM-SCHMIDT VERSION
1. U1 :’U/”U”Q
2. forj=1,2,...,m

3. compute w = Av;
4. fori=1,2,...,j
5. hz‘j = viTw

6. w = w — h;;jv;
7. end for

8. hjv1y = [[wll2

9. If hj+1,j = 0, StOp
10. v =w/hjp,
11. endfor

Proposition 1 Assume that the Arnoldi procedure does not stop before the m-th step.
Then the vectors {vi,va,...,vm} form an orthonormal basis of the Krylov subspace

K (A, v)

Denote V;,, = [v1,v2,...,vn| and H,, = (h;j) = Upper Hessenberg. Then in the ma-
trix form, the Arnoldi procedure can be expressed in the following governing relations:

AV = Vi Hypy + herl,mvarle%

and Vn{ Vi = I, and Vn{ AV,, = H,,. This is often referred to as an order-m Arnoldi
decomposition.

H,, .

Furthermore, if we denote V41 = [Vin, Um+1] and H,, = , i.e., Hy, is

herl,me%
a m + 1 by m upper triangular matrix, then an order-m Arnoldi decomposition can
also be written in the following compact form

Avm = m+1ﬁm-

Remarks:

e The Arnoldi procedure breaks down when h; 1 ; = 0 for some j. It is easy to
see that if the Arnoldi procedure breaks down at step j (i.e. hjy1,; = 0), then
K; is invariant subspace of A.

3Warning: Some care must be taken to insure that the vectors v; remain orthogonal to working accuracy
in the presence of rounding error. The usual technique is called reorthogonalization.
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e Note that the matrix A is only referenced via the matrix-vector multiplication
Avj;. Therefore, it is ideal for large sparse or large dense structure matrices.
Any sparsity or structure of a matrix can be exploited in the matrix-vector
multiplication.

e The main storage requirement is (m+1)n for storing Arnoldi vectors {v; } plus the
storage requirement for the matrix A in question or the required matrix-vector
multiplication.

e The primary arithmetic cost of the procedure is the cost of m matrix-vector prod-
ucts plus 2m?n for the rest. It is common that the matrix-vector multiplication
is the dominant cost.

3. Full Orthogonalization Method (FOM). Given an initial guess z( to the original
linear system Ax = b, we now consider an orthogonal projection method with

W=V =Kn(A,r)

where g = b — Axg. Following the general framework of a projection method, an ap-
proximate x,, is sought from the affine subspace zq+ K,,, of dimension m by imposing
the Galerkin condition

b— Az, L K,,.

With vy = rg/||70||2, Arnoldi procedure generates an orthogonal basis V,,, of KC;;, and
furthermore,

VLAV, = Hy, and Viirg = Vi (Buv1) = Be1,
where 3 = ||rg|l2. As a result, the approximate solution is given by
T = 20 + VinYym = To + BVmH;llel.
Unfortunately, FOM fails if H,, is singular! In practice, GMRES method to be dis-

cussed below is a more robust variant of FOM.

The residual vector of x,, is given as the following

b— Azy = b— A(zo + Vintm)
= 19— AViym
= Bo1 — ViHutm — g 1.mVms1 (€5,ym)
= Vin(Ber — Hinym) — hmt1,mVim+1(€mm¥m)

- _hm—l—l,mvm—l—l (€%ym)

Hence
16— Az ll2 = Py 1,m e Ym]

Therefore, we observe that an elegant feature of the method is that the residual norm
can be cheaply computed. There is no need to form the approximate solution x,, until
its accuracy is satisfied.

Restarted FOM: As m increases, the computational cost increases at least as O(m?n).
The memory cost increases as O(mn). For large n this limits the largest value of m
that can be used. The popular remedy is to restart the algorithm periodically for a
fix m.
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RESTARTED FOM:

1. compute rg = b — Axg, 5 = ||ro||2 and v1 = 19/
2. call Arnoldi procedure with A, v; and m

3. compute Y, = H;ll(ﬂel) and z,, = 29 + Vinym
4. test for convergence, if satisfied, then Stop

5. set xp := x,, and go to 1.

4. The Generalized Minimum Residual (GMRES) method? based on taking
W=Kn(Ary) and V=AW = AK,,(4,ro).
We have two ways to derive the GMRES method.

e The first way exploits the optimality property. Note that any vector x in xq+/Cp,
can be written as x = zg + V,,y, where y is an m-vector. Define

J(y) = Ib — Azl[z = [|b — A(zo + Viny)ll2 3)
Then using the Arnoldi decomposition, we have

b—Ax = b—A(xg+ Viny) =10 — AVy
= ﬁvl - Vm—l—lﬁmy = Vm—l—l(ﬁel - Hmy)

Since the column vectors of V;, 1 are orthonormal, then

T(y) = IlIb = A(zo + Vimy) |2 = [|Ber — Humyllo.

Therefore, the GMRES approximation x,, is the unique vector z,, = zg + Vi,
where y the solution of the least squares problem

min |31 — iy

This least squares problem is inexpensive to compute since m is typically small.

e The second way to derive the GMRES algorithm is to use the framework of the
projection technique. This is to be presented at the class.

Breakdown of GMRES: Since the least squares problem always has solution, the only
possibility of the breakdown of the GMRES is in the Arnoldi procedure when hji1 ;
at some step j. However, in this case, the residual norm of z; is zero, b — Az; = 0.
x; is the exact solution. This is called lucky breakdown. In fact, we have

Proposition 2 Let A be a nonsingular matrixz. Then the GMRES algorithm breaks
down at step j, i.e., hjiq1; =0, if and only if the approximate solution x; is ezact.

Restarting GMRES method: Similar to the FOM, the GMRES method becomes
impractical when m is large because of the growth of memory and computational
requirements as m increases. These requirements are identical with those of FOM.
As with FOM, in the practical application of the GMRES method, it is restarted
periodically for a fix m.

1Y. Saad and M. H. Schultz. GMRES: a Generalized Minimal RESidual algorithm for solving nonsym-
metric linear systems, SIAM Journal on Scientific and Statistical Computing, Vol.7, pp.856-869, 1986.
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5. Convergence of GMRES. We wish to establish a result to provide an upper bound on
the convergence rate of the GMRES iterates. Unfortunately, because of the compli-
cation of non-Hermitian matrices and their spectral distribution, it is not possible to
prove a simple result, but can get pretty close for practical use. First, we have the
following lemma to characterize the approximate solution by the GMRES method:

Lemma 1 Let x,, be the approzimate solution obtained from the m-th step of the
GMRES algorithm, and let v, = b — Azy,. Then x,, is of the form

T = T + ¢m(A)ro

and

[rmll2 = (I = Agm(A))roll2 = min [|(I = Ag(A))rolla-

qEPm—1

PROOF: This is true because x,, minimizes the 2-norm of the residual in the affine
subspace xg + Ky, the optimality property of the projection technique. Recall that
K. is the set of all vectors of the form x4+ q(A)rg, where ¢ is a polynomial of degree
<m-—1.

Proposition 3 Assume that A is diagonalizable matriz and let A = VAV ™' where

A = diag(A1, Ae, ..., \n) is the diagonal matriz of eigenvalues. Define

(m) — min ma i)l
¢ pePmp(0)=1 115 ()]

Then the residual norm satisfies the inequality
Irmll2 < r2(V)e™ flro]la.
where ko(V) = |V |l2]|V"12.
The results of approximation theory on near-optimal Chebyshev polynomials in the

complex plane can now be used to obtain an upper bound for (™). This is stated in
the following corollary.

Corollary 1 Assume that all the eigenvalues of A are located in the ellipse E(c,d,a)
which excludes the origin. Then

[rmll2 < R2(V)

T (a/d) e vZ &\
TC;@HTOHQ S r2(V) (ﬁ) llTo]|2-

The follow plots show the spectrum of A is contained in the ellipses E(c,d,a) with
center ¢, focal distance d and major semi axis a. The left plot is for the case of real d
and the right plot is for the case of purely imaginary d.
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Re
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Since the condition number k9(V') is typically not known and can be very large, results
are of limited practical interest. They can be useful one when it is known that the
matrix is nearly normal, in which case, rko(V') =~ 1.
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8 Iterative Linear Solvers — Krylov subspace methods II

1. The symmetric Lanczos procedure can be viewed as a simplification of Arnoldi’s
procedure when A is symmetric.

By an order-m Arnoldi decomposition, we know that
H,, = VLAV,

If A is symmetric, then H,, becomes symmetric tridiagonal. This simple observation
leads to the following procedure to compute an orthonormal basis @, of Krylov
subspace K,,(A4,v) when A is symmetric®

LANCZOS PROCEDURE
1. vy =v/||v|e, set f1 =0, v9g =0
2. forj=1,2,...,m

3. w = Avj - ﬁjl@;l

4. o = vaw

9. W= W — QY

8. B =l

9. If Bj4+1 =0, then stop
10.  vjp1 =w/Bjt1

11. endfor

Note that only three vectors must be saved in the inner loop of the procedure. This
is referred as a three-term recurrence.

If we denote V},, = [v1,v2,...,vy,] and T, = tridiag(53;, o, Bj+1). Then in the matrix
form, the Lanczos procedure can be expressed in the following so-called order—m
Lanczos decomposition:

AVm = Vme + ﬁm-{—lvm—l—le?n

and furthermore, V.I'V;,, = I,,, and VI AV,,, = T,,,.

Remarks

e The computed Lanczos vectors {v;} are orthogonal in exact arithmetic. In the

presence of finite precision, it starts losing such orthogonality rapidly with the
increase of j. (The same phenomenon is also observed in the Arnoldi procedure,
but it’s not as severe as in the Lanczos procedure).
There has been much research devoted to understanding the effect of loss of
the orthogonality, and finding ways to either recover the orthogonality, or to at
last diminish its effects. The best reference is [B. N. Parlett, The Symmetric
Eigenvalue Problem, STAM Press, 1998].

2. The Conjugate Gradient (CG) method is one of the best known iterative tech-
niques for solving sparse SPD linear system.5

5Note that we change the notation aj = hj; and Bj4+1 = hj_1,j, comparing with the Arnoldi procedure.
SM. R. Hestenes and E. Stiefel, Methods of conjugate gradients for solving linear systems, J. Res. Nat.
Bur. Standards, 49:409-436, 1952.

26



There are several ways to derive this way. In terms of our familiar subspace projection
technique, we can describe the CG method in one sentence:

the CG is a realization of an orthogonal projection technique onto the Krylov
subspace KC,,, (A, o), where rg = b — Axg with initial guess xg.

Therefore, it is mathematically equivalent to FOM. However, because A is SPD, some
simplifications resulting from the three-term Lanczos recurrence will lead to an elegant
algorithm.

By the analogue of FOM, with an initial guess xg, the approximate solution obtained
from an orthogonal projection method onto z¢ + K, (A, 7¢) is given by

Tm =20 + Vinym (4)
where v, is the solution of the tridiagonal system

Tmym = /8617

where 3 = ||ro||2-

Now, let’s try to compute the solution of the tridiagonal system progressively along
with the Lanczos procedure. For doing so, let’s write the LU factorization of T, as
Ty = LUy, i-e. the Gaussian elimination without pivoting:

1 m P
A2 1 2 B3

Thm—1 Bm

Then z,, is given by
Tm = 20 + VinUp, Ly (Ben)

Let P, = V,,U,t and z,, = L} (Be1), then
Tm = o + Pmzm.

Note that p,,, the last column of P,,, can be computed from previous p;’s and v,, by
the simple update

Pm = 777:11 [Um - Bmpmfl]a (5)

where [3,, is a scalar computed from the Lanczos algorithm, while 7,, results from the
m-th Gaussian elimination step on the tridiagonal matrix, i.e.,

)\m = ﬂm/nmfl
" = O — A Bm.-

In addition, it can be shown that



where (,, = —AmGn_1. As a result, x,, can be updated at each step as

Zom—
Tm = To + [Pm—la pm] [ 72 ! ‘| =xo+ Pm—lzm—l + Cmpm =Tm-1+ Cmpm-
m

This gives the following algorithm, which is the direct version of the Lanczos algorithm:

DirecT LANCZOS METHOD

1. compute rg = b — Axg, 5 := (1 := ||rol|2, and v=r( /03,
2. Set)\lzﬁlzo,pozo

3. form=1,2,...,do

4. w = Avpy, — BmUm—1 and oy, = v;fnw

5. If m > 1 then compute A\, = B /Nm—1 and (p = —Apnm—1
6. NMm = Qm — AmBm

7. Pm = 777711 ('Um - ﬁmpm—l)

8. Tm = Tm—1 + (mPm

9. If x,, has converged, then Stop

10. W= W — QU

1. Bjy1 = [lwllz and vmy1 = w/Bm1

12. endfor

The direct Lanczos method and the solution (4) are mathematically equivalent. How-
ever, since Gaussian elimination without pivoting is being used implicitly to solve the
triangular system T,,y,, = Bei, the direct version may be more prone to numerical
instability.

Regarding the residual vectors {r;} and the vectors {p;}, we have the followings.

Proposition 4

(a) The residual vectors {r;} are orthogonal to each other, i.e., r]Tri =0 fori#j.

(b) the vectors {p;} form an A-conjugate set, i.e., p]TApi =0 fori#j.

A consequence of the above proposition is that a version of the algorithm can be
derived by directly imposing the orthogonality and conjugacy conditions. This gives
the Conjugate Gradient (CG) algorithm. We now drive this. Let express the vector
Tj+1 as
Tj+1 = Tj + ;p;

Therefore, the residual vectors must satisfy the recurrence

Tj+1 =b-— ACCjJrl =b— A(.’E] + oszj) = Tj - oszpj. (6)
If the r;’s are to be orthogonal, i.e., roer = 0, then it gives

T,
Ti T

Qi =
J T A
rjApj

Also, from (5), it is known that the next search direction p;; is a linear combination
of rj11 and p;, and with proper rescaling the p vectors approximately, it can be written
as

pj+1 =741+ B;p;-
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Thus a first consequence of the above relation is that

rl Ap; = (pj — Bj—1pj—1)" Ap; = p] Ap;.

i.e.,

T,
TS T

Tl Apy

By imposing A-conjugacy pjTHApj = 0, we have

g — _PiATn
’ pF Ap;
Note that from (6), Ap; = —O%,(rjﬂ —r;) and therefore

T T .

g =1 (rje1 = 75) i1 Ti4aTi4
J T T Ao . - T, .
Q; pj Ap; T

Putting these relations together gives the following CG algorithm

CONJUGATE GRADIENT (CG) METHOD
1. compute rg = b — Axg and pg := rg

2. for j=0,1,2,..., until convergence do
rTr;
N
3. Q o7 Ap;
4. .’EjJrl = CC]' + oszj
5. 7“j+1 = ’I”j — OéjApj
6 5 _ r]'T+17“j+1
: J rfrj
7. Pj+1 = Tj+1 + B;p;
8. endfor

Note that the scalars a; and ; here are different from those of the direct Lanczos
method. In addition to the matrix A, four vectors of storage are required: x,p, Ap
and 7.

. An alternative derivation of the CG method is presented in the following excellent
paper (pdf file is available at the class website)

Jonathan Shewchuk, An Introduction to Conjugate Gradient Method With-
out the Agonizing Pain. 1994 (64 pages)

. From the optimality of the projection technique, we know that the approximate so-
lution obtained from the m-th step of the CG algorithm minimizes the A-norm of
the error in the affine subspace xg + K, (A, 7). Since Iy, is the set of all vectors of
the form zg + g(A)rp, where ¢ is a polynomial of degree < m — 1, we conclude the
following lemma which characterizes the approximate solution x,,:
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Lemma 2 Let x,, be the approximate solution obtained from the m-th step of the CG
algorithm, and let d,, = x4 — x,;, where x, is the exact solution of Ax = b. Then x,,
is of the form

T = X0 + gm(A)To

where ¢, is a polynomial of degree m — 1 such that

I(I = Agin(A))dolla = min [|(I — Ag(A))do]|a

qE€Pm—1

From this, we have the following theorem.

Theorem 6 Let z,, be the approrimate solution obtained from the m-th step of the
CG algorithm, and x, is the exact solution of Ax =b. Then,

— < — 7
|z — Tmlla < Tm(1+277)||95* ol A, (7)

where Ty, is the Chebyshev polynomial of degree m, and 1 = Amin/(Amax — Amin)- Amax
and Amin are the largest and smallest eigenvalues of A.

A slightly different formulation of inequality can be derived. Using the relation

Ty (t) = % [(t—i— VE=T)" 4 (t+ Ve - 1)”1 > % (t+ve=1)".
Then
Ton(1+2n) > % (1+2"7+ (14 2n)2 — 1>m = % (1+2n+2\/77(n+1))m.

Now notice that

Lot 2/t ) = (i T2 = Y min V)

)\max - )\min

V)\max+v)\min o \/E+1
V)\max_ \/)\min B \/E_l

where £ is the condition number of A, kK = i‘\méx. Substituting into the inequality (7)
yields

m
K—1
o, ~anla <2 (YE2) o~ sl

This bound is similar to that of the steepest descent algorithm except that the con-
dition number of A is now replaced by its square root. CG method could be of order
of magnitudes faster than the steepest descent algorithm. For example, let x = 103,

()" = () -

then it means that the steepest descent algorithm needs to take m, ~ 2300 iterations
to reach the same level of accuracy as mgy & 73 iterations of the CG method.

if one wants
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The above analysis using the condition number does not explain all the important
convergence behavior of CG. In fact, the entire distribution of eigenvalues of A is
important, not just the ratio of the largest to the smallest one. If the largest and
smallest eigenvalues of A are few in number (or clustered closely together), then CG
will converge much more quickly than the above analysis based just on A’s condition
number would indicate. Any important fact is that the behavior of CG in floating
point arithmetic can differ significantly from its behavior in exact arithmetic”.

TA. Greenbaum and Z. Strakos, Predicting the behavior of finite precision Lanczos and conjugate gradient
computations, SIMAX, 13:121-137, 1992.
A. Greenbaum, Iterative Methods for Solving Linear Systems, STAM, Philadelphia, 1997.

31



9 Preconditioning Techniques

1. In the convergence analysis of CG and GMRES algorithms, we saw that the con-
vergence rate of the CG depends on the condition number of A, or more generally
the distribution of A’s eigenvalues. Other Krylov subspace methods have the similar
property.

Preconditioning means replacing the system Ax = b with the modified systems

M~ Az = M~ 'b. (8)

If M is SPD, then one can precondition symmetrically and solve the modified linear
system
LYAL Ty =L""1, x=L""1y, (9)

where M = LL”. The matrix L could be the Cholesky factor of M or any other
matrix satisfying M = LLT.

The desired preconditioner M should be chosen so that

(a) M~'Aor L='AL~T is “well-conditioned” or approximates “the identity matrix”,

(b) linear systems with coefficient matrix M are easy to solve.

A careful, problem-dependent choice of M can often make the condition number of
the modified system much smaller than the condition number of the original one,
and thus accelerate convergence dramatically. Indeed, a good preconditioner is often
necessary for an iterative method to converge at all, and much current research in
iterative methods is directed at finding better preconditioners.

More specifically, a good preconditioner M depends on the iterative method being
used.

e For CG and related methods, one would like the condition number of the sym-
metrically preconditioned matrix L~ AL™T to be close to one, in order for the
error bound based on the Chebyshev polynomial to be small, or alternatively,
has few extreme eigenvalues.

e For GMRES, a preconditioned matrix that is close to normal and whose eigen-
values are tightly clustered around some point away from the origin would be
good, but other properties might also suffice to define a good preconditioner.

2. Preconditioned Conjugate Gradient.

If the CG algorithm is applied directly to the symmetric preconditioned system (9),
the iterative kernels satisfy

Yir1 = Yj+a;p;
Tt = 75— a;jAp;
Pj+1 = Tjt1+ B;D;
with . -
Q; = —ATL_IAL_TA and ﬂj = —7.
p; pj Ty

32



Defining
.’Ej = L_Tyj, ’I”j = ij, pj = L_Tﬁj.
We obtained the following preconditioned CG algorithm for Az = b.

PRECONDITIONED CONJUGATE GRADIENT (PCQG)
1. compute rg = b — Axg, solve Mzy = rg and pg := 2g

2. for 7 =0,1,2,..., until convergence do
3. aj = (r]z)/(p] Ap;)

4 Tjt1 = Ty + Qipj

5 rj+1:rj—ajApj

6. solve Mzj 11 = rj1

7. B = (ri1zj+1)/ (7] 2))

8 Pj+1 = Zj+1 + Bjpj

9. endfor

3. Preconditioned GMRES.
The GMRES applies to the modified system (8) is straightforward.

PrEcONDITIONED GMRES
1. compute ro = M~Y(b— Axg), 8 = ||roll2 and vy :=ro/B3
2. for 7=0,1,2,...,m do

3. compute w := MﬁlAvj

4 fori=1,2,...,5 do

5 hz‘j = viTw

6. w = w — hjjw;

7. end do

8 compute thrl,j = ||w||2 and Vj+1 = w/thrl,j
9. end do

10. let y,, be the solution of min, ||fe; — Hpylla
11. ¢, = o + Vinym
12. If satisfied, Stop, else set xg := x,, and GOTO 1.

Note that in the above algorithm, V,, = [v1,vs,...,vp] and H,, is a (m + 1) x m
upper triangular matrix with the entries h;; computed at steps (4) and (8).

4. Preconditioning Techniques.

The reliability and robustness of iterative techniques, when dealing with various ap-
plications, often depends much more on the quality of the preconditioner than on the
particular Krylov subspace methods used. Finding a good preconditioner to solve
a given sparse linear system is oftne viewed as a combination of art and science.
Preconditioners can be divided roughly into three categories:

I. Preconditioners designed for general classes of matrices; e.g. Jacobi, Gauss-
Seidel, SOR, incomplete LU factorization, incomplete Cholesky decomposition,
approximate inverse.

II. Preconditioners designed for broad classes of underlying problems; e.g. elliptic
partial differential equations (such as Poisson equation). Examples are multigrid
and domain decomposition preconditioners.
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III. Preconditioners designed for a specific matrix or underlying problem; e.g. for
the transport equation.
5. ILU Factorization Preconditioners.

Except for diagonal matrices, the solution of the linear system with coefficient matrix
M requires that we have a suitable decomposition of M. In many instances this will be
an LU decomposition. The idea of an incomplete LU preconditioner is to perform an
abbreviated (sparse) form of Gaussian elimination of A and to declare the production
of the resulting factors to be M. Since M is by construction already factorized, system
involving M will be easy to solve.

Let us first introduce a sparsity set Z to control the patterns of zeros. Specifically,
let Z be a set of ordered pairs of integers from {1,2,...,n} containing no pairs of the
form (7,7). An incomplete LU factorization of A is a decomposition of the form

A=LU+E, (10)

where L is unit lower triangular, and U is upper triangular, and L, U and E have the
following properties

(a) If (i,4) € Z with i > j, then £;; =0,

(b) If (4,5) € Z with i < j, then u;; = 0,

(C) If (Z,j) ¢ Z, then €ij = 0.
In other words, the elements of L and U are zero on the sparsity set Z, and off the
sparsity set the decomposition reproduces A.

It is instructive to consider two extreme cases. (1) If the sparsity Z set is empty, we
get the LU decomposition of A, i.e., we are using A as a preconditioner. (2) If Z is
everything except diagonal pairs of the form (i,), then we are effectively using the
diagonal of A as a preconditioner.

Let us consider an ILU algorithm to generate L and U rowwise. Suppose we have
computed the first kK — 1 rows of L and U, and we wish to compute the kth row. Write
the first k£ rows of (10) in the form

An Ay | _ | Lu 0 Un Uk n Ry Eyy
afy  ajy, i 1 0 ujy, ¢ ek |
we need to compute llTk. and ugk Multiplying out, we find that

LUy + el = al; (11)

and
T, T T 7
Upg T €k = k. — LUtk

We then can solve these two systems in order:

i1y iy s bk k=15 Viks Vkkt1s- -+ Vi -

T T
Uik Uk

34



Suppose that we have computed i1, €2, ..., 0 j—1. If (k,j) is in the sparsity set,
we simply set £; = 0. If (k,j) is not in the sparsity set, then ry; = 0, and the
equation (11) gives

k—1
kg =Y lkivij + lijvsi,
i=1
from which we get
k-1
Qkj — 2 i=1 EkiVij

Vjj
The key observation here is that it does not matter how the values of the preceding £’s
and v’s were determined. If /;; is defined in this way, then when we compute LU, its
(k, j)-element will be ;. Thus we set £’s and v’s to zero on the sparsity set without
interfering with the values of LU off the sparsity set. A similar procedure applies to
the determination of vgk, Vg k41, -+, Vi

INCOMPLETE_L U _FACTORIZATION(A, K)

1. fork=1ton

2. forj=1tok—1

3. if (k,7) € 2)

4. L(k,7) =0

5. else

6. L(k,5) = (Alk,j) — L(k,1 = 1)+ U(L: j = 1,4))/U(,5)
7. end if

8. end for j

9. forj=kton

10. if ((k,7) € 2)

11. U(k,j)=0

12. else

13. U(k,j) = (A(k,j) — L(k,1:E—1)«xU(1:k—1,7)
14. end if

15. end for j

16. end for &

The algorithm can be carried to completion provided the quantities U(j,j) are all
nonzero, in which case the decomposition is unique. Whether or not the U(j, )
are nonzero will depend on the matrix in question. For the following two classes of
matrices, the algorithm always works.

(a) If A is nonsingular diagonally dominant matrix, then A has an incomplete LU
factorization for any sparsity set Z.

Note: A matrix A of order n is diagonally dominant if

n
lag| > Z |laijl, fori=1,2,...,n.
=1

It is strictly diagonally dominant if strictly inequality holds for all j.
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It can be shown that A strictly diagonally dominant matriz is nonsingular. Be
aware that diagonal dominance alone does not imply either nonsingularity or
singularity. For examples, let

2 -1 0
-1 2 -1
0o -1 2

0
-1
4

11

A= ) B=1]11

1 2
Then A is nonsingular. On the other hand, B is singular.
The incomplete LU factorization also exists for any M-matrix.
Note: A matrix is said to be an M-matrix if it satisfies the following properties:
(1) @iy >0fori=1,...n,
(2) a5 <O0fori#j,i,j=1,...n,
(3)
(4)

4) A~!is a nonnegative matrix (all entries are nonnegative).

A is nonsingular and

6. The following figure shows the LU factorization of a sparse 20 by 20 matrix

matrix A matrix L ("dense LU")
0 0
o0 L] L ) L] L]
o0 L] o0 L] L X J
L] o0 L]
L] L] L] L]
5 ° o oo 5 °
L] [ ] L]
L] L] L]
L] L] L]
L] L] L] L] L X J oo oo
10t e (X} 10{e® oo eee
L] L] o0 L] L] o0000O0O
L] L]
L] o0 L] L] o0
L] L ) L] L] o o
15 e e ° ° 15 © eee ee eeeoe
L] L]
o o o L] L] L ) 000 00000 00000 o
L] L ) L X J o0 00 00000 o0
L] L] o0 L] 00000 00000 o000
20 o o 20 (X Y]
0 5 10 15 20 0 5 10 15 20
nz=172 nz =93
matrix U ("dense LU")
0
o0 L] L L]
L] o0 00 o000 L] L]
L] o0
L] L] L] L]
5 ° e oo
L] L]
L] L]
L] L]
o 00000 00 o
10 00000 o0 o
00000 00 o
L]
L] o0
L] L
15 o eoo0o
L]
o000
00
o0
20 o
0 5 10 15 20
nz =82

Then an ILU factorization (and E-factor) of the same matrix.
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matrix A
0
o0 L] L ) L]
o0 L] o0 L]
L] o0
L] L] L]
5 ° e oo
L] L]
L] L]
L] L]
L] L] L] L]
10t e (X}
L] L] o0 L]
L]
L] o0 L]
L] L ) L]
15t e e °
L]
o o o L] L] L )
L]
L] L] o0
20
0 5 10 15 20
nz=72
matrix U ("sparse LU")
0
o0 L] L ) L]
L] L] o0 L] L]
L] o0
L] L] L]
5 ° o oo
L] L]
L] L]
L] L]
L] L]
10 (X3
L] L]
L]
L] L]
L] L]
15 J J
L]
L )
L )
o0
20 [
0 5 10 15 20

7. Block preconditioner is a popular technique for block-tridiagonal matrices arising from
the discretization of elliptic problems, such as Poisson’s equation. It can be also be
generalized to other sparse matrices. For example, the matrix arises in the solution
of 2D Poisson’s equation has the form

where T' is a symmetric tridiagonal matrix, with diagonal entres all 4, and off diagonal

nz =50

-1
-1 T

10

15

20

10

15

20

-1

matrix L ("sparse LU")

L]
L]
L]
L]
L] L] L]
L] L]
L] L] o0
L]
L] o0
L] o o
L ) L]
L]
L] L] L] L] L]
L] L]
L] L] L]
o o
5 10 15 20
nz =42
matrix A - LU
+ + 4+ o+
+ + + + +
++
+ o+
+ +
+
++ o+ o+ +
+ o+t
+ +
+ o+

-1 T -1

-1 T

entries all —1. In this case, a natural preconditioner is

8. The following figure shows the convergence history of GMRES with and without
preconditioning for solving a linear system of equations arising from a discretization
of a model convection-diffusion equation. The preconditioner used here is ILU(0), i.e.,

M = diag(T,T,...,T).

ILU factorization with the same sparsity pattern of A.
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GMRES (x-) vs. P-GMRES (0-), no restarting
T

107

log of residual norm
Sn

=
Ow

10"

10

I
30 40 50 60 70 80
number of iteration

9. Iterative methods in Matlab

functions

methods

pcg
gmres

bicg
bicgstab
cgs
minres
qmr
symmlqg

Preconditioners:

Preconditioned Conjugate Gradients Method.
Generalized Minimum Residual Method.

BiConjugate Gradients Method.
BiConjugate Gradients Stabilized Method.
Conjugate Gradients Squared Method.
Minimum Residual Method.
Quasi-Minimal Residual Method.
Symmetric LQ Method.

functions ‘ preconditioners

luinc

Incomplete LU factorization.

cholinc | Incomplete Cholesky factorization.

10. Further Reading

Yousef Saad, Iterative Methods for Sparse Linear Systems, 2nd Edition, STAM,

2003

A. Greenbaum, Iterative Methods for Solving Linear Systems. STAM, 1997.

H. van der Vorst, Iterative Krylov Methods for Large Linear Systems, Cambridge

Univ. Press, 2003

R. Barrett et al, Templates for the Solution of Linear Systems: Building Blocks
for Iterative Methods, SIAM, 1994 (linked to our class website)
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10 Algebraic Eigenvalue Problems

1. Let A € C™*"™.

(a) A scalar X is an eigenvalue of an n x n A and a nonzero vector z € C" is a
corresponding (right) eigenvector if

Ax = \x.

Lax ot {z : Az = Az} is an eigenspace of A.

(b) A nonzero vector y such that
is a left eigenvector.

(¢) The set A\(A) of all eigenvalues of A is called the spectrum of A.

(d) pa(N) def det(A—A), a polynomial of degree n, is called characteristic polynomial

of A.

The following is a list of properties straightforwardly from the definition

(a) \is A’s eigenvalue < AI — A is singular < det(A — A) =0 < pa(A) = 0.
(b) There is at least one eigenvector x associated with A’s eigenvalue A; in the other
word, the dimension dim(L4 ) > 1.

(c) La,x is a subspace, i.e., it has the following two properties:
i.x€eLlay=arecLly)forallacC.
. 1,72 € Lo = 21 + 22 € Ly ).

(d) Suppose A is real. ) is A’s eigenvalue < conjugate X is also A’s eigenvalue.

(e) A is singular < 0is A’s eigenvalue.

(f) If A is upper (or lower) triangular, then its eigenvalues consist of its diagonal
entries.

2. Let Ax; = Nxy, v #0 fori = 1,2,...k, and \; # Aj for i # j. Then x1,29,..., 2
are linearly independent (proof by induction)

3. A € C"™ is simple if it has n linearly independent eigenvectors; otherwise it is
defective.

Examples

(a) I and any diagonal matrices is simple. ej,eg,..., e, are n linearly independent
eigenvectors.

(b) i 3 is simple. It has two different eigenvalues —1 and 5. By the fact that

each eigenvalue corresponds to at least one eigenvector, it must have 2 linearly
independent eigenvectors.

(c) If A e C™*™ has n different eigenvalues, then A is simple.

0 2
€1 = (1,0)T.

2 1
(d) ( ) is defective. It has two repeated eigenvalues 2, but only one eigenvector
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. An invariant subspace of A is a subspace V of R™, with the property that v € V
implies that Av € V. We also write this as AV C V.

Examples:

(1) The simplest, one-dimensional invariant subspace is the set span(x) of all scalar
multiples of an eigenvector x.

(2) Let x1,xa,...,x,, beany set of independent eigenvectors with eigenvalues A1, g, ...
Then X = span({z1,z2,...,%n}) is an invariant subspace.
. Let A be n-by-n, let V = [v1,v,...,vy] be any n-by-m matrix with linearly indepen-

dent columns, and let V = span(V), the m-dimensional space spanned by the columns
of V. Then V is an invariant subspace if and only if there is an m-by-m matrix B
such that

AV =VB.

In this case the m eigenvalues of B are also eigenvalues of A.

. Similarity transformations: n x n matrices A and B are similar if there is an n x n
non-singular matrix P such that B = P~1AP. We also say A is similar to B, and
likewise B is similar to A; P is a similarity transformation. A is unitarily similar to
B if P is unitary.

. Suppose that A and B are similar: B = P~'AP.

(a) A and B have the same eigenvalues. In fact p4(A) = pp(N).
(b) Az = \x = B(P~'z) = A\(P~2).
(¢c) Bw = w = A(Pw) = \(Pw).

. Schur decomposition or Schur canonical form: Let A be of order n. Then there is an
n x n unitary matrix U (U U = I) such that

A=UTU",

where T is upper triangular. By appropriate choice of U, the eigenvalues of A, which
are the diagonal elements of T, may be made to appear in any order.
Exercise: The following exercises develop an analogue of the Schur decomposition for real

matrices:

(a) Let the columns of X form an orthonormal basis for an invariant subspace of A. Let
AX = XL, and let (X,Y) be unitary. Show that

(3 o= (5 )

(b) Let A be real, and let A\ be a complex eigenvalue of A with eigenvector = + iy. Show
that the space spanned by z and y is an invariant subspace of A.

(¢) (Real Schur Decomposition). Show that if A is real, there is an orthogonal matrix U
such that UT AU is block triangular with 1 x 1 and 2 x 2 blocks on its diagonal. The
1 x 1 blocks contain the real eigenvalues of A, and the eigenvalues of the 2 x 2 blocks
are the complex eigenvalues of A.

40



9. The Power method

THE POWER METHOD
Given an initial vector xg,

1=0

repeat
Yiv1 = Ax;
Tit1 = Yit1/|Vis1ll2 (approximate eigenvector)
piv1 = a8 Aziq (approximate eigenvalue)
1=1+41

until convergence

Practical stopping criterion
i1 — p| < tol - il

Example. Let
—261 209 —49
A= | =530 422 -98
—800 631 —144

Then A(A) = {10,4,3}. Let 29 = ey, by the power method, we have

i 1 2 3 10
/i | 99449 13.0606 10.07191 --- 10.0002

Convergence analysis: Assume A = SAS~! with
A = diag(A1, A2, ..., An), A > [A| = .o = Al
It can be shown that

(a) x; = ”ﬁz—ign converges to s1/||s1]|, where s; = Se; as i — oo.
(b) p; converges to A; as i — oo.
[Az]

(c) Convergence rate depends on |

Drawback: if |§—fl is close to 1, then the PM could be very slow convergent or doesn’t
converge at aﬂ.

10. Inverse iteration: (a) overcome the drawbacks of the power method (slow convergence)
(b) find an eigenvalue closest to a particular given number (called shift): o
Observation: if A is an eigenvalue of A, then

(1) A — o is an eigenvalue of A — o1,

(2) 3L is an eigenvalue of (A — o)1

Shift-and-invert spectral transformation:
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1/(\lambda-\sigma)

\ \si éma

Pseudo-code:

INVERSE ITERATION
Given an initial vector xg and a shift o

1=0

repeat
Yir1 = (A—ol) la
i1 = Yi+1/||Yi+1ll2 (approximate eigenvector)
piv1 =z Az (approximate eigenvalue)
1=1+1

until convergence

Convergence analysis: Assume A = SAS™! with A = diag(A1, A2, ..., \,) and A is
the eigenvalue cloest to the shift o. It can be shown that

(a) x; converges to si/||sk||, where s = Sey, i — oo.

(b) w; converges to A\ i — oo.

M —o|
[Aj—ol*

(c) Convergence rate depends on max;p,

Advantage: the advantage of inverse iteration over the power method is the ability to
converge to any desired eigenvalue (the one nearest to the shift o). By choosing o very
close to a desired eigenvalue, the method converges very quickly and thus not be as
limited by the proximity of nearby eigenvalues as is the original power method. The
method is particularly effective when we have a good approximation to an eigenvalue
and want only its corresponding eigenvector.

Drawbacks: (a) expensive in general: solving (A — ol)yi+1 = x; for y;4;. One LU
factorization of A — o[ is required. (b) Only compute one eigenpair .
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11 Eigensolvers based Iterative Subspace Projection I

1. General framework -Orthogonal Projection Methods

Let A be an n x n complex matrix and K be an m-dimensional subspace of C". An
orthogonal projection technique seeks an approximate eigenpair

(A, @) with AeCand e K.

by imposing the following Galerkin condition:

Ai— i LK, (12)
or, equivalently, B
vl (Ad— M) =0, YveK. (13)
To translate this into a matrix problem, assume that an orthonormal basis {vy,va, ..., vy}
of K is available. Denote V' = [v1,v2,...,vy], and let 4 = Vy Then, equation (13)

becomes

UJ-T(AVy—j\Vy) =0, j=1,...,m.

Therefore, y and A must satisfy 3
Bny = My (14)

with
B,, = VHAV.

The eigenvalues 5\1 of B, are called Ritz value values, and the vectors Vy; are called
Ritz vector. This procedure A is known as the Rayleigh-Ritz procedure:

RAYLEIGH-RITZ PROCEDURE

(a) Compute an orthonormal basis {v;}i=1,. m of the subspace IC. Let
V= [1}1,’02,... ,’Um].

(b) Compute B, = VI AV;

(c) Compute the eigenvalues of B,, and select the k desired ones \;,i =
1,2,...,k, where £k < m.

(d) Compute the eigenvectors y;,i = 1,...,k, of By, associated with N, i =
1,...,k, and the corresponding approximate eigenvectors of A, @; =
Vyl-,i = 1,...,k3.

The numerical solution of the m x m eigenvalue problem in steps (c¢) and (d) can be
treated by standard algorithms for solving small dense eigenvalue problems. Another
important note is that in step (d) one can replace eigenvectors by Schur vectors to
get approximate Schur vectors 4; instead of approximate eigenvectors. Schur vectors
y; can be obtained in a numerically stable way and, in general, eigenvectors are more
sensitive to rounding errors than are Schur vectors.

2. The Rayleigh-Ritz procedure and optimality:

As we know, the simplest eigenvalue problem is to compute just the largest eigenvalue
in absolute value, along with its eigenvector. The power method is the simplest
algorithm suitable for this task. Starting with a given zq, k iterations of the power
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method produce a sequence of vectors xg,x1,T9,...,Tg. It is easy to see that these
vectors span a Krylov Subspace:

Span{x(% Z1,%25 .- ,iL'k} = Kk+1(A, .Cl?()) = span{xo, Az, A2£1?0, <o 7Akx0}‘

Now, rather than taking xj as out approximate eigenvector, it is natural to ask for the
“best” approximate eigenvector in Kxy1(A, zp). We will see that the best eigenvector
(and eigenvalue) approximations from Kj41(A4, zp) are much better than zj, alone.
Let Q = [Qk, Qu] be any n-by-n orthogonal matrix, where Q) is n-by-k, and @, is n-
by-(n — k). In practice, the column of @ will be computed by the Lanczos algorithm
and span a Krylov subspace. But for now, we do not care where we get Q.

Let

QL AQr QL AQ,

When k = 1, T} is just called the Rayleigh quotient. So far k > 1, T} is called a
generalization of the Rayleigh quotient.

T T
T = QTAQ = [Q Q)T AlQw Q] = | Z5190k U A ] _ [ T gk]

Definition 2

e The Rayleigh-Ritz procedure is to approzimate the eigenvalues of A by the eigen-
values of T, = QgAQk.

e These approximations are called the Ritz values.

o Let T, = VAVT be the eigendecomposition of Tj,. The corresponding eigenvector
approzimations are the columns of QrV and are called Ritz vectors.

The Ritz values and Ritz vectors are considered optimal approximations to the eigen-
values and eigenvectors of A. This is justified by the following theorem.

Theorem 7 The minimum of ||AQy — QiR||2 over all k-by-k symmetric matrices R
is attained by R = Ty, in which case, ||AQk — QrTkll2 = ||Tkull2-

PrROOF: Let R = T} + Z, to proof the theorem, we just want to show that [|[AQy —
QrR||2 is minimized when Z = 0. This is shown by the following sequence of deriva-
tion:

1AQk = QkRIZ = Amax [(AQx — QuR)T(AQk — QiR)]
= Amax [(AQk — Qu(Ti + 2))" (AQk — Qu(Ty + Z))}
= Amax [(AQk — QiTh)" (AQr — QiTr) — ((AQr — QiTr)" (Q12)
—(Qr2)"(AQk — QiTy) + (QrZ T(ka)}
= Amax [(AQk — QT)" (AQk — QiTx) — (QR AQr — Th)Z
—Z"(QLAQ — Ti) + ZTZ}
Amax [(AQk — QrT)" (AQk — QiTy) + ZTZ}
Amax [(AQk — QkTy)" (AQk — Qka)}
1AQk — Qi T3

Y
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Furthermore, it is easy to compute the minimum value

1AQk — QrTill2 = [(QrTk + QuTku) — QiTkll2 = [|QuTkull2 = || Thull2-

Corollary 2 Let T, = VAVT be the eigendecomposition of Ty. The minimum of
|APy — Py D] over all n-by-k orthogonal matrices Py, where span(Py) = span(Qy) and
over all diagonal D is also ||Tky|l2 and is attained by P, = QiV and D = A.

ProoF: If we replace @, with QU in the above proof, where U is another orthogonal
matrix, then the columns of Q3 and QU span the same space, and

IAQk — QrRll2 = [AQrU — QrRU |2 = |A(QrU) — (QxU)(UT RU)| 2.

These quantities are still minimized when R = T}, and by choosing U = V so that
UTT,U is diagonal. |

. The Lanczos algorithm for finding a few eigenpairs of a symmetric matrix A combines
the Lanczos process for building a Krylov subspace with the Raleigh-Ritz procedure.
First, let us recall that the Lanczos process will generate an orthonormal basis of a
Krylov subspace:

’Ck‘(Av /U) d:ef Spa‘n{vv A/U7 o 7Akillv} = Spa‘n{q17 q2,- - - 7Qk}7
and yield a fundamental relation

AQy, = QTx + frel,  fro = Brars (15)

where T}, = QL AQy, = tridiag(8;, o, Bj+1). Let u be an eigenvalue of Tj, and y be a
corresponding eigenvector v, i.e.,

Ty =py, |lyll2=1.

Apply y to the right of (15) to get

A(Qry) = QiTry + frlery) = m(Qry) + frlely).

{p} are Ritz values, and {Qyy} are Ritz vectors.
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Convergence test:

o If fi.(ely) = 0 for some k, then the associated Ritz value y is an eigenvalue of A
with the corresponding eigenvector Q.

e In general, it is unlikely that fx(ely) = 0, but we hope that the residual norm
| fe(eFy)|l2 may be small; and when this happens we expect that p is going to
be a good approximate to A’s eigenvalue. Indeed, we have

Lemma 3 Let H be (real) symmetric, and Hz — pz = r and z # 0. Then

ZSin 1A =l < Airlla/ =2

PRrROOF: Let H = UAUT be the eigen-decomposition of H. Then Hz — puz = r
yields

(H-—pz=r = UAN-—pUTz=r = (A-pl)(UT2)=U"r.
Notice that A — ul is diagonal. Thus

= 1UTr|ly = (A—puI)(UT > min [ A—u|||UTz|l = min |[\—
Irlle = U 2 = [[(A—p)( Z)Hz_AénAl(I;I)I pl U ]2 Agl;(r;{)l wlllzll2,

as expected. |
The following corollary is a consequence of above Lemma 3.

Corollary 3 There is an eigenvalue A of A such that
A=l < N frledkv)ll2 = Bkl - leryl.

In summary, we have the following Lanczos algorithm in the simplest form:

LANCZOS ALGORITHM for finding eigenvalues and eigenvectors of A = AT

1. g1 =v/|v|l2, Bo = 0; go = 0;
2. for j=1tok, do

3. w = Agj;

4. aj = q;fpw;

5. w=w—ajq — fj-1¢j-1;

6. B = |lwll2;

7. if 3; =0, quit;

8. g1 = w/Bj;

9. Compute eigenvalues and eigenvectors of T
10. Test for convergence

11. EndDo

Caveat: All the discussion in this lecture is under the assumption of exact arithmetic.
In the presence of finite precision arithmetic, the numerical behaviors of the Lanczos
algorithm could be significantly different. For example, in finite precision arithmetic,
the orthogonality of the computed Lanczos vectors {g;} is lost when j is as small as
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10 or 20. The simplest remedy (and also the most expensive one) is to implement the
the full reorthogonalization, namely after the step 5, do

Jj—1
w=w- (wg)g
i=1

This is called the Lanczos algorithm with full reorthogonalization. (Sometimes, it may
be needed to execute twice). A more elaborate scheme, necessary when convergence
is slow and several eigenvalues are sought, is to use the selective orthogonalization.

Example We illustrate the Lanczos algorithm by a running an example, a 1000-by-1000
diagonal matrix A, most of whose eigenvalues were chosen randomly from a normal Gaussian
distribution. To make the plot easy to understand, we have also sorted the diagonal entries
of A from largest to smallest, so \;(4) = a;; with the corresponding eigenvector e;. There are
a few extreme eigenvalues, and the rest cluster near the center of the spectrum. The starting
Lanczos vector v has all equal entries.

There is no loss in generality in experimenting with a diagonal matrix, since running the
Lanczos algorithm on A with starting vector g1 = v/||v||2 is equivalent to running the Lanczos
algorithm on Q7 AQ with starting vector Q7 ¢;.

The following figure illustrates convergence of the Lanczos algorithm for computing the eigen-
values of A. In this figure, the eigenvalues of each T}y are shown plotted in column k, for
k= 1,2,3,...,30, with the eigenvalues of A plotted in an extra column at the rightmost
column. The column % has k& “+”s, one marking each eigenvalues of T}.

30 steps of Lanczos (full reorthogonalization) applied to A
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Lanczos step

We observe that:
e Extreme eigenvalues, i.e., the largest and smallest ones, converge first, and the interior
eigenvalues converge last.

e Convergence is monotonic, with the ith largest (smallest) eigenvalues of T} increasing
(decreasing) to the ith laregst (smallest) eigenvalue of A, provided that the Lanczos
algorithm does not stop prematurely with some gy = 0.

The best reference to study the observation in theory is the book by B. N. Parlett, “The
Symmetric Eigenvalue Problem”, reprinted by STAM, 1998.
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12 Eigensolvers based Iterative Subspace Projection II

1. The Arnoldi algorithm for finding a few eigenpairs of a general matrix A combines
the Arnoldi process for building a Krylov subspace with the Raleigh-Ritz procedure.

First, let us recall that the Arnoldi process generates an orthonormal basis of a Krylov
subspace:

’Ck‘(Av /U) d:ef Spa‘n{vv A/U7 s 7Akillv} = Spa‘n{q17 q2,- - - 7Qk}7
and yield a fundamental relation

AQy = QrHy + hiy1 kqkr 161 - (16)

Any decomposition of the form (16), where Hj is Hessenberg, QkH Qr = I, and
QqukH = 0, is called an Arnoldi decomposition of length k. If Hj is unreduced
and hgy1r # 0, the decomposition is uniquely determined by the starting vector v
(This is commonly called implicit () Theorem).

Since QqukH = 0, we have
Hy = Qf AQy..

Thus, Hy is called the generalized Rayleigh Quotient corresponding to Q. Let u be
an eigenvalue of Hy and y be a corresponding eigenvector y, i.e.,

Hyy = py, |yl = 1.

Then the corresponding Ritz pair is (i, Qry). Applying y to the right of (16), the
residual vector of (u, Qry) is given by

AQry) — (QrY) = hit1 kqk+1(ehy).

Using the backward error interpretation, we know that (i, Qry) is an exact eigenpair
of A+ E, where ||E|l2 = |hxs1,| - |efy|. This gives us a criterion for accepting the
Ritz pair (i, Qry) as approximate eigenpair of A. ®

ARNOLDI’'S METHOD

1. Choose a starting vector v

2. Generate the Arnoldi decomposition of length & by the Arnoldi process
3. Compute the Ritz pairs and decide which are acceptable

4. If necessary, increase k and repeat

Example. We illustrate the above simplest Arnoldi algorithm by a running a
100-by-100 random sparse matrix A with approximately 1000 normally distributed
nonzero entries, A = sprandn(100,100,0.1). All entries of the starting vector v
are 1. The following figure illustrates typical convergence behavior of the Arnoldi
algorithm for computing the eigenvalues. In the figure, “+” are the eigenvalues of
matrix A (computed by eig(full(A))). and the “o’ are the eigenvalues of upper
Hessenberg matrix Hso (computed by eig(Hsp)).

8Note that because of non-symmetry of A, we generally do not have the nice forward error estimation
as discussed in the Lanczos algorithm for symmetric eigenproblem. But a similar error bound involving the
condition number of the corresponding eigenvalue exists.
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Real Part

We observe that Exterior eigenvalues converge first. This is the typical convergence
phenomenon of the Arnoldi algorithm (in fact, all Krylov subspace based methods).
There is a general theory for the convergence analysis of the Arnoldi algorithm.

The Arnoldi algorithm has two nice aspects:

(a) The matrix Hy, is already in Hessenberg form, so that we can immediately apply
the QR algorithm to find its eigenvalues.

(b) After we increase k, say k-+p, we only have to orthogonalize p vectors to compute
the (k + p)th Arnoldi decomposition. The work we have done previously is not
thrown away.

Unfortunately, the algorithm has its drawbacks:

e If A is large we cannot increase k indefinitely, since (J; requires n X k memory
locations to store.

e We have little control over which eigenpairs the algorithm finds. In a given
application we will be interested in a certain set of eigenpairs. For example,
eigenvalues lying near the imaginary axis. There is nothing in the algorithm to
force desired eigenvectors into the subspace or the discard undesired ones.

2. We show how to implicitly restart the algorithm with a new Arnoldi decomposition in
which (in exact arithmetic) the unwanted eigenvalues have been purged from Hy. We
begin by asking how to cast an undesired eigenvalue out of an unreduced Hessenberg
matrix H. Let p be an eigenvalue of H, then by the QR decomposition of H — ul,
we determine an orthogonal matrix U such that

R=U"(H - pul).

is upper triangular. Now H — ul is singular, and hence R must have a zero on its
diagonal. Because H is unreduced, that zero cannot occur at a diagonal position other
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than the last. Consequently, the last row of R is zero and so is the last row of RU.
Hence o
H=RU+ ul = ( He h ) =U"HU.
0 n
In other words, the eigenvalue p has been found exactly, and the similarity transfor-
mation of H with U has deflated the eigenvalue pu.

In the presence of rounding error we cannot expect the last element of R to be nonzero.
This means that the matrix H will have the form

H, h
hi g€t Qi

We are now going to show how to use the transformation U to reduce the size of the
Arnoldi decomposition. The first step is to note that U = P2 P3 - -+ Py_1,,, where
P; ;41 is a rotation in the (7,7 + 1)-plane. Consequently, U is Hessenberg and can be

partitioned in the form
Uk k—1€_1  Ukk

AQy = QrHy + hiy1 kqk+ 164

From the relation

we have

AQwU = QrU(UTHRU) + hyy1 xQrs 16t U.

If we partition

Qr=QrU = (Qr_1 )

Then
A R A R H h
A(Qr-1 Gr)=(Qr—1 G) < i B, ) Pt o1 ( Qr—1€h—1 Qi )-
kk—1€p_1 M

Computing the first K — 1 columns of this partition, we get
AQj—1 = Q1 H, + (i’/k,kfldk + hk+1,ka,k71Qk+1) er_ (17)

The matrix H, is Hessenberg. The vector Bk,k—l@k + Nt1 k4K, k—1qk+1 is orthogonal to
the columns of Qj_;. Hence (17) is an Arnoldi decomposition of length k£ — 1. With
exact computation, the eigenvalue p is presented in H,.

The process may be repeated to remove other unwanted values from H. If the matrix
is real, complex eigenvalues can be removed two at a time via an implicit double shift.
The key observation here is that @) is zero below its second subdiagonal element,
so that truncationing the last two columns and adjusting the residual results in an
Arnoldi decomposition. Once un-desired eigenvalues have been removed from H, the
Arnoldi decomposition may be expanded to one of order k£ and the process repeated.

. There are two important additions to the algorithm that are beyond the scope of this
lecture.
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e First, as Ritz pairs converge they can be locked into the decomposition. The
procedure amounts to computing an Arnoldi decomposition of the form

A(Q1 Q2)=(Q1 Q2) ( }%1 g;z ) + R+ 1 kQrt 160

When this is done, one can work with the part of decomposition corresponding to
Us, thus saving multiplications by A. (However, care must be taken to maintain
orthogonality to the columns of Q1.)

e The second addition concerns unwanted Ritz pairs. The restarting procedure
will tend to purge the unwanted eigenvalues from H. But the columns of U may
have significant components along the eigenvectors corresponding to the purged
pairs, which will then reappear as the decomposition is expanded. If certain pair
are too persistent, it is best to keep them around by computing a block diagonal
decomposition of the form

A(Qr Q2)=( Q2)<hgn HO22>—|-?7%+16£,

where H7; contains the unwanted eigenvalues. This insures that Us has negligible
components along the unwanted eigenvectors. We can then compute an Arnoldi
decomposition by reorthognalizing the relation

AQo = HyQ2 + nqi+16t,,
where m is the order of Hs.

4. Further reading

e The best reference on symmetric Lanczos method, theory and practice, is the book by B.
N. Parlett, The Symmetric Eigenvalue Problem, reprinted with some revision by SIAM
Press, 1998.

e MATLAB function eigs is an implementation of the implicitly restarted Arnoldi al-
gorithm for finding a few eigenpairs. The starting reference is D. Sorensen, Implicit
application of polynomial filters in a k-step Arnoldi method, SIMAX, Vol. 13, pp.357—
385, 1992.

e In the recent years, eigensolvers with preconditioning techniques are studied extensively.
The best starting paper is [G.L.G. Sleipen and H.A. van der Vorst, A Jacobi-Davidson
iteration method for linear eigenvalue problems, SIMAX, 17:401-425,1996.]

e A complete treatment of eigenvalue problems is [Templates for the Solution of Algebraic
Eigenvalue Problems: A Practical Guide, Z. Bai, J. Demmel, J. Dongarra. A. Ruhe and
H. van der Vorst eds. STAM, 2000].
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13 Poisson Solvers I

1. Poisson’s equation in one dimension.

_d%(w)

FoR f(z), 0<z<l1 (18)

with Dirichlet boundary conditions:
v(0) = v(1) =0, (19)

where f(z) is a given function and v(z) is the unknown function to be computed.

This boundary value problem can be viewed as modeling the displacement of an elastic
bar or cord in continuum mechanics, the temperature distribution in a heat conducting
bar and others.

2. Let us discretize the problem by trying to compute an approximate solution N + 2
evenly spaced point z; between 0 and 1:

0:x0<x1<x2<---<xN<xN+1:1

and
r; = xo + 1h = ih, h=——.

Denote v; = v(z;) and f; = f(x;).

Using the three-point centered difference approximation, at z = x;, we have

_d2v(ac) U1 + QUZ‘ — Vi4+1 .
de? h? v

where the truncation error 7; = O(h?) (assuming v(z) is smooth enough). Therefore
at z =x;, 0 <i < N + 1, we have

—v;_1 4 2v; — v = WA f; + BTy

and vg = vy4+1 = 0.

In matrix notation, let v = [vy,vs,...,vx]T and 7 = [r1,7o,...,7n]7. Then we have
Ty v=h2f+h*7 (20)

where
Ty = tridiag(—1,2,—1).

To solve this equation, let us ignore 7, since it is expected to be small compared to f,
then we have
Ty & = h*f, (21)

where v is an approximation of v.
3. The tridiagonal matrix Ty has the following special properties

e The eigenvalues of Ty are A; = 2(1 — cos Nﬂ—il)
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e The eigenvectors are zj, where the kth entry z;(k) = 4/ NL+1 sin(%) and || z;|
1.

Thus, we have the eigendecomposition
Tn = ZNANZY,

where Zn = [21,22,...,2n] (Z is orthogonal) and Ay = diag(A1, Ag,...,AN).
largest eigenvalue of T is Ay and for large N,

AN = 2(1 — cos

)~

N +1
and the smallest eigenvalue is A\; and for large IV,

T w2 2
)\1—2(1—COSN+1)R¢2<1—<1—m>>—m.

Therefore, Ty is symmetric positive definite. The condition number of Ty is
Av AN +1)
AN 2

cond(Tw) = |Twll2/|Tx " [l2 = =O(h7?).

. Now we can bound the error v — 0, subtracting equation (21) from equation (20),

have
v—b=hTy" 7
By taking norm, we have

(N +1)2

[o = dlla < KA ITY 2lI7ll2 = h*=—5=I7]l> = O(lIll2) = O(h?),

assuming that v(z) is sufficient smooth (the required derivatives are bounded).

. The Poisson’s equation in 2 dimensions.

v 9w
T2 8—342 = f(z,y) for (z,y) € Q,

v(z,y) = o(z,y) for (z,y) € 09,

|2 =

The

we

where 2 = (0,1) x (0,1), the unit square and 0 is its boundary. To discretize the
differential equation, the domain € is covered with a grid of step size h = 1/(N + 1)

as follows.

This is an example grid
with N = 5. The values
v(x,y) at the boundary
grid points @ 1is given
by ¢(z,y), and the val-
ues v(x,y) at interior

grid points O are
to be sought.
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Each grid point (x;,y;) have the representation
x; =1h and y; =jh fori,j=0,1,...,N+1

Those points with one of 7 and j being i = 0 or N + 1 are the boundary grid points;
all other points are the interior grid points. We seek approximations to v(z;,y;) for
all the interior grid points. Write

vij = v(®i,y5),  fij = f(wi,y5), and ¢y = d(xi,y;5).

To this end, we do approximately at each interior grid point:

v Vi1 + 205 — Vig
~ ’
%% |at i) "
_& ~ “Vig-1t 2vi5 — Vij1
oy? at (z4,9;) h

Adding these approximations we have

_Ov O
ox?  Oy?

_ Vic1j — Vi1 + 40 — Vi1 — i

2 + 7ij

at (z4,y;)

where 7;; is a truncation error. By Taylor expansion, it is easy to show that it is at the
order of h?, O(h?). Ignoring the truncation errors, we arrive at the linear equations
in the unknowns v;;,

2
—Ui—15 — Vij—1 +4vi — viy15 — Vij41 = B fij, (22)

for 1 <i,5 < N. The left-hand side of which is 4 times the v at the point subtracting
the v at the four neighbor points. This is called 5-point centered difference or 5-point
stencil.

Notice that

voj = ®0j, VON+1 = QoN+1, Vio = Pio, ViN+1 = QiN+1

are known and the unknowns are for 0 < 4,5 < N + 1; so there are N2 of them. So
care should be taken in putting the equations (22) into the familiar form Az =b of a
linear system for the grid points that are neighbors of boundary grid points. We shall
now do so.

Collect all v;; to form an N x N matrix V whose (i,7)th entry is vi;: V = (vi5).
Define an N x N matrix F' by

1 fijs for 2<ij <N -1,
thz'j‘f‘QZ)ijfla for2<i<N-—-1landj=1,
W2 fij + dijit, for2<i<N-—1landj=N,
~ h2fij + di-1;, fori=1land2<j<N—1,
h2(F)Z'j = h2fi]’ +¢i+1j7 for : = N and 2 < j < N — 1,

B2 fij + ¢ij—1 + di—1j,  for (i,7) = (1,1),

R fij + Gij—1 + div15,  for (i,7) = (N, 1),
W2 fij + im1j+ ¢ije1,  for (i,5) = (1,N),
R fij + Gije1 + div15,  for (i,5) = (N, N).
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It can be verified that the (22) becomes
Ty -V +V Ty = h’F, (23)
where Ty = tridiag(—1,2,—1).

. Lexicographic (Natural) Ordering: system (23) is still not in the familiar form Az =b
because all the unknowns are compactly stored into a matrix. To reorganize equations
(22) in a way that leads to the Az = b form, we need to arrange v;; into a column
vector. A natural way would be arranging one column of V' on top of another, i.e.,
defining a N2-dimensional vector v as (in MATLAB-like notation)

v=[V(,1);V(,2);...5V(,N)] = vec(V).

Such an ordering of v;; is best described by the following picture in the case of N = 5.

Define also N2-dimensional vector f from the matrix F analogously. The system (23)
becomes

Av = h2f, (24)
where

Tn + 21N —In
—IN Tn +2Iny —In
A= =TNxN-
—In Ty +2In —In
—Iyn Ty + 21N

In fact, A is the Kronecker products of T and Iy:

A=INQTN+TN QI =TNxN.

Definition:
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(a) Let A = (ai;) be m x n and B = (b;j) be p x ¢, then the Kronecker Product of
A and B are defined as

anB  a2B -+ a1, B

CLQlB CLQQB e aQ B
AR B = (aijB) = . " s

am1 B am2B -+ ampB

an (mp) x (ng) matrix.
(b) Let X be m by n. Then vec(X) is defined to be a column vector of size m - n
made of the columns of X stacked atop one another from left to right.

Basic properties of Kronecker product:

(a) Let A be m-by-m and B be n-by-n, and X and C are m x n. Then
vec(AX) = (I, ® A) - vee(X)
vec(XB) = (BT ® I,,) - vec(X)

(b) Assume AC and BD are well defined, then
(A®B)-(C®D)=(A-C)®(B-D)

(c) If A and B are invertible, (A® B)™1 = A~ ® B~L.

(d) (A® B)T = AT ® BT

Proposition 5 Let Ty = ZNANZJT, be the eigendecomposition of the tridiagonal ma-
triz T . Then the eigendecomposition of Tnxn 1s given by

Tnxn = (Zn @ Zn)InN @ Ay + An @ In)(Zn @ Zn)T.

From the proposition, it shows that eigenvalues A;; of the Poisson matrix Ty are
given by

Aij def Xi +Aj =2(2 — cosimh — cos jmh) (25)

i,j =1,2,...,N, where \; and \; are the eigenvalues of Ty. Note that h = 1/(N+1).

. Red-Black Ordering: first color all nodes by either red or black in such a way that no
neighbor nodes share the same color; and then enumerate all nodes with one color
and then all nodes with the other. Such an ordering of v;; is best described by the
following picture in the case of NV = 5.
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Let v, and frb be the N2-dimensional vectors obtained from V and F with this
red-black ordering. The system (23) becomes

~ D, B
Arbvrb = h2frb7 Arb = < BT Db ) P (26)

both D, and D, are diagonal matrices with all diagonal entries being 4. B is a sparse
matrix with nonzero entries —1 (the details of the structure of B is not important for
us now).

Notice that A, is consistently ordered and has eigenvalues given by (25).

8. Poisson’s equations in 3 Dimensions.

“ a9 a9 = f(xayvz) for (x,y,z)GQ,
v(x,y,z) = ¢(m7yvz) for (xvyvz) € 09,

where 2 = (0,1) x (0,1) x (0,1), the unit cubic and 012 is its boundary

Using a 7-point centered finite difference on a cubic grid of step size h = 1/(N + 1).
Then with natural ordering, it leads to the linear system of equations Ax = b, where

A=TNuNxN=TINQINQIN +INQRTINRIN + INR IN QTN

It can be shown that A’s eigenvalues are all possible triple sum of the eigenvalues of
Tn and the eigenvector matrix is Zy ® Zny ® Zn.

9. Poisson’s equation in higher dimensions is represented analogously.
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14 Poisson Solvers 11

1. Block cyclic reduction (BCR) is a fast method for the Poisson model problem. We
will describe a simple but numerically unstable version of the BCR algorithm, then
point out a reference for a stable implementation.

2. Write the 2D Poisson’s model problem as

A -1 T by
-7 A - Ty | by
- : 3
-1 A N bN

where A =Txn + 21 and [ is an N x N identity matrix. x; and b; are N-vectors.

For simplicity we assume that N is odd. We use block Gaussian elimination to
combine three consecutive sets of equations

[ —2j2 +Azj =bj1 |,
+4 | —zj1 +Az; -z =b ]
+ —zj +Azj —Ti4e =bj

Thus eliminating z;_1 and z;41
—Zj_2+ (A2 —20)xj — xj40 = bj_1 + Abj + bj41.
Doing this for every set of three consecutive equations yields two sets of equations:
e one for the z; with j even

AL T

T2 b1 + Aby + b3
_ L - T4 bs + Aby + b5
I L= . L@
N : :
I AW TN-1 by—2+ Abn_1 + by
where )
AW = A2 _of = (A<0>) — 91,
e one set of equations for the z; with j odd,
A T b1 + o
A x3 b3 + T2 + x4
o] = . (28)
A TN by +xN—1

This set of equations can be solved directly after solving the equation (27) for z;
with j even.
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Note that equation (27) has the same form as the original problem, so we may repeat
this process recursively. For example, at the next step we get

A g T4
_ 2 .. Ts
rA =17 (29)
.. .y
-7 A®
where )
A® = (AM)" —2r
and
A(l) 9
AM Z6 :
= . (30)
A

We repeat this until only one equation is left, which we solve another way. Therefore,
the algorithm consists of three steps:

(a) Reduction (see equations (27) and (29) )

(b) Solve A®)z*) = p(*) where assuming N = 2k+1 — 1.

(c) Back-solver (see equations (28) and (30))
3. It can be shown that the cost of this algorithm is O(N?logy N).
4. The simple BCR approach has two drawbacks:

(a) It is numerically unstable because A" grows quickly:

IAC| ~ ATV~ 47,

. . (r+1) (r) .
so in computing bj , the b2j ", are lost in roundoft.

(b) A" has bandwidth 2" + 1 if A) = A is tridiagonal, so it can be dense and thus
more expensive to multiply or solve.

5. A numerically stable and efficient algorithm can be found in

e B. Buzbee, G. Golub and C. Nielson , On the direct method for solving Poisson’s
equation, SIAM J. Numer. Anal. Vol. 7, pp.627-656, 1970.
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15 Poisson Solvers III

1. Solving the Poisson’s equation using eigendecomposition/FFT.

We recall the formulation of the 2D Poisson’s equation
Ty -V +V - -Ty = h?*F.

Let Ty = ZAZT = Z - diag(\;) - ZT be the eigendecomposition of Tiy. Then the last
equation becomes

A-V+V-A=hF.

where V.= ZTVZ and F = ZTFZ. 1t is easy to see that the (j, k) entry of this
equation is 3
XDk + BjpAk = B2 fik,

which can be solved for 05, to get

This yields the first version of our algorithm:

(a) Compute F = ZTFZ

R2 f1,
)\jJr)\k

b) For all j and k, compute v, =
J
(¢) Compute V = ZVZT

The cost of step (b) is 3N?2, and the cost of steps (a) and (b) is four matrix-matrix
multiplications by Z and Z% (= Z), which is 8N? using a conventional algorithm. In
the following, we show how multiplication by Z is essentially the same as computing
a discrete Fourier transform, which can be done in O(N?log,N) operation. Note that
if N =220 = 1,048,576, then log, N = 20.

2. The Discrete Fourier Transform (DFT) of an N-vector a is the vector
b= ®a,
where ® = (¢;1,) is N-by-N matrix defined as follows:
djr =wi*  for 4 k=0,1,..., N1

where

—27Ti> 2r .. 27
= COS — — 4 8in —
N b

w-exp( N N

a principal Nth root of unity.

The Inverse Discrete Fourier Transform (IDFT) of b is the vector

a=d b

3. Properties:
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(a) \/—%QD is a symmetric unitary matrix, i.e.,

(b) If b = ®a and a = [ag,a1,...,an—1], then the kth component of b is

N-1
bk = Z ajwkj.
7=0

This can be view as the value of the polynomial a(z) = Zj»v:_ol a;jxd at x = Wk,
i.e.,
by, = (Pa)p = a(wh).
In other words,
the DFT is polynomial evaluation at the points w° w', ... WV~

Conversely, the IDFT is polynomial interpolation, producing the coefficients of

a polynomial given its values at w® w!, ..., WV "5

(¢) Both the DFT and IDFT are just matrix-vector multiplications and can be
straightforwardly implemented in 2N? operations.
Fast Fourier Transform (FFT) is a fast way to multiply by ®. Instead of 2N?, it
will require only about % -logy N operations.

(d) The DFT and IDFT are closely related the Fourier transform and its inverse in
continuous case.

4. We have seen that to solve the discrete Poisson’s model problem by the eigendecom-
position of T requires the ability to multiply by the N-by-N matrix Z, whose the

(7, k) entry is
. 2 . (w(k—i—l)(j—f-l))
kTN +1 N +1 ’

where for the convenient of notation, we number rows and columns from 0 to N — 1
in this section.

Now consider the (2N + 2)-by-(2N + 2) DFT matrix ®, whose j, k entry is

. <—2m‘jk)_e (—m‘jk)_cos mik . ik
Plovy2) " \Vx1) TNV vy

Thus the N-by-N matrix Z consists of — NLH times the imaginary part of the second

through (V4 1)st rows and columns of ®. So if we can multiply efficiently by ® using
the FFT, then we can multiply efficiently by Z. In practice, we can modify the FFT
to multiply by Z directly. This is called the Fast Sine Transform.
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5. Convolutions

Definition 3 If a = |ag,...,an_1,0,...,0]" and b = [by,...,bn_1,0,...,0]T are
2N -vectors, then the discrete convolution of a and b is defined as

_ T
a*b:C:[Co,...,CQN_l] N
where ¢, = > ?:0 a;by_;.

To illustrate the use of the discrete convolution, consider the polynomial multiplica-
tion. Let a(z) = ZQZOI apx® and b(z) = fo;ol brpx® be degree-(N — 1) polynomials.

Then their product
2N—1

c(x) =a(z) - b(z) = Z cpa®,
k=0

where the coefficients ¢ are given by the discrete convolution.

One purpose of the Fourier transform is to convert the convolution into multiplication.

Theorem 8 Let a = [ag,...,an_1,0,...,0]T and b= [by,...,bn_1,0,...,0]T be vec-
tors of dimension 2N, and let c = axb = [co,...,can_1]*. Then

(@) = (Pa)y - (PD).-

PROOF. Recall the important observation (b) in the above item 2, if @ = ®a, then the
kth entries of @ is a; = z?ﬁo—l a;w* | the value of the polynomial a(z) = Ej»v:_ol ajx’!

k

at z =W, ie.,

ar = a(w").

Similarly, b = ®b means that by = V-1 bjwkj = b(w"), and € = ®c means that
& = 2N ejwkl = ¢(w”). Therefore

(®a)y, - (Bb), = Gy, - by = a(WF) - bW = c(WF) = & = (Pe)s.

6. We now derive the FFT via its interpretation as polynomial evaluation. The goal is
to evaluate a(x) = ]kV:*Ol apx® at © = w’ for 0 < j < N — 1. For simplicity we will
assume N = 2. Now write

a(x) = ap+arx+ a2x2 + -+ aN,lscNfl

= (ap+ aox® + ayz* + ) + x(ay + azz® + asz* + )
= aeven(xQ) + xaodd(x2)~
Thus, the evaluation of a(z) is divided into evaluating two polynomials Geyen and
aoaq of degree % —lat (w)?,0<j<N-—1.
Moreover, because of
WY = 26T
there are really just % points w? for 0 < j < % —

In other words, evaluating a polynomial of degree N —1 = 2™ — 1 at all N points w’
(0 < j < N —1) is the same as evaluating two polynomials of degree % — 1 at all %
points?, and then combining the results with N multiplications and additions. This
can be done recursively!

%those are the %th roots of the unity.
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FFT ALGORITHM
function @ = FFT(a, N)
HfN=1
return a = a
else
Qeven = FFT(aevena N/2)
doad = FFT(acad, N/2)

W= e—27ri/N

z =0 W, .. w2

return @ = [deven + 2- * Godd, Geven — 2- * Godd]
end if

where .x means componentwise multiplication of arrays (as in MATLAB), and have
used the fact that w/™V/2 = —wi.

7. Matlab script

function y = ffttx(x)

#FFTTX Textbook Fast Finite Fourier Transform.

% FFTTX(X) computes the same finite Fourier transform as FFT(X).

% The code uses a recursive divide and conquer algorithm for

% even order and matrix-vector multiplication for odd order.

YA If length(X) is m*p where m is odd and p is a power of 2, the

% computational complexity of this approach is 0(m~2)*0(p*log2(p)).

x(:);
length(x);
omega = exp(-2*pixi/n);

X

n

if rem(n,2) == 0
% Recursive divide and conquer

k = (0:n/2-1)7;
w = omega .~ k;
u = ffttx(x(1:2:n-1));
v = w.xffttx(x(2:2:n));
y = [utv; u-vl;
else
% The Fourier matrix.
j = 0:n-1;
k=737
F = omega .~ (k*j);
y = Fx*x;
end

8. Let the cost of this algorithm be denoted C(N). Then we see that

ey =2 (5 )+
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assuming that the powers if w are precomputed and stored in tables. To solve this
recurrence write

C(N) = 2C’<g)+%
- ac(F)+2 g
- sc(§) 3y
; logﬂ\ﬁ%.

Note that C'(1) = 0.

To compute the FFT of each column (or each row) of an N-by-N matrix therefore
costs logy N - % - N. This is the complexity of the FFT method for solving the 2D
Poisson’s model problem.
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