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Chapter 1

Mathematical Preliminaries

In this chapter, we review some of the most important topics from Calculus, Linear
Algebra, and Matrix Analysis that will be required in the subsequent chapters throught
this course. Throught this book, R will denote the set of all real numbers.

1.1 Review of Calculus

We start with the review of some definitions and theorems in Calculus including limit,
continuity, derivative, and Riemann integral. We shall emphasize the various forms of
Taylor’s theorem.

1.1.1 Limit, Continuity, Derivative, and Integral

Unless otherwise stated, f will denote a real-valued function defined in a domain €2 C R,

ie, f:Q—R.

Definition 1.1 (Limit) We say f has the limit L at ¢, written as lim f(z) = L, if

r—cC

Ve>0,36>0, suchthat |x —c| <d=|f(z)—L| <e.
If there is no number L with this property, then we say the limit of f at ¢ does not exist.

Definition 1.2 (Continuous) The function f is said to be continuous at ¢ if

lim f(z) = f(c).

Tr—cC

Definition 1.3 Let {z;};-,, where ; € R or C, be an infinite sequence. The sequence
converges to x*, write lim x; = x* or x; — x* as i — o0, if for any € > 0, there exists a

1— 00

positive integer N () such that i > N implies |x; — x*| < €.

Theorem 1.1 Suppose f : Q2 — R, where Q0 C R, is a function and x* € X. Then the
following are equivalent.

1. f is continuous at x*.
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2. If {x;};2 is any sequence in X and lim x; = x*, then lim f(z;) = f(a*).

Definition 1.4 (Derivative) The derivative of the function f at c is the limit, if it
exists, defined by

Tr—cC Tr — C
If f'(c) exists, then we say f is defferentiable at c.

Remarks 1.1 Another form of derivative:

fa) — 1 LE D) =),

h—0 h

Theorem 1.2 If f is differentiable at c, then f must be continuous at c. But the converse
18 not true.

Definition 1.5 By convention, we use the following definitions and notations.
o C(Q): the set of all functions that are continuous everywhere in 2.

o CL(Q): the set of all functions f for which f' exists and is continuous everywhere
in €.

o C™(R): the set of all functions f for which f™ exists and is continuous everywhere
in €.

o C®(Q): the set of all functions each of whose derivatives is continuous.
Property 1.1 C®(Q) C...Cc C*Q) c CY(Q) Cc C(Q)

Remarks 1.2 Similarly, we define C™[a,b] to be the set of all functions f defined on
[a,b] such that f™ exists and is continuous everywhere in the interval (a,b).

Theorem 1.3 (Rolle’s Theorem) If f € Cla,b|, f" exists on (a,b), and f(a) = f(b) =
0, then there exists at least one & € (a,b) such that f'(§) = 0.

Theorem 1.4 (Generalized Roll’s Theorem) Suppose f € Cla,b] is n times differ-
entiable on (a,b). If f(x) =0 for x = xg,21,...,x,, where x; € [a,b], are distinct, then

there is a € € (a,b) such that f™(£) = 0.

Theorem 1.5 (Mean Value Theorem) If f € Cla,b] and f" exists on (a,b), then for
any x,c € [a,b], there exist a number & between x and ¢, such that

f@) = f(e)+ f1(&)(z — o),

or, equivalently,

Remarks 1.3 Rolle’s theorem is a special case of the Mean Value theorem.
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Theorem 1.6 (Intermediate Value Theorem) If f € C[a,b] and n is some number
between f(a) and f(b), then there exists & € (a,b) such that f(£) =

Theorem 1.7 (Extreme Value Theorem) If f € C[a,b], then there exist & and n in
[a,b] such that f(§) < f(z) < f(n) for all x € [a,b]. If, in addition, f is differentiable on

(a,b), then & and n occur either at the end-points of [a,b] or where f' is zero.

Definition 1.6 (Riemann Integral) Suppose f is a function defined on |a,b]. The
Riemann integral of f on [a,b] is the limit, if it exists,

b n
/a f(z)dz = maXhAI?iﬂﬂz f(zi) Ay,

where Ax; = x; — xi_1, z; € [x_1, ;] s arbitrary, and a = x9g <1 <--- <z, =bisa
partition of |a, b].

Remarks 1.4 In the case of equally spaced partition and z; = x;, one has

b n

where x; = a+i(b—1)/n.

Theorem 1.8 (Mean Value Theorem for Integral) If f is continuous on |a,b] and
g 1s integrable and does not change sign on [a,b|, then there exists & € (a,b), such that

/ e — 1(©) / ' gla)ia.

In the special case when g(x) =1 on |a,b], then one has

/f G

1.1.2 Taylor’s Theorem

Theorem 1.9 (Taylor’s Theorem with Lagrange Formula) Suppose f € C"|a,b]
and fO+Y exists on (a,b). Then for any x and c in [a,b], there evists a number €,
depending on x, between x and ¢ such that

f(z) = Py(x) + E, (), (1.1)

where
n

1
IAGOEDS Hf(k)(C)(l" — o) (1.2)
k=0
1s called the n-th Taylor polynomial for f centered at ¢, and

Bufa) = oy O @ = (13

is called the remainder term, error term, or truncation error associated with P,(z). The
infinite series by taking the limit of P,(x) as n — oo is called the Taylor series for f(x).
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Remarks 1.5 The mean-value theorem is a special case of Tayler’s theorem by taking
n =0.

Theorem 1.10 (Taylor’s Theorem with Integral Form) If f € C""[a,b], then for
any z and ¢ in [a,b],

F@) = 30 m O — o + Bul), (1.4

where

Ro(x) = % / "R (@) (2 — 1)t (1.5)

Theorem 1.11 (Other forms of Taylor’s Theorem) If f € C""[a,b], then for any
x € (a,b) and h > 0 in a neighborhood of x, there exists & such that

1

v L _ L e
f@+h) = g il @R g O (1.6)
ifr<&<xz+h, and
o) = () L O+ S ey (17)
- k! (n+1)! ’ '

ifr—h <<

Theorem 1.12 (Taylor’s Theorem in Two Variables) Suppose that f(x,y) and all
its partial derivatives of order less than or equal to n+1 are continuous on D = {(z,y)|a <
x < bc<y<d}, and let (xo,y0) € D. For every (z,y) € D, there exists £ between x
and xo and p between y and yo with

where
Pu(z,y) = f(wo,y0) + {(35 - xo)%(l’o,yo) +(y — ?/0)%(370, 3/0)1
_ 292 2
+ {%%(%, Yo) + (7 — x0)(y — yo)aax—gy(xoa Yo)
N2 92
+wg_yjs(xo7yo)} 4o
+ [% - (?) (z —20)" 7 (y — yo)j&pf_#}fayj(xo, yo)] (1.9)
and
L i ;oo
Rt = ot o () o ) (e (1)
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The function P, (z,y) is called the n-th Taylor polynomial in two variables for thefunction
f(z,y), and R, (x,y) is the remainder term associated with P,(x,y).

Example 1.1 Consider the function f(z) = Inz in the interval [1,2]. Since f'(z) = z71,
f"(x) = —2x72, f"(z) =2273,--- and so on. In general, f*(z) = (=1)* 1 (k — 1)lz=".
Hence, with ¢ = 1, Taylor’s theorem 1.9 gives,

n —1)k-1 —1)n
lnxzz%(x_l)k_l_%f (n-‘y-l)(x_1)71—!—17
k=1

where 1 < x <2 and 1 <& <x. The error term is

Lff(n+1)(m . 1)n+1 < —<£If .

— 1)n+1
n+1 “n+1

|n| )

since € > 1 and €Y < 1. To estimate In2 with an error less than 1078, it would
require

1
|E,| < —— <1078
n+1

This means n > 108 — 1. Similarly, to estimate In 1.5 with the same precision, it requires

1 1 n+1
|E,| < (-) <107

n+1\2

It is sufficient to attain the accuracy if n > 26. [ ]

Example 1.2 Consider the function f(x) = cosz defined on R. Since f € C®(R),
Taylor’s theorem can be applied for any n > 0. Withn =2 and ¢ =0, we have

1
f(z)=cosx =1— 2+ —a®sin¢,
2 6
where 0 < & < x. To estimate cos(0.01) using the Taylor’s theorem, one has
1 2 1 3o 1 -6 -
cos(0.01) =1 — 5(0.01) + 6(0.01) sin ¢ = 0.99995 + g % 107" sin &,
where 0 < £ < 0.01. Since |sin| < 1, the error is

1
| cos(0.01) — 0.99995| < i 107% ~ 0.167 x 107°.

This means that the approximation 0.99995 matches at least the first five digits of cos(0.01).
On the other hand, with n = 3, we also have

1 1
f(z) =cosx=1— §x2 + ﬂx4cos§.

The apporzimation of cos(0.01) with this formula remains the same, still 0.99995, but we
now have much better accuracy assurance since the error is now

1 1
yﬁx‘* cosé| < ﬂ(0.01)4 ~ 0.42 x 1079
This means that the approximation 0.99995 matches at least the first eight digits when
compared to the 11-digit accuracy cos(0.01) = 0.99995000042. [ |
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These examples illustrate the two objectives of numerical analysis. The first is to find
approximation, which both Taylor polynomials provide. The second objective is to de-
termine the accuracy of the approximation. In the previous example, the later analysis
is much more informative, even though both gave the same approximation.

1.2 Review of Linear Algebra and Matrix Analysis

1.2.1 Matrices and Vectors
We let R™ denote the set of all real n-vectors (column vectors):
x1
X2
reR" «— zx= o, neR, Vi=1,2,...,n,

Tn

in which z; is referred as the i-th component of x. By convection, R"*! = R" denotes the
set of column vectors and R'™" the row vectors, z € RY", z = [z, 29, ..., 1,], z; € R.
R™*™ will denote the set of all m x n matrices:

aix a2 A1n

a21 A22 Q2n
AcR™" «—= A=la] = , ,

Am1 Am2 Amn

in which a;; € R is called the (4, j) component of A. Frequently, we use the notation

A= [a17a27"'7an]7
in which
alj
A2;
a; = ] c R™
amj

denotes the j-th column of A. Analogously, we use C" and C™*™ to denote the set of
complex n-vectors and complex m x n matrices, respectively.
The transpose of matrix A is AT € R™™ and

11 Q21 - Qm1

Q12 Q22 - Am2
AT =

Aip G2n, " Amp

For complex matrix A € C™*", the Hermitian of A is
air Q1 Gl
iz Qg2 " Gme

A =

Q1n aQn amn
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where a;; € C anda;; denotes the complex conjugate of a;;.
Some basic matrix-vector operations include

e dot-product: for z, y € R",
2Ty =z + -+ T = Zﬂfzyz €R.
i=1

e outer product: for x € R”, y € R,

iy L1Yy2 - Tiln
Layr  X2Y2 -+ T2ln mxn
vy’ = [ry;] = : : . : e R™",
TmlYr TmlY2 * Tmln
e matrix-vector multiplication: for A = [ay,as,...,a,] € R™*" and z € R",

n
y = Axr = r1a1 + 2900 + - -+ + xpa,, oOr yi:E a;pTr, 1=1,2,...,n.
k=1

e matrix-matrix multiplication: for A € R™*? and B € RP*",

p
C =AB e R™" with Cij = Zaikbkj.
k=1

® saxpy:
z=ar+ vy, or Z; = aT; + Yy

with z, y, z € R", a € R.
e outer-product update:
A— A+ LUyT or Q5 < Qyj + Ty
with A € R™" € R™, y € R".
¢ Gaxpy:
z=Ar+y or Zizzazkl‘k-Fyi
k=1
with A e R™" z e R", y € R™, 2z € R™.

The identity matrix of order n, I,, = [§;;], is a special matrix with entries

1, ifi=j,
0ij = ey
0 ifi#j.
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The columns of I,

1 0 0

0 1 0
€1 = 0 ) €2 = 0 3 y €n = 0 )

_O_ _0_ _1_

are called the standard unit vectors. When the size of I, is clear from the content, this
matrix is generally written simply as I.

A square matrix A € R™ ™ is said to be nonsingular (or invertible) if there exists
B € R™" such that BA = AB = I,,, the n x n identity matrix. The matrix B is called
the inverse of A and is denoted as A~

When A and B are both n-by-n non-singular matrices, we have

(AB) ' =B1'A"" and (AH' =N t=4a"T

Suppose A € R™" is nonsingular and A~! is known. The the inverse (A + zy?)~!,
where z,y € R"™, can be computed by the so-called Sherman-Morrison-Woodbury formula

Aoyt AL

TN-1 _ -1 _
(Ad+zy ) =A —1+yTA*1:v

if 1 +yTA7lx # 0. The extension to rank-k formula for U,V € R™* is
(A+UVH) T =AT - AU+ VTATIU) VAT

if I +VTA~U is nonsingular.
We list in the following some matrices which has either special structure or property.

Definition 1.7 Let A = [a;;] be a square or rectangular matriz, A is called
o diagonal if a;; =0, Vi# j;
o tridiagonal if a;; =0 if i —j| > 1;
o upper bidiagonal if a;; =0, Vi>jorj>i+1;
e upper triangular if a;; =0, Yi>j;
o strictly upper triangular if a;; =0, Vi>j;
o upper Hessenberg matriz if a;; =0, Vi>j+1;
o symmetric if AT = A;
o skew symmetric if AT = —A;
e if positive if a;; >0, Vi, j;

e positive definite if t7 Ax >0, Va#0, v R
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e non-negative definite or positive semi-definite if v Az >0, V€ R";
o indefinite if there exist x,y € R"™ such that (x7 Az)(y? Ay) < 0;

e idempotent if A?> = A.

e nilpotent if A¥ =0 for some positive integer k;

o diagonal dominant if |a;| > ) |a;;|, Vi;
J#

o orthogonal if ATA =1 (that is, AT = A™') when A € R™™ and unitary if ATA =1
when A € C™*";

o normal if ATA= AAT when A€ R™™ and APA = AA" when A€ C™n,

1.2.2 Vector Space, Range Space, and Null Space

Definition 1.8 (Linearly Independent) We say vectors x1,xs,..., T, € R" are lin-
early independent if oy, g, ...,y € R
a1+ o+ ...+, =0 = ag=ay=...=aqa,=0.

If there exists any oy # 0 but Zaixi = 0, then z1,x9,...,T, are said to be linearly
i=1
dependent.

A subspace spanned by x1, s, ..., 2, is denoted and defined as
span {xy, Lo, ..., Ty}t = {y eR" |y = Zaixifor someq; € R} )
i=1

Suppose S C R" is a subspace and B = {by,...,b,,} C S is a subset. If by,...,b,, are
linearly independent and span(B) = S, then B is called a basis for S and dim(S) = m.

Definition 1.9 (Range and Null Space) Let A = [ay,...,a,] € R™™ where a; €
R™ are columns of A. The range of A is denoted and defined as

R(A) ={y € R"| y = Az, for somex € R"} =span{ay,as,...,a,}, (1.11)
and the null space of A is denoted and defined as
N(A) ={z e R"|Az = 0}. (1.12)

Definition 1.10 (Rank and Nullity) The rank of a matriz A, rank(A), is the dimen-
sion of R(A) and the nullity of A, nullity(A), is the dimension of N'(A).

Note 1.1 rank(A) = rank(A”) is the mazimal number of linearly independent columns
(or rows) in A.
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Note 1.2 Suppose A € R™*™ and m > n, then

rank(A) + nullity(A) = n.
Note 1.3 Suppose A € R™*™. Then

A is non-singular (invertible, A~! exists)

<— Ar=0=2x=0

<= Az = b has a unique solution
<= rank(4) =n

< det(A)#0

1.2.3 Orthogonality

Definition 1.11 (Orthogonal and Orthonormal) A set of vectors zy,...,x, € R"

are said to be orthogonal if
xiTa:j =0, Vi # 7,

xij:5i~:{0 L7

and orthonormal if

1 i=j
Definition 1.12 Two subspaces S; and Sy of R™ are said to be orthogonal if 7y = 0
forallx € S and y € Ss.

Definition 1.13 (Orthogonal Complement) Suppose S C R" is a subspace. The
orthogonal complement of S is defined as

SL:{yERn\yT:U:O,V:UES}

Definition 1.14 (Direct Sum) Suppose U and V are subspaces of a vector space S. If
each s € S can be written uniquely as a sum u+ v, where u € U and v € V, then we say
that S is a direct sum of U and V' and we write S =U @ V.

Theorem 1.13 Suppose A € R™ "™, Then
1. R(A)* = N(AT);
2. N(A) = R(AT)*+;
3. R"=R(AT) ® N(A).

Proof: For any y € R(A)*, yTz = 0, Vo € R(A). Since z is in R(A), there exists
z € R" such that © = Az. Then

0=y"zx=1y"(Az) = (ATy)" 2.
Since z = ATy is arbitrary, it must be ATy = 0. That is, y € N'(AT). Hence
R(A)*F C N(AT).

Conversely, suppose y € N'(AT). Then ATy = 0 and hence (ATy)"z = yT(Az) =0
for any 2 € R"™. This means y € R(A)*. Therefore

N(AT) C R(A)*.
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1.3 Norms

1.3.1 Vector Norm Definition and Properties

Definition 1.15 A wvector norm is a function || - || : R — R satisfying the following
conditions for all x,y € R" and o € R.

Lol 20 (] =0 < 2z =0);
2l +yll < fl=ll + llyll;
3. Moz = fe]l=]]-

Definition 1.16 For x € R", some of the most frequently used vector norms are

e l-norm: .
2l =) |l = 1| + [aa] + .- + |2nl. (1.13)
i=1
e 2-norm:
lzllo = | Y Jwal? = (Jo1 P + J2af® + .. + [2al?) Y = VaTa. (1.14)
i=1
e oco-norm:
oo = e [ (1.15)
e p-norm:
n 1/p
]l = (Z Iﬂfilp> = (|21 + [wal” + .+ [za?) 7 (1.16)
i=1
Definition 1.17 (unit vector) = € R" is called a unit vector if ||z|| = 1 with respect to

some vector norm.
Property 1.2 For any z,y € R", the following two inequalities hold.

e Holder inequality:

1 1
|2yl < ll=[lpllylly, where STt

e Cauchy-Schwartz inequality:
2Tyl < [lz]l2llyllo-

Definition 1.18 Two vector norms |- ||o and ||-||g are equivalent if there exist constants
c1, ¢y € R such that
alzlla < lzlls < c2flzfla

for any x € R™.
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In fact, all vector norms on R™ are equivalent, and it is easy to show the following
equivalence properties for vector norms.

Property 1.3 For all x € R",

lll2 < lzlly < Vallzl2. (1.17)
12lloo < llzll2 <Vnll7]|o0- (1.18)
2]l < [l < nll]lo- (1.19)

Definition 1.19 (absolute error and relative error) Suppose x € R"™ is the eract
solution of some problem and T is an approximation to x. We define

absolute error = ||z — Z|| (1.20)

and

relative error =

if ©#0. (1.21)

Definition 1.20 (convergence) Suppose {xy} is a sequence of vectors in R™. We say
x) converges to x*
x — * iff klim |z — 2*|| = 0,

for some vector norm.

1.3.2 Matrix Norm Definition and Properties

Definition 1.21 A matriz norm is a function || - || : R™*™ — R satisfying the following
conditions for all A, B € R™" and o € R.

LA =0 ([[A]l =0« A=0);
2. |A+ Bl < [IAll + [IBII;
3. [leAll = [ [|All.
Definition 1.22 Some of the most frequently used matrix norms are

e Frobenius norm:

m n
>0 lail

|AllF = (1.22)
i=1 j=1
e 2-norm: ||A ||
T
[All2 = ? = max | Az (1.23)
meR” ||xH2 2=t
#£0
e l-norm:
Al = max Z ag | (1.24)
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e oco-norm:

[Alloe = max > [a. (1.25)
j=1
e p-norm:
A
I|Al|, = max 1Azl _ | Az||,. (1.26)
Poaerr ||z = P
w2zl llelh=t

Remarks 1.6 Frobenius norm, 1-norm, and oo-norm are easy to compute, but not the
2-norm or general p-norm.

Theorem 1.14 Suppose A € R™* ™. Then there exists z € R", ||z|2 = 1, such that
AT Az = 1%z, where = || A».

Proof: Let z € R", ||z]]2 = 1, be a unit vector that satisfies ||Alls = ||Az]2 =
”rrﬁax ||Az||o. Define
z|lo=1

(o) < L ATAT _ 1]|Az]3 1 (||Ax\|2)2
g xTr) = — = — = —
2 a2z 2 Jlzl3 2\ |zl

for x € R™. Then z is a maximizer of g(z) which impliese 7g(z) = 0. Since

Tg(z) = (x'x)(A Ax(i;ng A Ax)(m)

Hence
v9(z2) =0 = (272)(ATAz) — (2TATA2)z =0
= |l2]5(AT Az) — || Az|52 = 0
= ATAz = Al = w2

Remarks 1.7 ||A|ly is the square root of the largest eigenvalue of ATA. When A is
symmetric, || Ally is the absolute value of the largest eigenvalue in magnitude.

Definition 1.23 (submultiplicative property) A matriz norm || - || is said to have
the submultiplicative property if for any matrices A € R™*P and B € RP*™ such that

[AB| < [|All[|B|-
Not all matrix norms satisfy the submultiplicative property, e.g., define [|A|r =

11 : . .
max |a;;|, and let A = B = [ 11 } But we conly consider matrix norms that satisfy

B

the submultiplicative property.
Property 1.4 p-norm satisfies the submultiplicative property.

[Azll, < [lAllplll (1.27)
1ABll, < [l Bl (1.28)
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Property 1.5 All matrix norms satisfying the submultiplicative property are equivalent.

[All2 < [[Allp<v/n[lAll2. (1.29)
1
%HAHM < Allz <vm|| Al (1.30)
1
WI\AHl < Al <vn|| Al (1.31)
max Jag;| < [[Alls <y/mn max |ag|. (1.32)
,J 2¥)

Property 1.6 Vector 2-norm is invariant under orthogonal transformation, that is, if Q
15 an n-by-n orthogonal matriz, then

1Qall, = llzl: Vo eR™ (1.33)

Proof: Since
1Qz])3 = (Q2)" (Qz) = 2" Q" Qu = 2" x = ||[]3.

Property 1.7 Matrix 2-norm and Frobenius norm are invariant under orthogonal trans-
formation, that is, if Q) is an n-by-n orthogonal matrix, then

QAN = || All2 (1.34)
1QAllr = [Allr (1.35)

for all A € R™™,

Proof: Since
QA2 = max [|QAx||y = [nax [Az(ls = || All2-

[[z]l2=1 |z]l2=1
u
Property 1.8 If A € R™*", then || All2 < /|| AlJ1]| Al o-
Proof: From Theorem 1.14, there exists a vector z € R", z # 0, such that ||A|3z =
AT Az. This implies
IANZlZ ] = AT Azl < AT [l All 2l = 1Al Al 12111
Hence
1AIZ < [ Allool 1Al
u
Theorem 1.15 Suppose that A € R™™ and || - || is a submultiplicative matriz norm. If
Al < 1, then I — A is nonsingular and
(I-A)=> Ak (1.36)
k=0
with 1
I —A)7H < (1.37)

1—[lAl
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Proof: Suppose I — A is singular. Then there exists an x € R", x # 0 such that
(I — A)x = 0. This implies

A
Ar =2 = |Az||=|z| = llAz]] =1 = ||A4] = max
edl v#0 |yl

This contradicts to the assumption || A|| < 1. Hence I — A must be nonsingular. Moreover

—A) (Z A’“) =] — AN+
k=0

Since ||A]| < 1 and ||-|| is a submultiplicative matrix norm, ||AV|| < || A]|Y and Jim AN =
—00

0. Therefore
k
(r- (ﬁ&iﬂ>—f

It follows that

(I —A)~ :NhE;OZA’f kiAk
=0

and
17— A)" = < Z 1A% < Z 1A]1* = IIAII
n
Theorem 1.16 If A is nonsingular and |A™*E|| < 1, then A + E is nonsingular and
1 - BlA~
A+ Bt - at < JENATE 1.38
A+ B - a7 < 2 (1.38)

Proof: Since A is nonsingular, A+ E = A(I + A7'E). Since |A™'E|| < 1 it follows

from Theorem 1.15 that [+ A~'F is nonsingular and ||(I + A7 E)~!|| < m. Hence
A+ E is nonsingular, (A+ E)™' = (I + A7'E)"'A™!, and
-1 —1 =1 4—1 —1 gy =1 g—1 [
A+ E) = +A7E)" A7 <[+ AE)[[[A7] < T [AE]

Now
(A+E)"'—AT'=(I-A"YA+E)(A+E)'=-A"'E(A+E)™!
and so by taking norms we find

LA

~1_ A1 < ||A7] 1 < .
A+ B = A7 < AT IEINA+ B) M < T g
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1.4 : e Singular Value Decomposition

The singular value decomposition (SVD) is a matrix factorization whose computation is
a step in many algorithms. Many problems of linear algebra can be better understood
by considering the SVD.

Theorem 1.17 (Existence of SVD) If A € R"™*", then there exists orthogonal matri-
ces

U=[uy,ug,...,up € R™™ and V =vj.vg,...,0,] € R™"

such that

A=UxVT, (1.39)
where

¥ = diag(oy, 09,...,0p), p = min(m,n),
with
012092 ...20,2>0.

Proof: Let 01 = ||A]|2 # 0. By the compactness arguement there exists v; € R",

|vi|l2 = 1 such that ||Avi||s = 01. Let u; = U%Avl. Then Avy = oyuy, ||ug|lz = 1, and
ul Avy = 0.

Let Vi = [vy, ‘//\'1] € R™™ and U; = [uy, [71] € R™ ™ he the orthogonal matrices using
the extension of v; and u; to form orthonormal bases for R” and R™, respectively. Note
that this can always be done by Gram-Schmidt process. Then

ﬁlTAvl == 171T<0'1U1) = al(l/f\lTul) =0

and
T ~ T Ay, uT AV o1 wl
UTAV, = | | Ao, 0] = | Gafvn AV _ | o =4
1 1 |:U1T:| [Uh 1} UlTAvl UlTAvl 0 B 1

Next we show that w? = uf AV} = 0. Since
alol_]e w’ o] [eo*+wlw
"lw| |0 B w | Bw '

hence

T I

I|A1||2 = max > =
=2 o o
W Tllo W Tllo
o? + wTw)? + w” BT Bw)'/?
((of
(03 + wlw)l/?
(0% + wTw)

(o3 + wTw)l/2

2

= (o7 + wTw)1/2 > 0.
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But

1All2 = U AVA[l2 = [|A]l2 = o1

Hence

Therefore

UlTAX/l:Hl g} = A:Ul{aol g]vﬂ

Using induction argument, there exist orthogonal matrices U, € R~ Dx(m=1) and V, €
R(=Dx0=1) guch that B = UyX,Vy!, where ¥y € R(mM=Dx("=1) ig diagonal. Then

A = U1 O(-)l g:|‘/1T

A ]vlT

| 0 Uy Xy ViE
_ T
B 1 0 op 0 1 0 T
B U1_0 U2H0 22H0 V2] "
= UxVT,
where
- 1 0 B 1 0 o 0
R e PR A VY
This proves the theorem. [ ]

The o; are called the singular values of A and the vectors u; and v; the i-th left
singular vector and the i-th right singular vector, respectively. We usually use 0,4, (A)
to denote the largest singular value of A and 0,,;,(A) the smallest singular value of A.

Suppose A € R™*™ and rank(A) = r. Then

01209220, >0p41 =0, =0,

and A can be expressed as the summation of r rank-one matrices
T
A= Z oAUV (1.40)
i=1

The SVD gives complete information about the four fundamental subspaces associated
with A:
R(A) = span{uj,ug,...,u.}, (1.41)
N(A) = span{v,i1,049,...,0,}, (1.42)
R(AT) = span{oy, vy, ..., 00}, (1.43)
N(AT) = span {tyi1, Uppo, ..U} (1.44)

The matrix 2-norm and Frobenius norm can be characterized in terms of singular
values.

Al = o1, (1.45)
IAlp = (/o024 - +02 (1.46)
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If we write
Aa=usv?=u | Oyt
n n 0 0 ’
where
01
Er — . c R’I‘XT”
oy
then
Y2 0 T
ATA=VYUTUsVt =veinvi = v S )V
and
¥2 0 T
AAT =UusVTVETUT =USE'UT = U { 0 0 } U’
Thus ¢%,...,02 are the nonzero eigenvalues of AT”A and AAT, and v; and u; are the
corresponding eigenvectors. When A is symmetric, ATA = AAT = A2 and has real
eigenvalues J\;, then the singular values are given by o; = |\| for i = 1,...,r. In

principal, the SVD can be found from the eigenvalue decomposition of ATA and AAT.
However, this does not lead to a stable algorithm for computing the SVD. Finally, when
Ais n x n and square, then |det(A)| = oy - 0p.



Chapter 2

Computer Arithmetic

In this chapter, we explain the floating-point number system and develop basic facts
about roundoff errors. Some topics such as loss of significance, stability of numerical
algorithms, and condition of problems will be introduced with examples. Error analysis
of computer arithmetic will be brifely discussed.

2.1 Floating-Point Number and Roundoff Error

In general, a nonzero real number x in the decimal number system can be written as
x = £r x 10",

where

1 <r<l1
0= "

and n is an integer (positive, negative, or zero). This representation is the called nor-
malized scientific notation, r is called the mantissa and n is the exponent. Note that the
leading digit in the fraction is not zero (except when the number involved is zero). For
example,

42965 = 4x10'+2x10°4+9x 10 +6x%x102+5x%x 1073
= 0.42965 x 10,
—0.00234 = —0.234 x 1072

Likewise, we can use the scientific notation for binary number system to express the
number z as

x = +q x 2™
with

1
- <g<l1
2_(] )

and some integer m. Both ¢ and m will be expressed in terms of binary numbers. For
example,
Ix29+1x2°+1x27 ' +1x22+1x274
= 0.10011101 x 2%
(9.8125)19

1001.1101
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Allmost all microcomputers uses binary number system, but not necessary mainframe
computers.

Example 2.1 What is the binary representation of %?

Sol: To determine the binary representation for %, we write

- = (0. .o )a.
3 ( aiazas )2
Multiply by 2 to obtain
4
3
Therefore, we get a; = 1 by taking the integer part of both sides. Substracting 1, we
have

= (al.a2a3 .. .)2.

1
§ = (0.@2@3@4 .. .)2.

Repeating the previous step, we arrive at

2
5 = (0.101010... ).

]

Most computers work internally in binary system and output decimal system for

human users. A number that has a terminating exapnsion in one base may have a

nonterminating exapnsion in another. The conversion procedure frequently involves a
small error as shown in the following example.

Example 2.2 What is the binary representation of lio?

Sol:

1
0= (0.1)10 = (0.0001 1001 1001 1001 ...)s.

|
Typically, only a relatively small subset of the real number system is used for the
representation of all the real numbers. This subset, which are called the floating-point
numbers, contains only rational numbers, both positive and negative. When a number
can not be represented exactly with the fixed finite number of digits in a computer, a
near-by floating-point number is chosed for approximate representation.
For any real number z, let

x ==20.a1a0 - - a9+ X 2™, ay #0, (2.1)

denote the normalized scientific binary representation of . Note that the leading digit
in mantissa a; # 0, hence a; = 1. If z is within the numerical range of the machine, the
floating-point form of z, denoted fl(x), is obtained by terminating the mantissa of = at
t digits for some integer . There are two ways of preforming this termination.

1. chopping: simply discard the excess bits a;i1, a;y2, ... to obtain

fl(z) = £0.a1aq - - - ap x 2™. (2.2)
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2. rounding up: add 27D x 2™ to z and then chop the excess bits to obtain a
number of the form

Fl(x) = 206,55 - 5, x 2™ (2.3)

In this method, if a;41 = 1, we add 1 to a; to obtain fi(z), and if a;41 = 0, we
merely chop off all but the first ¢ digits.

Since computers can only store real numbers using fixed finite numbers of digits, this
places a restriction on the precision with which real numbers can be represented. The
error results from replacing a number with its floating-point form is called roundoff error
or rounding error, regardless of whether the rounding or chopping method is used. The
following definition describes two methods for measuring approximation errors.

Definition 2.1 (Absolute Error and Relative Error) If z is an approximation to

the exact value x*, the absolute error is |x* — x| and the relative error is 222l provided

lz*| 7
that x* # 0.

Remark 2.1 As a measure of accuracy, the absolute error may be misleading and the
relative error more meaningful.

If the floating-point representation fl(x) for the number x is obtained by using ¢ digits
and chopping procedure, then the relative error is

|z — fl(x)| _ 10.00 - - - 0G4 1ap49 - - X 2™ _ 10.a¢ 410142 | ot
|| 0.a1ag - @y 1G9 - -+ X 2™ 0.0 - - Qg Qg
Since a; # 0, the minimal value of the denominator is % The numerator is bounded
above by 1. As a consequence
x— fl(x
e Jiw) <27t (2.4)
x

In a similar manner, if ¢-digit rounding arithmetic is used and a;y; = 0, then fl(z) =
+0.a1a9 -+ - a; X 2™. A bound for the relative error is

o= fl@)] _ Ol
|l’| ]0.a1a2 T GGy |

since the numerator is bounded above by 1. But if a1 = 1, then fl(z) = £(0.a1a2 - - - a;+
27%) x 2™ the upper bound for relative error becomes

o @] _ - Oaas |y
|| 0.aras - - - s 1a540 - |

since the numerator is bounded by % due to a;y; = 1. Therefore the relative error for
rounding arithmetic is

x — fl(x) 1 el
— LV <yt =2x%x2 ) 2.
T - 2 x ( 5)
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Figure 2.1: 32-bit single precision.

The number €;; = 27+ is referred to as the unit roundoff error or machine epsilon. The
floating-point representation, fI(z), of x can be expressed as

fl(x) =z(149), 10] < e (2.6)

In 1985, the IEEE (Institute for Electrical and Electronic Engineers) published a
report called Binary Floating Point Arithmetic Standard 754-1985. In this report, for-
mats were specified for single, double, and extended precisions, and these standards are
generally followed by microcomputer manufactures using floating-point hardware.

The single precision IEEE standard floating-point format allocates 32 bits for the
normalized floating-point number ¢ x 2™ as shown in Figure 2.1. The first bit is a sign
indicator, denoted s. This is followed by an 8-bit exponent ¢ and a 23-bit mantissa f.
The base for the exponent and mantissa is 2, and the actual exponent is ¢ — 127. The
value of ¢ is restricted by the inequality 0 < ¢ < 255. The values 0 and 255 are reserved
for special cases including +0 and oo, respectively. Hence the actual exponent of the
number is restricted by the inequality —126 < ¢—127 < 127. In addition, a normalization
is imposed that requires that the leading digit in fraction be 1, and this digit is not stored
as part of the 23-bit mantissa. Using this format gives a floating-point number of the
form

(—1)% x (1.f)g x 2¢7127,

Since the mantissa f actually corresponds to 24 binary digits (i.e., precision ¢t = 24), the
machine epsilon is
ey =21 =278 ~1192x 107", (2.7)

This approximately corresponds to 6 accurate decimal digits. And the first single precision
floating-point number greater than 1 is 1 + 2723,

The largest number that can be represented by the single precision format is approx-
imately 2!%® ~ 3.403 x 10%, and the smallest positive number is 27126 ~ 1.175 x 107,
This range is in general not sufficient for some scientific calculation. For this and other
reason, we need “double precision” arithmetic.

A floating point number in double precision IEEE standard format uses two words
(64 bits) to store the number as shown in Figure 2.2. The first bit is a sign indicator,
denoted s, same as the single precision format. This is followed by an 11-bit exponent
c and a 52-bit mantissa f. The actual exponent is ¢ — 1023. Using this format gives a
floating-point number of the form

(—1)% x (1.f)g x 267102,
which provides between 15 and 16 decimal digits of accruacy, since the machine epsilon

e =272~ 2.220 x 10716,
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Figure 2.2: 64-bit double precision.

single precision double precision
€r 278 ~1.192x 1077 | 272~ 2.220 x 10716
smallest positive number | 27126 ~ 1.175 x 1073 | 271922 &~ 2,925 x 107308
largest number 2128 ~ 3.403 x 10%® 21024 ~ 1,798 x 103%
decimal precision 6 15

Table 2.1: Some characteristics of IEEE standard floating-point numbers

and a range of approximately 271922 &~ 2.225 x 1073% to 2102* ~ 1.798 x 103%. The first
double precision floating-point number greater than 1 is 1 4 272

Table 2.1 summarizes some characteristics of IEEE standard floating-point representa-
tions. Clearly, for the most accuracy, computations should be done using double precision
floating-point numbers, however, the execution time is much higher.

In the IEEE floating-point standard, the round to nearest or correctly rounded value
of the real number z, denoted round(zx), is defined as follows. First, let x be the
closest foating-point number greater than x and x_ be the closest one less than x. Then
round(z) is either x, or x_, whichever is nearer to z. If x is a floating-point number,
then round(x) = x. This method is almost always used since it is the most useful and
gives the floating-point number closest to x. Other rounding modes could be (1) round
towards 0: round(x) is either x, or x_, whichever is between 0 and z; (2) round towards
—o0/round dwon: round(x) = x_; (3) round towards oo /round up: round(x) = x.

If a number x = +¢ x 2™ with m outside the computer’s possible range (too large or
two small), then we say that an overflow or an underflow has occurred. Generally, an
overflow results in a fatal error (or exception), and the normal excution of the program
stops. An underflow, however, is usually treated automatically by setting = to zero
without any interruption of the program but with a warning message in most computers.

There are some useful special numbers in the IEEE standard. For example, instead
of terminating with an overflow when dividing a nonzero number by 0, the machine
representation for oo, Inf, is stored, which is the mathematically sensible thing to do.
There are two different representations, +Inf and —Inf, that correspond to two quite
different numbers, +00 and —oo. A NaN stands for Not a Number and is an error
pattern rather than a number. Table 2.2 lists the IEEE exception handling standard.

Because of the hidden bit representation, a special technique for storing zero is nec-
essary. Note that all zero bits in the mantissa field represents the significant 1.0 rather
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big*big =+ Inf overflow
number/0.0 | + Inf division
0.0/0.0 NaN fvalid
small /big subnormal number | underflow
2.0/3.0 rounded

Table 2.2: IEEE exception handling.

than 0.0. Moreover, there are two different representations for the same number zero;
namely 40 and —0.

For single precision integers, 31 bits are allocated for the integer, because onley 1
bit is needed for the sign. Consequently, the range for integers is from —(23! — 1) to
(231 — 1) = 2147483647. Double precision integers, on the other hand, use 63-bit storage
and 1 bit for sign. Pure integer calculation is not common in numerical algorithms.

2.2 Loss of Significance, Stability, and Conditioning

Roundoff errors are inevitable and difficult to control. Other types of errors which occur
in computation may be under our control. The subject of numerical analysis is largely
preoccupied with understanding and controlling errors of various kinds. Here in this
section we examine some of them.

2.2.1 Loss of Significance

Suppose that z is a real number expressed in normalized scientific notation in the decimal
system
T = *ajagas - -+ x 10" ay # 0.

The digits a1, as,as, ..., used to express the fraction part of x do not all have the same
significance because they represent different power of 10. Thus, we say that a; is the
most significant digit, and the significance of the digits diminishes from left to right.

One of the most common error-producing calculations involves the cancellation of
significant digits due to the subtraction of nearly equal numbers (or the addition of one
very large number and one very small number). Assume that two nearly equal numbers
x and y, with x > y, have the t-digit floating-point representations

fl(l') = 0.d1d2 s deéerlOéerQ cee Oy X 10”,

and
fl(z) = 0.dvdy - - - dpBpi1Bpra -+ B x 10™.
Then the floating-point form of z — y is
fUfU(z) = fU(y)) = 0.0p110p12 -+ - 0p x 10,

where
0-0p+1<7p+2 0 = 0-ap+1@p+2 O — Oﬂp+15p+2 - By
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As a result, the floating-point number used to represent x — y has at most ¢ — p digits of
significance. However, in most computers, x — y will be assigned t digits, with the last
p digits being either zero or randomly assigned. Any further calculations involving the
results of x — y retain the problem of having only ¢ — p digits of significance, since a chain
of calculations can not be expected to be more accurate than its weakest portion. The
phenomenon can be illustrated with the following example.

Example 2.3 If v = 0.3721478693 and y = 0.3720230572, what is the relative error in
the computation of x — y using five decimal digits of accuracy?

Sol: In exact computation using ten decimal digits of accuracy,
x —y = 0.0001248121.
But both x and y will be rounded to five decimal digits before subtraction. Thus

fl(z) = 0.37215
flly) = 0.37202
fl(z) = fl(y) = 0.00013 = 0.13000 x 10

Therefore the relative error is

(x —y) = (fl(z) = fl(y))
T —y

~ 0.04 = 4%.

]
An interesting question arised immediately would be how many significant binary bits
are lost in the subtraction when z is close to y?

Theorem 2.1 If x > 0 and y > 0 are normalized floating-point binary numbers such

that > y and

ot <1-Y <o
T

then at most q and at least p significant binary digits are lost in the subtraction x —y.

Proof: Write

IA
<

A
—_

xr=rx2"

N | —

and
s < 1.

IN

1
2
Since z > y, we must sift the decimal digits of y to the right

y=sx2"

y=(sx2m") x 2"

Then

2m
r—y=(r—sx2™ ") x2"=r 1—8>< X2”=r<1—g>><2".
AL T
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By assumption 277 <1 — % < 27P hence

r<1—y><1-2—fﬂ:2—p.
A

This means that to normalize the result x — y, a shift of at least p bits to the left is
required. Similarly,

r (1 _ Q) > 1 .9—4 — 9—(a+1)
x/) — 2 ’
and a shift of at most ¢ bits to the right is required. [ ]

Sometimes, loss of significance can be avoided by using double precision. This at least
doubles the number of bits in mantissa. But when both operands are already in double
precision, this means quadruple precision would be needed, and this is not available in
many machines and languages, or at least not cheaply. In some cases, rewriting the
mathematical formula is an alternative and can make the difference.

Example 2.4 Consider the two equivalent functions

x
r)=z(Vr+1—+z) and r) = —.
[@) = alVa T T =VE) and glr) = e
Compare the function evaluation of f(500) and g(500) using 6 digits and rounding.
Sol:
£(500) = 0.500000 x 10 x (v/501 — v/500)
= 0.500000 x 10 x (0.223830 x 10? — 0.223607 x 10?)
= 0.500000 x 10* x 0.223000
= 0.111500 x 10°
and
500
500) = —m———
9(500) V501 + /500

0.500000 x 10°
0.223830 x 102 + 0.223607 x 102
0.500000 x 10°
0.447437 x 102
= 0.111748 x 10?

If more digits are used, we can calculated

£(500) = 500 x (v/501 — +/500)
— 500 x (22.38302929 — 22.36067977)
= 500 x 0.022349516
11.1747553

Hence it can be argued that the formulation g(z) is better. |
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Example 2.5 The quadratic formulas for computing the roots of ax® +bx +c = 0, when

a#0, are
—b+ Vb? — dac —b—Vb? — 4ac
T = 9 and Ty = o )

Consider the quadratic equation x* + 62.10z + 1 = 0 and discuss the numerical results.

Sol: Using the quadratic formula and 8-digit rounding arithmetic, one can obtain the

roots
z; = —0.01610723 and T9 = —62.08390.

We will use these values as “exact solutions”. Now we perform the calculations with
4-digit rounding arithmethic. First we have

Vb2 — dac = v/62.102 — 4.000 = /3856 — 4.000 = /3852 = 62.06,

and
—62.10 +62.06 _ —0.04000

l = = = —0.02000.
fil) 2.000 2.000
The relative error in computing z; is
|fl(z1) — 21| | —0.02000 +0.01610723|  0.00389277 0.9417
|1 N | —0.01610723| ©0.01610723 © '
In calculating o,
—62.1062.06  —124.2
filz2) 2.000 2000 o210
and the relative error in computing x is
— —62.1 2. .0161
| fl(z2) — xo| _ | —62.10 + 62.08390)| _ 0.016 ~ 0.959 x 10-3.
| o] | — 62.08390| 62.08390

In this equation, b*> = 62.10% is much larger than 4ac = 4. Hence b and v/b? — 4ac
become two nearly equal numbers. The calculation of x; involves the subtraction of two
nearly equal numbers, in contrast, the calculation of x5 involves the addition of the nearly
equal numbers which will not cause serious loss of significance.

To obtain a more accurate 4-digit rounding approximation for z;, we change the
formulation by rationalizing the numerator, that is,

—2c
T =—"—.
! b+ Vb% — 4dac
Then
—2.000 —2.000

F) = 570 16206 ~ 1242 0.01610

The relative error in computing x; is now reduced to 0.62 x 1073. However, if we ratio-
nalize the numberator in x5 to get
—2c

b— b2 — dac

To =
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The use of this formula results not only involve the subtraction of two nearly equal
numbers but also the division by the small number. This would cause degrade in accuracy.

—92.000 —92.000
I(2y) = _ — —50.00.
Fi#2) = 6570 —62.06 — 0.04000 — 000

The relative error in x5 becomes 0.19. m
The above example also shows that if a finite-precision representation or calculation
introduces an error, further enlargement of the error occurs when dividing by a num-
ber with small magnitude, or, equivalently, when multiplying by a number with large
magnitude.
There is another situation in which a drastic loss of significant digits will occur. This
is in the evaluation of polynomials and certain functions.

Example 2.6 FEvaluate
f(z) = 2* — 62° + 3z — 0.149

at x = 4.71 using 3-digit arithmetic.

Sol: The following table gives the intermediate results in the calculation.

T x? x? 622 3
Exact 4.71 | 22.1841 | 104.487111 | 133.1046 | 14.13
3-digit chopping | 4.71 | 22.1 104 132 14.1
3-digit rounding | 4.71 | 22.2 105 133 14.1

The exact function value is
f(4.71) = —14.636489.

The result from 3-digit chopping arithmetic is

~

f(4.71) = —14.0,

and 3-digit rounding

f4.71) = —14.0.
Hence relative error for both calculation is

| — 14.636489 + 14.0|

~04x 107
|~ 14.636489) 8

Alternatively, if we rewrite the formulation of f(z) in nested manner as
f(z) = ((z —6)x + 3)x — 0.149.

Then the 3-digit chopping arithmetic gives

~

f(417) = —145

with relative error

| — 14.636489 + 14.5|
| — 14.636489)

~ 0.93 x 1072,
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and 3-digit rounding

f(4.17) = —14.6
with relative error | |
— 14.636489 + 14.6 _2
~ 0.25 x 107~.
| — 14.636489
[ |
Example 2.7 Let
p(x) = ((2° —32%) +3z) - 1,
q(z) = ((x—3)x+3)z—1.
Compare the function values at x = 2.19.
Sol:  Use 3-digit and rounding for p(2.19) and ¢(2.19).
p(2.19) = ((2.19° -3 x2.19%) +3 x 2.19) — 1
— ((10.5 —14.4) + 3 x 2.19) — 1
= (-3.946.57) -1
= 2.67-1
= 1.67
G(2.19) = ((219—-3) x2.19+43)x2.19-1
= (—0.81 x2.19+43) x2.19—-1
= (-1.774+3)x219-1
= 123 x219-1
= 2.69—-1
= 1.69
With more digits, one can have
p(2.19) = ¢(2.19) = 1.685159
Hence the absolute errors are
1p(2.19) — p(2.19)| = 0.015159
and
14(2.19) — §(2.19)| = 0.004841,
respectively. One can observe that the evaluation formula ¢(x) is better than p(z). m

In fact, polynomials should always be expressed in nested form before performing an
evaluation, since this form minimizes the number of required arithmetic calculations. One
way to reduce roundoff error is to reduce the number of error-producing computations.
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Example 2.8 How to evaluate

y=1x—sinx

when x 15 small?

Sol: Since x =~ sinx for small z, the computation will cause loss of significance. Alter-
natively, use Taylor series for sinz so that

. ZEB 1'5 1‘7 1’9
O e T T T
I A L
T TR TR
I'B ZE5 fL‘7 Ig

RICHE{ED)

Finally, floating-point arithmetic is not always associative. This can be illustrated
with the following example.

Example 2.9 Performing the calculation with 3-decimal mantissa and chopping arith-
metic will result

U0 +1)—1) =0
and

FUFI(1073 + fL(1 —1))) = 107°.

2.2.2 Numerical Stability

Another theme that occurs repeatedly in numerical analysis is the distiction between
numerical algorithms that are stable and those that are not. Informally speaking, a
numerical process is unstable if small errors made at one stage of the process are magnified
and propagated in subsequent stages and seriously degrade the accuracy of the overall
calculation. Whether a process is stable or unstable should be decided on the basis of
relative error.

Example 2.10 Consider the following recurrence algorithm

Ty = 17 T =
_ 13 4
Tp+1 = 3Tn — 3Tn-1

for computing the sequence of {x, = (5)"}. This algorithm is unstable.

Wl

Sol: A computer implemention of the recurrence algorithm gives the following result.
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n Tn n T n T n T

0 | 1.0000000 | 4 | 0.0123466 | 8 | 0.0003757 | 12 | 0.0571502
110.3333333 | 5 | 0.0041187 | 9 | 0.0009437 | 13 | 0.2285939
2 0.1111112 | 6 | 0.0013857 | 10 | 0.0035887 | 14 | 0.9143735
310.0370373 | 7| 0.0005153 | 11 | 0.0142927 | 15 | 3.6574934

The error present in z,, is multiplied by % in computing x,.1. For example, the error

will be propagated with a factor of (1—5’)14 in computing x15. Additional roundoft errors
in computing x», r3, ... may also be propagated and added to that of xs. [ ]

2.2.3 Conditioning

The words condition and conditioning are used informally to indicate how sensitive the
solution of a problem may be to small relative changes in the input data. A problem is
ill-conditioned if small changes in the data can produce large changes in the resluts. For
certain types of problems, a condition number can be defined. If that number is large, it
indicates an ill-conditioned problem. In contrast, if the number is modest, the problem
is recognized as a well-conditioned problem.

For example, the condition number for a nonsingular square matrix A is defined as

k(A) = AIIAI,

with respect to some matrix norm. The matrix A is said to be ill-conditioned if k(A) is
large, and well-conditioned when k(A) is modest. For a general rectangular matrix, the
singular values are used to characterize the condition number in 2-norm

Omaz(A)
0min<A) ’

where 0,,4,(A) is the largest singular value and ,,;,(A) the smallest singular value of A.
A well-known ill-conditioned matrix is the Hilbert matrix

KQ(A) =

1
H, = [h;;] € R™", where hij = ——.
t+7—1

In general, ill-conditioning is not easy to detect.
In solving a system of linear equations Az = b in which A is ill-conditioned, small
perturbation in b will cause large perturbation in x.

Example 2.11 Consider solving the following system of linear equations

20514 4424 987 224 T, 20514
4424 987 224 54 zy || 4424
987 224 54 14 zs | 987
224 54 14 4 74 224

Sol: The numerical solution obtained by using Matlab command A\b, where A is the
coefficient matrix and b is the right-hand-side vector, is

1.00000000000002
—0.00000000000003
—0.00000000000055

0.00000000000125
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However, if by is changed from 20514 to 20515, then the numerical solution becomes

0.99672906602257
—0.00528381642514
0.16978663445968
—0.33974939613341

One may check that the 2-norm condition number of the coefficient is rka(A) &~ 6.1191 X
10°. ]

2.3 Floating-Point Error Analysis

In addition to inaccurate representation of numbers, the arithmetic performed in a com-
puter is not exact. The arithmetic involves manipulating binary digits by various shifting,
or logical, operations. We now consider the errors that are produced in the course of el-
ementary arithmetic operations.

Let ® stand for any one of the four basic arithmetic operators 4+, —, x, —. Whenever
two machine numbers x and y are to be combined arithmetically, the computer will
produce fl(z ® y) instead of x ® y. In the operation, = ® y is first correctly formed,
normalized, and then rounded to become a machine number. Under this assumption and
(2.6), the relative error of fl(z ® y) satisfies

fllzoy) =(xoy)(1+9), 0 <ey, (2.8)

where €, is the unit roundoff. But if z, y are not machine numbers, then they must
first rounded to floating-point format before the arithmetic operation and the resulting
relative error becomes

FIfL(2) © fi(y) = (21 +8) O y(1 + 6:)) (L +63), & < e, i=1,2,3.  (2.9)

Thus, the machine unit roundoff gives an upper bound for the relative error in any single
basic arithmetic operation.

The analysis (2.8) can be extended to arithmetic operations on three floating-point
numbers. For example,

flz(y+2) = (- flly+2))(1+d)
z(y + 2)(1 + 02))(1 + 01)
= z(y+2)(1+ 1+ s + 6102)
z(y+ 2)(1 + 61 + 02)
( (

= x(y+2)(1+d3)

Q

The generalization to the sum of n floating-point numbers is as follows.

Theorem 2.2 Let xg,x1,...,2x, be positive floating-point numbers. Then the relative
n

error in computing Z x; in the usual way is at most (1 + epr)" — 1 = neyy, where €y is

=0
the machine unit roundoff.
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Proof: Let Sy = xg+z1+-- -+ and S; = fI(Sk), and be computed in the usual way

f5-n wa | G0
Sj+1 = Sj + 1 S;+1 = fl(S; + xj-i-l)

Define
Sllk — Sk SZH - Sk+1
Pr = S—k and op = m7
where each |Jx| < €p7. Then
Sk~ Sk
Pk+1 = —Sk+1
 (Sp ) (X + 0k) = (S + @p41)
B Skt1
_ Sk + pi) + @) (1 A+ 65) — (Sk + Tpr1)
B Sk+1
Sk + oSk + Tp1) (1 + 0%) — (Sk + Ta1)
N Skt1
Skt peSk + Tpg1 + 0 Sk + OkprSk + OrTri1 — Sk — Tpia
B Skt1
. kak + 6kSk + 5kpk5k5kxk+1
N Skt1
_ Ok(Sk + xp41) + pr(Sk + 0 Sk)
B Sk1
~ 0pSkr1 + prSk(1 4 0)
N Skt1
= O+ pi (Ssk ) (14 ).
K+

Since x; are all positive, Sy < Ski1, and

|| < a4 |l (1 + enr) = ear + 0] o],

where 0 = 1 + ¢j;. Thus

lpol = 0

1l < enm

lp2] < em +emb

lps| < enr + earl + €60?



34 Chapter 2. Computer Arithmetic
In general,

‘pn’ < €M+€M0—|—602+...+€9n*1
= e(1+0+02+...+9n—1)

0" —1
- 6(9—1)
_ 6<<1+6M>n—1>
1+ey—1
= (1+€M)n_1

n n
(o e

2.4 Stability and Conditioning

2.4.1 Numerical Stability

A numerical process is unstable if small errors made at one stage of the process are
magnified and propagated in subsequent stages and seriously degrade the accuracy of the
overall calculation. Whether a process is stable or unstable should be decided on the
basis of relative error.

Example 2.12 Consider the following recurrence algorithm

Ty = 17 T =
_ 13 4
Tnt1 = ?xn - §$n—1

Wl

for computing the sequence of {x, = (3)"}. This algorithm is unstable.

Sol: A computer implemention of the recurrence algorithm gives the following result.

n Ty n Tn n Tn n Tn

0 | 1.0000000 | 4 | 0.0123466 | 8 | 0.0003757 | 12 | 0.0571502
110.3333333 | 5| 0.0041187 | 9 | 0.0009437 | 13 | 0.2285939
21 0.1111112 | 6 | 0.0013857 | 10 | 0.0035887 | 14 | 0.9143735
31 0.0370373 | 7 | 0.0005153 | 11 | 0.0142927 | 15 | 3.6574934

The error present in z,, is multiplied by % in computing z,1. For example, the error

will be propagated with a factor of (1—5’)14 in computing x15. Additional roundoff errors
in computing s, 3, ... may also be propagated and added to that of x5. [ ]
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2.4.2 Conditioning

A problem is ill-conditioned if small changes in the data can produce large changes in the
resluts. For a nonsingular square matrix A, the condition number of A is defined as

k(A) = AIIAI,

with respect to some matrix norm. For a general rectangular matrix, the singular values
are used to characterize the condition number

/-{(A) — O-max,

Omin

where 0,4, is the largest singular value of A and 0,,;, the smallest singular value. A is
said to be ill-conditioned if k(A) is large, and well-conditioned when k(A) is modest. A
well-known ill-conditioned matrix is the Hilbert matrix

nxn 1
H, = [hlj] e R™ , where h,’j = W——l

In general, ill-conditioning is not easy to detect.
In solving a system of linear equations Ax = b in which A is ill-conditioned, small
perturbation in b will cause large perturbation in x.

Example 2.13 Consider solving the following system of linear equations

20514 4424 987 224 1 20514
A 4424 987 224 54 T | 4424
987 224 54 14 T3 987
224 54 14 4 T4 224
A numerical solution gives
1.000004
~ | —0.000038
0.000126
—0.000131

However, if by is changed from 20514 to 20515, then the numerical solution becomes

0.642857
3.750000
—12.3928
12.7500
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Chapter 3

Direct Methods for Solving Systems
of Linear Equations

Systems of linear equations are associated with many problems in engineering and science,
as well as with applications to the social sciences and the quantitative study of business
and economic problems.

The principal objective of this chapter is to discuss the numerical aspects of solving
linear systems of equations having the form

a11x1 + a1pxo + -+ - + a1y, = bl
a21T1 + Q22X + * + + + AopTh = bz
, (3.1)
Ap1T1 + Q22 + - + ATy = bn
This is a linear system of n equations in n unknowns xy,xs,...,z,. This system can
simply be written in the matrix equation form
Az = b, (3.2)
where
ain a2 - Qin by I
Qg1 Q22 -+ Q2p by T
ap1 Qp2 " Qnn bn L,

This equation has a unique solution z = A~'b when the coefficient matrix A is nonsin-
gular. Unless otherwise stated, we shall assume that this is the case. If A~! is already
available, then z = A~'b provides a good method of computing the solution z. If A~!
is not available, then in general A=! should not be computed solely for the purpose of
obtaining x. More efficient numerical procedures will be developed.

Direct methods, which are techniques that give a solution in a fixed number of steps,
subject only to round-off errors, are considered in this chapter. Guassian elimination
is the principal tool in the direct solution of (3.2). An important technique is to use
Gaussian elimination to factor the coefficient matrix into a product of matrices that
are easier to manipulate. The factorization is called LU-factorization and has the form
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A = LU, where L is unit lower triangular and U is upper triangular. We shall construct
a general-purpose algorithm, analyze the errors that are associated with the computer
solution, and study methods for controlling and reducing the errors.

3.1 Triangular Systems

The Gaussian elimination and LU factorization methods for linear systems involve the
conversion of the given square matrix to a triangular system that has the same solution.
This section is about the solution of triangular systems.

3.1.1 Diagonal System

We begin by considering the case in which A has a diagonal structure. The easiest linear
system of equations (3.2) is the one with diagonal coefficient matrix A, i.e., all the nonzero
elements of A are on the main diagonal,

ail 0 Ce 0
A - 0 a.QQ . 0
0 0 Ann

In this case, computing the solution x is trivial

X1 bl/an
x bsa/a

ee | 2| (3.4)
Ty, bn/ Cpn

provided that all a; # 0. If a; = 0 and b; = 0 for some index i, then x; can be any real
number. If a; = 0 but b; # 0, no solution of the system exists.

However, a linear system with diagonal coefficient matrix is not common and reducing
a general matrix to diagonal form is not practical.

3.1.2 Forward Substitution

When a linear system Lx = b is lower triangular of the form

611 0 ce 0 I bl
€21 522 S 0 ) b?

gnl £n2 gnn T, bn
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where all diagonals ¢;; # 0, x; can be obtained by the following procedure

T = 51/511

To2 = (b2 - Ezlxl)/gzz

xr3 = (b3 — l3121 — 532932)/533

Tn = (bn — U1y — Loy — - — gn,n—lxn—l)/énn

The general formulation for computing x; is

i—1
j=1

This procedure is known as the forward substitution and is used for solving a lower
triangular linear system. Algorithms for forward substitution in row-oriented and column-
oriented oder are presented.

Algorithm 3.1 (Forward Substitution: Row Version) Suppose that L € R™" is
nonsingular lower triangular and b € R™. This algorithm computes the solution of Lx = b
using row-oriented procedure.

fori=1,...,ndo
tmp = 0.0
forj=1,...,i—1do
tmp = tmp + L(i,j) * z(j)
end for
2(3) = (b(3) — tmp)/L(i, )
end for
Algorithm 3.2 (Forward Substitution: Column version) Suppose that L € R"*"
1s nonsingular lower triangular and b € R™. This algorithm computes the solution of
Lz = b using column-oriented procedure.

fori=1,...,ndo
(1) = b(i)
end for
for j=1,...,ndo
x(j) = =(j)/L(j,J)
fori=(7+1),...,ndo
2(t) = x(i) — L(4, j) * x(j)
end for
end for
Since b; is only involved in the formula for x;, therefore the memory storage for b

can be overwritten by x. The number of floating-point operations, flops, involved in the

forward substitution are .

> R(i-1)+2 =n"+n

i=1
Hence the forward substitution algorithm is an O(n?) algorithm.
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3.1.3 Back Substitution

The analogous algorithm for upper triangular system Ux = b of the form

Uyp U2 -+ Ulp X by
0 wug -+ U, X2 _ by (3.7)
0 0 - Upp T b,

is called back substitution. The solution z; are computed in a reversed order by

Tp—1 = (bn—l - un—l,nxn>/un—1,n—1
Tp—2 = (bn72 — Up—2n—-1Tn—-1 — un72,nxn)/un72,n72
I = (bl — U122 — UI3T3 — *** — U1n517n)/u11

provided that all u;; # 0. The general formulation is

j=it1
Algorithm 3.3 (Back Substitution: Row Version) Suppose that U € R™ ™ is non-

singular upper triangular and b € R™. This algorithm computes the solution of Ux = b
using row-oriented procedure.

z(n) =b(n)/U(n,n)
fori=(n—-1),...,1do
tmp = 0.0
for j=i+1:ndo
tmp = tmp + U(i,7) * x(j)
end for
(i) = (b(i) — tmp) /U (i, %)
end for
Algorithm 3.4 (Back Substitution: Column Version) Suppose that U € R™™" is
nonsingular upper triangular and b € R"™. This algorithm computes the solution of Uz = b
using row-oriented procedure.
fori=1,....,ndo
x(i) = b(7)
end for
for j=n,...,1do
x(j) = z(5)/U(j,J)
fori=1:(j—1)do
2(i) = (i) = U(i,5) * 2(j)
end for
end for

Once again the memory storage for b can be overwritten by x. Back substitution
requires n? + O(n) flops.
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3.2 aussian Imination an actorization

In dealing with systems of linear equations there is a concept of equivalence that is
important. If two systems have precisely the same solutions, they are equivalent systems.
Thus, to solve a system of linear equations, we can instead solve any equivalent system,
no solutions are lost and no new ones appear.

As we have just seen in the previous section that triangular systems are “easy” to solve.
The motivation at the heart of Gaussian elimination is to convert a given system Ax = b
to an equivalent triangular system. The conversion is achieved by taking appropriate
linear combination of the equations. In this section we will give a complete specification
of this central procedure and derive an algorithm that computes a matrix factorization
called LU factorization such that A = LU, where L is unit lower triangular and U is
upper triangular. The solution to the original problem Ax = LUx = b is then found by
a two-step triangular solve process:

Ly =10, Uz =y. (3.9)

3.2.1 Gaussian Elimination

Given a system of linear equations to be solved, it can be transformed into a simpler
equivalent system by the following three types of elementary operations:

1. Interchange two equations in the system (or equivalently, interchange two rows in
A):
52- g gj;

2. Multiply an equation by a non-zero constant (multiply one row of A by a non-zero

constant):

3. Add to an equation a multiple of some other equation (add to a row a multiple of
some other row):

Here &; denotes the i-th equation in the system. If one system of equations is obtained
from another by a finite sequence of elementary operations, then the two systems can be
proved to be equivalent.

The first step in the Gaussian elimination process consists of performing, for each
1=2,3,...,n, the elementary operations

i1

(C/’i — ((C/'Z — miylé’l), where m;1 = (310)

arn
These operations transform the system into one in which all the entries in the first column
below the diagonal are zero. Then the process is repeated on the resulting equations
&, ..., &y, and so on.

The elementary operation can be carried out with matrix multiplications. An elemen-
tary matrix is defined to be an n xn matrix obtained by applying an elementary operation
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to the n x n identity matrix. Each elementary operation on A can be accomplished by

multiplying A on the left by an elementary matrix.

To describe formally the process of Gaussian elimination, we interpret it as a succes-
sion of n — 1 major steps resulting in a sequence of matrices as follows:

A=AD 5 4@ _ ...

— A

where A™ is upper triangular. At the conclusion of step k — 1, the matrix A®) is

constructed from A
form:

(k—

1

A [ [ e ]
0 e O L

a0 _ |0 0 o %) 24
0 N o o
R T L I R

) by elementary operations similar to (3.10), and has the following

In the k-th step, a,(;z) is used as a pivot element and the k-th row as pivot row, and elemen-
tary operations are applied to rows k + 1 through n so that zeros are produced in column
k below the diagonal. That is, A**1) is obtained from A® in which a,ﬁ?,l, - ,afﬁfl)
are zero, row k + 1 through n are modified but row 1 through row k£ are unchanged when

compared to A®). More precisely, the entries of A*+Y are produced by the formula

ai;’ fori=1,...)k,and j=1,... n;
o) — )0, fori=k+1,....,n,and j=1,... k; (3.11)
*J (k)
agf) —af—ﬁ)*ag;), fori=k+1,...,n,and j=k+1,...,n.
Ak
If we collect all the multipliers
0, if 1 < k;
Ci, = 1Zk) it i = k; (3.12)
Sk if i >k,
Dk

and let L = [(3] and U = A™ then L is unit lower triangular, U is upper triangular,
and later we shall show that matrix A has the factorization A = LU.

An algorithm to carry out the basic Gaussian elimination process just described is as
follows.

Algorithm 3.5 (Gaussian elimination) Given A € R™"™ and b € R", this algorithm
implements the Gaussian elimination procedure to reduce A to upper triangular and mod-
ify the entries of b accordingly.
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fork=1,...,n—1do
fori=k+1,...,ndo
t=A(i, k)/A(k, k)
A(i k) =0
b(i) = b(i) —t * b(k)
for j=k+1,...,ndo
end for
end for
end for

In the algorithm, it is assumed that all the pivot elements in the elimination pro-
cess are nonzero. However, it is clear from (3.11) and (3.12) the algorithm will break
down if a zero A(k, k) is encountered. A check for nonzero pivot should be included in
practical implementation. After the reduction, A becomes upper triangular and the back
substitution can be used to obtain the solution vector x.

Example 3.1 This example illustrates the application of Gaussian elimination in solving
system of linear equations.

6 22 41 [mn 12
12 -8 6 10 || a | | 34
3 139 3| |as| | 27
6 41 —18 | | x4 —38

Sol:

1

15t step Use 6 as pivot element, the first row as pivot row, and multipliers 2, 5, —1 are

produced to reduce the system to

6 -2 2 4 T 12
0 —4 2 2 T | 10
0 —12 8 1 r3 | 21
0 2 3 —14 Ty —26

step Use —4 as pivot element, the second row as pivot row, and multipliers 3, —1

2nd
2
are computed to reduce the system to

6 —2 2 47 [ 12
0 —4 2 2| || | 10
0 02 —5||as| | -9
0 04 —13 ]| | a4 —21

3¢ step Use 2 as pivot element, the third row as pivot row, and multipliers 2 is found
to reduce the system to

6 —2 2 47 [z 12
0 —4 2 2| |a| | 10
0 02 =5 || a3 -9
0 00 =3 | a -3
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Now the solution can be obtained by solving this triangular system with back substitution.
Note that if we collect all the multipliers and let

1 000 6 -2 2 4
2 100 0 —4 2 2
L=1"1 310 U=l o2 5|
-1 -1 21 0 00 -3
then one can verify that LU = A. [

3.2.2 Gaussian Transformation and LU Factorization

To obtain a matrix factorization description of Gaussian elimination, it is easier to use
a matrix description of the zeroing process. For a given vector v € R™ with v, # 0 for
some 1 < k < n, let

-0 T
b= k41 =] % |,
Vi €k+1,k
L gn,k A
and
[ 1 0 0o - 0]
0 1 0 - 0
77 T _
My, =1 — lie, 0 oo by 1 0 (3.13)
0 o Ly O - 1
Then one can verify that
-y
_ | Yk
Mkv = 0
U
That is, My zeros vgi1, ..., v, and keeps vy, ..., v unchanged. This unit lower triangular
matrix M, is called a Gaussian transformation, the vector [, a Gauss vector, and the
entries {yy1, ..., L, the multipliers. Furthermore, one can verify that
T 1 ... 0O 0 --- 07
0 1 0 - 0
1 _ (7 _7 T\-1_ T _
| 0 b O 1
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Given a nonsingular matrix A € R"*" Gauss transformations My, My, ..., M,,_; can
usually be found such that M, _;--- MyM;A = U is upper triangular. To see this, we
denote AV = [ag)] = A. If a{} # 0, then the Gauss transformation

0
14 (1)
Mlzl—lleip, where [} = ?1 , Eilz%, 1=2,...,n,
: aqq
gnl
can be formed such that
2 2 2
o o
40 MIA(U _ 0 asy -+ ay. ’
0 afo) oo g
where
2) az(jl.), forer=1and j=1,...,n;
a.. =
" ag;)—éﬂ*ag?, fori=2,...,nand j=2,...,n.

The procedure can proceed to zero the entries in the second column below the diagonal,
and so on. In general, at the k-th step, we are confronted with a matrix

AR — M, 1 MQMlA(l)

r o (k k k k k) T
agl) aglz) T ag},}—l ag;’; T agl?)
0 ay) - a¥h, | a o ab)
B . ; ;
= 0 0o -- akf)l,kfl al(cjl,k e al(cjl,n
O 0 --- 0 al(g’z) .. a;(jl)
0o 0 -0 | a? o el
e 1 1 1 1)
L EE
Qo+ Qop g Qo =7+ Qop
_ (k) k) (k;
= 0 0o - A1 k-1 al(cq E akjl,n
o 0 - 0 a o W
0 0 - 0 a® o el

lp=k k1 on, (3.15)
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can be computed and the Gaussian transformation

S
T 0
My =1 —lge,, where [ = ,
Jmy
L Enk |
can be applied to the left of A% to obtain
i a(lliﬂ) a(1’;+1) o agklj——ll) aglzﬂ) agl:&-l) 7
0 agl;+1) . aék;—li aé’,i“) gl;+1)
0 0 agi“,)f_ a}gk_ﬂli a}({k_ﬂi
AR — pp AR — ; 6 : a(k—l}i) (k+1’1) ;
Kk kn
: 0 :
0 0 0 0 (k1)
in which
al(-?), fore=1,...k,j=1,...,n;
agfﬂ) =<0, fori=k+1,...,n,j=Fk; (3.16)
az(?) —Eika,(;;), fori=k+1,....n,7=k+1,...,n.
Upon the completion,
U= A(n) = Mn—l cee MQMlA
is upper triangular. Hence
A= MMy - MU= LU, (3.17)
where
L=M""My" MY = (I —Lel) ™ (I —lgey) oo (I —lygel )"
= ([ +hef)(I+beg)--- (I + 116, )
= I+ 116? + 1265 + -+ lnqeg,l
1 0 0 - 0]
by 1 0 --- 0
— l31 l3 1 -+ 0 (3.18)
_gnl gn? gnS 1_

is unit lower triangular. This matrix factorization is called the LU-factorization of A.
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Equations (3.15) and (3.16) provide formulations for computing the LU-factorization.
Alternatively, the algorithm can be derived directly by componentwise comparison in
A = LU. Suppose that the factors L and U are written as

[ 1 0 0 - 0] _U11 U2 U3 - Ulp |

by 1 0 -~ 0 0wz wgz -+ Uy

L = fgl 632 1 - 0 , U = 0 0 Uz =+  U3sp
i b1 lpo lpg -+ 1 ] i 0 0 0 - Upn |

By comparing the components in A = LU as

a1; a2 @13 - Qp
Q21 Qg2 Q23 -+ Q2p
a31 Q32 azz -+ Azp
| Ap1 Ap2 QApz - Apn |
Uy U2 U13 tee U1n
lo1ugq lourg + Ugo Uo1u13 + laguaz s lo1ury, + U2y

= | lo1urr  La1ugn + C3oug l31u13 + laougs + ugg - : 3

| lpaunr Cpatag F Cpouay,  Cpitns + Cootiaz + Cpsuss -+ Lpatyn + -+ + Uy |

we see that uy; = aq1, w12 = aja, ..., U, = a1,. Once uqg is determined, ly; = agy /uqy, l31 =
asy/uity .-y lp1 = ap1/uiy can be computed. Next, ags = lo1ujg + uge. Since fy and
u1y are known at this stage, uss = ag9 — fo1u1o is computed. Once ugy is determined,
U22, . . ., Uy, and fag, ..., Lo can be obtained. Then we proceed to compute the third row
of U and the third column of L, and so on.

The principal of the procedure follows from the identity

min(z,5)

Q5 = Z Eipupj. (319)
p=1

Suppose that after £ — 1 steps we have computed the first £ — 1 columns of L and the
first k — 1 rows of U. At the k-th step, we can first determine wuyy, since

k k—1
S E CrpUpr, = E CrpUpl + Uk,
p=1 p=1

and Cyp, upe, p=1,2,...,k — 1, are known. The computation is done by performing
k—1
Ukl — Akl — Z fkpupk. (320)

p=1
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Once uyy is determined and ug, # 0, we can compute the k-th column of L and the k-th
row of U. By using the identities

k—1

Ajf = E lipupk+likukk, i:k+1,...,n,
p=1

and

k-1
akj:Zlkpupj—i—ukj, Jj=k+1,...,n,
p=1

we can compute

k—1
gik = <(Iik — ZE@UPIC) /ukk, 1=k + 1, ooy, (321)
p=1

and

k-1
g = arg = ) bty j=k+1.n. (3.22)
p=1

Formulations (3.20), (3.21), and (3.22) together give the Doolittle LU-factorization
algorithm.

Algorithm 3.6 (Doolittle LU-Factorization) Given a nonsingular square matriz A €

R™ ™ this algorithm computes a unit lower triangular matriz L and an upper triangular
matriz U such that A = LU.

Initialize L =0, U =0
for k=1,...,ndo
Lk, k) =1
t=20
forp=1,....,k—1do
t =t+ L(k,p) «U(p.k)
end for
Uk, k)= A(k, k) —t
forto=k+1,...,ndo
t=20
forp=1,....k—1do
t=1t+L(i,p) xU(p, k)

end for

L(i, k) = (A(i, k) —t) /U (k, k)
end for
forj=k+1,...,ndo

t=0

forp=1,...,k—1do
t=t+ L(k,p)*xUl(p,j)
end for
end for
end for
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For practical implementation, the storage of A can be overwritten by the entries of
L and U. The upper triangular components of U overwrite upper triangular part of A,
and the multipliers (the strictly lower triangular part of L) can be stored in the strictly
lower triangualr part of A. The diagonal part of L needs not to be stored since they are
all 1. An outer-product version of the LU-factorization is as follows.

Algorithm 3.7 (LU Factorization) Given a nonsingular square matric A € R™ ",
this algorithm computes a unit lower triangular matrix L and an upper triangular matrix
U such that A = LU. The matrixz A is overwritten by L and U.

for k=1,....n—1do
fori=%F+1,...,ndo
A(i, k) = A(i k) JA(k, k)
for j=k+1,...,ndo
A(Zvj) = A(Z>]) _A<Z7k)*A(k7])

end for
end for
end for
This algorithm requires
n—1 n 9 1 1
2(n — k) = =n*— —n*+ -n

. 3 2 3

k=1 i=k+1

flops.

The LU-factorization together with forward substitution and back substitution is a
standard procedure for solving the linear system of equations. This approach requires
2n3 4+ O(n?) flops. The computation of the factorization dominates the cost.

3.2.3 Existence and Uniqueness of LU Factorization

Definition 3.1 (Leading principal minor) Let A be an n X n matriz. The upper left
k x k submatriz, denoted as

11 Q2 - A1k
Q21 Q22 - Az

Ak - . . . . ;
Qg1 Qg2 -+ Qg

is called the leading k X k principal submtriz, and the determinant of Ay, det(Ag), is
called the leading principal minor.

Theorem 3.1 If all leading principal minor of A € R™*™ are nonzero, that is, all leading
principal submatrices are nonsingular, then A has an LU-factorization.

Proof: Proof by mathematical induction. When n = 1, A; = [a1;] is nonsingular, then
a;; # 0. Let Ly = [1] and U; = [ay1]. Then A} = L,U;. The theorem holds.
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Assume that the leading principal submatrices Ay, ..., A, are nonsingular and Ay
has an LU-factorization A, = LyUy, where L; is unit lower triangular and Uy is upper
triangular. We shall show that there exist an unit lower triangular matrix Lj,; and an
upper triangular matrix Uy, such that Ay 1 = Ly 1Uky.

Write
a1 k+1 Ag41,1
Ay Uk a2 k+1 Ak+1,2
Apyr = T ,  where v, = ) and wy =
Wy, Of+1,k+1
Ak k+1 Ag41,k

Since A;, is nonsingular, both L, and Uy are nonsingular. Therefore the system Ly, = vy
has a unique solution y;, € R¥, and 2'U;, = w{ has a unique solution z;, € R*. Let

L. 0 Uk Yk
Ly = and Ugyq = .
ta { 21 1 i { 0 @ks1pe1 — 2} Uk
Then Ly is unit lower triangular, Uy is upper triangular, and

LUy Ly ] A Vg
T T T - T
22Uk 23 Y + Qg k1 — 25 Yk Wy Ag41k41

LitiUppq = [ } = Apq1.

This proves the theorem. [ ]

Theorem 3.2 If A is nonsingular and the LU factorization exists, then the LU factor-
ization is unique and det(A) = ugq - Upy.

Proof: Suppose both A = LU} and A = LyU; are LU factorizations. Since A is
nonsingular, Ly, Uy, Ly, Uy are all nonsingular, and

A= L1U1 = LQUQ — L2_1L1 = U2U1_1.

Since L; and Ly are unit lower triangular which implies L, 'L, is unit lower triangular,
and U, and U, are upper triangular which implies UsU; ! is upper triangular, it follows
that Ly'L; = I = UyU; . Therefore Ly = Ly and U; = Us. n

3.3 Pivoting

It is clear from the formulations, e.g., (3.20), (3.21), and (3.22), presented in the previous
section that Gaussian elimination may fail or may not give satisfactory results if a zero
or small pivot entry encountered during the procedure. Therefore good algorithms for
solving systems of linear equations must incorporate the interchanging of equations in a
system when the circumstances require it. In this section we shall illustrate some of these
situations and present the most commonly used pivoting strategies.
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3.3.1 The Need for Pivoting

The Gaussian elimination algorithm 3.5 could fail on systems that are in fact easy to
solve. For example, the algorithm would fail at the first step on the input system

[0 1] [a ] _[1]
10 | o 1

since the first pivot element is zero. But if we interchange the rows, the system

(1 0] [a] [1]
_01_ T 1

becomes trivial to solve.

Another difficulty will arise when a pivot element encountered is a small number
¢ different from zero. For example, the simple Gaussian elimination algorithm would
produce relatively large error on the system

L]

where € < €)7. Algorithm 3.5 would compute
3 1 I . 1
0 —% i) B —% ’

ERE I P

since in the computer, if € is small enough, 1 — % will be computed to be the same as —%.
Likewise, 2 —% will be computed to be the same as —%. Hence, under these circumstances,
back substitution would produce

=

1-1
=1 and z;=—=0.
5

|f“)

To =

o =

The computed solution is accurate for x5 but is extremely inaccurate for z; since

El

But actually x1 = 29 = 1 would be a much better solution since

L)

On the other hand, it would produce a much better result if we interchange the rows
since Gaussian elimination would compute

S 1l R b g S 1 g P

and the back substitution will give
~1 and 29=2—2;~2—-1=1.

1—2e¢
I =

1—¢

The strategy of interchange rows/columns as described above is called “pivoting”.
And we have seen that pivoting is necessary for some systems.
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3.3.2 Partial Pivoting and Complete Pivoting

As we have observed in the previous subsection that if agz) is small in magnitude compared

to agllj), 1=k+1,...,n, then the multipliers

L
ik = 1
al(ck)

will have magnitude much larger than 1. Roundoff introduced in computing

W) = ol —gxaly), i=k+1,...n, j=k+1,...n,

al] [

will be large. Also when performing the back substitution for

n
T = (bk — Z a,i?) /a,ﬁ),
j=k+1

where by, is the modified by by algorithm 3.5, any error in the numerator will be dramat-
ically increased when dividing by a small a,(c];).
To ensure that no large entries appear in the computed triangular factors, one can

choose a pivot element to be the largest entry among ]a,(:z)], e |ag§f |. Then permute this
row with the k-th row. The multipliers ¢;;, are computed after the permutation.
To explain the pivoting techniques in matrix language, let P, ..., P._; be the permu-

tations chosen and M, ... My_; denote the Gaussian transformations performed in the
first k — 1 steps. At the k-th step, a permutation matrix P, is chosen so that

|(PeMy—q - - My PLA) | = max |(Mg—1--- MiPrA) .

This row interchange strategy is called partial pivoting. As a consequence, no multipliers
is greater than one in magnitude, that is, |(;;| < 1fori=1,...,n, j =1,...,i. Upon
completion, we obtain an upper triangular matrix

U= Mnflpnfl s MlplA. (323)

Since any permutation matrix P, is symmetric and Pl P, = P? = I, a manipulation of
(3.23) reveals that

M, 1P,y MyP,M\Py--- Py 1P, y--- PLA=U,

therefore,
Pyi--PLA= (My 1Py y--- MyP,MyPy--- Py 1) 'U.

In summary, Gaussian elimination with partial pivoting leads to the LU factorization
PA=LU, (3.24)

where
P=P, , --P
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is a permutation matrix, and

L= (My1Pyy- - MoPyMy Py Pyy) ™

is unit lower triangular.

While in the partial pivoting algorithm, the k-th pivot is determined by scanning the
current k-th subcolumn A®(k : n, k), another pivoting strategy called complete pivoting
searches for the largest entry in magnitude in the current submatrix A% (k : n, k : n) and
permutes to the (k, k) position. That is, at the k-th step two permutation matrices P
and ) are determined so that

|(PkA(k)Qk:)kk{ = max ’(A(k))ij"

k<ij<n
Gaussian elimination with complete pivoting leads to the LU factorization
PAQ = LU, (3.25)

where P, () are permutation matrices, L is unit lower triangular, and U is upper triangular.

In practical implementation, no permutation matrix should ever be explicitly formed.
The permutations can be efficiently represented by an integer n-vector. For example, an
integer array p is usually used for partial pivoting to keep the indices of rows such that
p(k) stores the row index which interchanges with row k. In other words, (3.11) becomes

4"
EONE
(k+1) _ )0, foro=k+1,...,n, and j = k;
Up(i) = J (3.26)

fori=1,...)k,and j=1,... n;

O Y R dickil
ap(i)yj—%*ap(k)’j, ort=r-+1,...,n,and )=k +1,...,n.

Two integer arrays will be required to store the permutation information for complete
pivoting.

It should be noted that although there is no floating-point arithmetic involved when a
permutation is applied to a matrix, only row/columns exchanged, it often causes irregular
data movement and significant computational overhead. The LU factorization algorithm
3.7 can be modified to incorporate with partial pivoting as shown in the following. The
one for complete pivoting is similar.

Algorithm 3.8 (LU-factorization with Partial Pivoting) Given a nonsingular square
matriz A € R" "™, this algorithm finds an appropriate permutation matriz P, and com-
putes a unit lower triangular matriz L and an upper triangular matrix U such that
PA = LU. The matrix A is overwritten by L and U, and the matriz P is not formed.
An integer array p is instead used for storing the row/column indices.
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for:=1,...,ndo

p(i) =1 % initialize the pivoting vector
end for
fork=1,...,n—1do

m=k

fortr=k+1,...,ndo
if [A(p(m), k)| <[A(p(2), k)| then
end if
end for
¢ = p(k)
p(k) = p(m)
p(m) = ¢
fori=k+1,....,ndo
Alp(i), k) = Ap(i), k) [A(p(k), k)
for j=k+1,...,ndo
A(). 1) = A1) = AG(0).F)  Ap(E).J)
end for
end for

Since the Gaussian elimination with partial pivoting produces the factorization (3.24),
the linear system problem should comply accordingly.

Ar =b= PAx = Pb = LUx = Pb.

Hence the permutation needs to be applied to the right-hand-side vetor b, and the forward
substitution should be modified to

Algorithm 3.9 (Permuted Forward Substitution) Given an unit lower triangular
matrix L, a permutation matriz P, and an n-vector b, this algorithm solves the triangular
system Ly = Pb. The matriz L is stored in the strictly lower triangular part of matriz
A, and the premutation matriz P is represented by an integer array p.
y(p(1)) = b(p(1))/A(p(1), 1)
fori=1,....,ndo
t=20
forj=1,...,i—1do

t=1t+ A(p(i),j) * y(p(4))
end for

y(p(i)) = blp(i)) -t

end for

3.3.3 Scaled Row Pivoting

In the following example, one will see that it is not actually the smallness of the pivot
element that is causing the trouble. Rather, it is the smallness of the pivot element
relative to the other elements in its row. Consider

EEE
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where £ << €)7. The algorithm of Gaussian elimination with or without pivoting would

give
1 % W5} . % — 1 % T . %
0 1-1 x| | 2-1 0 =2 ] |la| | -2

and the back substitution will result

1

To=-=1, and =z =

'IQZO.

—_

™M | =
™ | =

£

Again, the solution is accurate for x5 but is extremely inaccurate for x; since

I 20 Ja ] [T 27707 _[12

11 xe | |1 10 |11
What causes the problem? One observes that the pivot element, 1, is too small relative
to the other entries, %, in the pivot row in this example.
Another pivoting strategy called scaled row pivoting is introduced. We begin the

factorization by computing the scale of each row

—_

si = max lai;|, i=1,...,n. (3.27)

These values are stored in an array s in the algorithm. To keep track of the row indices,
we begin by setting the permutation vector, also called pivoting vector, p = [1,2,...,n]T.

In each Gaussian elimination step k, the algorithm scans the numbers

|ap(i) k|

Sp(i)

1=k,...,n,

looking for a maximal one. Suppose m is the row index of the maximal ratio, we exchange
indices p(k) and p(m), and use the new ay) . as the pivot element and row p(k) as the
pivot row to zero entries ap(x+1),x throught a,e,) x, and modify the lower right submatrix,
that is,

Ap(i) k - .

ap(,»),jHap(i)d——*ap(k),j j—k-'-l,...,n, ’l—k—i—l,...,n.

Ap(k),k

This procedure is repeated for k=1,...,n — 1.
We use the following example to illustrate how the Gaussian elimination with scaled

row pivoting works.

Example 3.2 Consider solving the linear system of equations in Fzample 3.1 using
Gaussian elimination with scaled row pivoting.

Sol: Initially, we have

6 -2 2 4 1 6
A_| 12 86 10 12 12
3 —13 9 3|’ 3| 13
—6 4 1 —18 4 18

Step through the Gaussian elimination with scaled row pivoting we have
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k=1: Scan 8 12 3 6 choose row 1 as the pivot row, vector p unchanged.

67127137 18

6 —2 2 4 1

2 —4 2 2 2

A= 1 pg 1] P73

-1 2 3 —14 4

_9. 4 12 2 .
k=2: Scan 4, 13, 13, choose row 3 as the pivot row.

6 -2 2 4 1

2 1 _2 5 3

= 3 73 3 _
A L1208 1 P
113 83
-1 -5 3 % 4
a. 2/3 13/3 .
k=3: Scan 73, ¢, choose row 4 as the pivot row.
6 -2 2 4 1
2 1 _2 _ 18 3
— 3 13 7 39 _
A L1208 1| P
1 13 _ 83

-1 =5 3 —% 2

Note that the entries of A are not actually moved and some positions of A are overwritten
by the multipliers. If we let

1 0 00
0 0 01
P= 01 00
0010
denote the permutation matrix and
1 0 00 6 -2 2 4
11 00 0 —12 8 1
p— 2 p—
L -1 - 10’ =10 o 28
2 5 —=& 1 0 0 0 —5
then one can verify that PA = LU. ]

Algorithm 3.10 (Gaussian Elimination with Scaled-Row Pivoting) Let A € R™*"
be a nonsingular matrix. This algorithm performs the Gaussian elimination with scaled
row pivoting to produce the factorization PA = LU. The matriz A is modified and the
multipliers are stored in A. An integer array p is used to store the permutation informa-

tion.
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for:=1,...,ndo
p(i) =i
S(Z)ZIS%J%H

end for

fork=1,...,n—1do
m=k

fori=k+1,....ndo
if [A(p(m), k)|/s(p(m)) < [A(p(i), k)|/s(p(7)) then
end if
end for
¢ = p(k)
p(k) = p(m)
p(m) = ¢
fori=k+1,...,ndo
A(p(l), k) - A(p(l), k)/A(p(k‘), k)
for j=k+1,...,ndo
A().J) = A1) = A0 F)  Alp(E). 1)
end for
end for

The number of arithmetic operations in the factorization can be approximately esti-
mated as

n—1 n—1 n—1
dn—k)+2(n—k)(n—k+1)]=2> k¥ +3> k+(n—1)
k=1 k=1 k=1
2 1 1 2 1

= §n3+§n2—6n—1%§n3+§n2.

For large n, the term §n3 is the dominant one.

Notice that the multipliers are being stored in A at the locations where 0’s would
have been created by the elimination process. That is, factors L and U overwrite A. The
original matrix A should be saved in a separate array if it will be need again in later
computation.

Once the factorization has been carried out on A, we apply the forward substitution
algorithm using the final permutation array p and the multipliers that were determined by
the factorization process and were stored in A. Finally we carry out the back substitution
algorithm to solve for x.

Algorithm 3.11 (Updating & Back Substitution) Given b € R", an integer array
p, and A € R™ " where A is the resulting matriz after Gaussian elimination with scaled
row piwoting, this algorithm solves Ax = b for x.
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fort=1,...,n—1do
forj=i+1,...,ndo
b(p(4)) = b(p(4)) — Alp(4), %) * b(p(z))
end for
end for
forto=n,n—1,...,1do
t=20
for j=1+1,...,ndo
t=t+ Ap(i), j) * =(j)
end for
(1) = (b(p(2)) — ) /A(p(i), 1)

end for

The number of floating-point operations involved in the solution phase is about

n—1 n n—1 n
d2n—i)+ ) 2n—i)+2/=2> k+2) k=20
=1 =1 k=1 k=1

In summary, it costs %ng + O(n?) flops to solve the linear system of equations Az = b
using Gaussian elimination with scaled row pivoting. Note that it would take %n?’ +0(n?)
just to compute A1, Be advised that A~! should not be computed when solving a linear
system Ax = b, but rather x should be solved for directly.

3.4 Some Special Linear Systems

It is a basic tenet of numerical analysis that structure should be exploited whenever solv-
ing a problem. Algorithms for general matrix problems can be streamlined in the presence
of such properties as symmetry, definiteness, and sparsity. This is the central theme of
this section, where our principal aim is to discuss special algorithms for computing special
variants of the LU factorization.

3.4.1 Symmetric Positive Definite System and Cholesky Fac-
torization

An n x n matrix A is positive definite if 27 Ax > 0, for all x € R", x # 0. If A is both
symmetric and positive definite (spd), then we can derive a stable LU factorization called
the Choleseky factorization.

Lemma 3.1 If A € R"™" is positive definite, then A is nonsingular and a; > 0 for
1=1,...,n.

Proof: Suppose A is singular. Then there exists x € R™ and = # 0 such that Ax = 0.
This implies 27 Ax = 0, which contradicts the fact that A is positive definite. Therefore
A is nonsingular. It is also easy to see that

T
Ay = €; Aei > 0,

where e; is the ¢-th column of the n x n identify matrix. [ |
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Lemma 3.2 If A € R™" is positive definite, then all leading principal submatrices of A
are nonsingular.

Proof: For 1<k <mn,let z = [11,..., 27 € R¥ and 2 = [x1,...,74,0,...,0]T € R,
where 1, ..., 7, € R are not all zero. Since A is positive definite,

z,{Akzk =21 Az > 0,

where A is the k x k leading principal submatrix of A. This shows that A, are also
positive definite, hence A; are nonsingular. [ ]

Theorem 3.3 If A € R™" is symmetric positive definite, then there exists a unique
lower triangular matriz G € R™"™ with positive diagonal entries such that A has the
factorization

A=GGT. (3.28)

Proof: From Lemma 3.2, all leading principal submatrices of a positive definite ma-
trix are nonsingular, hence A has the LU factorization A = LU, where L is unit lower
triangular and U is upper triangular. Since A is symmetric,

LU=A=A"=U0"L" = UWhH'=L"U"

Note that U(LT)™! is upper triangular and L=*U7 is lower triangular, this forces U(L*)™!
to be a diagonal matrix, say, U(LT)™' = D. Then U = DL”. Hence

A=LDL".
Since A is positive definite,
v"Ar >0 = 2"LDL"z = (L"2)"D(L"z) > 0.

This means D is also positive definite, and hence d;; > 0. Thus D'/? is well-defined and

we have
A=LDL" = LD'?D'*[" = GG,

where G = LDY2. Since the LU factorization is unique, G is unique. n

The factorization (3.28) is referred to as the Cholesky factorization and G is referred
to as the Cholesky factor or Cholesky triangle, when A is both symmetric and positive
definite.

To derive an algorithm for computing the Cholesky factorization (3.28) we assume that
the first kK — 1 columns of GG have been determined after £ — 1 steps. By componentwise
comparison with equation (3.28), one has

k
Z 2
Ak = Gkjs
j=1
which gives

k-1
ik = g, — Zgijw (3.29)
j=1
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Moreover,
k
a’ikZE Gij * Jkj, i:k+17"'7n7
7j=1

hence the k-th column of G can be computed by

k-1
ik = (aik — ) gij gkj) /gkky i=k+1,...,n. (3.30)
j=1

Equations (3.29) and (3.30) lay out the formulations for the Cholesky factorization algo-
rithm.

Algorithm 3.12 (Cholesy Factorization) Given annxn symmetric positive definite
matriz A, this algorithm computes the Cholesky factorization A = GGT.

Initialize G = 0
for k=1,...,ndo

N

Gk, k)= ,| Ak, k) — 7 G(k,7)*G(k,j)

1

J
fortr=k+1,...,ndo

G(i k) = (A(z’,k) —20@, ) % Gk, j)) / G(k, k)

j=1
end for
end for

In addition to n square root operations, there are approximately

n

1 1
D 2k —1+2k(n— k)] = §n3+n2—§n
k=1

floating-point arithmetic required by the algorithm. In practical implementation, the
lower triangular part of A can be overwritten by the Cholesy factor G.
It is clear from (3.29) that

k
2 2 .
j=1

Hence
|gk1’ S\/akk, VZ:L,]{? (331)

This means that the entries of GG are nicely bounded and will not grow large relative to the
diagonals of A. Therefore, pivoting will not be required, and the Cholesky factorization
is a stable numerical algorithm.
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3.4.2 Diagonally Dominant Systems

A matrix A € R™ " is said to be diagonally dominant if

n

laal > > agl.

=15

We shall show that Guassian elimination without pivoting can be safely used for this
class of matrices.

Lemma 3.3 If A € R™™" is diagonally dominant, then A is nonsingular.

Proof: Suppose A is singular. Then there exists z € R", z # 0 such that Ax = 0. Let
k be the integer index such that

|4]

|k = 111;1%>§L|a:1| = il <1, Vi#k.
Since Ax = 0, for the fixed k, we have
n n n
Doari =0 = apm=— Y agr; = laglled <) ekl
j=1 j=1j#k j=Lj#k

which implies
n

n
x.
larel < > |akj|M< > gl
||

J=1j#k J=1j#k

But this contradicts the assumption that A is diagonally dominant. Therefore A must
be nonsingular. =

Theorem 3.4 Gaussian elimination without pivoting preserve the diagonal dominance
of a matriz.

Proof: Let A € R™" be a diagonally dominant matrix and A? = [ag-)
of applying one step of Gaussian elimination to A = A without any pivoting strategy.
After one step of Gaussian elimination, agf) =0 for i = 2,...,n, and the first row is

unchanged. Therefore, the property

| is the result

n
2 2
aiy > Y la;])|
j=2
is preserved, and all we need to show is that

ag)> Z |a(2-)|, for 1=2,...,n.

ij
J=2,j#i
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Using the Gaussian elimination formula (3.11), we have

(1)
a; a;
|a£i2)| = az(il)_ ﬁ)*aﬁ) = |ag — —= * ay
aqq ai
a<
> |am-|—|‘ “‘| axi
- au' ‘azl‘_'_‘azl' ‘ | ’ 12‘
a.
— Jaal — an| + H « (lan| — lax)
n n
a/.
>3 e S o
J=2,5#1 1 j=2,j#1
n n |
= D layl+ Y |21|| 1]
J=2,5#1 Jj=2,j#i
n
> Z ajj — aﬂau
j=2.j#i i
n
-3
=2,

Thus A® is still diagonally dominant. Since the subsequent steps of Gaussian elimination
mimic the first, except for being applied to submatrices of smaller size, it suffices to
conclude that Gaussian elimination without pivoting preserves the diagonal dominance
of a matrix. [ ]

Theorem 3.5 If the Gaussian elimination with scaled row pivoting algorithm s applied
to a diagonally dominant matriz A € R™™, then the pivot vector will be p = [1,2,...,n]T.
That is, no permutation s needed.

Proof: By theorem 3.4, it is sufficient to prove that the first pivot row chosen by
Algorithm 3.10 is row one. That is, it is enough to show that

a a;
M>|i|, Vi=2,...,n
S1 S5

Because of the diagonal dominance,

n

|aii| > Z laij| = aul > layl, 1<j<n, j#i = s = max |a;| = |al,

R 1<j<n
for i =1,...,n, hence
jaas| _ Jan| _ 1, and laa| _ lan| <1, Vi=2,...n.
51 a1 Si |aii|

Thus the theorem is proved. [ ]
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3.4.3 'Tridiagonal System

A square matrix A = [a;;] is said to be tridiagonal if a;; = 0 for all 4, that satisfy
li — j| > 1, that is, A has the structure

ail aig
ag1 A2z A23

an—l,n

L an,n—l an,n i

In the display, matrix elements not shown are zero’s. The factorization algorithm can
be simplified considerably in the case of tridiagonal matrix if Guassian elimination can
be applied safely without pivoting. This is true, for example, if the matrix is symmetric
positive definite or diagonally dominant. The L and U factors would have the form

1 Uip Ure
Uy 1 U2  U23

L= and U = 3
unfl,n

gn,nfl 1 | Unpn

and the entries are computed by the simple algorithm which only costs 3n flops.

Algorithm 3.13 (Tridiagonal LU Factorization) This algorithm computes the LU
factorization for a tridiagonal matriz without using pivoting strategy.

U(1,1)=A(1,1)

fori=2,...,ndo
Ui —1,i) = A(i — 1,4)
L(i,i—1)=A@,i—1)/U@G—1,i—1)
U(i,i) = A(i,i) — L(i,i — 1) « U(i — 1,4)

end for

For practical implementation, A can be overwritten by the entries of L and U. More-
over, a tridiagonal matrix can be stored in an n x 3 array. Alternatively we can arrange
the notation like this

A o -
a; dy o

A= , (3.32)

Cn—1
Ap—1 dn

and use three n-vectors for storage. A tridiagonal linear system arises in many appli-
cations, such as finite difference discretization to second order linear boundary-value
problem and the cubic spline approximations. Such a system can be solved efficiently by
the following algorithm, which costs only 8n flops.
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Algorithm 3.14 (Solving Tridiagonal System) This algorithm solves a tridiagonal
linear sytem Ax = b of the form (3.32) using Gaussian elimination without pivoting.

for:=2,...,ndo
t=a(i—1)/d@i—1)
d(i) =d(i) —txc(i—1)
b(i) =b(i) —t+xb(i — 1)
end for
z(n) = b(n)/d(n)
forto=n—-1,...,1do
x(i) = (b(i) — c(i) x x(i+ 1)) /d(3)

end for

If partial pivoting is necessary, then, in addition to the pivoting vector, an extra
storage should be arranged for the entries appear in the second superdiagonal because of
pivoting.

3.4.4 General Banded Systems

In many applications that involve linear systems, the coefficient matrix is banded. For-
mally, we say that A = [a;;] has upper bandwidth ¢ if a;; = 0 whenever j > i 4+ ¢ and
lower bandwidth p if a;; = 0 whenever ¢ > j + p. Substantial economies can be realized
when solving banded systems because the triangular factors in the LU factorization are
also banded.

3.5 Perturbation Analysis

In this section, we develop some perturbation theory for the problem of solving linear
systems Ax = b. If we solve such a system numerically, we obtain not the exact solution
2 but an approximate computed solution z. The difference

E=T —T

is called the error vector which is, however, not known. Instead one can test the accuracy
of T by forming AT to see whether it is close to b. Thus we have the definition for the
residual vector.

Definition 3.2 Let & be the computed solution to the linear system of equations Ax = b.
Then the vector
r=b— Ax (3.33)

18 called the residual vector.
Then we can derive the residual equation
Ae =Ar — Az =b—Ar =r (3.34)

between the error vector and the residual vector.
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Notice that Z is the exact solution of the linear system

AT =D,
which has a perturbed right-hand side
b=b—r
Then
le =72 = A7 — AT = [[ATH (b - b)]|
_ - _ Jdl _ gl
<l ATHIID = ol = Aol 5 = [JA7H[]|Az]| 2
0] 6]
_ Jdl
< [ ATHAN =]
[0
Therefore .
|z — ] Jdl [l
< K(A) = K(A) 1 (3.35)
| 6] 0]
where
r(A) = [[AA7Y (3.36)

is called the condition number of A.
On the other hand, by the residual vector, we have

Irll=]l = [l Ael[l A7 oIl < [IAI[IA™ [llellllb] = £(A) ]z — Z]|[[b]

e Ll _ o
r T—T
T < (3.37)
K(A) [[b]] ]
Therefore we have established relationships between the relative error in x and b.
Fheorem 5.6 PN N
r T—T r
< < k(A) ) (3.38)
K(A) [|b]] ] 161l

Next we further analyze the situation when there are both perturbations in the coef-
ficient matrix and the right-hand-side vector.

Lemma 3.4 Suppose that x and T satisfy
Ax =10 and  (A+ AA)x =b+ Ab,
where A € R AA € R™™ 0#beR”, and Ab € R", with

[AA] [Ab]
— <4 and — <.
1Al il
If k(A) -6 <1, then A+ AA is nonsingular and
T 1 A)é

[zl = 1= k(A)s
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Proof: Since |[AT'AA| < [JATYIAA| < 8)|A7H]|A]l = dk(A) < 1, it follows from
Theorem 1.16 that A + A A is nonsingular. Now (A + AA)T = b+ Ab,

(I+A'AAT=A""0+ A Ab=x+ AT Ab,

and so by taking norms and using Theorem 1.15 we find

1] 17+ AT AA)TH (] + 1A A])
(7 + AT AL (] + AT 81

1 _
1— [ATAA] (”37H +4)A 1HHbH)

(Il + sl A=)

VARVAN

IN

IN

1
1 —6k(A)

1
= — +OIlATH|IA

IN

1
S ATEY A7H[|IA
=gy (el + a4 Al )

1
= oA (llzll 4 om(A) [|ll)

1
= T A (1 +0r(A)) ]

Therefore »
1Z]| < 1+ d0kr(A)

[zl = 1 = dr(A)

Theorem 3.7 If the conditions of Lemma 3.4 hold then
|z — || 20
<
[zl = 1= r(A)d
Proof: Since 7 satisfies (A + AA)x =b+ Ab, Az = b+ Ab— AAZ. Then we have
AT — Az = Ab+ AAx

K(A) (3.40)

and
T—r=A" (Ab+ AAT) .

Hence

AT (1 A0] + [AA])
1AM @ lbll + sl Al
= OJlAT (A=) + Al [1Z])
< OLANIATH Al + 121 -

7 — |

IA A

which gives

17 =2l 5e0a) (1 + @) < Sk(A) (1 + 1 t:gﬁi?) - 12_525;2).




Chapter 4

Iterative Methods for Solving
Systems of Linear Equations

In this chapter we present some iterative methods for solving a linear system of equations
Ax =0b.

4.1 Classic Iterative Methods

4.1.1 Basic Concept

First of all we give an example to illustrate the process of iterative methods for solving

systems of linear equations.
3 2 T . 5
1 4 i) - 5 '

Consider solving
This system has the exact solution xy = x5 = 1. Equivalently we can write the system as

31’1 + 2%2 =5
T+ 41’2 =5
This implies that
I = %(5 — 2.%‘2)
To = i([{—) — l'1>
A naieve idea is to solve the system by
xgk) = %(5 — ngk_l))
zy) =405 -2t

that is, to use the iterative formulation

[(HRERE)

= O



68 Chapter 4. Iterative Methods for Solving Systems of Linear Equations
(0) (0)
1 = T3

If we choose the initial guess x = 0, we would otain

01 Tl 51 [0 27[07\ [ 16667
3 5 1 0][0]) |12500
R 51 [0 277166671\ [ 08333
20 [0 3 5 1 0] [1.2500]) | 0.8333

By repeating the process, we have the following table

k| 3 4 5 6 7
«M [ 11111 09722 1.0185 0.9954 1.0031
2% 11,0417 09722 1.0000 0.9954 1.0012

From this example, we observe that the basic idea is to split the coefficient matrix A
into

A=M— (M- A), (4.1)

for some matrix M, which is called the splitting matrix. Here we assume that A and M
are both nonsingular. Then the original problem is rewritten in the equivalent form

Mz = (M — A)x +b.
This suggests an iterative process

2®) = (I = M A)z* Y 4 M~ =T2* Y 4, (4.2)
where T is usually called the iteration matrix. The initial vector z(*)
be chosen according to certain conditions.
Two criteria for choosing the splitting matrix M are

can be arbitrary or

1. 2™ is easily computed. More precisely, the system Mz*) = y is easy to solve;

2. the sequence {x(k)} converges rapidly to the exact solution.
Note that one way to achieve the second goal is to choose M so that M ~! approximate
A-1

In the following subsections, we will introduce some of the mostly commonly used
classic iterative methods.

4.1.2 Richard’s Method

When we choose M = I such that A =1 — (I — A), we obtain the iteration procedure
e ® = (I — A)z®Y 4 p=z*D — Agk-D 4 p= gD (k1) (4.3)

This algorithm is called the Richard’s method.
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Algorithm 4.1 (Richard’s Method)
for k=1,2,... do
fori=1,2,...,ndo

rgkfl) — b — Z aijxg.kfl)
j=1

xl(k) _ xgk—l) n Tl(k:—l)

end for
end for

Two n-vectors are required to implement this algorithm.

4.1.3 Jacobi Method

If we decompose the coefficient matrix A as
A=L+D+U, (4.4)

where D is the diagonal part, L is the strictly lower triangular part, and U is the strictly
upper triangular part, of A, and choose M = D, then we derive the iterative formulation
for Jacobi method:

2™ = DL+ U)x* Y + D', (4.5)

With this method, the iteration matrix 7' = — D~ (L+U) and ¢ = D~'b. Each component

z* can be computed by

i—1 n
2 = (bi - Zaiﬂgk_l) - Z aijxg-k_l)> /an’- (4.6)
j=1

j=it+1

Algorithm 4.2 (Jacobi Method)
for k=1,2,...do
for i = 1,2,...,ndo

1—1 n
xz(k) _ (bi _ Zaijxy@fl) _ Z aijx§k1)> /aii
j=1 j=i+1
end for
end for

Two n-vectors are required to implement this algorithm. A big advantage of Jacobi
method is that xz(k),i =1,...,n, can be computed in parallel at each iteration k.
Another important observation is that in Jacobi method, only the components of
%=1 are used to compute z*). When computing xl(k) fori > 1, xgk) ey xl(-ﬁ)l have already
been computed and are likely to be better approximations to the exact x1,...,x;_1 than
xgk_l), e xglizl). It seems reasonable to compute xgk) using these most recently computed
values. This improvement induce the Gauss-Seidel method which is to be discussed in

the next subsection.
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4.1.4 Gauss-Seidel Method

The Gauss-Seidel method sets M = D + L and defines the iteration as
e® = —(D+ L) 'uz® Y 4 (D + L)~ (4.7)

That is, Gauss-Seidel method uses T = —(D + L)7'U as the iteration matrix. The
formulation above can be rewritten as

LB — _p-1 (Lx(k) + U b) ) (4.8)

(k)

i

i—1 n

j=1 j=i+1

Hence each component x;’ can be computed by

Algorithm 4.3 (Gauss-Seidel Method)
for k=1,2,... do
fori=1,2,...,ndo

i1 n
j=1 Jj=i+1
end for
end for

At each iteration, since xgk) can not be computed until mgk), e ,xz(ﬁ)l are available,

Gauss-Seidel method is not a parallel algorithm in nature. Moreover, only one n-vector
is required for implementation in theory, but two are usually used in practice.

4.1.5 Successive Over Relaxation (SOR) Method

The successive over relaxation (SOR) method choose M = w™!(D+wL), where 0 < w < 2
is called the relaxation parameter, and defines the iteration

(D +wL)z® = [(1 —w)D — wU] 2*Y + wb. (4.10)

Hence the iteration matrix 7 = (D + wL)"}((1 — w)D — wU). Bach component z{* can
be computed by the formulation

i—1 n
o = (m ~S - ) al.jx;kn) / wit (-2 )
j=1

j=it+l

The question of choosing a good relaxation parameter w is a very complex topic.
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4.1.6 Symmetric Successive Over Relaxation (SSOR) Method

In theory the symmetric successive over relaxation (SSOR) method chooses the splitting
matrix M = m(D +wL)D7Y(D + wU) and iterates with the iteration matrix

T=D+wl)'(1-w)D—-wL)(D+wL)™ ((1-w)D —wU). (4.12)

The idea is in fact to implement the SOR formulation twice, one forward and one back-
ward, at each iteration. That is, SSOR method defines

(D+wL)z® 2 = ((1-w)D—wlU)z*Y +wb (4.13)
(D+wl)z® = ((1-w)D—wL)z® 2 +wb (4.14)

(k

%

i i—1 1 n
o P =w (“‘Zwﬁ-’“ D3 ()> / at (-wpl (@1)
j=1

j=i+1

Each component x ) is obtained by first computing

followed by

i—1 n 1 1
:zcz(k) =w (bi - Z@ijxg-k) - Z aijmé‘k 2)> /aii + (1 - w)xl(-k 2), (4.16)
j=1

j=i+1

4.2 Convergence Analysis

Definition 4.1 (Eigenvalue) Suppose A is a square matriz. The number X is called an
eigenvalue of A if there exists a nonzero vector x such that Ax = \x. And x is called the
corresponding eigenvector of A.

Definition 4.2 The polynomial defined by
p(A) = det(AI — A)
1s called the characteristic polynomial of A.

Theorem 4.1 \ is an eigenvalue of A if and only if X\ is a root of the characteristic
polynomial of A, that is, p(\) = 0.

Definition 4.3 (Spectrum and Spectral Radius) The set of all eigenvalues of a ma-
triz A is called the spectrum of A and is denoted by A(A). The spectral radius of A is

p(A) = max{|\||A € \(A)}. (4.17)
Lemma 4.1 If A € R™™", then

L |[Alls = /p(ATA);

2. p(A) < ||A]| for any subordinate matriz norm.
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Proof: Proof for the second part. Suppose A is an eigenvalue of A and = # 0 is a
corresponding eigenvector such that Ax = Az and ||z|| = 1. Then

Al = Ml = llAz]] = [[Az]] < [[Alllz]] = (Al
that is, [A| < ||A]|. Since X is arbitrary, this implies that p(A) = max [A\| < ||A]|. u
Theorem 4.2 For any A and any € > 0, there exists a subordinate norm such that

p(A) < [[A]l < p(4) + e (4.18)

Lemma 4.2 If p(A) < 1, then (I—A)™! exists and (I—A)~ ZAZ = [+ A+ A+

=0

Proof: Suppose that A is an eigenvalue of A, then 1 — ) is an eigenvalue of I — A. Since
|IA| < p(A) < 1, this implies 1 — XA # 0. Hence 0 is not an eigenvalue of I — A, which
means (/ — A) is nonsingular.

Next we show that (I — A)™' =T+ A+ A%+ ---. Since

—A) (iAz> :I—Am—H,
i=0

and p(A) < 1 implies ||A™|| — 0 as m — oo, we have

(I — A) (Tii_rgoi/li) =1

1=0

This proves (I — A)~ ZAk

Lemma 4.3 Suppose that A € R™™ and || -|| is a subordinate matriz norm. If |A|| < 1,
then I — A is nonsingular and

(I—-A)"= i AR, (4.19)

with

[V p—

< TTTaT (4.20)

Proof: Suppose I — A is singular. Then there exist x € R",  # 0 (so ||z|| # 0) such

that (I — A)z = 0. Thus z = Az and ||z| = ||Az| < ||A|||z||, which gives [|A| > 1.

However, this contradicts to the assumption that ||A|| < 1. Hence I — A is nonsingular.
Next, one can verify that

(I —A) <Zm: A’f) =1 — A"

k=0
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Since [|A|| < 1, lim A™ =0, hence

(2}&) 1’/1<my§:ﬁ>=1—np/w“=1.

This shows that (I — A)~ ZA’“ Finally, since ||A|| < 1,
k=0

(1 —=A)7" = < Z 1A% < Z IA]* = HAH
[ |
Theorem 4.3 The following statements are equivalent.
1. A is a convergent matriz, i.e., A¥ — 0o as k — o00;
2. klim |A*|| = 0 for some subordinate matriz norm;
3. klim |A*|| = 0 for all subordinate matriz norm;
4. p(A) < 1;
d. khm AFz =0 for any x.
Theorem 4.4 For any (*) € R", the sequence produced by
e B =Tz*D y o k=12, (4.21)
converges to the unique solution of v = Tx + ¢ if and only if
p(T) < 1. (4.22)

Proof: Suppose p(T) < 1. The sequence of vectors z(*) produced by the iterative
formulation are

2V = 720 4 ¢
e = TzW 4 c=T%0 + (T +I)c

¥ = Tz® 4 c=T%9 + (T*+ T + e

In general
a®) =Tk © (T TR T e

Since p(T) < 1, lim2, T%2(® = 0 for any (¥ € R". Then

e ® S (T4 T2 .. T+ e, as k — .
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By Lemma
B - (I-T)"t¢ as k— oo

Conversely, suppose that the sequence of vectors z(*) converges to x = (I — T) 'c.
Since

z—a2® =Tr+c—T2*V —c=T(x— 2% V) =Tz —2%2) = ... = TF(z — 2O).

Let z = 2 — 2(©). Then
lim 7%z lim (z — z®) = 0.

k—oo k—oo

It follows from theorem p(T') < 1.

Corollary 4.1 If ||T|| < 1 for some subordinate matriz norm, then the sequence produced

by
g®) = 7D 4 ¢

converges to the solution of Ax = b for any initial vector x(©).

Proof: Since p(T') < ||T|| for any subordinate matrix norm, the result follows immedi-
ately from the previous theorem.

Theorem 4.5 If 6 = ||T|| < 1, then

(k) _ <
o 2] < -2

|2® — g*=1)|. (4.23)
Proof: Since 2 — 2 = T'(2*=Y — ),

|20 —zf| < Tl =2l = 8]l =2 +2® — || < §lla*V 2| +5]la®
and 1 — 9 > 0, we obtain

||x(k) _ x(k—l)”‘

k) _ || <
o) — o <
|

k=1) is less than a

This theorem implies that we can stop the iteration if ||z(*) —
small tolerance.

Theorem 4.6 If |T|| < 1, then the sequence x*¥) converges to x for any initial © and

L o — 2@ < |T||lz — 2

Tk
2. |z —2®| < 1H_HHT|| ) — 2O,

Proof: Since z = Tz + ¢ and 2 = Tz*=1 4 ¢,

r—2%® = To+c—Ta® Y ¢
= T(z— x(kfl))
Tz — a2y =...... = Tz — 2.
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The first statement can then be derived
|z — 2™ = |T*(@ — 2| < |IT||* ||z — 2.

For the second result, we first show that ||z —2z®=D|| < ||T||"~ |2 — ]| for any
n > 1. Since
g — (7 = T e T ¢
= T(x(n_l) — I(n_2))
e Tz(x(nfz) — x(n73)) — e — T"fl(x(l) — x(o))7

lz™ = 2@ < |2 = 2.

Let m > k,
2 _ k) (x(m) _ x(m—l)) + (x(m—l) _ x(m—2)) NS (x(k+1) _ x(k))
- m-1 (3:(1) _ J,3(0)) 4 Tm2 (x(l) _ x(O)) 4.4 Tk (x(l) _ 33(0))
= (T +Tm .Tk) (x(l) _ I(O)) ,
hence

R I e e (AP EREE
I (T T2 ) 2 — o)

Since limy,_ ™ = z,
Jo—2®| = T [z —2®)
< lim T (T T 1) 2 - 2O
= 7M™ = 2O T (T T )

1

Sy Al p——
=

||x(1) — $(0)||‘

This proves the second result. [ ]

Theorem 4.7 If A is strictly diagonal domainant, then both the Jacobi and Gauss-Seidel
methods converges for any initial vector x(©).

Proof: By assumption, A is strictly diagonal dominant, hence a;; # 0 (otherwise A is

singular) and

| > Z la;;|, i=1,2,...,n.
J=Lji

For Jacobi method, the iteration matrix Ty = —D~!(L + U) has entries

gy
[Ty)i = {0 i T
i=j
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Hence
n

>
j=rg#i
and this implies that the Jacobi method converges.
For Gauss-Seidel method, the iteration matrix Tgg = —(D + L)7'U. Let X be any
eigenvalue of Tgs and ¥, ||y||eo = 1, is a corresponding eigenvector. Thus

n

1
= max — Z |aij| <b
1<i<n |azz| j=1,j#i

IT5]loe = max

TGSZ/ = )\y — —Uy = )\(D + L)y

Hence fori=1,...,n,
i—1
- Z aijy; = /\Z @iy = At + Y aigy;.
j=i+1 Jj=1
This gives
/\aiiyi - Azawy] + Z azgyj
j=i+1
and
[ Allaly:l < Al Z |aij||y;] + Z |aij ;]
Jj=i+1

Choose the index k such that |yx| = 1 > |y;| (this index can always be found since
|Y|loo = 1). Then

k-1 n
Mlare] < D lansl + > ]
j=1 j=k+1
which gives
A < Z] k+1 || ZZ:k-H |akj| 1
lar| — ijl‘ ;| z]’:kﬂ |a;|
Since A is arbitrary, p(Tzs) < 1. This means the Gauss-Seidel method converges. [

Theorem 4.8 If A is positive definite and the relaxation parameter w satisfying 0 < w <
2, then the SOR iteration converges for any initial vector x() .

Theorem 4.9 If A is positive definite and tridiagonal, then p(Tgs) = [p(TJ)]2 <1 and
the optimal choice of w for the SOR iteration is
2
w= : (4.24)
L+ /1—[p(T))]?

With this choice of w, p(Tsor) = w — 1.



Chapter 5

Solutions of Non-linear Equations

This chapter is devoted to the problem of determining roots of nonlinear equations (zeros
of functions). It is a problem of frequent occurence in scientific work. The general
question, posed in the simplest case of a real-valued function of one real variable, is this:
Given a function f: R — R, find x € R such thatf(x) = 0.

The extension of the simple formulation is a system of nonlinear equations of the form

fl(Q?l,fL‘Q, e ,[I)n) = 0
fg(.’L‘l,ZEQ, Ce ,.Tn) =0

folz1, 29, .. 2,) =0

where x; € R are real variables and each f; is a function from R” to R. To simplify the
representation, we let
o
T2
T = ) c R"”
T

and F': R® — R"™ be the function

fl(xhx%"'vxn)

T1, T, ..., Tp

F(z) = F(z1,29,...,2,) = falon 2‘ )
fn($17$27"'7xn)

Then the problem of solving system of nonlinear equations becomes finding = € R™ such
that F'(z) = 0.
5.1 Preliminaries

Definition 5.1 Let {x,} be a sequence of real numbers that converges to x*. We say
that the rate of convergence is
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1. linear if there exist a constant 0 < ¢ < 1 and an integer N > 0 such that

|Tpr1 — 2¥| < clz, —x*|, Vn>N; (5.1)

2. superlinear if there exist a sequence {c,}, ¢, — 0 as n — oo, and an integer N > 0
such that

|z — 2| < el — 2%, ¥Yn>N, (5.2)

or, equivalently,
lim [@n — 2] _ 0; (5.3)

n—oo |:En — :E*|

3. quadratic if there exist a constant ¢ > 0 (not necessarily less than 1) and an integer
N > 0 such that
|Tpy1 — 2% <z, —2*]?, VYn>N. (5.4)

In general, if there are positive constants ¢ and o« and an integer N > 0 such that
|Tp1 — 2| < clz, —2*|%, V¥n>N, (5.5)
then we say the rate of convergence is of order c.

Definition 5.2 Suppose {3,} is a sequence known to converge to zero and {x,} converge
s to x*. If there exist a postive constant ¢ and an integer N > 0 such that

|x, — 2% < |Bn], Vn>N, (5.6)

then we say {x,} converges to x* with rate of convergence O(3,), and write x, = x* +

O(Bn)-
Example 5.1 Compare the convergence behavior of the sequences {x,} and {y,}, where

n+1 n+3
= , and y, = .

Tn

n? ns

Sol: Note that both
lim x, =0 and lim gy, =0.

n—oo n—oo

Let a, = + and 3, = -5. Then

n—+1 n+n_2

|z, — 0] = ST == 200,
n+3 n+ 3n 4

Hence ) )
x O—l—O(n) and vy O+O(n2)

This shows that {y,} converges to 0 much faster than {z,}. n
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5.2 Bisection Method

The bisection method is based on the intermediate value theorem. The idea behind the
method is that if f(z) € Cla,b] and f(a)f(b) < 0, then there exists a root ¢ € (a, b) such
that f(c) =0.

Algorithm 5.1 (Biesection Method) Given a function f(x) defined on an interval
(a,b), the mazimal number of iterations M, and stop criteria § and €, this algorithm tries
to locate one root of f(x).

compute u = f(a), v= f(b), and e = b — a.
if sign(u) = sign(v) then
stop
end if
for k=1,2,...,M do
e=e/2
c=a-+te
w = f(c)
if |e| < 6 or |w| < € then
stop
end if
if sign(w) # sign(u) then
b=c
v=w
else
a=c
u=w
end if
end for

Let ¢y, co, . .. be the sequence of numbers produced. The algorithm should stop if one
of the following conditions is satisfied.

1. the iteration number & > M,
2. |eg — cp_1] < 6, or

3. ’f(Ck)‘ < €.

In fact, these criteria can be applied to any iterative techniques considered in this chapter.
Also note that the algorithm computes ¢ = a + (b — a)/2, instead of ¢ = (a + b)/2, for
numerical reason. Furthermore, the bisection method find one zero, but not all the zeros,
in the given interval [a, b].

Let [ag, bo, [a1,b1], ... denote the successive intervals produced by the bisection algo-
rithm. Then
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This means that the sequences {a,} and {b,} are bounded. Hence lim a, and lim b,

exist. Since n—o0 n—oo
1
bh—a = 5(1)0 — ap)
1 1
by —ay = 5(51 —ay) = Z(bo — ap)
1
bn —anp = 2_n(b0 — ao)
hence 1
lim b, — lim a, = lim (b, — a,) = lim 2 (b — ap) =0.
Therefore

lim a, = lim b, = z.

n—oo n—oo

Since f is a continuous function

limp_oof(ay,) = f(lim a,) = f(2) and lim, . f(b,) = f(lim b,) = f(2).

n—oo n—oo

The bisection method ensures that f(a,)f(b,) < 0. This implies that lim f(a,)f(b,) =

f2(2) < 0., and, consequently, f(z) = 0. That is, the limit of the sequences {a,} and
{b,} is a zero of f in [a,].
Let ¢, = %(an + b,). Then

1 1 1 1
This proves the following theorem.

Theorem 5.1 Let [ag, bo|, [a1,b1], ... denote the intervals produced by the bisection al-
gorithm. Then lim a, and lim b, exist, are equal, and represent a zero of f(x). If

n—oo n—oo

z= lim a, = lim b, and ¢, = %(an +by,), then

n—oo n—oo

1
|z—cn|§W(bo—ao).

Remarks 5.1 The implication of the theorem above is that {c,} converges to z with the

rate of O(27").

Example 5.2 If bisection method starts with interval [50,75], then how many steps
should be taken to compute a oot with relative error that is less than 107122

Sol: We want to seek an n such that

|z — ¢

< 10712
2|
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Since the bisection method starts with the interval [50,75], this implies that z > 50,
hence it is sufficient to show

B |z — ¢l
<

TS w0 <1072,
z

That is, we solve
2~ ("t (75 — 50) < 50 x 10712

for n, which gives n > 38. [

5.3 Newton’s Method

5.3.1 Derivation of Newton’s Method

Newton-Raphson’s method is widely applied to problems of finding a zero of a function.
It is simply called Newton’s method. Suppose that f : R — R and f € C?[a,b], i.e.,
f7 exists and is continuous. If z, is a zero of f and z is a point close to z, such that
. = x + h, then by Taylor’s theorem

0= f(r) = fla+h) = f@)+ F@h+ 3 f @0+ 3@+
= J(@)+ [ @+ 00,

Since we assume that x is close to ., i.e., h is small, O(h?) is negligible. It is reasonable
to drop O(h?) terms. This implies

Vh ~ ~ 1)
fx)+ f'(x)h =0 and h= )
if f'(x) # 0. Hence
~ f=)

f'(x)
is a better approximation to x,. This sets the stage for the Newton-Raphson’s method,
which starts with an initial approximation xy and generates the sequence {xy }7°, defined

by
Thsy = Tp — f(xr) .
f' (@)
Figure gives a graphic interpretation of the Newon’s method. Since the Taylor’s
expansion of f(z) at zy is given by

/ 1 7
At zy, one uses the tangent line

y =L(x) = flxr) + f(zp)(x — 1)

to approximate the curve of f(x) and uses the zero of the tangent line to approximate
the zero of f(z), which gives the formulation, and tehn uses this point, zj,1, as a new
starting point to repeat the process. Hence the Newton’s method involving linearizing
the function, that is, the function f(z) is replaced by a linear function ¢(x) such that

Uxyg) = f(zx) and O'(zg) = f'(xk).

r+h=x

(5.7)
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Algorithm 5.2 (Newton’s Method) Given a function f : R — R, an initial guess
xo to the zero of f, and stop criteria M, o, and €, this algorithm performs the Newton’s
iteration to approximate one root of f.

u = f(o)
v = f"(zo)
1 = Xo —%
k=1
u= f(xy)
while (k < M) or (|ox, —xg—1]| < ) or (| f(zx)| < e do
v = f'(z)
Tp41 = Tk —%
k=k+1
u= f(zk)

end while

Note that there are two function evaluations, f(xy) and f’(xy), in each Newton iter-
ation. The stop criteria § and € are usually chosen to be a constant times of square root
of the machine epsilon, i.e., \/€y;. Deciding when to stop is somewhat difficult, and can
not be perfect for every problem, yet it needs some careful attention.

5.3.2 Convergence Analysis

Suppose that f” is continuous and x, is a simple zero of f, i.e., f(z.) = 0 but f'(z,) # 0.
Choose 6 > 0 and let
D = {af|lz —z.| < 6}

and
1 maxuep |f"(x)]

T2 mingep |f/(2)]

Note that it is possible to choose § such that p = §y < 1 since f” is continuous and when

1, f"(=s)
0—0,r—mx,and v — 5 ek

Now suppose we start Newton’s iteration with z( satisfying |eg| = |xg — x| < J. By
Taylor’s theorem

0= f(z.) = f(xo) + f'(z0)(wx — 20) + %f”(fo)(%* — x0)?,

where & is between x, and xy. Consequently [y — .| < and

1
—f (o) = f'(wo) (e — o) = 5" (o) (2 — 0)”
One iteration of Newton’s algorithm gives

[l
A

r =2
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Hence

€1 =T1 — Ty =

—_
—_

= Pl 2 F"(€0) (2 — 0)?
_ "&) o2

2,]”(130) 0

~—

and
le1] < vleol* < 7bleo| = pleql.

Repeat the argument, we have, in general,
lex] < plex—a| < -+ < plleol.

Since p < 1, |ex| — 0 as k — 0, that is, xp — .
In summary, Newton’s method will generate a seqence of numbers {zy}r>o that con-
verges to the zero, z,, of f if

1. f" is continuous;
2. x, is a simple zero of f; and
3. xg is close enough to z,.

To investigate the convergence rate, we start with

f(zr) _ f'lewer — flaw)

R L Y R Y

Using Taylor’s theorem

0= () = flan— e) = Fla) = fex)es + 3" (E)el

where & is between x; and z,, one has

F@es — Floe) = 51" (@)ek

Hence

S"El e 1 ()]

leril = o rlenl” & S el = Clex]”.

2| f () 2| f'(x.)

This shows that Newton’s method is quadratic convergent.
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Theorem 5.2 Suppose f" is continous and x, is a simple zero of f. Then there exists a
netghborhood D of x, and a constant C' such that when Newton’s methdo is applied with
starting point xg € D, the seqence {x} generated converges to x, and satisfies

|Tpe1 — 2| < Clag — 4. (5.8)

Definition 5.3 (Lipschitz Continuous) A function f(x) is Lipschitz continuous with
Lipschitz contant v in a set X, written f € Lip.(X), if

[f (@) = f(y)] <Ale—yl,
forall z,y € X.

Lemma 5.1 Suppose f: Q2 — R for some open interval @ CR and f" € Lip.(Q2). Then
for all x,y € €,

[f(y) = f@) = f@)(y —2)| < Sy —2)" (5.9)

Proof: From Calculus
(6) = Fla) = @)y - ) = [ (P w) — £(@) du.

Apply changing variable u = ¥ +t(y — ), du = (y — ) dt and the fact that " € Lip, (),
we have

o2

f(y) = f(2) = fl@)(y —2)| = /0 (f'(z+ty —=)) = f(2) (y — x) dt

1
< |y—x|/ iy — o) dt
0

_ 2

Theorem 5.3 Let f: ) — R for some open interval 2 C R. Assume
1. existsx, € S such that f(x,) = 0;
2. f' € Lip,(Q);
3. 3p >0 such that | f'(x)| > p for all x € Q, that is, f'(x) # 0 for all x € Q.

Then there exists n > 0 such that if |xg— x| < n, then the sequence produced by Newton’s
iteration

f(xx)
Tk+1 = T — y k’:O,l,Q,...,
+1 ()
exists and converges to x,. Furthermore,
Zp1 — 74| < %m — 1z, (5.10)

or, equivalently,
~ )
< L 5.11
lerr1] < 2p’€k| ( )
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ZTo 2.0
r1 | 1.25

23 | 1.0003048780488
x4 | 1.0000000464611
Ty 1.0

Proof: With the result of previous Lemma,

s =2l = lox = S5
— ey ) = o) = Fa) =)
< mm—x*\?
< ;—p|xk—x*]2.

]
Note that this convergence property is local since it requires the starting point x¢ € D,
that is, Newton’s method only guarantee the convergence from a good starting point z
that is close enought to z,. In fact, Newton’s iteration may not converge at all if |xg — z,|
is large. Therefore some globally convergent algorithm needs to be incorporated with
Newton’s method. Furthermore, f’(x,) must be nonzero for the method to converge
quadratically. Indeed, if f'(x,) = 0, i.e., x, is a multiple root of f, then Newton’s method
converges only linearly. However, when f is a linear function, Newton’s method will
converge in one step.
A simple strategy to modify Newton’s method for global convergent is to incorporate
a back-tracking procedure in each Newton step. The idea is that in the direction of the
tangent line, we find a point where the function value decreases in magnitude. More
precisely, one involves

Te+1 = Tk — }c/((?;))

while |f(zy11)] = [f(2x)] do

Tpy1 = %(xk—i-l + 1)
end while

5.3.3 Examples and Pitfalls

Example 5.3 The following table shows the convergence behavior of Newton’s method
applied to solving f(z) = 2> — 1 = 0. Observe the quadratic convergence rate.

Example 5.4 Newton’s method will fail (the sequence {xy} does not converge) on solving
f(z) = 2% —4x +5 =0 since [ does not have any real Toot.
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Example 5.5 When Newton’s method applied to f(x) = cosx with starting point xo = 3,
which is close to the root 5 of f, it produces x; = —4.01525, x5 = —4.8526, - - , which
converges to another root —37”.

Example 5.6 When Newton’s method applied to f(x) = xe™™ with starting point x, =
2.0, it produces x;1 = 4.0,x9 = 5.333,.... The sequence {x}} diverges to oo slowly,
however, f(xy) goes to zero rapidly as xy gets larger in a finite precision environment,
and could be mistaken as a zero of f.

Example 5.7 When Newton’s method applied to f(x) = x* — x — 3 with starting point
xro = 0, it produces xr1 = —3,x5 = —1.961538, x5 = —1.147176, x4 = —0.00679, x5 =
—3.000389, x4 = —1.961818, 27 = —1.147430,.... The sequence will not converge. But
if the algorithm starts with xo = 2, then it produces x1 = 1.727272, x5 = 1.67369, 23 =
1.6717025, .... The sequence converges to the root 1.671699881. This example illustrates
that the starting point xo must be close enough to the zero of f.

5.3.4 System of Nonlinear Equations

First consider solving the following system of nonlinear equations:

{fl(xl’@) (5.12)

0,
fo(w1,22) = 0.

Suppose (xgk), xék)) is an approximation to the solution of the system above, and we try

to compute hgk) and hgk) such that ( )+ h Pt h ) satisfies the system. By the
Taylor’s theorem for two variables,

8 0

0= £i@® + h® 2P 4 19) ~ @D, 2®) 4 h® L0 G0y 4 @ 01w 0y
81'1 Oz €2
0 (‘9

0= falat” + 027+ 17) =~ f2<x§’“>,xé’“)>+h§’“)a—£<x§’“%xé’“>+hz a—f< Y,237)

Put this in matrix form

8 N k) (k
e e W X Gt SO I N PGP N[o]
d k P k) (k k k) (k
el ) B | [ | ey |7 Lo
The matrix
(k) (k) %(xgk) xgk)) %(fgk) ng))
Jx,rs )= 5 L 92w (5.13)
s o) G al?)

is called the Jacobian matrix. Set hgk) and hgk) be the solution of the linear system

_ B T ,xk)
J 1(x§k),x§k)) [ h%k) ] = [ fl( ( %k)>

(k
2 f2($1 )a% )

then
xngrl) B xgk) N hgk+1)
.Z‘gk+1) xgk) hgk—&-l)
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is expected to be a better approximation.

In general, we solve the system of n nonlinear equations fi(xy, - ,2,) = 0,i =
1,...,n. Let
T f1(X)
X
X=1|"7] and F(X)= folX)
Tn fa(X)

The problem can be formulated as solving

F(X)=0, F:R"—R" (5.14)

Let F'(X), where the (i,) entry is 92

5o-(X), be the n x n Jacobian matrix. Then the
J
Newton’s iteration is defined as

XD — x4 gk (5.15)
where S*) € R™ is the solution of the linear system
FI( Xk stk — _p(x®), (5.16)

Newton’s method for solving systems of nonlinear equations still enjoys the property
of rapid quadratic convergence if the starting point is near the exact solution point
in terms of vector norm. However, a significant weakness of Newton’s method is the
requirement that, at each iteration, a Jacobian matrix has to be evaluated and an n x n
linear system involving this matrix must be solved. To construct the Jacobian matrix,
n? partial derivatives have to be available and evaluated. Then an LU-factorization has
to be performed for the solution of the the linear system involved.

5.4 Quasi-Newton’s Method (Secant Method)

5.4.1 The Secant Method

The Newton’s iteration

f(xx)

Tky1 = Tk — f’(ﬂfk)

involves the evaluation of derivative of f. In many applications (situations), the derivative
f'(x) is very expensive to compute, or the function f(x) is not given in an algebraic
formula so that f/(z) is not available.

An alternative is to replace the derivative evaluation by finite difference approxima-

tion. Since

)

it is reasonable to approximate f’(z) in the Newton’s iteration by

[+ hi) = fa)
I,

f(w) =
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for some small hj;. This leads to the so-called finite-difference Newton’s iteration

D,
[+ hy) — f(xr)

Tyl = T — f({L‘k) (517)

From geometric point of view, we use a secant line through z; and a near-by point
xk + hy instead of the tangent line to approximate the function at the point x;. The slope
of the secant line is

[y + hy) — f(x)

p— .].
Sk I (5 8)
and the equation is
M(z) = f(zx) + sp(x — z). (5.19)
The zero of the secant line
en hy,
T =X, — =z — f(x 5.20
s k= S k>f(xk + ) — f(ok) (520

is then used as a new approximate x;,;. This leads to exactly the same formulation for
the finite-difference Newton’s iteration.

Two questions arise so far: “Will this method work?” and “How should hj be chosen?”
From the limit definition of derivative, it seems reasonable to assume that the finite-
difference formulation should work almost as well as Newton’s method if h; is chosen
small enough. However, it requires two function evaluations f(xy+ hy) and f(xy) in each
iteration. If the function evaluation is expensive, we may set

hk =T — T—1-

This leads to the so-called secant method or quasi-Newton method.

T — Tk-1

f(w) — f(zr-1)

Tl = T — f($k> (521)

Note that the secant method requires two initial guesses xo and x_;. However, there is
only one function evaluation required in each iteration.

It turns out that the secant method requires only a few more iterations to converge
than the finite difference approach with a properly chosen hi, but it’s usually more
efficient in terms of total number of function evaluations.

Example 5.8 The following table shows the convergence history for the finite-difference
Newton’s method with hy, = 1077 x x and secant method for solving f(x) = 2> — 1 = 0.
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finite-difference Newton | secant method

i 2 2

1 | 1.2500000266453 1.2500000266453
T | 1.0250000179057 1.0769230844910
x3 | 1.0003048001120 1.0082644643823
x4 | 1.0000000464701 1.0003048781354
zs | 1 1.0000012544523
Tg 1.0000000001912
T 1

5.4.2 Error Analysis of Secant Method

Let z, denote the exact solution of f(x) =0, ey = x;, — x. be the errors at the k-th step.
Then

= xp — f(ak Lk — Tk—1 o

- e i
1

~ o) — fla) [z f (2n) — o f(wr-1) — o f (2n) + Tper f(@r) — @ f (0) + 2 f (20-1)]
1

— Fan) = ) [(Trr — 2) f () — (2 — 22) f(201)]
1

= Fw) o @) o)

(if(xk) - ekl_l‘f(xk) Tp — Tg-1 >
= €€k :

Tk — Tk—1 floe — f(wp_1)

o f@r) = f )

k—1
Tp—Tk—1

To estimate the numerator , we apply the Taylor’s theorem

Flo) = Flo+ ) = ) + f)en 5 (@) +O(ed),

to get
= fan) = £(2) + 5 £ (w)e + ()
€k 2
Similarly, . .
—— f(@r1) = f'(@.) + 5" (@ )ew—1 + O(ef ).
€r—1 2
Hence
1 1 - 1 "
af(fck) - af(xkfl) ~ 5 (en = ena) f1().

Since x — Tp—1 = €, — ex—1 and

T — Tk—1 1

fan) = f@e)  f(@)
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we have

%(ek — ep—1) [ () - ) - 1 fﬂ(x*)ekek—l = Cepeg—1 (5.22)

€k+1 = €LCE—1
( €k — €k—1 f'(z.)

To estimate the convergence rate, we assume
~ a
|exr1] ~ nlex|”,
where n > 0 and a > 0 are constants, i.e.,

|€k+1|
nlex|®

—1 as k — oo.

Then |ex| = n|ex_1|* which implies e;_1 =~ n~/|e;|'/*. Hence () gives

_ _ 1 _ 1
77|€k|a ~ O|€k|7] 1/a|€k|1/a — C 1771+a ~ ’€k|1 oz+a'

. _ 1.,
Since |ey| — 0 as k — oo, and C~'n'*a is a nonzero constant,

1+45

~ 1.62.
2

1
l-a+—-—=0 = «
!

This result implies that C~'n'*a — 1 and

AN

-0t = (456

In summary, we have shown that

leki1| = nlex|®, a=1.62, (5.23)

that is, the convergence rate is superlinear.

The rapidity of convergence of the secant method is not as good as the Newton’s
method, but is better than the bisection method. However, each iteration of the secant
method requires only one function evaluation while the Newton’s method requires two,

namely, f(xy) and f”(zx). Therefore, we may regard two steps of secant method are
comparable to one step of Newton’s method. Thus

3+
lerro| = nler|™ =~ 771+a|€k: :

L

Since %‘?’ ~ 2.62, this shows that secant method is more efficient than Newton’s method.

Of course, two steps of secant method would require a little more work than one step of
Newton’s method.

Next we will extend secant method to solving system of nonlinear equations. Recall
that in one dimensional case, one uses the linear model

le(@) = f(xp) + ar(z — xy) (5.24)
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to approximate the function f(x) at xy. That is, lx(zx) = f(zx) for any a € R. If we
further require that ¢'(zy) = f'(zx), then ay = f'(xx). The zero of ¢x(x) is used to give a
new approximate for the zero of f(x), that is,

Th+1 = Tk — ﬁf@k)

which yields Newton’s method.
If f'(x) is not available, one instead asks the linear model to satisfy

gk(l’k) = f(l'k) and £k<xk71) = f(l'kfl). (525)
In doing this, the identity
f(@e1) = be(wp1) = fzr) + ap(zh-1 — o)

gives
g = Lo = @) (5.26)
T — Tg—1

Solving /i (x) = 0 yields the secant iteration

T — Tk—1

Tl = flop — f(zp—1)

In multiple dimension, the analogue affine modle becomes

where x, x, € R™ and A, € R™", and satisfies
My(zx) = F(xr), (5.29)

for any Aj. The zero of M (x) is then used to give a new approximate for the zero of
F(z), that is,

Tppr = 71 — AL F(21). (5.30)
The Newton’s method chooses
Ay = F'(x) = J(x) = the Jacobian matrix. (5.31)
and yields the iteration
-1

When the Jacobian matrix J(xy) = F'(zy) is not available, one can require
Mk(a:k,l) = F(.l’k,l). (533)

Then
F(xp—1) = M(vp—1) = F(zg) + Ap(xp—1 — z),

which gives

Ak(l’k — [Ek_l) = F($k) — F(ZBk_l) (534)
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and this is the so-called secant equation. Let
s = — k-1 and  yp = F(xy) — Fzp-1). (5.35)
The secant equation becomes

However, this secant equation can not uniquely determine A;. One way of choosing Ay
is to minimize M, — M _, subject to the secant equation. Note

My (z) — My_1(z) = Fl(ag) + Ap(r — xx) — Fagp_1) — Ap1(x — 25-1)
= (F(zr — F(zr_1)) + Ap(x — xp) — A1 (z — 25-1)
Ap(z — xp1) + Ap(x — zp) — A1 (z — xp1)

= Ak(HJ - 1’1%1) - Akfl(x - -kal)

= (A — A1) (x —xp_1).
For any = € R", we express

T — Tp_1 = QS + tg, (5.37)

for some a € R, t;, € R™, and sl¢;, = 0. Then

Mk — Mk—l = (Ak — Ak_l)(OéSk + tk) = Ck(Ak — Ak—l)sk + (Ak — Ak—l)tk-

Since
(Ar — Ag—1)sk = Agsk — Ap—15k = Y — Ak—15k,

both y, and Aj_1s; are old values, we have no control over the first part (Ay — Ax_1)Sk.
In order to minimize My(x) — My_1(x), we try to choose Ay so that

(Ak — Ak—l)tk =0 (538)

for all t, € R™, sgtk = 0. This requires that A, — A,_; to be a rank-one matrix of the
form

Ak - Ak,1 = uksg (539)
for some u;, € R™. Then
UkS;;FSk = (A — Akfl)sk =y — Ar—15%

which gives

Yr — Ap_15k
== - = 5.40
U st sy, ( )
Therefore,
— Ap_18p)st
A=A o B Aol )Si (5.41)

After Ay is determined, the new iterate x;y is derived from solving M (x) = 0. It can
be done by first noting that

Sk41 = Tkl — Tk =  Thyl = Tk + Skt (5.42)
and
Mk<xk+1) =0 = F(l’k) + Ak<xk+1 — I’k) =0 = Aksk—I—l = —F(I‘k) (543)

These formulations give the Broyden’s method.
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Algorithm 5.3 (Broyden’s Method) Given an-variable nonlinear function F' : R™ —
R™, an initial iterate xo and initial Jacobian matriz Ag € R™™ (e.g., Ag = I), this algo-
rithm finds the solution for F(x) = 0.

for k=0,1,---, do
Solve Agspy1 = —F(xy) for spyq
Update zp11 = 2 + Syt
Compute yy1 = F(xk+1) — F(xk)
(Yr1 — Akskﬂ)sfﬂ

Update Ak+1 = Ak + ST p = Ak +
k+1°k+1
(Y1 + F(wk)sfﬂ
3£+13k+1
end for

Since a new matrix Ay is used to approximate the Jacobian matrix in each iteration of
the Broyden’s method, LU-factorization has to be performed in order to solve the linear
system Agspy1 = —F(x) for spy1. One LU-factorization would cost frac23n® + O(n?)
floating-point operations. But if we apply the Shermann-Morrison-Woodbury formula to
(), we have

(sk — Ay 'we)yl

At =4+ (5.44)
g o Yi U
With a given A;', we can then update A;' in each iteration using this formula and sj 4
can be easily computed by matrix-vector multiplication s,; = —A;'F(x;) in O(n?)
operations.

5.5 Fixed Point and Functional Iteration

In this section, we consider the problem of finding a fixed point with functional iteration
method for a given fuction f: D — R, where D C R is a closed set.

Definition 5.4 z is called a fized point of a given function f if f(x) = x.

If f:R — R is a function, then the fixed point of f can be viewed as the intersection
of the curve y = f(x) and the straight line y = x.

The problem of finding a fixed point for a given function is equivalent to the problem
of finding a zero for a nonlinear fucntion. For instance, given a function f(x) and a root
x, such that f(x.) =0, let g(z) =z — f(x). Then g(z.) = z. — f(x.) = z.. That is, .
is a fixed point for g(x). Conversely, suppose that g(x) has a fixed point at z,. Then one
may define f(z) = z — g(z) so that f(z.) = z. — g(z.) = 2. — x, = 0, i.e., x, is a zero of
f(z).

Two questions arise: “When does a function have a fixed point?” and “How to find a
fixed point?”.
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5.5.1 Functional Iteration

To determine a fixed point z, for a continuous function f, we choose an initial point xg
and generate a sequence of points {zy }x>0 by

This algorithm is called fixed-point iteation or functional iteration. This formulation may
generate sequences that do not converge, e.g., f(z) = 3z. However, wehn the sequence
converges, say,

lim xp = x,,

k—oo

then, since f is continuous,

fla) = f(lim @) = lim fy) = lm 2, = 2.

That is, x, is a fixed point of f.
Note that Newton’s method for solving g(x) =0

g(wg)
g (w)

Tk4+1 = Tk —

is just a special case of functional iteration in which

Definition 5.5 A function (mapping) f is said to be contractive if there exists a constant
0 <\ <1 such that

[f (@) = fW)] < Az -yl (5.46)
for all x,y in the domain of f.

Theorem 5.4 (Contractive Mapping Theorem) Suppose f: D — D, where D C R

1s a closed set, is a contractive mapping. Then f has a unique fized point in D. Moreover,
this fixed point is the limit of every sequence obtained by

T = flag)

with any initial point xg.

Proof: We first show that lim z; exists. Since

k—o0

k
=9+ (r1 —x0) + (x2 — 1) + - + (T — Tp—1) = T + Z(% — T 1),
i=1

{@k k>0 converges if and only if Y >0, (z; — ;1) converges and it is sufficient to show
Yooy |z — xi1| converges.
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Since f is contractive, we have

|f(ic1) — f(@i2)]

|~’Ui - $i71|

< Az — 2o
< N|ziig — i3]
< ANHay — @l

Then we have

o0

[e.e]
Z [zi — x| < Z Ny — 2o
i=1

i=1

o
= |x1 — x| Z P
i=1

1
= |21 — 0|

1—A

since 0 < A < 1. This show that > ;°, |z; — ;1| is bounded, hence it converges. This
shows that the sequence {xy}r>0 converges for any initial point z.

Let khm x = x,. Then we have showed that =, would be a fixed point of f. (note:

contractivenedd implies continuity)
To prove the uniqueness, let x and y both be fixed points of f. Then

[z =yl = [f(z) = f(Y)] < Az —yl.

Since A < 1, this forces |z — y| = 0. That is, x = y. [

Theorem 5.5 If f € Cla,b] such that a < f(z) < b for all x € [a,b], then [ has a fized
point in [a,b]. Suppose, in addition, that f'(x) exists in (a,b) and there exists a positive
constant M < 1 such that |f'(z)] < M < 1 for all x € (a,b). Then the fized point is
unique.

Proof: If f(a) = a or f(b) = b, then a or b is a fixed point of f and we are done.
Otherwise, it must be g(a) > a and g(b) < b. Let h(x) = f(x) —x. Then h € C|a, b] since
f € Cla,b], and h(a) = f(a) —a > 0 and h(b) = f(b) — b < 0. By the itermediate value
theorem, there exists z, € [a,b] such that h(x,) = 0. This implies that f(z.) —x. =0
and f(z,) = z.. Hence f has a fixed point z, in [a, b].

Suppose that p # ¢ are both fixed points of f in [a,b]. By the Mean-Value theorem,
there exists £ between p and ¢ such that

£6) = f(P):f(Q)

p—q p—q

1.

However, this contradicts to the assumption that f'(z) < M < 1 for all z in [a,b].
Therefore the fixed point of f is unique. [ ]
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5.5.2 Convergence Analysis

For the underlined function f : D — D, we make the following assumptions:
1. f has a fixed point x,, and the sequence {xy}r>¢ is generated by the iteration
T = flag), k=0,1,...,
with an arbitrary initial point z;
2. f' exists, is continuous, and |f'(z)| < 1 for all z in the domain of f;
3. m is a positive integer such that f@(z,) =0 fori=1,...,m, but f™(x,) # 0.

Let e, = x, — x4 be the error at the k-th iteration. Then by the Mean-Value theorem

h1 = Tppr — o = f(a) = f22) = /(&) (2 — 2.) = ['(&k)er, (5.47)

where & is between z;, and z.. Since |f'()| < 1 by assumption, it ensures the error
decreases in magnitude.

When zy, is close to z,, i.e., e is small, { will be close to x,, and f'(&) will be close
to f'(z.) since f’ is continuous. Hence () can be written as

Crt+1 = f’(:l:*)ek,

and we can expect rapid convergence if f’(z,) is small.
Using Taylor’s theorem, we have

€+l = Tkyl — T
= flzw) — f(z)
= flzo+ex) = f(z)
1

= (f(a:*) + (e + %f”(x*)ei o+ (m—_l)!f(m‘”(x*)ez”‘l + %f(””(nk)ez”) — f(z)

1 m m

where 7, is between x, and x;. Since lim zp = x,,
k

M — T = ™ () — F ().

Therefore we have

tim 11l _ Ly (). (5.48)

k—oo |eg|™  ml
This shows that the convergence rate of the functional iteration is m.

Since Newton’s method is a special case of functional iteration, we can also show
the quadratic convergence of Newton’s method using this analysis. Suppose Newton’s
method is applied to solving g(z) = 0. Let f(x) =x — 5,((”?). Then
9" (@) — g(2.)g"(x.) _ g(z:)g" ()

lg' ()] @)

=0

Fe)=1-
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since the fixed point of f is a zero of g. The second derivative of f at x,

f'(x,) = PICALE (lg' (@) (g(z)g" () + ¢" (22)g (22)) — 29(2.)g (209" (2)]7)

is usually not zero. Hence it shows that Newton’s method has quadratic convergence
rate.

Theorem 5.6 Suppose that f € Cla,b] such that a < f(x) < b for all x € [a,b], and that
f'(z) exists on (a,b) with f'(x) < M <1 for some constant M. If xy € [a,b] is arbitrary,
then the sequence {xy}i>o generated by the functional iteration x4 = f(xy) converges
to the unique fized point x, of f.

Proof: By Theorem (), the fixed point z, of f exists and is unique.
Since a < f(x) < b for all z € [a, ],

a<zp=f(rr_1) <b, forallk=12...
By the Mean-Value theorem, there exists & € (a,b) such that

T — Tk

Thus

ler] = lzn — 2| = [f/(&)If(2r) — f(2.)]
= | (& )re-1 — ]

< Mlep_1] < MP|epop| < -+ < MPleg| = M|z — z.].
Since M < 1, M*¥ — 0 as k — oo. Therefore

lim |z, — 2, < lim M*|lzg — 2., =0 = lim 24 = z..
k—o00 k—oo

k—o0

Corollary 5.1 Suppose f satisfies the conditions of the previous theorem and the se-
quence {x}r>o is produced by the functional iteration xp 1 = g(xy) with an arbitrary
wniatial point xo. Then

lex| = |zx — 2] < M*max{xg — a,b — x0} (5.49)
and
k k
lex| = |xp — x| < 1_M|x0—x1]: 1_M]eo|. (5.50)

Proof: From the proof of the previous theorem,

lex| = |zx — 2| < M*|zg — 2| < MFmax{zg —a,b— z}.
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Since
T — ok = [f(zx) — f@p-1)]
= [f'(&)llve — 2]
< Mz — x|
< MP|zp—y — 2o
< MP|zy — ol
form >k <1,
[Tm — k] = |Tm = Tt + T — T2 o T — T
< T = Tt [T — T 0+ [T — T
< M™ Yay — @l + M™ 2|z — mol + -+ MF |z — 0
= MMM™TE L M™TER e M D) |z — @)
Since lim =z, = .,
|z, — x| = lm |z — 2]
m—00
< MFMap — x| lim (M™ 7R M™2R o M)

Mk’l’l — $0| ZMZ
i=1
Mk
= 7= M|:c1 — Zg].




Chapter 6

Interpolation

In this chapter, we consider the interpolation problem: Suppose we do not know the
function f, but a few information (data) about f, now we try to compute a function g
that approximates f.

6.1 Polynomial Interpolation

The polynomial interpolation problem, also called Lagrange interpolation, can be de-
scribed as follows: Given n + 1 data points (z;,¥;), ¢ = 0,1,...,n, find a polynomial P
of lowest possible degree such that

y; = P(xy), i=0,1,...,n. (6.1)

Such a polynomial is said to interpolate the data. Here y; may be the value of some
unknown function f at x;, i.e., y; = f(z;).

One reason for considering the class of polynomials in approximation of functions is
that they uniformly approximate continuous function.

Theorem 6.1 (Weierstrass Approximation Theorem) Suppose that f is defined and
continuous on |a,b]. For any e > 0, there exists a polynomial P(z), defined on [a,b], with
the property that

|f(z) — P(z)] <e, for all x in [a,b].

Another important reason for considering the class of polynomials in approximation
of functions is that the derivatives and indefinite integral of a polynomial are easy to
determine and are also polynomials. For these reasons, polynomials are often used for
approximating continuous functions.

6.1.1 Existence And Uniqueness

The theorem that governs the polynomial interpolation problem stats

Theorem 6.2 [f (z;,v;), x;,y; € R, i =0,1,...,n, are n+1 distinct pairs of data point,
then there is a unique polynomial P, of degree at most n such that

P.(z) =y, (0<i<n). (6.2)
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Proof: Existence: Proof by mathematical induction. The theorem clearly holds for
n = 0 (only one data point (z¢,yp)) since one may choose the constant polynomial
Py(z) = yo for all . Assume that the theorem holds for n < k, that is, there is a
polynomial Py, deg(P;) < k, such that y; = Py(z;), for 0 < ¢ < k. Next we try to
construct a polynomial of degree at most k + 1 to interpolate (x;,1;), 0 <i < k-+1. Let

Piii(x) = P(x) + c(x — xo)(x — 1) - - (2 — xp),
where
Yrr1 — Pr(2rs1)
(Trg1 — o) (Tpgr — 1) -+ (Tpgr — xk)
Since x; are distinct, the polynomial Py () is well-defined and deg(Pyy1) < k+ 1. It is
easy to verify that

C =

Pepi(zi) =y, 0<i<k+1
Uniqueness: Suppose there are two such polynomials P, and @, satisfying (6.2). Define
Sp(z) = Py(x) — Qn(x).
Since both deg(P,) < n and deg(Q,) < n, deg(S,) < n. Moreover
for 0 < i < n. This means that S,, has at least n + 1 zeros, it therefore must be S,, = 0.

Hence P, = Q.. [

6.1.2 Naive Approach for Polynomial Interpolation
Suppose we require the interpolating polynomial to be expressed in power of x as
Po(z) = co + c1x + cpx® + - -+ cpa™, (6.3)

The straightforward approach for solving the polynomial interpolation is try to determine
the coefficients c¢g, ¢q, . . . ¢, using the conditions

Pn(mz>:y27 i:0,1,2,...,n.

These lead to

2

co+ c1xy + coxi + -+l = Yo,
2

Co+ 1Ty + Coxy + -+ cph = Y,
2

co+ 1y + oy, + - T, = Yp,

which is equivalent to the system of linear equations:

1z 23 - af Co Yo

2
1 xy 25 - af c1 Y1 (6.4)
1 x, 22 - am Cn Yn
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The coefficient matrix is called Vandermonde matrix. It can be proved that

1z 23 -+ af
1 29 22 - 27
2 2
det | = ] (@—x) (6.5)
: ) 0<j<k<n
1 z, =z ks

Since x; are distinct, the Vandermonde system is nonsingular, and solving this system
gives the coefficients ¢y, ¢1, . . . , ¢, which solves the polynomial interpolation problem (6.1).
However, a Vandermonde matrix is often very ill-conditioned, thus the computed solutions
¢; will be inaccurate. Moreover, the amount of computational cost, including forming the
matrix, factorization, and triangular substitutions, is excessive. Therefore, this approach
is not recommended.

6.1.3 Lagrange Form and Neville’s Method

Next we present an alternative form for the interpolating polynomial P(x) associated
with the n + 1 distinct data points (x;, ;) for 0 < ¢ < n. It is important to remember
that there is one and only one polynomial of degree less than or equal to n that solves
the problem (6.1), various approaches produce the same polynomial in different forms.

Polynomial interpolation in Lagrange form expresses the polynomial as

Po(z) = yoLo(x) + y1L1(z) + -+ + yuLn(x) = ZykLk($)> (6.6)
where
o) = (x—x0) (2 —2p1) (@ — Tpy1) - (T —2p) L
Lilo) = (xk — o) -+ (T — T—1) (T — Tpgr) -+ (T — X) a H Ty — 6.7)
i#k

are known as cardinal polynomials.

One advantage of using the Lagrange form of the interpolating polynomial is that
it can be written down at once, since the coefficients in the Lagrange formula are the
given y;. This fact will be useful in numerical integration when quadrature formulas are
constructed.

Example 6.1 Given the following 4 data points,

x‘O
yi | 1

find a polynomial in Lagrange form to interpolate these data.

1 3 5
2 6 7

7
)
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Sol: The cardinal functions are

(- 1@-3)(x-5) 1
LO(*T) - (0—1)(0—3)(0—5) ——1—5(1’—1)(1’—3)(I—5)7
(- 0)(z —3)(z—5) 1
L) = Gga g - gl =9 =),
(2= 0)(x—1)(z—-5)
(=0)(z—-1)(z—-3) 1

Lsy(x) = 6-06-DG-3) = Ex(w—l)(m—?)).

The interpolating polynomial in the Lagrange form is

[

One difficulty for the interpolating polynomial in the Lagrange form is that if more
data points are added to the interpolation problem, all the cardinal functions have to be
recalculated. We will now derive the interpolating polynomials in a manner that uses the
previous calculations to greater advantage.

Definition 6.1 Let (x;,y;), 0 < i < n, where y; = f(x;) for some unknown function f,
be (n+ 1) given distinct data points. Suppose that my, ms, ..., my are k distinct integers
with 0 < m; < n for each i. The Lagrange polynomial that interpolates f at the k points
Ty Ty - - s Ty, 1S denoted Py sy m, (T).

Theorem 6.3 Let f be defined at distinct points xg,x1, ..., Tk, and 0 <,i,5 < k, i # j.
Then

—;')Pog ..... i1it1,.. k() (6.8)

describes the k-th Lagrange polynomial that interpolates f at the k+1 points xg, 1, ..., Tg.

Proof:  Since deg(FPo1,. j-1,j+41,.k) < k—1 and deg(FPo1,. i-1,i+1
definition deg(FPo 1, k) < k. If r # 4, j, then

.....

.....

(T, — IJ) (2 — ;)
P, ..... k(xr> = —B1,. 141, k(xr) - —P, ..... i—1,i4+1,..., k(xr>
0,1 (Iz ) 0,1,....5—1,j+1 (l’i—%) 0,1 1,i+1
(2, — ;) (T — @)
= ——flz) - f(zr) = f(zr)
(zi — x5) (i i)
Moreover
Po,l ..... k(xz) = MPOJ ..... j—1,5+1,..., k(%) - (xl - )P01 ,,,,, i—1,i+1,..., k(%) f(%)
(zi — ;) (xi — ;)
and
Poa,.. k(ffg): (x % P01 ..... j—1,5+1,..., k(%)— (xj x)Pm ..... i—1+1,..., k(%) f(%)
(4 ]) (; ])
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Therefore Py . r(x) agrees with f at all points xg,x1,...,x,. By the uniqueness theo-
rem, Fy; . () is the k-th Lagrange polynomial that interpolates f at the k& + 1 points
Loy L1ye .oy Tk |

The theorem implies that the Lagrange interpolating polynomial can be generated re-
cursively. The procedure is called the Neville’s method. For example, the polynomials
can be computed in a manner as shown in the following table.

o | By = Qo,o

x| PL=Q10 Fo1=Q11

Ty | Py = QQ,O P1,2 = Q2,1 P0,1,2 = Q2,2

3 | Py = Q:s,o Py 3= Q3,1 Pas = Q3,2 Poi23 = Q3,3

Ty | Py = Q4,0 P34 = @4,1 P34 = Q4,2 Pioss = Q4,3 P34 = Q4,4

For ease of notation, we denote, in the table

Qm‘ = Pi—j,i—j+1,...,z'—1,i~

Hence @);;, 0 < j < 4, denotes the interpolating polynomial of degree j on the j + 1
points Li—jy Limjtly -5 Ti—1, Ty

Note that the Neville’s method is usually used to generated successively higher degree
polynomial approximations at a specified point, but not to generate the polynomials
themselves.

6.1.4 Newton’s Form of Polynomial Interpolation

Since there is one and only one polynomial of degree < n that takes prescribed values at
given n + 1 distinct points, various algorithms will produce the same polynomial but in
different forms. For example, the polynomial can be constructed as a linear combination
of the basic polynomials 1,z, 22, ..., 2" For numerical work, it is preferable to use the
following basis

Qz) = 1,

a(r) = (z— ),

@(r) = (z—z)(z —21),

@n(z) = (z—z0)(x — 1) (2 — Tno1),

and express P(z) as

P.(x) = co+ca(x—x0)+ oz —xo)(z—x1) + -+ cn(z—x0)(x —21) -+ - (T — Tpp1).

= Z crqr() (6.9)

This polynomial is called the interpolating polynomial in Newton’s form.
The interpolation conditions

P,(x;) = chqk(xi) =y, 1=0,1,...,n,
k=0
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give rise to n + 1 equations with n + 1 parameters cg, ¢y, ..., ¢, to be determined
C = Yo,
co+alzr—z9) = yi,
co + c1(wo — o) + c2(w2 — o) (w2 — 1) = Yo,
CO+Cl(xn_:EO)+02(:En_:EO)(mn_wl)_’_"'—'—cn(l‘n_:L‘O)"'(xn_xn—l) = Yn-

In matrix equation, we have a triangular linear system

1 0 0 tee 0 Co Yo

1 1 — o 0 cee 0 C1 U1

1 To — X (l’g — ZL’O)(I‘Q — 1'1) ce 0 Co = Y2

L oz, =m0 (2n—20)(Tn — 1) -+ (T —T0) - (Tp — Tno1) Cn Yn
i S (6.10)
Use forward substitution, we can solve for cg, cq, ..., ¢,. Computational work involved in

this approach includes forming and solving the system.

Example 6.2 Given the following 4 points (n = 3)

wlo 1 3 5
vl 2 6 7

find a polynomial of degree 3 in Newton’s form to interpolate these data.
Sol:  Write

P(z) = c+a(r—0)+c(zr—0)(zr—1)+c3(x—0)(x—1)(x —3)
= o+ ar+ cr(x —1) 4+ csz(z — 1)(z — 3).

Plug in the interpolation conditions,

o)
=

co=1.

1) = co+c=2.

3) = co+ 3¢y +6cy =6.

5) = co+5c1 +20cs +40c3 = 7,

T

(
(
(
(

o)

which lead to

10 0 O Co 1 o 1
110 0|al| |2 . al | 1
1 3 6 0 | |6 | 3
1 5 20 40 3 7 3 — 3
Thus 17
Plz)y=1+z+ cx(x—1) — on(x —1)(z —3)
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6.1.5 Divided Differences Scheme

With proper arrangement, the triangular linear system in the previous subsection can be
solved with the formulations

co = f(xo)
I (AR
1 — Xy
e = 1 f(z2) — f(21) _ f(x1) — f(x0)
Ty — o Tg — 1 T — T

and so on. An efficient procedure, called the divided-difference method, can be derived
for computing the n + 1 coefficients c¢g,cq,- -+, ¢, in the Newton’s form interpolating
polynomial.

First we introduce the divided-difference notation. The zero divided difference of the
function f with respect to x;,

flai] = f(xi), (6.11)

is simply the value of f at x;. The first divided difference of f with respect to x; and
Z;11 is denoted and defined as

flwi, xis] = ﬂx;ﬂ : i[%] (6.12)

The second divided difference of f is defined as

flivr, Tival — flog, ]

flzi, Tig1, Tigo] = : (6.13)
Tito — X
In general, the k-th divided difference relative to z;, z;11, ..., ;1% is given by
Tit1y Tinoy e Tivk] — flTi, Tig1, oo Tivge
flei, iv1, - Tig] = Hzien Tuv, o ov] = lo0 Tovn, - o 1]. (6.14)
Litk — Li
As might be expected from the evaluation of ¢g,cq,...,c, in the Newton form interpo-

lating polynomial, the required coefficients are given by
ek = flxo, 1, ..., xk), k=0,1,...,n. (6.15)

Therefore the interpolating polynomial in Newton’s form can be expressed as
Py(x) = flwo) + Y flwo, 21, .. an]( — zo)(x — 1) - (= wpa). (6.16)
k=1

This formula is known as the Newton’s interpolatory divided-difference formula. The
determination of the divided differences is best described by using tabular form as shown
in the following table as an example.



106 Chapter 6. Interpolation

z; | k=0 k=1 k=2 k=3
zo | flzol
> flwo, 7]
vy | fla] > flxo, 71, 22
> flry, 2 > flro, 1, 29, 73]
Ty | flro] > flry, z9, 73]
> flwa, x3]
vz | flas]

Example 6.3 Given the following 4 points (n = 3)

|0 1 3 5
yi|1 2 6 7

find a polynomial of degree 3 in Newton’s form to interpolate these data.

Sol:
0 1
> 1
1| 2 > 3
> 2 >—%
3 6 >—§
> 5
5 7
So,
P) =142+ o —1) — = a(z — 1)z - 3)

[ |
Note that z; can be reordered, but must be distinct. When the order of z; are changed,
one obtains the same polynomial but in different form.

Example 6.4 Given the following 4 points (n = 3)

|8 1 5 0
yi |6 2 7 1

find a polynomial of degree 3 in Newton’s form to interpolate these data.

Sol:
| k=0 k=1 k=2 k=3
3 6
> 92
1] 2 > -2
7
> 3 > 155
5 7 > &
6
> 5
0 1
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So,

P(x)=6+2(x—3) — g(:r; —3)(x—1) — —(x = 3)(z — 1)(z — 5).

Note that cg,cy,...,c,_1 are changed, but ¢, is unchanged, and the polynomial is
expressed in different form.

Theorem 6.4 Suppose f € C"[a,b] and xg,x1,...,z, are distinct numbers in [a,b].
Then there ezists € € (a,b) such that

Sol: Let

Since P,(z;) = f(x;) for i = 0,1,...,n, the function g has n + 1 distinct zeros in [a, b].
By the generalized Rolle’s Theorem, there exists £ € (a,b) such that

g™ (&) = f"M(&) - PM(€) = 0.

Note that

As a consequence

]

An algorithm, to be introduced, for computing the divided-difference table is very

efficient and is recommended as the best scheme for producing an interpolating polynomial
in Newton’s form. First we change the notation to

Qi) = f['ri’ Tiyly- - 7«'Ez‘+k]
_ f[$i+1, Tito, .- vxi+k] — f[l‘i, Tit1y--- ;$i+k—1] _ Qit1,k—1 — Qi k—1

Titk — Lj Titk — i

so that the divided-difference table has the entries as shown in the following.
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z; | k=0 k=1 k=2 k=n
Zo Qoo

> Qo1
x 10 > Qo2

> Q12
X2 @20 > 12

> a1 e Qo n
x3 a30

> Ap—1,1
Tn An,0

The interpolating polynomial, of course, is

n k—1
Py(x) = ago+ Y aox | [(x — ). (6.17)
k=1 j=0

Algorithm 6.1 (Divided-Difference Table) Given n+1 distinct data points (z;,y;),
1=20,1,...,n, this algorithm computes the coefficients of the interpolating polynomial in
Newton’s form by constructing the divided-difference table.

fori=0,1,...n do
a(i,0) = y(i) = f(x(i))
end for
for k=1,...,ndo
fort=0,1,...,n—k do
ali. k) = a(i+1,k—1)—a(i,k—1)

x(i+ k) — x(i)
end for

end for

This algorithm uses one 2-d array of (n + 1) x (n + 1) for the storage of all a;.
The inner i-loop can be performed in parallel. If only the coefficients in the Newton’s
interpolating polynomial are required for one set of data, an improved algorithm which
uses only one 1-d array of size n + 1 can be derived. The modified algorithm, however,
can not be executed in parallel.

Algorithm 6.2 (Divided-Difference Algorithm) Given n+1 distinct points (z;,y;),
1=0,1,...,n, this algorithm computes the coefficients of the interpolating polynomaial in
Newton’s form using an 1-d array of size n + 1..
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fort=0,1,...,ndo
c(i) = y(i) = f(z(i))
end for
for k=1,...,ndo

forto=n,n—1,...,k do
L ocli) —e(i 1)
S g
end for
end for

Newton’s interpolatory divided-difference formula can be expressed in a simplified

form when x, 1, ..., x, are arranged consecutively with equal spacing. Let
Tp — .
h = “ OZCL'H_l—JTi, 220,1,...,77,—1.
n
Then each x; = xg+ixh,i=0,1,...,n. For any x € [a, b], write
xr=2x9+ s*h, s eR.

Hence x — x; = (s — i) x h and
Py(x) = flzol + Y _ flao,x1,. . zx)(x — xo)(x — 21) -+ (& — 21)
k=1
= f(a:‘o)—|—Zf[q:0,:c1,...,:1:k](s—0)*h*(5—1)*h*~~-(3—k+1)*h
k=1

= f(:vo)+Zf[a:0,x1,...,a:k]s(s— 1)---(s—k+1)h*

k=1
k=1

where the binomial formula

(Z) :3(3_1)..];!(3—“1)

is used. This formula is called the Newton forward divided-difference formula.
Next we introduce the forward difference notation A

Af(xi) = f(ziq) — f(z0) (6.19)

and
AFf(z) = A (i) — A () = A (A (), (6.20)
fori=0,1,...,n — 1. With this notation,

floon] = LEVZIE) Ly
floo, 21, 23] = flz1, xe] — flxo, 1] _ %Af(m) — %Af(l‘o) _ LAZf(a?o),

To — T 2h 2h?
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and, in general

1
kIt
Using the forward difference A notation, the Newton’s forward divided-difference formula
can be expressed as

f[l’g, L1y .. ,xk] Akf(aﬁo) (621)

Puta) = flao) + 3 () 44 ). (622

This formula is called the Newton forward-difference formula.
If the interpolation nodes are arranged as x,,z,_1,...,xg, a formula for the interpo-
lating polynomial similar to results

P,(x) = flx,] + Z flen, o1,y Tn_i)(x — 2p)(x —2p_1) - (x — Tppy1).  (6.23)

k=1
If the nodes are equally spaced with

Ty — X .
h==" , T =z, —(n—1)%xh, xr=x,+sx*h,
n

P,(x) = f[:r;n]—i—Zf[:cn,xn,l,...,a:n,k]s*h*(s+1)*h*---*(s+k—1)*h
k=1

= @)+ Y T T, 2] (1) (_]j) h* (6.24)

where the binomial formula is extended to include all real value s

—$ —s(=s—=1)---(=s—k+1 s(s+1)---(s+k—1)
(k): ( )k:!< ):(_1)k< kf

This form is called the Newton backward divided-difference formula. Similarly, we can
introduce the backward-difference notation

ka(l’l) = Vk71f<l'z) — Vk71f<l'1;1) =V (Vkilf(.fl)) s (625)

then

f[mna mn—l] = %Vf(xn)a f[$n7xn—1a xn—?] = QLhQVZf(xn)a

and, in general,

flen, Tnt, o T g] = ﬁka(xn) (6.26)

Using this backward-difference V notation, the Newton backward divided-difference for-
mula can be written as

Pata) = flo) + 31 () s o). (6.27)

This is called the Newton backward-difference formula.
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6.1.6 Error Analysis for Polynomial Interpolation

Theorem 6.5 Suppose f(x) € C"a,b], and P(x) is a polynomial of degree < n that
interpolates f at n+1 given distinct points xo,x1 ..., T, in [a,b]. Then for each x € [a,b],
there exists a point &, € (a,b) such that

1 n

—1)!]0(”“)(595) H(x — ). (6.28)

Proof: Note first that if x = x; for some 0 < i < n, then P(z) = f(z), the theorem
holds for any arbitrary &, € (a,b). Suppose that x € [a,b] but © # x; foralli =0,1,...,n.
Define a new function

g(t) = f(t) = P(t) - [f(x) = P(2)| ]|

k=0

Since f € C"a,b], P € C*[a,b], and x # x;, V i, it follows that g(t) is well-defined
for all ¢ € [a,b], and g € C"[a,b]. Then

(t — ZEk)
(x — )’

t € [a,b].

n

g(wi) = f(z) - P(wi) — [f(z) — P ]] M 0, i—01...n

Moreover
olo) = fa) = Plo) 1) - P T] = =o.

Thus g € C"[a,b] and g has n + 2 zeros in [a,b]. By the generalized Rolle’s theorem,
there exists &, € (a,b) for which g™+ (¢,) = 0. Hence

0=g""(&) = () — PMI(E) — [f(z) — Pla)]

dn+1 - (t — l’k)
dentt (x — x)

= =&z
(e — 0 — [(g) — Pg)] . Lt DY
PO E) —0 - [1(0) — P} s
Therefore .
@) = Pw) = g € [ [ = ).

k=0
|

Example 6.5 Suppose f(x) = sinx is approximated by an interpolating polynomial p(x)
of degree 9 in [0,1]. Estimate |f(x) — p(z)|, for all z € [0, 1].

Sol: With n =9, and since f(z) =sinz, [f19(¢)| <1, and z € [0,1],

10

v — o] <1, = H(x—xz) <1,
i=0
we have
R 1
1) =20 = 55,150 [T =) < g5
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6.2 Hermite Interpolation

If values of a function f and some of its derivatives are to be interpolated by a polynomial,
the topic is known as Birkhoff interpolation. The general problem of this type may have
some intriguing difficulties associated with it because the linear system of equations from
which we expect to compute the coefficients in the polynomial may be singular.

Example 6.6 Find a polynomial p that assumes theses values:

1

p(0) = 0, MD=L<ﬂG):2

Sol: Since there are three conditions, we try a quadratic polynomial
p(r) = a+ bz + cz’.

Then p/'(z) = b+ 2cz. Plug in the given conditions, we have

a = 0
a+b+c =
b+c = 2

However the coefficient matrix of this linear system of equations

1 00

1 11

011
is singular. There is no solution for coefficients a, b, and ¢. Thus there is no polynomial
of degree at most 2 that solves this problem. [ ]
The problems in a restricted class are the ones generally known as Hermite interpo-
lation. Consider the given n + 1 data points zg < 1 < --- < x,,, and real numbers yi(k),

k=0,1,....,m; —1,7=0,1,...,n, where

uy ) = f(xo) y = fla) u = f(zn)
1 / 1 / 1 ’

v = f (o) w=f@) e ) = )
y(()mo—l) _ f(mofl)(x()) y§m1—1) _ f(mlfl)(xl) L ygmn—l) _ f(mnfl)(l,n)
| | !
mgo conditions my conditions e m,, conditions

for some function f. The Hermite interpolation problem for these data consists of deter-
mining a polynomial P of degree at most N, where

N = <i ml-) —1. (6.29)
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satisfies the following interpolation conditions
PO @) =y®  j=01,...(mi—1), i=0,1,...,n. (6.30)

In a Hermite interpolation problem, it is assumed that whenever a derivative pU)(z;)
is to be prescribed at a node z;, then pU=b(z;), pU=2(x;),...p'(z;), and p(x;) will also
prescribed. The polynomial interpolation of the previous section is the special case where
n;=1forallt=0,1,...,n.

6.2.1 Existence and Uniqueness

Theorem 6.6 For arbitrary numbers xqg < x1 < -+ < x,,, and yZ(k), k=0,1,...,(m;—1),
1 = 0,1,...,n, there exists a unique polynomial P of degree at most N, where N =
(>-rym;) — 1, which solves the Hermite interpolation problem (6.30).

Proof: Since the polynomial P to be sought has degree at most N, write

P(z) =ag+aix + -+ aya?,

There are N + 1 coefficents, ag,aq, ..., ay, to be determined and there are exactly N + 1
conditions given, thus we have a square system of N 4 1 linear equations in N + 1
unknowns to solve, and we wish to show that the coefficient matrix A of this system is
nonsingular.

To prove A is nonsingular, it suffices to prove that the homogeneous system Au = 0

has only the trivial solution v = 0. In the Hermite interpolation problem under discussion,
the homogeneous problem is to find a polynomial P of degree at most N such that

P®(z)=0 k=0,1,....mi—1, i=0,1,...,n.

Such a polynomial has a zero of multiplicity m; at x; and must therefore be a multiple
of the polynomial given by

o) = [[ (x =)™

However, deg(q) = > . ,m; = N + 1 whereas P has degree at most N. We therefore
conclude that P(z) = ¢(z) = 0. That is, A is nonsingular, and the Hermite interpolation
problem has a unique solution. [ ]

6.2.2 Lagrange Form for Hermite Interpolation

Hermite interpolating polynomial can be given explicitly in a form analogous to the poly-
nomial interpolation formula in Lagrange form. The Hermite interpolating polynomial
in Lagrange form is given by

n m;—1

Pa) =YY" 4" L), (6.31)

i=0 k=0
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where, for: =0,1,...,n,

Cim,—1(x), for k =m; — 1,
Li(x) = o __ , 6.32
k( ) {&k(fﬁ) — Z;n:lkil ﬁfi)(xl)[/w(x), fOI' k =m; — 2, m; — 3, ceey 0, ( )
with the auxiliary polynomial
)y (e Y .
7=0
J#
By induction
1 if i =t and k = s;
ng)(mt) _Jh if ¢ .an S;
0, otherwise.

Thus P(x) is indeed the desired Hermite interpolating polynomial.

6.2.3 Divided Difference Method for Hermite Interpolation

Next we illustrate how the Newton divided difference method can be extended to solve
Hermite interpolation problems. First we denote the N 4 1 conditions pairs

(x07y(()0))7 (x()ay(()l))a (x()ay(()mOil))a <x17y§0))7 ($17y§1)>7 (xlaygmlil)% (mnaygmnil))

by consecutive coordinate pairs

0 1 mo—1 0 1 _
( 20 ay(() ))7 ( 21 Jy((] ))7 Ty (Zmo—lay((] 0 ))) (Zm07y§ ))7 (Zmo-‘rl?yi ))7 ( ZN ,?Jfgm" 1))
xo xo 0 1 1 Tn

Note that 2y < z; < .- < zy. The unique Hermite interpolating polynomial in Newton’s
form can then be written as
N
P(x) = flzo] + Y flzo, 21, zl(@ = 20) (@ — 21) -+ (2 — 2z). (6.34)
k=1
The coefficient f|zg, 21, ..., 2x] is again computed by the divided-difference method. If
2i # Ziyk, then
fleivts ziva, - zipe] = flai 2, - 2]

i) Zidly - e Btk = . 6.35
flzi zim Zitk] ik — 2 ( )

However the divided-difference formula has to be modified because there may be rep-
etitions among z;. The extension of the definition of divided-differences to the case of
repeated arguments involves transition to a limit. When z; = 2,41 = -+ = 214, let

S <&ip1 <0 < &gk

be distinct coordinates and §; — z;, for ¢« < j <7+ k. Then, by applying Theorem 6.4,

. F®(z)
f[% Zitly - 7Zi+k] = ghfi f[£i7 Sitly--- >5i+k] = Ll (6-36)
i<i<ith '

In summary, the following algorithm computes the coefficients of the polynomial which
solves the Hermite interpolation problem.
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Algorithm 6.3 (Divided-Difference Method for Hermite Interpolation) Given ar-

bitrary xo < x1 < --+ < x,, and yfk), kE=01,....,(m;—1), i = 0,1,...,n, this

algorithm computes the coefficients of the polynomial P(x) such that P®(z;) = ygk),

j=0,1,...(mi—1),i=0,1,...,n.

if Zi = Zitk then

(®) (2,

f[z717z74+17"'7zl+k:| = fk—g)
else :

flzis zina Zivk) = fliv, - ziw] = flziv, - - 2w

Ty ~g+1s « o 5 R+ ==
Ritk — Zi
end if
Example 6.7 Given

f0)=1,  f(1) =2,
f0)y=2, f(1)=-2
(1) = —3.

Find a polynomial of degree 4 which interpolates these data.

Sol: Constructing the divided-difference table with the previous algorithm.

zi | flzi]
0| 1
> 2
0] 1 > -1
> 1 > -2
1| 2 > -3 > 7
> -2 >3
1] 2 > —3
> -2
1 2

The polynomial sought is

p(z) =1+ 22+ (=1)a* - 22%(z — 1) + ;xQ(x — 1)

6.2.4 Error Analysis for Hermite Interpolation

The interpolation error which is incurred by Hermite interpolation can be estimated in
the same fashion as for the usual polynomial interpolation.

Theorem 6.7 Suppose vg < x1 < -+ < &p, x; € [a,b]. If the polynomial P is of degree

at most N, where
i=0
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and satisfies the interpolation conditions

P (z) = fP(z), k=01,....m—1 i=0.1,...,n,
and f € CNTa, b, then for any x € |a,b] there exists &, € [a,b] such that
1 n

J) = P) = /@ T = (6.37)

6.3 Spline Interpolation

The previous sections concern the approximation of an arbitrary function on a closed
interval by a polynomial. However, the oscillatory nature of high-degree polynomials
restricts their use. An alternative approach is to divide the interval into a collection of
subintervals and construct different approximation on each subinterval. Approximation
of this type is called piecewise polynomial interpolation.

The simplest piecewise polynomial approximation is piecewise linear interpolation
which consists of joining a set of data points by a series of straight line segments. A
disadvantage of linear function approximation is that there is no assurance of differentia-
bility at each of the endpoints of the subintervals, which, in a geometrical context, means
that the interpolating function is not smooth at these points. It is often required that
the approximating function is continuously differentiable.

An alternative procedure is to use a piecewise polynomial of Hermite type. However,
to use Hermite piecewise polynomials for general interpolation, we need to know the
derivatives of the function being approximated, which is frequently not available.

In this section, we consider approximation using spline function that require no deriva-
tive information, except perhaps at the endpoints of the intervals on which the function
is being approximated. A spline function consists of polynomial pieces on subintervals
joined together with certain continuity conditions.

Definition 6.2 Suppose the interval [a,b] is partitioned by a = xo < x1 < -+ < x, = b.
A spline function Sa of degree k defined on [a,b] is a function such that

e Sa is a polynomial of degree at most k on each subinterval [x;, z;y1), namely,

So(x), x € [z, 1),

a = Sl(x), fEG (21, 22),

Sn—l(m)a M [xn—lawn]7
and deg(S;) <k,i=0,1,...,n—1;
o Sa is k — 1 continuous differentiable on [, 1], that is, Sa € C* "z, x,].

The spline function Sa(z) can be viewed as a collection of n piecewise continuous
polynomials of degree at most k£ having continuous derivatives of all order up to k£ — 1.
Spline functions yield smooth interpolating curves which are less likely to exhibit the
large oscillations characteristics of high-degree polynomials.

Given n + 1 distinct points zp < 1 < .-+ < x, and the values, y; = f(z;), i =
0,1,...,n, of function f, we try to find a spline function Sa to interpolate f(z).
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6.3.1 Cubic Spline

A spline of degree 3 is called a cubic spline.

e S, consists of cubic polynomials (k = 3) on each of the subinterval [z;, z;11) glued
together;

e S is twice continuous differentiable on [z, z,]. i.e., Sa € C?[xg, 7).

'So(x), T € [xg,21],
Si(x), T € |21, 2],

Sa = < Sa(x), T € [x9, 23],

(Sn—1(2), x € [Tpo1,20].

with
Sl_l(ffz):yizsl(l‘l), i:1,2,...,n—1.

Each S;(z) is a polynomial of degree 3, therefore, there are 4 parameters to be de-
termined for each S;(x). Hence, 4n parameters in total need to be computed. On each
subinterval,

Sl(l’z) =Y, Si($i+1) = Yi+1, 7= 0,1,2,...,71,— 1. (638)

These give 2n conditions. The twice conditions differentiable conditions lead to
S (x) = Si(x;), S’ (x) = S (x;), i=1,2,...,n—1, (6.39)

and give 2n — 2 conditions. Together, we have 4n — 2 conditions and 4n parameters to
be determined. This leaves 2 degree of freedom.

Since S;(x) is a polynomial of degree 3, hence S!(x) is a polynomial of degree 1. We
may write

Assume

S{/ 7 = <y .
{ i (@) : i=01,2,.. n—1. (6.40)

S{(Tiy1) = Zig1,

Then

Aixz’ -+ BZ = Z;,
Airip + By = 2.
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Let hz = Xjyr1 — L. Then

A — Zitl T & _ Zi+1 T Zi
’ Tip1 — T4 D .
d
o Zitl T &g
Bz = Zi Aixz = Zi — h i
Hence,
SZ”(I) = —Zi—i_lh_ Zix + Zi — —Zi+lh_ “i ZT;
— Z;:Zl — ;—:x + 2 Zml + Z;;:lxz
Zi+1 Zi Z4
= hJ: (33 — .CEZ) — h—Z.ZT + Zi + h_i(xiJrl — hl)
— Z;L—:l (I — I’Z) — Z—:J? —+ Zi + h_ixi+1 — Z;
= e w) + 3w )
= Z;:;l( _xl)_z_i(x_xi+1)7 7’_1727 7n_17
and
Si(z) = Z;;rl /(:U —z;)de+ = [ (41 — ) do
1 Zi+1 1 Zi
= - h-: (fl} I1>2 §h_i(xi+1 $) + E,
Therefore ! 1
Silr) = 55w =0’ = i~ wn)® + Fw - wi) + G

Using the conditions S;(x;) = y; and S;(x;11) = y; 11, we can determine F; and G.

Yi = _éh_z(x’ —ri)’+ G, = Gi=yi— azzh?
and
1z i1 — Y1
Yit1 = ——+1(95i+1 — )+ F(w — )+ G = F, = Y = % + ~hi(z — ziq1).
Hence,
1z 1z 1 1
Si(z) = gzhtl (z —x)° — gz—i(iﬂ — i) + h_i(yi“ — i)+ ghz’(zi — ziy1) | (v — x)
1
+(y; — 6mf), i=0,1,2,...n—1,
and
1Zz' 1 Zi 1 1
Si(x) 5 htl (z — ;)% = Qh_i(x —z1)? + h—i(ym — i) + ghz’(zi — Zit1)-
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What left is to determine z; = S¥(x;), for i =0,1,...,n — 1. Since S!_,(z;) = S}(x;), for
i=1,2,....n—1,

1 1 1 1 1 1
“hi1zio+ shicizi+ — Wi —yic1) = —shizi — Zhizi —Wit+1 — Vi),
g 17 1+3 1Z+hi_1(y Yi-1) 3% T g Z+1+hi(y+1 Yi)
which leads to
6
hi—1zim1 4 2(hi—1 + hi)zi + hizig = h_(yi-i-l —Yi) — h (i — Yi—1)-
i i—1
If we define
P—
Ci = = \Yi+1 — Yi),
h; Yi+1 — Y
then 6 6
h_i(yi-&-l —Yi) — iy (Yi = Yi1) =i — cia
Let b; = ¢; — ¢;—1. Then
hi1zi—1 + 2(hi—1 + hi)zi + hizig = by, (6.41)
fore =1,2,...,n — 1. There are n — 1 equations with n + 1 unknowns zg, 21, ..., z,.

Recall, we have 2 degrees of freedom. The widely used choice is to let zog = z, = 0, i.e.,
SA(zo) = SA(zn) =0

This is called the natural spline. With this convention, we have n — 1 equations and want

to solve n — 1 unknowns z1, 29, ..., 2,—1. equation () leads to a linear system of following
form.
[ 2(h0 —‘l_ hl) hl ] i Zl ] [ bl ]
hl 2(h1 + hQ) hg Z9 bg
hg 2(h2 + hg) h3 z3 b3
- hp—a : :
B hn—2 Q(hn—Q + hn—l) 1 L ”n-1 L bn—l i

The coefficient matrix is tridiagonal, symmetric, and diagonally dominant. Hence, Gaus-
sian elimination without pivoting can be used to solve the system for zy,..., 2z,. Once z;
are computed, S;(x) can be determined.
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Chapter 7

Numerical Differentiation and
Integration

7.1 Numerical Differentiation

7.1.1 Finite Difference Method

Suppose a given function f has continuous first derivative and f” exists. From Taylor’s
theorem

floh) = @)+ F@h+ 5 f1OR, >0,

where £ is between x and x + h, one has

, x+h)— f(z h ., x+h)— f(z
h 2 h
Hence it is reasonable to use the approximation
, x+h)— f(z
difference, and the error involved is
h 1 "
e = 5109 < max |f"(0) (72)

This kind of error is called the truncation error and is unavoidable when using finite
difference approach because the Taylor series is truncated. A only special case is when f
is a linear function in which e = 0.

Similarly one can derive the backward finite difference approximation

which has the same order of truncation error as the forward finite difference scheme.
In theory, the truncation error e — 0 as h — 0. However, the roundoff error will kick
in when A is small. This is because when h is small

r~x+h = f(z)= f(x+h)
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since f is continuous. This results cancellation of significance in evaluating f(x+h)— f(x).
Higher precision operation should be used to prevent such subtractive cancellation.

The forward difference is an O(h) scheme. An O(h?) scheme can also be derived from
the Taylor’s theorem

fleth) = f@)+ f@ht 3 @k + 2 @)
1 1

flex=h) = f(z)— f(x)h+ §f”(37)h2 — gfm(&)hg,

where & is between x and x + h and &; is between x and = — h. Hence

flo+h) = flz = ) = 2 (@)h+ S["(E) + @

and

f’(x) _ f(SL’ + h)z_hf(x - h) . %[fm(fl) + f”/(fg)]hQ

Let
M: " d — . 1 .
oax f2) and m= min | f(2)

If f is continuous on [z — h, x + h|, then by the intermediate value theorem, there exists
§ € [x — h,x + h] such that f(&) = 3[f" (&) + f”(&)]. Hence

fI(QJ) _ f(x+h)2_hf(x_h> _ éf”/(€>h2 _ f(x+h)2_hf(x_h)

+O(R*).  (7.4)

This is called center difference approximation and the truncation error is

h2 "
7"

le| =

Similarly, we can derive an O(h?) scheme from Taylor’s theorem for f”(x)

flat+h)=2f(x)+ fle—h) 1
h2 12

f(x) = FEn, (7.5)

where £ is between x — h and x + h.

7.1.2 Polynomial Interpolation Method

A general approach for numerical differentiation is to use polynomial interpolation. For
a given function f (or a set of function values), we find a polynomial p such that p ~ f
and expect p’ =~ f’.

Suppose that n + 1 points, xg,Z1,...,z,, and values of f, f(zo), f(x1),..., f(xn),
have been given or evaluated, we apply the Lagrange polynomial interpolation scheme to
derive

p(r) = Z fi)li(), (7.6)
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where

li(z) = ToEo (7.7)
j:](;!:;éi T
Since f(x) can be written as
. 1
@) = 3 1w)b(o) + g € Do) (7.8)
i=0
where .
w(z) = [[(@ -y, (7.9)
=0
we have, by taking derivative,
/ / 1 n / 1 d n
) = Sn ) + g @M ) + ) g e (110
Note that 0o
w'(z) = Z H (x — ;). (7.11)
J=0 i=0,i#j

Hence a reasonable approximation for the first derivative of f is

f'(w) ~ Z S (i) li(x). (7.12)

When z = z;, for some 0 < k < n,

n

w(zg) =0 and w'(xy) = H () — 25).

i=0,i£k
Hence . .
P = f@hw) + om0 T @oma (113)
i=0 ’ i=0,i#£k

7.1.3 Richardson Extrapolation Method

Again from the Taylor’s theorem

h2 hS h4 h5 h6

fl+h) = f@)+hf' @)+ 5" (@) + 57 ") + Ef(‘*) (z) + af“) (z) + 5f““‘) () +- -
B2 B3 pt B ne

flx=h) = f(z)—hf'(x)+ gf”(x) - yfm(a?) + Zf@)(x) - gf(f))(x) + @f((j)(x) o

we have

2h3

fx+h)— f(x —h)=2hf"(x)+ a0

5
F(a) + 22 O )
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and, consequently,

piy St~ fla =) R

2h EN

Denote

L=f'(x) and ¢(h)=
Then equation () can be expressed as
L = ¢(h) + agh® + ash* + agh® + - - - .
This yields the O(h?) central difference scheme.

2h

Now replace h with % in the Taylor’s expansion, one has instead

f(z) = f($+%);f($—%) B [1 (ﬁ)Zf/”(x)_i_ 1 (ﬁ)4f(5)(x)+...

31\ 2 50\ 2

This gives
h, 1 1 1
L=a&(=)+ Zah?+ —ah* + —achb + - .
¢(2)+4a2h + 16a4h +64a6h +e
or, equivalently,
h 1 1
4L = 4¢(§) + ash? + Za4h4 + Ea@h6 4.
Subtract () from ()
3 15

_ h 4 6
3L = 49(3) — 6(h) — Tah’ — Taght + -

This yields an O(h?*) approximation scheme
1

Fie) = L= 56(5) — 50(h) — jaih’ = roagh® +

4 16
We may repeat this idea by letting

4 h, 1
h)=-o(=) — -o(h).
U(h) = 50(3) - 50(h)
Then
L = (h) + bsh* 4+ 0°h® + - --
and also h .
ML:HW§)+MM+Z%W+~-.
Subtract () from () to give
h 3
wL:m¢Sywmm—Z%m+~-

It leads to an O(h%) approximation

L 16 b 1 1
fl(x)=L= 1_5¢<§) — 1—5¢(h) — —bghS + - .

20

h4
F(w) + £ )+

fla+h) = fla—h)

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)

(7.20)

(7.21)

(7.22)

(7.23)

(7.24)

The process can be repeated again and again, and is called the Richardson extrapo-

lation. For practical implementation, we denote
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7.2 Numerical Integration

Calculating the definite integral of a given function f(x) over an interval [a, b],

/ f(z) dz, (7.25)

is a classic problem. By the fundamental theorem of Calculus, this problem is solved by
finding an anti-derivative F' of f, that is, F'(z) = f(z), and then

b
/ f(x)dx = F(b) — F(a).

But finding an anti-derivative is not an easy task in general. Many elementary func-
tions do not have simple anti-derivatives. Hence it is certainly not a good approach for
numerical computation.

Numerical integration is the process of producing a numerical value for the definite
integral problem (7.25). As a rule, definite integrals are computed using discretization
methods which approximate the integral by finite sums corresponding to some partition
of the interval of integration [a,b]. One powerful stratagem for computing the integral
(7.25) numerically is to replace f by another function g that approximates f well and is
easy to integrate. Hopefully, when f = g, we can expect

/abf(a:) dz ~ /abg(x) dz.

It should be no surprise that polynomials are good candidates for the function g, and
indeed ¢ can be a polynomial that interpolates f at a certain set of nodes. With this
observation, we would expect that the interpolation techniques play an important role in
numerical integration.

7.2.1 Elements of Numerical Integration

The basic method involved in approximating the integration (7.25) is called numerical
quadrature and uses a sum of the type

/ f(@)de ~ Z cif (). (7.26)

The method of quadrature in this section is based on the polynomial interpolation. We
first select a set of distinct nodes {zg,z1,...,2,} from the interval [a,b]. Then the
Lagrange polynomial

Pue) =3 Lo = 3 1) [[ =2

—0

S

is used to approximate f(z). With the error term we have

n (1) () P
(@) = Po(2) + By (x) = ; ) L) + f(nT%,) g@; _ )

(2
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where (, € [a,b] and depends on z, and

/abf(x)dx _ /:Pn(x)dx—i—/abEn(x)dx

n b
— Zf(mi)/ Li(x)dm—l—

a

/ FC) [[(@ = 20) dae(7.27)
i=0

The quadrature formula is, therefore,

n n

/ab f(x)dz ~ /ab Po(z) do = g fa) /ab Liw)de =Y ef(@),  (728)

i=0 i=0
where

¢ = /b Li(x)dz = bﬁ e Ry (7.29)

a a 5o Ti T
J#

Moreover, the error in the quadrature formula is given by

_ (n+1)(

E=—_ n+1 /f ngx—xl (7.30)

for some ¢, € [a,b]. If | f*+D(z)| < M on [a, b], then

< %/ H(x — ;) dx. (7.31)

The choice of nodes that makes the right-hand side of this error bound as small as possible
is know to be

b n
JRCLESC

xT; =

bob— 1
eto, acos[(H)ﬂ, i=0,1,...,n. (7.32)

2 2 n+2

Of course, a polynomial interpolation to f can be obtained in other ways, for example,
polynomial in Newton’s form using divided-difference method,

Pue) = 20 + 3 sl H< ~ )

where f|xg, 21, ..., ;] are evaluated with the divided difference algorithm. Then

pi—1
/f f(zo)(b— a) +foo,x1,...,a:i]/ H(x—xj)dx. (7.33)
a =0

The standard derivation of quadrature error formulas is based on determining the
class of polynomials for which theses formulas produce exact results. The next definition
is used to facilitate the discussion of this derivation.

Definition 7.1 The degree of accuracy, or precision, of a quadrature formula s the
largest positive integer n such that the formula is exact for z*, when k = 0,1, ...

7

The definition implies that the degree of accuracy of a quadrature formula is n if and
only if the error £ = 0 for all polynomials P(x) of degree less than or equal to n, but
E # 0 for some polynomials of degree greater than n.
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7.2.2 Newton-Cotes Formulas

A quadrature formula of the form (7.26) is called a Newton-Cotes formula if the nodes
{zo,x1,...,2,} are equally spaced. Consider a uniform partition of the closed interval
[a, 0] by
h—
zi=—a+ih, i=01,...n h=-—"2
n
where n is a positive integer and h is called the step length. By introduction a new

variable ¢ such that x = a + ht, the fundamental Lagrange polynomial becomes

" T — a+ ht—a—jh t—
H i — T Ha+zh—a—jh 11@'—' #ilt)
J?él

J#

Therefore, the integration (7.29) gives

/L()dx_/o% t)hdt = / Z_j t, (7.34)

J#%

and the general Newton-Cotes formula has the form

/f da:—hfoz/HZ_jdt oS /f"“ Cxﬁx—:vz dz. (7.35)
J#z

1=0

The simplest case is to choose n = 1, xg = a, x1 = b, h = b — a, and use the linear
Lagrange polynomial

T — X r—>b r—a

= f(a)

To — X1 T1 — o a—>b

t—1
co = /—dt —dt
0-1 2’ 1-0

and

[ P e = coftan) + cafien) = g £(a) + O]

Since (x — xg)(x — x1) = (x — a)(xz — b) does not change sign on [a, b], by the Weighted
Mean-Value Theorem for integrals, there exists some & € (a,b) such that

b b
/ PG —w)(e — o) de = fU() / (z — z0)( — 21) da
— ) / (x — a)(z — b) dz

b
= [ [%173 - %(a + b)2? + abz}

a

1 " 3 __ 1 " 3
= /1O = "
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Consequently,
[ e =4 @+ 501 - e

This gives the so-called Trapezoidal rule.

Trapezoidal Rule:

3
[ =30 @ + 01 - e (7.36)
where h =b—a and & € (a,b).

It is evident that the error term of the Trapezoidal rule is O(h?). Since the rule
involves f”, it gives the exact result when applied to any function whose second derivative
is identically zero, e.g., any polynomial of degree 1 or less. Hence the degree of accuracy
of Trapezoidal rule is one.

If we choose n =2, xg = a, 11 = %(a—{— b), zo = b, h = (b—a)/2, and the second order
Lagrange polynomial

(x — 1) (x — x2)
(zo — 1) (w0 — x2)

Py(x) = [ (o)

to interpolate f(x), then

2t—1 t—2 h [? h
%._h/-——u——m_—/kﬁ—&+mﬁ_f
0 0—1 0-2 2 Jo 3

t

2t—0 t—2 2 4h
= h/ —O-—dt:—h/(t2—2t)dt:—,
0 1 0 3

2, 1 2
cy = h/ u-t—dt:ﬁ/(152—75)d1t:@,

and

a+b 1

)+ 51 (0)

’ 1
/ Py(z)dx = cof (xo) + c1f(x1) + caf (z2) = h {—

@)+ 5 ¢

gives the so-called Simpson’s rule. Deriving the formulation this way, however, the error
term

% / FOC) (@ — 20)(x — 21) (@ — 2) da

provides only an O(h*) formulation involving f®). A higher order error analysis can be
derived by expanding f in the third Taylor’s formula about x;. Then for each x € [a, b],
there exists ¢, € (a,b) such that

ARI(®)
24

f//(l,l)
2

f/// (551)

G (x —21)% + (z — x1).

(x—x1)* +

f(@) = f(a1) + fi(a)(z — 21) +
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Then

b

/ ) de = [f(xn(x —a L ) gy L2 wn‘*}

6 24

a

b
o1 [ 1Ot

Note that (b — 1) = h, (a — ;) = —h, and since (z — z1)* does not change sign in [a, b],
by the Weighted Mean-Value Theorem for Integral, there exists & € (a,b) such that

[ 19— atar = 196) [@ - ayar = s

Consequently,

b " 1) (4) D s
/ o) da = 2f e+ Ty T2

Finally we replace f”(z1) by the central finite difference formulation

flxo) = 2f(x1) + fz2)  fO(&)

fa1) = 2 o h?,
for some & € (a,b), to obtain
’ h 4, @(¢,
/a f(l') de = 2hf($1) —+ g (f(IO) _ 2f<xl> + f(xZ)) o f 3é§ )h5 4 f 6é£ )h5

= [+ ) + i) + 55 57060 - S| #
By letting f(z) = x, one can show that there exists £ € (a, ) such that

/abf(x) dr =h Ef(xo) + %f(xl) - %f(m)] "0

This gives the Simpson’s rule formulation.

Simpson’s Rule:

[ reie= (757 [sr0+ g0 gro) < e s

for some ¢ € (a,b). The Simpson’s rule is an O(h®) scheme and the degree of accuracy is
three.

The Trapezoidal and Simpson’s rules are examples of a class of methods known as
closed Newton-Cotes formula. The (n+1)-point closed Newton-Cotes method uses nodes
x; = a+th, fori =0,1,...,n, where h = (b — a)/n. Note that both endpoints, a = x
and b = x,, of the closed interval [a,b] are included as nodes. The following theorem
details the Newton-Cotes formulas and the associated error analysis.
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Theorem 7.1 (Closed Newton-Cotes Formulas) For a given function f(z) and closed
interval [a,b], the (n 4 1)-point closed Newton-Cotes method uses nodes

b—a
—

ri=a+1th, 1=0,1,...,n, h=

If n is even and f € C""2[a,b], then

/f dx—hZozzfxl %/ﬂnﬁ(t—nm@—n)dt, (7.38)

and if n is odd and f € C""a,b], then

/f dm—hZazfxl %/jt(t—nm(t—n)dt, (7.39)

where & € (a,b) and

ozi:/ [[—2dt, i=01,....n (7.40)
0

Consequently, the degree of accuracy is n+1 when n is an even integer, and n when n is
an odd integer.

The weights a; in the Newton-Cotes formula has the property

i a; =n. (7.41)
i=0

This can be shown by applying the formula to f(xz) = 1 with interpolating polynomial

P,(z) = 1. Let s be the common denominator of «;, that is,
o
o = - (:> g; = SOéi)
s

such that o; are integers, then the formulation for approximating the definite integral can

be expressed as
/ f(x dehZ&lf x;) = Zal x;). (7.42)

Some of the most common closed Newton—CoteS formulas Wlth their error terms are listed
in the following table.

Name n s | o; Error
Trapezoidal rule | 1 21,1 — S D)
Simpson’s rule | 2 3|1,4,1 — s [W(ER®
3/8-rule 31 $11,3,3,1 — & FW (g
Milne’s rule 4| £17,32,12,32,7 — S fO(¢)nT

5| 28 119,75,50,50,75,19 — 25 fO &R
Weddle’s rule 6 | 140 | 41,216,27,272,27,216,41 | — 2 f® (&R
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Another class of Newton-Cotes formulas is the open Newton-Cotes formulas in which
the nodes

—a

r;i=x9+1th, +=0,1,...,n, wherexo=a-+hand h=——,
n+ 2

are used. This implies that x,, = b—h, and the endpoints, a and b, are not used. Hence we
label @ = x_; and b = x,, 1. The following theorem summarizes the open Newton-Cotes
formulas.

Theorem 7.2 (Open Newton-Cotes Formulas) For a given function f(x) and closed
interval [a, b], the (n + 1)-point open Newton-Cotes method uses nodes

—a

ri=x9+1th, i=0,1,....n, wherexog=a+handh= .
n+ 2

If n is even and f € C""2[a,b], then

b n hn+3f(n+2) (€) n+1 )
/a f((l]) dr = h; Oézf<l’z) + W /1 t (t — 1) e (t — n) dt, (743)

and if n is odd and f € C""a,b], then

b " hn+2f(n+1)(§) n+1
/a f(z)dx = h;aif(xi) + ECES /_1 tt—1)---(t —n)dt, (7.44)

where & € (a,b) and

n+1nt_.
ai:/ [[—2d i=01,...n (7.45)

Consequently, the degree of accuracy is n+1 when n is an even integer, and n when n s
an odd integer.

The simplest open Newton-Cotes formula is choosing n = 0 and only using the mid-
point xy = “T*b Then the coefficient and the error term can be computed easily as

-1 " 1
ap = / dt =2, and h3f2|(§) / 2 dt = %f”(f)hs.
1 - —1

These gives the so-called Midpoint rule or Rectangular rule.

Midpoint Rule:

a+b 1

)+ 3 1OR, (140)

b
[ #a)dn =m0 + 35O8 = 6~

for some £ € (a,b).
Analogous to the closed Newton-Cotes formulas, we list some of the commonly used
open Newton-Cotes formulas in the following table.
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Name ni| s|o; Error
Midpoint rule | 0 | 1|2 @ (&)n?
1] 23,3 @ (&)n?
2| 318,-4,8 @
3|24 55,5,5,55 | &5 @ (¢)h

7.2.3 Composite Newton-Cotes Forumlas

It is obvious that the Newton-Cotes formulas are generally not suitable for numerical
integration over large interval. Higher degree formulas would be required, and the coeffi-
cients in these formulas are difficult to obtain. Also the Newton-Cotes formulas which are
based on polynomial interpolation would be inaccurate over a large interval because of
the oscillatory nature of high-degree polynomials. Now we discuss a piecewise approach,
called composite rule, to numerical integration over large interval that uses the low-order
Newton-Cotes formulas.

A composite rule is one obtained by applying an integration formula for a single
interval to each subinterval of a partitioned interval. To illustrate the procedure, we
choose an even integer n and partition the interval [a,b] into n subintervals by nodes
T < xp < -+ <z, = b,and apply Simpson’s rule on each consecutive pair of subintervals.
With

b—a

n

h=

and z;=a-+jh, j=0,1,...,n,

we have on each interval [x9;_2, T/,

h5

/%j f(z)dr = g [f (w2j-2) + 4f (w25-1) + f(25)] — %f(4)(§j),

T25-2

for some &; € (z9;_9, 22;), provided that f € C*a,b]. The composite rule is obtained by
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summing up over the entire interval, that is,

n/2

/ fe)dr = > /
} i {% (Flaays) + 4f(so1) + Flo) - 15916
_ g [ (o) + 4f (1) + f(w2) + f(w2) + 4f (wa) + f(wa) + f(20) + 4 (x5)
Foot f(@ne) + Af (1) + f(20)] Snzﬂf (&)
_ g [ (o) + 4f (w1) + 2 (22) + 4f (w5) + 2f (1) + 4f (x5)

15 n/2

oo 2f (2nmz) + 4f (o) + f () Zf (&)

n/2 (n/2)—
= 4 | f(zo +4Zf$2]1+2 Z f(zoy) + f(x
j=1 j=1

)
90wal (&)

To estimate the error associated with approximation, since f € C%[a,b], we have, by the

Extreme Value Theorem,

min fA (@) < fO(g) < max fD(x),

for each §; € (z2j_2,x2;). Hence
n/2

n n
n £ on n
5 uin f <Zf SQIQaXf (@),

and

FO(&) < max fD(x).

z€[a,b]

A
=1
'M

()
Jnin fY(x)

By the Intermediate Value Theorem, there exists p € (a,b) such that

n/2

=23 ().
j=1
Thus, by replacing n = (b — a)/h,
o2 n b—a
@ey= 2 f@ — 2 "
;f (&) = 500 = == ).

Consequently, the composite Simpson’s rule is derived.
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Composite Simpson’s Rule:

b h n/2 (n/2)—1 b—a
[ 1@ =3 | 1@ +4Y S 12 3 fan) + £0)| - S FOnt
a j=1 7=1
(7.47)
where n is an even integer, h = (b —a)/n, x; = a+ jh, for j = 0,1,...,n, and some

w € (a,b).
The composite Midpoint rule can be derived in a similar way, except the midpoint
rule is applied on each subinterval [z2j_1, z2;] instead. That is,

Z2j h3
/ f(l’) dZE = th(ZEQj_l) + gf”(éj), ] = 17 2, ey

T25-2

SIE

Note that n must again be even. Consequently,

n/2 h3 n/2

b
/ f(l’) dx = 2hz f(iEzjfl) + ? Z f”(fj).

The error term can be written as

n/2
b—
D 1) = 58" ) = T ),

Jj=1

for some p € (a,b). Therefore, the composite Midpoint rule has the following formulation.

Composite Midpoint Rule:

b n/2
b—a
[ e =20 flasy) - 2 i, (7.48)
a j=1
where n is an even integer, h = (b — a)/n, x; = a + jh, for j = 0,1,...,n, and some

w e (a,b).
To derive the composite Trapezoidal rule, we partition the interval [a, b] by n equally
spaced nodes a = g < 11 < --- < x, = b, where n can be either odd or even. We then
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apply the trapezoidal rule on each subinterval [z,_;, z;] and sum them up to obtain

/abf(x)dx _ i/ f(@) da

" [h h o,
-3 [5 (Flag) + F@3) = 51(6)

<.
Il

h W
= 5 [f@o) + flz) + flan) + flz2) + -+ flaa) + flaa)] = E;f (&)
= S UF0) 2 () + 27 wa) o+ 2 ) + T - o5 D )

h i n—1 7 h3 n B
= 5 @+ fla)+ [0 = 5D 1)
= i+ S s+ 0] - e

2 I = / ] 12 ’

where each &; € (xj_1,2;) and p € (a,b).
Composite Trapezoidal Rule
/ " fayde = @)+ 5 s+ 50| - e (7.49)
i ~ 2 r i 12 W '

where n is an integer, h = (b—a)/n, x; = a+jh, for j =0,1,...,n, and some p € (a,b).

7.3 (Gaussian Quadrature

In the preceding section, the quadrature formulas of the type

/ flx)dz = Z cif(xi) (7.50)

are based on polynomial interpolation, where the choice of nodes xg, x1, ..., r, was made
a priori. All Newton-Cotes formulas use values of the function at equally spaced points.
Once the nodes were fixed, the coeflicients were determined, e.g., by integrating the
fundamental Lagrange polynomials of degree n. Furthermore, these formulas are exact
for polynomials of degree < n.

This approach is convenient when the formulas are combined to form the composite
rules, but the restriction may decrease the accuracy of the approximation. It is nature
to ask whether some choices of nodes are better than others in formula (7.50). In this
section, we consider the Gaussian quadrature which chooses the points for evaluation in
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an optimal, rather than pre-fixed or equally-spaced, way. The theory can be formulated
for quadrature rule of a slightly more general form, namely,

n

b
[ et de =Yt (751)

1=0

where w(z) is a fixed positive weight function. The case when w(z) = 1 is, naturally,
of special importance. The nodes g, x1,...,z, in the interval [a,b] and the coefficients
o, C1, - - -, Cy are chosen to minimize the expected error obtained in performing the ap-
proximation (7.51), and to produce the exact result for the largest class of polynomials,
that is, the choice which gives the greatest degree of precision.

The coefficients cg, ¢, . .., ¢, in the approximation formula (7.51) are arbitrary, and
the nodes zg,x1,...,x, are restricted only by the specification that they lie in [a, b],
the interval of integration. These give 2n + 2 degrees of freedom. Thus we can expect
that the quadrature formula of the form (7.51) can be discovered that will be exact for
polynomials of degree < 2n + 1.

7.3.1 Orthogonal Polynomials and Quadrature Rule

Recall that a real inner-product space E is a linear vector space in which an inner product

<-,->and a norm | - || have been defined with the following properties:
L (f,9) = (9, f)
2. (f,ag + Bh) = alf, 9) + B{f, )
3. (f,f) > 0if f #0, and (f, f) = 0 if and only if f =0
4 IfIF= VA5

where f,g,h € E and o, 3 € R.

In a inner-product space, we say f is orthogonal to g, and write f L g if (f,g) = 0.
We write f L G if f L g for all g € G. We say that a finite or infinite sequence of
vectors fi, f2,... in an inner-product space is orthogonal if (f;, f;) = 0 for all ¢ # j, and
orthonormal if (f;, f;) = 0;;.

Lemma 7.1 In an inner-product space, we have

1. <Z:'L=1 aifi,g) = 2?21 a;i(fi,9)

2.+l = F1*+ 20, 9) + lgl®

5. If f Lg, then || f + glI> =[£I + llgll*
4 1CEal < f1lgl

5. f + gl +ILf = gl = 2ILf1* + 2]l gl®
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The space of continuous functions on [a, b], C[a, b], with inner-product defined as

b
(f,g) = / f(@)g(@)w(z) dz, (7.52)

where w(z) is a fixed continuous positive function called weight function, is an inner-
product space.

Definition 7.2 {¢g, ¢1,...,0n}, where ¢; € Cla,b] for all i = 0,1,...,n, is said to be
an orthogonal set of functions for the interval [a,b] with respect to the weight function w

of
0, when 1 # 7,
a; >0, when 1 = j.

(i, &5) :/ oi(x)p;(v)w(z) de = {

If, in addition, a; =1 for alli=0,1,...,n, then the set is said to be orthonormal.

Theorem 7.3 The set of polynomials {po,p1,...,pn} defined inductively as follows is
orthogonal:

pa(2) = (T — ap)pp-1(x) — bupp—2() (n>2)
with po(x) = 1, p1(x) =z — aq, and

<xpn—17pn—1> b <$pn—1apn—2>

ap = 9 n — ~ ;7 .\ -
<pn—17pn—1> <pn—2apn—2>

Proof: It is clear from the formulation that each p, is a monic polynomial of degree n
and is therefore not zero. Hence, the denominators in a,, and b, are not zero. Now we
prove the theorem by induction on n that (p,,p;) =0 fori=0,1,...,n— 1.

For n =1, it can be shown directly from the definition that

= (r—a — (r —a — Az _ {zpo; Po) _
(P1,p0) = (( 1)Po, Po) = (Do, Po) — a1{Po,Po) = (xPo, Po) —<p07p0> (Po, o) = 0.

Now suppose that the assertion is true for an index n — 1, where n > 2. That is
<pn—17pi>:07 Z.:Oa]-a"')n_27 n > 2.
Now we can verify that

<pn7pn71> = <(l’ - an)pnfl - bnpn72>pnfl>
<$pn—17pn—1> - an<pn—1»pn—1> - bn<pn_2,pn_1>
(TPn_1,Pn1)

= <xpn—17pn—1> - <pn—1>pn—1>
(Pn—1,Pn-1)
= 0,
<pn7pn—2> <(£L‘ - an)pn—l - bnpn—Z:pn—2>
<xpn—17pn—2> - an<pn—17pn—2> - bn<pn—2apn—2>
<xpn—17pn—2>
= <xpn—l7pn—2> - —<pn—27pn—2>
(Pn—2,Pn—2)

= 0,
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and, fori=1,...,n—3,
(Pn>pi) = (& — an)Pp—1 — bupn—2,pi)
= (@Pn-1,Pi) — An(Pn—1,Di) — bn{Dn—2, D)
= (TPn_1,DP:)
= (Pn—1,2Pps)
= (Pn—1,2Pi — @ip1Pi — biy1Pi—1 + @ip1pi + bipapic1)
= (Pn-1,Pi+1 + Qi1p; + big1Dio1)
= (Pn—1,Pit1) + Qg1 (Pn—1,Pi) + bis1(Pn—1, Pi-1)
= 0.

Finally, when i = 0,

<pn7p0> = <($ - an)pnfl - bnpn727p0> = <$Pn71,]90> = (pn—lal’p0> = <pn717p1 + Cllpo> =0.

Hence the theorem is proved. [ ]

Corollary 7.1 For anyn > 0, the set of polynomials {po,p1,...,pn} given in the previ-
ous theorem is linearly independent and

b
(@) = [ @yl ds =0

for any polynomial q(x) with deg(q(x)) < n.

Proof: Suppose ag, aq, ..., a, are real numbers such that

P(z) = agpo(z) + arpr(x) + - - + appu(z) = 0.
This means that the coefficients of the terms 1, z, 2%, ... 2" are all zero. Since deg(p;) = j
and av,p, is the only term in P(x) which contains the 2™ term, this implies «,, = 0. Hence

P(z) can be reduced to
n—1
P(x) = a;p;(x) = 0.
=0

Similarly, we have oy, 1 = 0,,,_2 = 0,...,a9 = 0. Therefore, {po, p1,...,pn} is linearly
independent.
Suppose deg(q) = k < n. Write

q(x) = aopo(x) + arpr(x) + - - + axpi(x) = Z a;p;(x),

for some real numbers ag, aq,...,a,. Then

b
(@.pa) = / 4(@)pa(e)w(z) de

k

b
-/ (Zajmw)) pu()ula

=0

oW
=
I
a\
o
3
=
=
3
&
g
&
QL
S
Il
o
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Let II,, denote the set of polynomials of degree at most n, that is,

I1,, = {p(x) | p(x) is a polynomial and deg(p) < n}.

Definition 7.3 Let w be a positive weight function and f(x) be any nonzero continuous
function. We say f is w-orthogonal to I1,,, and denote f L, 1L, if

b
()= [ Sl dz =0,
for any p(x) € 11,,.

Theorem 7.4 Let q(x) be any nonzero polynomial of degree n + 1, and q(x) L, II,. If

X0, 1, ..., T, are the roots of q(x) in [a,b], and
/b () T — T p
¢ = | w(x | | x,
a : T; — J]j
Jj=0
J#
then

n

b
[ i@ de =Y af@).

=0

for any f € 1lon1. That s, the quadrature rule is exact for any polynomial of degree
<2n+1.

Proof: For any polynomial f € Iy, 1, we can write
f(x) = q(@)p(z) + r(z),
where p(x),r(x) € II,,. Since zg,x1,...,x, are roots of ¢(x), we have
f(x;) = q(x)p(x;) + r(z;) = r(x;), i=0,1,...,n.

By assumption, g L, II,,, we have

(¢,p) =/ q(z)p(z)w(z) de = 0.

Since r(z) € I1,, it can be expressed exactly in the Lagrange form

n n

) =S [T 5=

=0 =0
7

S
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[
Next theorem shows that the roots of ¢(x) are simple roots and lie in the interior of
the interval [a, b].

Theorem 7.5 Let w € Cla,b] be a positive weight function, and f € Cla,b] be a nonzero
function such that f L, I1,. Then f changes sign at least n + 1 times on (a,b).

Proof: Since 1 € II,, and f L, II,,, we have

[ i =o

and this shows that f changes sign at least once in |[a, b].

Suppose that f only changes sign m times and m <n. Let tg=a <t; <--- <t, <
tma1 = b such that f remains the same sign in each interval (to, t1), (t1,t2), .-, (tm, tmr1)-
Define an m-th degree polynomial as follows

m

pla) = (x —t)(z —ta) -+ (& — 1) = [ [ (& — 1)

i=1

Then p(x) has the same sign property as f. This implies that

/ F(@)p(z)w(z) du 0.

However, deg(p) = m < n, hence p € II,,. The above conclusion contradicts to the
assumption that

b
fL,1, = / f(z)p(x)w(z) dx = 0.

Therefore f changes sign at least n 4 1 times in (a, b). [ |

These theorems show that the quadrature rule (7.51) is exact for polynomials of degree
< 2n+ 1 if the nodes g, 1, ..., x, are chosen to be the distinct roots of a polynomial of
degree n + 1 which is w-orthogonal to 1I,,.
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7.3.2 (Gaussian Quadrature Rule

If the positive weight function w(z) = 1 and the interval is [—1,1], then we can use
Theorem with inner product

(f.g) = / Fa)g(o)da

to obtain a set of orthogonal polynomials called the Lengendre polynomials. The first
few Lengendre polynomials are

po(z) = 1
mr) = =z
1
pa(r) = $2—§
3
ps(z) = x?’—gx
6 3
_ o4 b9 9
pa(z) = x 735 +35
10 5
_ .5 Y5 O
p5(x) = T 9 xr° + 21x

For a given integer n, the Lengendre polynomial p,; is a monic polynomial of degree
n + 1 and is orthogonal to the set of first n Lengendre polynomials {pg, p1,...,pn}. By
theorem, {po,p1,...,pn} is linearly independent, and, hence, is a basis for the vector
space II,,. This implies that p,.; L IL,. Thus, by theorem, the quadrature rule

[ s Zf()

will be exact for f € Il5,44 if the nodes x, z1, ..., z, are chosen to be the roots of p, 1.
That is, we proved the following theorem.

Theorem 7.6 Suppose that xg,x1,...,x, are the roots of the (n+ 1)-st Lengendre poly-

nomial p,y1, and that for each 1 =0,1,... n,
Vo o —
¢ = / H L dx.
135 Ty — Ty
J#i

If f(x) is any polynomial of degree < 2n + 1, then

/_11 f(a)de = gcif(xi).

The discussion above gives the Gaussian quadrature rule.
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Gaussian Quadrature Rule: For a given function f(z) € C[—1,1] and integer n,

/_1 f(x)de ~ ch-f(xl), (7.53)

where xg, 21, ..., x, are the roots of the (n + 1)-st Lengendre polynomial p, 1, and
V5w —
cz-:/ H ! dz. 1=0,1,...,n.
135, Ty — Ty
J#

The following table give some frequently used values for z; and c;.

n| x; c;

0| zg=0 co =2

xo = —0.5773502692 | ¢cg =1 =1
z = 0.5773502692
2 | mp = —0.7745966692 | ¢y =
1 =0 =
xy = 0.7745966692 | ¢ =
3| mp = —0.8611363116 | ¢y = 0.3478548451

zy = —0.3399810436 | ¢; = 0.6521451549

zy = 0.3399810436 | c» = 0.6521451549

x5 = 0.8611363116 | c5 = 0.3478548451

4| zg = —0.9061798459 | o = 0.2369268851

z; = —0.5384693101 | ¢; = 0.4786286705

Ty =0 o = 525 = 0.568888889
x5 = 0.5384693101 | c5 = 0.4786286705

x4 = 0.9061798459 | ¢4 = 0.2369268851

©|ur ©l ©lut

A definite integral over an arbitrary interval [a, b] can be transformed into an integral
over [—1,1] by using a simple change of variable technique:

_2x—a—b

t = < =
b—a v

(b—a)t+a+]. (7.54)

N —

The idea of Gaussian quadrature rule is not restricted to the use of the Lengendre
polynomials. For a given weight function w(z) and interval [a, b], the nodes zg, x1, . .., z,
can be chosen to be the roots of any monic polynomial ¢,,; of degree n 4+ 1 which is
w-orthogonal to II,, in the sense that

b
/ Gn1(2)p(x)w(x) de =0, for all p € 11,,.
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The computation of the coefficients ¢; in a Gaussian quadrature formula proceeds in
the manner already indicated for non-Gaussian formulas once the nodes x; have been
determined. That is,

¢ = / w(x) H i dz, (7.55)

I. JE— I’.
=0
J#i

and

[ e de =Y af@). (7.56)

An interesting characteristic of the Gaussian quadrature formulas can be verified imme-
diately.

Lemma 7.2 In a Gaussian quadrature formula, the coefficients ¢; are positive and their
sum is ffw(x) dx.

Proof: For any 0 < k < n, let

) = Gnt1()

px :
T — T

Since the polynomial ¢, is of degree n + 1, the polynomial p?(z) is of degree at most
2n. The Gaussian quadrature rule will be exact, that is,

n

b
0< / P*(r)w(z)dz = Zcz-p2(xi) = cip*(zp).

1=0

This shows that ¢, > 0 for any 0 < k& < n. Since the Gaussian quadrature is of course
exact for f(x) =1,

/abf(l‘)w(x) dr = /abw(x) dx = Zcif(xi) _ Zci'

|

Note that in the Gaussian quadrature formulas the interval [a, b] can be infinite, e.g.,

[0,00) or (—o0, 00). Some other important cases which lead to Gaussian integration rules
are listed in the following table.

[a, b] w(zx) Orthogonal polynomials
[—1,1] (1 —2%)~Y2 T,(x), Chebyshev polynomials
[0, 00) e " L,(x), Laguerre polynomials
(—00,00) € H,(x), Hermite polynomials
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7.3.3 Error Analysis

Theorem 7.7 Consider a Gaussian quadrature formula with error term

n

/ f@yw(z)de = eif () + E. (7.57)

1=0

For any f € C*""2[a,b], we have

(2n+2) b
E— ](0271—_’_5')/ ¢ (z)w(x) dz, where & € (a,b) and q(x) = H(x —x;). (7.58)

Proof: By Hermite interpolation, there is a unique polynomial p(x) of degree at most
2n + 1 such that

p(x;) = f(x;), () = f(z), i=0,1,...,n.

The error for this interpolation is

f() ~ ple) = €N ),

) | CEE (2n+2)!

(2n +2) 0

where &, € (a,b) depends on z. It follows that

| 1@w@ = [t e = g [ o)t de

Since deg(p) < 2n + 1, the Guassian quadrature formula is exact for p(x),

n

/ p(z)w(z)dx = chp(x,) = chf(:z:l)

=0

Furthermore, f € C*"*2[a,b], and w(x) is a positive weight function, ¢?(x)w(x) > 0 does
not change sign in [a, b], by the weighted Mean-Value Theorem for integral, there exist
¢ € (a,b) such that

b b
/ FE(&) g (w)w(x) du = FE2(€) / ¢ (z)w(z) de.
Therefore,

b n (2n+2) b
[ steerde =S st + gy [ ot e
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7.4 Adaptive Quadrature

7.5 Romberg Integration

Recall the trapezoidal rule integral formulation

/a b f(z) dx

Q

T(n)
= g[f(a)+2f(a+h)+2f<a+2h)+---+2f(a+(n—1)h)+f(a+nh)],

where h = 2. Observe in the following example that the interval [a,b] is partitioned

equally-spaced by x¢o = a,x1,29,23, and x4 = b. Let n = 2 and h = b2_—n“ If we only
consider the partitions by xg, xs, and x4, and apply the Trapezoidal rule, we have the

approximation

2k

T(n) = =

[f(a)+2f(a+2h)+ f(a+4h)] = h[f(a) + 2f(a+ 2h) + f(a + 4h)].

On the other hand, if we apply Trapezoidal rule to the partitions by all points xq, x1, 2, 3,
and x4, then we have

T(2n) = —=[f(a)+2f(a+h)+2f(a+2h)+2f(a+3h)+ f(a+4h)]

T(n)+ hlf(a+h)+ f(a+ 3h)].

NN No e ]

This observation shows that if we have computed T'(n) and the step size is halfed,
we don’t have to compute all the function values all over again, but just at those newly
added points. In general, suppose T'(n) has been computed and the step size becomes
h = %2 then

2n

1 n
T(2n) = 5T(n) + R fla+ (20— 1)h). (7.59)
i=1
With this idea in mind, we can apply the trapezoidal rule recursively, i.e., we partition
the interval [a, b] into 2" subintervals with n = 1,2,3,..., and the integral formulation
becomes
1 b—a e b
ny _ n—1 —a - —a
T(2") = T2 + = z; fla+ (2= 1)) (7.60)

This is called the Romberg algorithm.

Algorithm 7.1 (Romberg Integration Algorithm) Use the Romberg algorithm to
evaluate ff f(x)dx.
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1(0,0) = %(b—a)[f( a)+ f(b)]

forn=1,2,...,M do
R(n,0) = 3R (n —-1,0)+

2

2n zl f(a+(22—1) )

end for
for k=1,2,...,M do
forn=Fkk+1,...,M do
R(n,k) = R(n, k )+ 7= [R(n,k—1)—R(n—1,k—1)]
end for
end for

Remarks 7.1 1. The Romberg algorithm produces a table looks like the following.
2. M is modest, not too large.
3. No duplicate function evaluations in R(0,0), R(1,0),..., R(M,0).

4. No function evaluation is needed im computing R(m, k) when k > 1.

Theorem 7.8 If f € C[a,b], then for each column k,

lim R(n,k) / f(x (7.61)

n—oo

Moreover, sz € C?™[a,b], then R(n,m) converges to f f(x)dx with a rate of O(h*™),

where h = 2“



Chapter 8

Numerical Solutions of Ordinary
Differential Equations

In this chapter, we discuss numerical methods for solving ordinary differential equations
of initial-value problems (IVP) of the form

(8.1)

y=/flzy), xR
y(zo) = Yo,

where y is a function of x, f is a function of y and x, z( is called the initial point, and
Yo the initial value. The numerical values of y(z) on an interval containing x are to be
determined.

8.1 Existence and Uniqueness of Solutions

Theorem 8.1 If f(x,y) is continuous in a region (2, where
Q={(z,y)] |z — zo| <, |y —yo| < B} (8.2)

then the IVP (8.1) has a solution y(x) for |t—xo| < min{a, %}, where M = (mz)xxQ |f(x,y)|.
x,Yy)€E

Theorem 8.2 If f and % are continuous in §2, then the IVP (8.1) has a unique solution
in the interval |x — x| < min{a, %}

Theorem 8.3 If f is continuous in a < x < b, —oco <y < 0o and

|f<x7y1) - f(x7y2)‘ < L’yl - y2|

for some positive constant L, (that is, f is Lipschitz continuous in y), then IVP (8.1)
has a unique solution in the interval [a,b].
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8.2 EFEuler’s Method

On of the simplest methods for solving the IVP (8.1) is the Euler’s method. Note that
the slope of the tangent line at x is

hence

y1 = yo + hyp = yo + hf (0, %))
Repeat this idea at (z1,y;) and we get

Yo =y + hyy =y + hf(z1,01),

and so on. If x; are equally spaced, and h is the increment then we have the formulation
of Euler’s mehtod

Tpy1 = Tpt+h=z0+(k+1)h
Urt1 = Yk + hf(2r, yk)

Euler’s method is a first-order (O(h)) method.
The Improved Euler’s method

Tpy1 = Tpt+th=z0+(k+1)h

Yie1 = Ykt hf(T, up) (8.3)
h *
Y1 = Ykt 5 [f (@ yk) + f(Th1, Yrgr)]

8.3 Runge-Kutta Methods

One of the most important methods for solving the IVP (8.1) is the Runge-Kutta method.
Recall the Taylor’s Theorem

’ 2 1 h3
y(x+h) = ylx)+hy (z) + Y T3y
/ h/2 1"
= y(x) + hy (z) + Y+ O(h*)

/

T

By differentiating y(z), we have

A R
xXr
d d
) = f:ex"’f%fy‘i_fy%f
_ Jydy
= faa + f( + fya) + fy(fe + [y f)

dy dx
= fm + f(fyx + fyyf) + fy<fx + fyf)
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plug in, we get

2

/ h 1
y(x+h) = y+hy +7y + O(h%)

2
= Yt hf 4 D )+ O
h o h. R ;
= y+§f+§f+7<fm+fyf)+0<h)

= y+gf+g(f+hfx+hfyf)+0(h3)

Apply Taylor’s Theorem on f

fx+hy+hf)= f(x,y) + hfs + hff, + O(h?)
= f+hfet+hffy~flz+hy+hf)

= y(m—i—h):y+%hf+gf(x+h,y+hf)+0(h3)

Let
Fi =hf(z,y) Fy=hf(x+h,y+ F)

Then

1
y(x + h) :y+§(F1+F2)

This is called the second-order Runge-Kutta method. Two function evaluations are re-
quired at each step.
Algorithm for second-order Runge-Kutta mehtod :

for k=0,1,2,... do
T =2 +h=x9+ (k+1)h
Fy = hf(r, yr)
Fy = hf(Tpy1, Y + F1)
Yrr1 = Y + 3(FL + F2)
end for

General form of second-order Runge-Kutta method :
y(x +h) =y +wihf +whf(z+ahy+ Bhf) + O(h?)
where wq, ws, a, § are constants to be defined, and

W1+WQ:1

By letting wy = 0,ws =1, a =3 = % leads to the modified Euler’s mehtod.

Fourth-Order Runge-kutta method

1
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(2, y)

hf(x+ 3 ih,y + 1Fl)
@+¢hy+ 31%)
—hf(x+h,y—|—F3)

Algorithm for fourth-order Runge-Kutta mehtod :

for k=0,1,2,... do

Tyl = Tp + h

Tp1r =2k +h=x0+ (E+1)h

Fy = hf(or, yr)

Fy=hf(zenun+ 5F)

F3 = hf(xk+%, Yk + %FQ)

Fy = hf(Trq1, Y + F3)

Yrr1 = Yr + ¢(FL + 2F, 4+ 2F5 + Fy) + O(h°)
end for

where

Fl_hf

Local truncation error in the Runge-Kutta mehtod is the error that arises in each
step simply because of the truncated Taylor series. This error is inevitable. The fourth
Runge-Kutta method involves a local truncation error of O(h?).

The Number of function evaluations in the second order method is two and the fourth
order is four.

8.4 Systems and Higher-Order Ordinary Differential
Equations

Consider a system of first-order ODE’s.

i = i@,y ye, oY)
Yo :f2<x7y17y2a'-'7yn)

Yp, :fn(x’ylay%"')yn)

with initial conditions

U1 (»To) = y?
Y2(70) yS
yn(iCo) = yg
Define
Y1 fi yg
e D P

Yn In Yn
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and transform the system into vector form

Y’ = F(z,Y)
Y(Io) = }/0

The Runge-Kutta methods can be easily extended to vector form.

Example 8.1

{yi = 41 + dyp — €°

, . with 1nitial conditions
Yo =w1+y2+2e

y1(0) =4
?JQ(O) :g

Sol: Transform to

/ + 4y, — €*
y = |9 =" = F(z,Y

}/E]: |:5:|7 IOZO

[ |
Higher-Order ODE’s. An higher order ODE can be converted into a system of first-
order equations, hence higher-order ODEs can be solved in vector form.

Example 8.2

(sinz)y” + cos(xy) + sin(z? +y") + () = log x

y(2) =17
y'(2) =3
y'(2) = —4

Sol: Let u; = y,us =3/, and uz = v

(sinz)y” + cos(zy) + sin(a? + ") + (v)* = logx
(sin 2 )ug + cos(zuy ) + sin(x? 4 us) + (ug)® = log z

=
= uj = [logz — cos(zuy) — sin(z® + uz) — (u2)®] /sinz

system:
ull = U2 U1<2) =7
uh, = us us(2) =3
uy = [logx — cos(zuy) — sin(x? + ug) — ud]/sinx ug(2) =—4
let
Up U2
U= U2 > F= Uus )

u3 [log x — cos(zuy) — sin(z? + u3) — uj] /sinz
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and

Ug = 3 y Ty = 2.
—4

The higher-order ODE becomes

U =F(z,U)
U(xo) = Uo

and can be solved by Runge-Kutta methods. [ ]



Chapter 9

Boundary-Value Problems for
Ordinary Differential Equations

Physical problems that are position-dependent rather than time dependent are often
modeled in terms of differential equations with boundary conditions imposed at more
than one point. The two-point boundary-value problems (BVP) considered in this chap-
ter involve a second-order differential equation together with boundary condition in the
following form:

{y” = f(z,y,9') (9.1)

yla)=a,  y(b) =0

The numerical procedures for finding approximate solutions to the initial-value prob-
lems can not be adapted to the solution of this problem since the specification of con-
ditions involve two different points, z = a and x = b. New techniques are introduced
in this chapter for handling problems (9.1) in which the conditions imposed are of a
boundary-value rather than an initial-value type.

9.1 Mathematical Theories

Before considering numerical methods, a few mathematical theories about the two-point
boundary-value problem (9.1), such as the existence and uniqueness of solution, shall
be discussed in this section. Existence theorems for solutions of (9.1) tend to be rather
complicated. The following results give some insight into this aspect.

Theorem 9.1 Suppose that the function f in the two-point boundary-value problem (9.1)
s continuous on the set

D= {(z,y,y)]a <z <b —c0o<y<oo,—00<y <oc},

and that 8—f and —f are also continuous on D. If

0y oy’

0
1. a—’g(az,y,y’) > 0 for all (x,y,y") € D, and
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< M, for all (x,y,y') € D,

0
2. a constant M exists, with Ia—f/(ﬂ:,y,y’)
Yy

then the two-point boundary-value problem (9.1) has a unique solution.
When the function f(z,y,y’) has the special form

f@,y,y") = pl@)y’ + q(x)y +r(z), (9.2)

the differential equation become a so-called linear problem. The previous theorem can
be simplified for this case.

Corollary 9.1 If the linear two-point boundary-value problem

{y" = pla)y + )y +r() 03)

yla) =a,  y(b) =7
satisfies
1. p(x),q(x), and r(x) are continuous on [a,b], and
2. q(x) >0 on [a,b],

then the problem has a unique solution.

Many theories and application models consider the boundary-value problem in a spe-

cial form as follows.
N
y(0)=0, y(1)=0

We will show that this simple form can be derived from the original problem by simple
techniques such as changes of variables and linear transformation. To do this, we begin
by changing the variable. Suppose that the original problem is

yla)=a,  yb)=p
where y = y(x). Now let A = b — a and define a new variable

—m_a—l(x—a).

t = -
b—a A

That is, © = a + At. Notice that ¢ = 0 corresponds to x = a, and ¢t = 1 corresponds to
x = b. Then we define

2(t) = yla+ At) = y(x)
with A = b — a. This gives

/@%Zg%@%Z%(ﬂ+Aﬂ {gy@ﬂ{%m+wa}zxy@)
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and, analogously,

2(t) = %Z’(t) = Ny (x) = X f(2,y(2)) = X f(a+ AL, 2(1)).

Likewise the boundary conditions are changed to

2(0) =y(a) =a and z(1)=y(b) = p.

With all these together, the problem (9.5) is transformed into

{z”(t) = N2f(a+ At, 2(t))

2(0) = «, 2(1) =0 (9.6)

Thus, if y(z) is a solution for (9.5), then z(t) = y(a + At) is a solution for the boundary-
value problem (9.6). Conversely, if z(¢) is a solution for (9.6), then y(x) = 2z(5(z — a)) is

Y
a solution for (9.5).

Theorem 9.2 Consider the two-point boundary-value problems

y' () = f(z,y)
{y<a> —a, yb)=p 8-1)
and
2'(t) = g(t, 2)
{zm) 0, a(1)=8 o
in which
9(p.q) = (b—a)’f(a+ (b—a)p,q).
Then

1. if z(t) is a solution of (9.8), then the function defined by y(z) = z((z —a)/(b— a))
is a solution of (9.7), and

2. if y(z) is a solution of (9.7), then z(t) = y(a + (b — a)t) is a solution of (9.8).

Example 9.1 Simplify the boundary conditions of the following equation by use of chang-
ing variables.

y" = sin(zy) +y*
y(1) =3, y(4) =7

Sol: In this problem a = 1,b = 4, hence A = 3. Now define the new variable ¢t = %(x—l),
hence x = 1+ 3t, and let 2(t) = y(x) = y(1 + 3t). Then

MNfla+ M, z) =9 [sin(l +3t)z + zﬂ ,
and the original equation is reduced to

2"(t) = 9sin((1 + 3t)z) + 922
2(0) = 3, 2(1) =7
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[
To reduce a two-point boundary-value problem

{fwzgwa
A0)=a, 2(1)=8

to a homogeneous system, we simply subtract from z a linear function that takes the
values o and (3 at 0 and 1. That is, let

then u”(t) = 2”(t), and
w(0) =2(0)—a=0 and u(l)=2(1)—pF=0

Moreover,
g(t,z) = g(t,u+ a+ (6 — a)t) = h(t,u).

The system is now transformed into

{wu):h@u)
u(0) =0, u(l)=0

Here is the theorem.

Theorem 9.3 Consider the two-point boundary-value problems

1) = g(t.2
{d@zm A1) =5 o

and
u’(t) = h(t,u)
{U(O) =0, u(l)=0 (9.10)
i which
h(p,q) = g9(p,q+ a+ (8 — a)p).
Then

1. if u(t) solves (9.10), then the function z(t) = u(t) + a + (6 — a)t solves (9.9), and
2. if z(t) solves (9.9), then u(t) = z(t) — [ + (8 — a)t] solves (9.10).
Example 9.2 Reduce the system

{z” =[5z — 10t + 35 + sin(3z — 6t + 21)]e’

to a homogeneous problem by linear transformation technique.
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Sol: Let

w(t) =z2(t) = [T+ (=5 +T)t] =2(t) — 2t + 7.
Then z(t) = u(t) + 2t — 7, and
W' =2" = [5z— 10t + 35 +sin(3z — 6t + 21)]¢’
= [Bu+2t—7)— 10t + 35 +sin(3(u + 2t — 7) — 6t + 21)]e’
= [5u + sin(3u)]e’
The system is transformed to

{u”(t) = [5u + sin(3u)]e!
u(0) =u(1)=0

Example 9.3 Reduce the following two-point boundary-value problem

' =y +3 -2+ oy
y3)=17,  y(5)=9

to a homogeneous system.

Sol: In the original system, a =3,b=5,aa=7,3=9. Let A = b — a = 2 and define a

new variable ]
t=5@-3) = z=2+3

Let the function z(t) = y(x) = y(2t + 3). Then
') = Nyt +3) = N2 f(2t +3,u)
= 4[z*+3— (2t +3)* + (2t + 3)2]
42% + 32 + 2tz — 4t — 12t — 6]
The original problem is first transformed into
2'(t) = 4z + 3z + 2tz — 4t* — 12t — 6]
z(0) =7, 2(1)=9
Next let
u(t) = z(t) — [T+ 2t], or equivalently, z(t) = u(t)+ 2t + 7.
Then
u'(t) = A[(z+2t+7)° +3(u+2t +7) + 2t(u+ 2t + 7) — 4> — 12t — 6]
= A[u® + 6tu + 17u + 4¢° + 36t + 64].
The original problem is transformed into the following homogeneous system
u”(t) = 4[u® + 6tu + 17u + 4% + 36t + 64]
u(0) =u(l)=0
n

When a two-point boundary-value problem is expressed in the homogeneous system
from, we have the following elegant results.
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Theorem 9.4 The boundary-value problem

y// _ f(l‘, y)
{9(0) =0, y)=0 (9.11)

0
has a unique solution if —f 15 continuous, non-negative, and bounded in the strip 0 <

dy
r<1and —o0 <y < 0.

Theorem 9.5 If f is a continuous function of (s,t) in the domain 0 < s < 1 and
—o0 <t < oo such that

[f(s,t1) = f(s,t2)| < K[ty — 2], (K <8).

Then the boundary-value problem

y' = flz,y)
y(0)=0,  y(1)=0

has a unique solution in C|0, 1].

9.2 Finite Difference Method For Linear Problems

We consider finite difference method for solving the linear two-point boundary-value
problem of the form

{y” = p(x)y + q(2)y + () (9.12)

yla) =a,  y(b) = 0.

Methods involving finite differences for solving boundary-value problems replace each of
the derivatives in the differential equation by an appropriate difference-quotient approx-
imation. The difference-quotient is chosen to maintain a specified order of truncation
error. The linear second-order problem (9.12) requires that difference-quotient approxi-
mations be used to approximate both 3 and 3”.

9.2.1 The Finite Difference Formulation

First, we select an integer n > 0 and partition the interval [a,b] into n equally-spaced
subintervals by points a = 2o < 1 < ... < z, < x, = b. Each mesh point z; can be
computed by

ri=a-+ixh, 1=0,1,...,n,

where
B b—a

h
n

is called the mesh size. These mesh points need not be equally spaces. Indeed, if the
points are not uniformly distributed, then more complicated formulations will be involved
in the derivation that follows. For simplicity, they are usually equally spaced in practice.
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At the interior mesh points, x;, for i = 1,2,...,n — 1, the differential equation to be
approximated satisfies

Yy (:) = p(xa)y' (2:) + q(zi)y(2:) + r(23). (9.13)

The central finite difference formulae

Y(Tit1) — Y(Ti- h?
(e = Wl ye) 1o, (9.14)
for some 7; in the interval (z;_1,x;41), and
Y(@it1) — 2y(x;) + y(zi- h?
g = W) Z R T Em) 1y, (0.5

for some &; in the interval (x;_1, z;11), can be derived from Taylor’s theorem by expanding
y about x;.

Let u; denote the approximate value of y; = y(z;). If y € C%a,b], then a finite
difference method with truncation error of order O(h?) can be obtained by using the
approximations

/ Ui — Ui " Ui — 20+ Ui
Y(w) m———— and y'(z;) ~ 2 (9.16)
for y/(x;) and y"(x;), respectively. Furthermore, let
pi=p:), @ =qx), ri=r(x)
The discrete version of equation (9.12) is then
i1 — 2U; + Ui i+l — Ui .
fitl hqé Tt zpz-u“%u Ly g4, i=1,2,... m—1, (9.17)

together with boundary conditions ug = a and u,, = 3. Equation (9.17) can be written
in the form

h h
(1 + §pi> uio — (2+ R%q;) u; + (1 — EpZ) Uip1 = b2y, i=1,2,...,n—1. (9.18)

In equation (9.17), uy, ug, . .., u,_1 are the unknown, and there are n — 1 linear equations
to be solved. The resulting system of linear equations can be expressed in the matrix
form

Au = f, (9.19)
where

[ —2—-h’q 1—1ipy
L+54p, —2—h' 1—12py

1 + %pn—Q -2 - hQQn—Q 11— %pn—Q
1 + %pnfl -2 — hQanl J
(9.20)
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Uy hry— (14 2p1)
Us h2ry
u= : , and f=1: (9.21)
Up—_2 h2r,_o
| Un-1 | i h2r, 1 — (1 - %pn—l) B ]

Since the matrix A is tridiagonal, this system can be solved by a special Gaussian
elimination in O(n?) flops. Note that if ¢; > 0 for all 4 (Corollary 9.1), and h is small so
that ‘%pz| < 1 for all 7, then A is diagonally dominant, since

h

+ '1 — Zpil s (9.22)

2

|—2—h2qi’>2:‘1+ﬁpi 5

and the linear system (9.19) has a unique solution.

Theorem 9.6 Suppose that p(z),q(z), and r(x) in the linear two-point boundary-value
problem (9.12) are continuous on [a,b], and q(x) > 0 on [a,b]. Then the tridiagonal linear
system (9.19) has a unique solution provided that h < 2/L, where L = max,<,<p |p(x)].

9.2.2 Convergence Analysis

We shall analyze that when h converges to zero, the solution u; of the discrete problem
(9.17) converges to the solution y; of the original continuous problem (9.13). Note that
u; depends on the mesh size h. We shall estimate |y; — u;| and show that it converges to
zero as h — 0.

With the aid of formulas (9.14) and (9.15), we see that the exact solution y; satisfies
the following system of equations

Yiel — 2y T Y1 W2 (4) Yir1 — Yio1  R? 3)
- 75 i) =DPi\ @57 — — & i iYi + Tis 9.23
2 Y &) =p o GV ) ) +ayi+r (9.23)
fori=1,2,...,n— 1. On the other hand, the discrete solution wu; satisfies the equations
(9.17). If we subtract (9.17) from (9.23) and let e; = y; — u;, the result is

Ciy1 —2¢;+e 1 €1 — € 9 .
h2 =D 2h +QZez+hg’u 1—1,2,...,71—1,

where
1

1
L @ey L)
9= 13V (&) Py (1:).

After collecting terms and multiplying by h?. We have equations similar to (9.18), namely,

h h
(1 + §pi> eio1— (2+ R°q;) e; + (1 — §pi> ei1 = hlg;, i=1,2,...,n—1. (9.24)

Let € = [e1, €9, ...,e,1]7 and k be the index such that |ex| = ||e||o. Then from (9.24)
we have

h h
(2 + h2%‘) € = (1 + Epz) €r—1 T (1 - §pz) eri1 — P g,
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and, hence

h
2+ gl lex| < '1+§pk lersa] + gl

h
lex—1| + ’1 — 5Pk

h
< |i+gm el + gl

h
o) ]- - a5
lle]loo + ‘ 5 Pk

When ¢(z) > 0 for all z € [a,b] and h is chosen small enough so that |2p;| < 1 for all ¢,
then the condition (9.24) holds, and the above inequality induces

W gillelloo < h*lglloo-

Therefore, we derive an upper bound for ||e||

lefloe < B? (%) . (9.25)

By the definition of ¢g;, we have
1 1
9]l < Elly“)(ﬂﬁ)lloo + gllp(x)lloolly(3)($)|!oo-

Hence - is a bound independent of h. Thus we can conclude that ||e||s is O(h?) as

h — 0.

9.2.3 Higher Order Approximations

The finite difference method established in this section ensure that the truncation error
has order O(h?) provided that y € C*[a,b]. To obtain a finite difference method with
greater accuracy, we may proceed in deriving higher order approximations for y'(x;) and
y"(z;) using high oder of Taylor series. However this requires more mesh points around z;
in the approximation formulas which lead to difficulties at the boundary points. Moreover,
the resulting linear system is no longer in tridiagonal form, and the computational cost
for the solution is much higher.

Instead of attempting to obtain a difference method with a higher-order truncation
error, it is generally more satisfactory to consider a reduction in step size h. In addition,
some extrapolation techniques can be applied effectively for this matter, provided that y
is sufficiently differentiable.

9.3 Finite Difference Method For Nonlinear Prob-
lems

9.4 Shooting Methods
We consider solving the following 2-point boundary-value problem with shooting mehtod:

y' = f(z,y,y)
(1) { y(a) =, y(b)=p
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The idea of shooting method for the BVP (1) is to solve a related initial-value problem
with a guess for y'(a), say z. The corresponding IVP

@) { y' =fyy)

ya)=a, y(0)=2

can then be solved by, for example, Runge-Kutta method. We denote this approximate
solution 7, and hope 7, (b) = (. If not, we use another guess for y'(a), and try to solve
an altered IVP (2) again. This process is repeated and can be done systematically.

The objective is to select z, so that y.(b) = .

Let

¢(2) = yz(b) - 6

Now our objective is simply to solve the equation ¢(z) = 0. Hence secant method can be
used.

Note: ¢(z) is very expensive to compute, since each value of ¢(z) is obtained by numeri-
cally solving an IVP.

Suppose we have solutions v, , 3, with guesses z1, zo and obtain ¢(z;) and ¢(z3). If these
guesses can not generate satisfactory solutions, we can obtain another guess z3 by the

secant method
22 — 21

¢(Z2) - ¢(Z1)'

&3 = %2 — ¢(Z2)

In general
Rk — Rk—1

D(2i) — A(2p—1)

The shooting method can be quite costly in computational effort. One may solve the
IVP with a large step size in the first few tries, since high precision is essentially wasted
in the first few tries. Only when ¢(z) is close to zero should a small step size be used.
When the BVP has the following special form

Zhp1 = 26 — O(2k)

yla) =a, y(b) =0

where u(z),v(x),w(z) are continuous in [a,b]. Then (3) can be solved in at most two
tries (one step).

Suppose we have solved (3) twice with initial guesses z; and z9, and obtain approximate
solutions y; and y,, hence

(3) { y” = u(:l:) + U(J;)y + w<x>y

{ Y, = u+ vy +wy,
yi(a) =a, y(b) ==
and , /
Yy = U + VY2 + WYy
{ yala) = o,  yy(b) = 2
Now let
y(@) = Ay (@) + (1 — Ay (2)

for some parameter \, we can show

y”:u—l—’uy—l—wyl
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and

y(a) = My(a) + (1 = Nga(a) = a
We can select A so that y(b) = g.

B = yb) = Ayi(b) + (1 — N)y2(b)
= My1(b) — y2(b)) + ya(b)
B — ya(b)
(y1(b) — y2(0))

In practice, we can solve the following two IVPs (in parallel)

=\ =

!

{ y' =u(@) +v(z)y +w@)y
y(a) =a, y(a)=0
and
{ y' = u(z) +v(z)y +w(z)y
yla)=a, y(a)=1
to obtain approximate solutions y; and y,, then compute A\ and form the solution y.

Moreover, the problem can be transformed by solving a system of first-order ODE.
Let

Then

Yo= U1 ,
Y3 =Y = U+ 0y +wy; = u+ vy +wys
4, = u+ vy + Wy

with 1.C.






