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Chapter 1

Introduction

In this chapter we discuss first the main objectives of numerical analysis and introduce
some basic notions. We investigate different sources of errors in scientific computation,
define the notion of stability of a mathematical problem or a numerical algorithm, the
time and memory resources needed to perform the algorithm. We study the computer
representation of integer and real numbers, and present some numerical problems due to
the finite-digit arithmetic.

1.1. The Main Objective and Notions of Numerical
Analysis

In scientific computations the first step is the mathematical modeling of the physical pro-
cess. This is the task of the particular scientific discipline (physics, chemistry, biology,
economics, etc.). The resulting model frequently contains parameters, constants, initial
data which are typically determined by observations or measurements. If the mathemat-
ical model and its parameters are given, then we can use it to answer some questions
related to the physical problem. We can ask qualitative questions (Does the problem
have a unique solution? Does the solution have a limit as the time goes to infinity? Is
the solution periodic? etc.), or we can ask quantitative questions (What is the value of
the physical variable at a certain time? What is the approximate solution of the model?).
The qualitative questions are discussed in the related mathematical discipline, but the
quantitative questions are the main topics of numerical analysis. The main objective of
numerical analysis is to give exact or approximate solutions of a mathematical problem
using arithmetic operations (addition, subtraction, multiplication and division). See Fig-
ure below for the schematic steps of the scientific computation of physical processes.

The numerical value of a physical quantity computed by a process described in Fig-
ure is, in general, not equal to the real value of the physical quantity. The sources of
error we get is divided into the following two main categories: inherited error and compu-
tational error. The mathematical modeling is frequently a simplification of the physical
reality, so we generate an inherited error when we replace the physical problem by a
mathematical model. This kind of error is called modeling error. An other subclass of
the inherited error is what we get when we determine the parameters of the mathematical
model by measurements, so we use an approximate parameter value instead of the true
one. This is called measurement error.
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mathematical model

- parameters

physical problem |— _ constants — |numerical solution

- initial values

inherited error: computational error:
- modeling error - truncation error
- measurement error - rounding error

Figure 1.1: Scientific computations

The computational error is divided into two classes: truncation error and rounding
error. We get a truncation error when we replace the exact value of a mathematical
expression with an approximate formula.

Example 1.1. Suppose we need to compute the value of the function f(z) = sinz at a certain
argument x. We can do it using arithmetic operations if instead of the function value f(x) we
compute, e.g., its Taylor-polynomial around 0 of degree 5: Ty(x) = x — 23/3! + 2°/5!. The
Taylor’s theorem (Theorem [2.5| below) says that if f(z) is replaced by T5(z), then the resulting

(6) i
error has the form %:ﬁ6 = —Slﬁ%g:):G, where £ is a number between 0 and x. This is the
truncation error of the approximation, which is small if z is close to 0. O

The rounding error appears since real numbers can be stored in computers with fi-
nite digits accuracy. Therefore, we almost always generate a rounding error when we
store a real number in a computer. Also, after computing each arithmetic operations,
the computer rounds the result to a number which can be stored in the computer (see

Sections 1.4)).

When we specify a numerical algorithm, the first thing we have to investigate is the
truncation error, since a numerical value is useful only if we know how large is the error
of the approximation. The next notion we discuss related to a numerical algorithm is
the stability. This notion is used in two meanings in numerics. We can talk about the
stability of a mathematical model or about the stability of a numerical method. First we
consider an example.

Example 1.2. Consider the linear system

8z + 917y = 1794
Tz + 802y = 1569.

Its exact solution is x = —5 and y = 2. But if we change the coefficient of the variable x in the
second equation to 7.01, then the solution of the corresponding system
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1.1. The Main Objective and Notions of Numerical Analysis 7

8x + 917y = 1794
7.01z + 802y = 1569

is z = —1.232562589 and y = 1.967132499 (up to 9 decimal digits precision). We observe that
0.14% change in the size of a single coefficient results in 75.3% and 1.6% changes in the solutions,
rspectively. Ul

We say that a mathematical problem is correct or stable or well-conditioned, if a
“small” change in the parameters of the problem results only in “small” change in the
solution of the problem. In the opposite case we say that the problem is incorrect or
ill-conditioned or unstable problem. The linear system in the previous example is an
incorrect mathematical problem.

We say that a numerical algorithm is stable with respect to rounding errors if the
rounding errors do not influence the result of the computation significantly. If the com-
puted result is significantly different from the true value, then we say that the algorithm
15 unstable. Next we present an example of an an unstable algorithm.

Example 1.3. Consider the following three recursive sequences:

1

Ty = gxn—h xg =1,
) 1
Yn = 2Yn—1 — gUn-2 vo=1, y1= 3 (1.1)
13 4 1 1
Zn = —Zn—-1— —Zn— 20 = 71 = —.
n 3 n—1 3 n—2) 0 5 1 3

It is easy to show that all the three recursions generate the same sequence x,, = y, = z, = %,

i.e., the three sequences are algebraically equivalent. But in practice, the numerical computations
of the three recursions give different results. In Table the first 18 terms of the sequences are
displayed. The computations are performed using single precision floating point arithmetic in
order to enlarge the effect of the rounding errors. We observe that the sequence x,, produce the
numerical values of 1/3", but the numerical values of y,, and z, are different from it due to the
accumulation of the rounding error. Both sequences has rounding error, but for the sequence z,
the error increases so rapidly, that in the 18th term it is of order 10%. In this case the numerical
values of z, do not converge to 0. We experience that the sequence x,, is a stable method, but
zp, is an unstable method to compute the values of 1/3".

To check that the errors we observed in the previous computation are the consequence of
the rounding errors, we repeated the generation of the three sequences but now using a double
precision floating point arithmetic. We present here the error of the 18th terms: |y15 — 1/3'%| =
—2.5104e — 13 and |21 — 1/3'®] = 2.3804e —07. We can observe that the magnitude of the errors
are much smaller in this case. ]

In case of an algorithm which terminates in a finite number of steps we are usually
interested in the time complexity or the cost of an algorithm. By this we mean the number
of steps, or more precisely, the number of arithmetic operations needed to perform the
algorithm. Consider first an example.

Example 1.4. Evaluate numerically the polynomial p(z) = 524 —8x3 4222442 —10 at the point
x. Certainly, we can do it using the formula of p literally. It contains 4 additions/subtractions, 4
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8 1. Introduction

Table 1.1:
n T, Yn |y, — 1/3"] Zn |zn, — 1/3"]
2 0.111111 0.111111 2.2352e-08 0.111111 4.4703e-08
3 0.037037 0.037037 4.0978e-08 0.037037 1.8254e-07
4 0.012346 0.012346 6.9849e-08 0.012346 7.3109e-07
5 0.004115 0.004115 1.1688e-07 0.004118 2.9248e-06
6 0.001372 0.001372 1.9465e-07 0.001383 1.1699e-05
7 0.000457 0.000458 3.2442e-07 0.000504 4.6795e-05
8 0.000152 0.000153 5.4071e-07 0.000340 1.8718e-04
9 0.000051 0.000052 9.0117e-07 0.000800 7.4872e-04
10 0.000017 0.000018 1.5019e-06 0.003012 2.9949e-03
11 0.000006 0.000008 2.5032e-06 0.011985 1.1980e-02
12 0.000002 0.000006 4.1721e-06 0.047920 4.7918e-02
13 0.000001 0.000008 6.9535e-06 0.191674 1.9167e-01
14 0.000000 0.000012 1.1589e-05 0.766693 7.6669e-01
15 0.000000 0.000019 1.9315e-05 3.066773 3.0668e+00
16 0.000000 0.000032 3.2192e-05 12.267091 1.2267e+01
17 0.000000 0.000054 5.3653e-05 49.068363 4.9068e+01
18 0.000000 0.000089 8.9422e-05 196.273453 1.9627e+02

multiplications and 3 exponentials. The exponentials mean 3+2+1=6 number of multiplications,
i.e., altogether 10 multiplications are needed to apply the formula of p. But we can rewrite p as
follows:

p(x) = 5at — 82% 4 222 + 42 — 10 = (((5z — 8)x + 2)x + 4)x — 10.

This form of the polynomial requires only 4 additions/subtractions and 4 multiplications. [
The previous method can be extended to polynomials of degree n:
" + ap 12" ar+ag = ((- ((@n2 + @n1)T + Gpo)r + - )1+ ay)r + ag

This formula requires only n additions/subtractions and n multiplications. This way of
organizing a polynomial evaluation is called Horner’s method. The method can be defined
by the following algorithm.

Algorithm 1.5. Horner’s method

INPUT: n - degree of the polynomial
Gy, Gp_1, .. ., a0 - coefficients of the polynomial
T - argument
OUTPUT: y - function value of the polynomial at the argument z

Y < ay
fori=n—-1,...,0do
Y < yr+a;

end do
output(y)
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The execution of a multiplication or division requires more time than that of an ad-
dition or subtraction. Therefore, in numerical analysis, we count the number of multipli-
cations and divisions separately to the number of additions and subtractions.

It is also important to know the space complexity of an algorithm, which is the amount
of the memory storage needed in the worst case at any point in the algorithm. When we
work with an algorithm to solve a linear system with a 10 x 10 coefficient matrix, the
storage cannot be a problem. But the same with a 10000 x 10000 dimensional matrix can
be problematic. In case of algorithms working with a big amount of data, we prefer a
method which requires less amount of memory space. For example, if in a matrix nonzero
elements appear only in the main diagonal and in some diagonals above and below, then
it is practical to use an algorithm which utilizes the special structure of the data, and
does not store the unnecessary zeros in the matrix during the computation. We will see
such methods in Section [3.5 below.

1.2. Computer Representation of Integers and Reals

Let I be a positive integer with a representation in base b number system with m number
of digits:
I = (am_1am—2...a1a9)p, where a; € {0,1,...,b—1}.

Its value is
I = (lm_lbm_l —|— am_gbm_2 —f- s + Cle —|— ag.

Therefore, the largest integer can be represented with m digits is I, Where all digits
equal to b — 1. Its numerical value is

Imase = (b= 1)(0™ " + 0" 4+ 4 b+ 1) = b — 1.

Hence on m digits we can represent (store) integers from 0 up to o™ — 1, which is o™
number of different integers.

Suppose we use a base 2, other words, binary number system. Then on m bits we can
store 2™ number of integers. We describe two methods to store negative integers. The
first method is the sign-magnitude representation. Here we allocate a sign bit (typically
the most significant bit, i.e., the left-most bit), which is 0 for positive integers and 1 for
negative integers. Then on the rest of the m — 1 bits we can store the magnitude or
absolute value of the number. Then I, = 2! — 1 is the largest, and I, = —Ipax iS
the smallest integer which can be represented. In this system the integer 0 can be stored
as an identically 0 bit sequence or as 100...0.

Example 1.6. In Table we listed all the integers which can be represented on m = 3 bits
using the sign-magnitude binary representation. O

In practice the two’s-complement representation is frequently used to store signed
integers. Let I be an integer which we would like to represent on m bits. Instead of I we
store the binary form of the number C' defined by

oL ifo<7<2ml_1,
Y 2+, if —2m i< <.

F. Hartung, University of Pannonia www . tankonyvtar.hu
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10 1. Introduction

Table 1.2: Sign-magnitude binary representation on m = 3 bits

I a binary code

0 000
1 001
2 010
3 011
0 100
-1 101
-2 110
-3 111

Here the largest and the smallest representable integer is . = 2™ 1 — 1 and Iy, =
—2m=1 respectively. Therefore, if 0 < I < 2™~ ! —1, then C < 2™7! i.e., the first bit of C
is 0. On the other hand, if —2™~! < I < 0, then it is easy to see that 21 < C < 2™ —1,
i.e., the first bit of C is 1.

An important advantage of the two’s-complement representation is that the subtrac-
tion can be obtained as an addition (see Exercise |4)).

Example 1.7. Table contains all the integers which can be represented on m = 3 bits
using the two’s-complement binary representation. O

Table 1.3: Two’s-complement representation on m = 3 bits

I (in decimal) [ (in binary) C, the stored binary

0 000 000
1 001 001
2 010 010
3 011 011
-1 -001 111
-2 -010 110
-3 -011 101
-4 -100 100

Next we discuss the representation of real numbers. We recall that the real number
in base b number system

T = (xmflxme SRV R, Y ) B )b7 i € {07 17 e 7b - 1}

has the numerical value

m—1
xr = l’m_lbm_l =+ .Z‘m_gbm_Q + - (L’lb+ i + % + % + o= ZZOOIZ[)I
Consider the real number 126.42. Different books define the normal form of this
number as 1.2642 - 10% or 0.12642 - 10%. In this lecture notes we use the first form as the
normal form. Therefore, the normal form of a real number x # 0 in a base b number
system is = +m - b*, where 1 < m < b. The number m is called the mantissa, and k the
exponent of the number. In order to represent a real number, or in other words, a floating
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1.2. Computer Representation of Integers and Reals 11

point number we write it in a normal form in a base b number system, and we would
like to store its signed mantissa and exponent. Computers use different number of bits to
store these numbers. Here we present an IEEE specification[l] to represent floating point
numbers on 32 bits (the so-called single precision), and on 64 bits (the double precision)
using the binary number system. This representation is used in IBM PCs. Consider the
binary normal form z = (—1)*m - 2¥, where s € {0,1} and m = (1.m;mgms...)s. The
value s is stored in the 1st bit. Instead of the exponent k, we store its shifted value, the
nonnegative integer e = k + 127 on bits 2-9. In our definition of the binary normal form,
a nonzero x has a mantissa of the form m = (L.mymay...)s, i.e., it always starts with 1,
which we do not store, we store the fractional digits of the mantissa rounded to 23 bits.
These 23 bits are stored on bits 10-32 of the storage. This IEEE specification defines the
representation of the number 0, and introduces two special symbols, Inf (to store infinity
as a possible value) and NaN (not-a-number) in the following way:

number || s | e (bits 2-9) | mantissa bits (bits 10-32)
+0 0 | 00000000 | every mantissa bit=0
—0 1 | 00000000 | every mantissa bit=0
+Inf 0] 11111111 | at least one mantissa bit=0
—Inf 1 11111111 | at least one mantissa bit=0
+NaN || 0| 11111111 | every mantissa bit=1
+NaN || 1| 11111111 | every mantissa bit=1

The symbol Inf can be used in programs as a result of a mathematical operation with value
00, and the symbol NaN can be a result of a mathematical operation which is undefined
(e.g., a division by 0 or a root of a negative number in real numbers). Both symbols can
be positive or negative. The definition yields that the exponent e = (11111111), = 255 is
used exclusively for the special symbols Inf and NaN. For finite reals the possible values
are 0 < e < 254, hence the possible values of the exponent k are —127 < k < 127.
Therefore, the smallest positive representable number corresponds to exponent k = —127
and mantissa (1.00...01),. Hence its value is zpy, = (1 + 1/223)27127 ~ 10738, The
largest real can be stored is Ty, = (1.11...1)92'%7 = (2 — 2723)2127 ~ 1038,

The representation on 64 bits is similar: the shifted exponent e = k + 1023 is stored
on bits 2-12, the fractional part of the mantissa is stored on bits 13-64. Then the range
of real numbers which can be stored in the computer is, approximately, from 1073% to
10308.

Example 1.8. Suppose we would like to store reals on 4 bits using a binary normal form. For
example, we use the 1st bit as the sign bit, the shifted exponent e = k + 1 is stored on the 2nd
bit, and the fractional part of the mantissa is stored on bits 3-4. (The symbols Inf and NaN
are not defined now.) The nonnegative real numbers which can be represented by the above
method are listed in Table and are illustrated in Figure [1.2

Ol

We can see that, using any floating point representation, we can store only finitely
many reals on a computer. The reals which can be stored without an error in a certain
floating point representation are called machine numbers. The machine number which is

TEEE Binary Floating Point Arithmetic Standard, 754-1985.
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12 1. Introduction

Table 1.4: Nonnegative reals on 4 bits.

S & m X
0[0[00]0
0/0[01| (1.01)-27t=(1+1)1=2
0[0]10 (1.10)2-27 ' =(1+5)s=2=8
01011 | (L11)e-27=(1+s+1)5=1
0] 1]00]| (1.00)-2°=1=%
0/1[01| (1.01)3-20=1+1=12
01]10| (1.10)2-20=1+3 =12
01|11 (11l)e-20=14+L141=0=14
0 ! 1 : 2

Figure 1.2: Nonnegative machine numbers on 4 bits.

stored in a computer instead of the real number x is denoted by fl(z). If |z| is smaller
than the smallest positive machine number, then, by definition, fl(z) = 0, and if |z| is
larger than the largest positive machine number, then we define fl(z) = Inf for x > 0 and
fl(x) = —Inf for z < 0. In the first case we talk about arithmetic underflow, and in the
second case, about arithmetic overflow. The definition of fl(x) in the intermediate cases
can be different in different computers. There are basically two methods: In the first
case we take the binary normal form of x, consider its mantissa m = (1.mymams...)s,
and we consider as many first several mantissa fractional bits as it is possible to store
in the particular representation. We store them, and omit the rest of the mantissa bits.
This method is called chopping of the mantissa. For example, using the single precision
representation defined above, we store the first 23 mantissa fractional bits.

The other method, the rounding, is more frequently used to define the mantissa bits
of the machine number fl(z). Here the mantissa of fl(z) is defined so that fl(x) be the
nearest machine number to x. In case when x is exactly an average of two consecutive
machine numbers, we could round down or up. The IEEE specification for single precision
representation we defined above uses the following rule: Let the normal form of a positive
real x be x = m2¥, where m = (Lmima...magmay...)s. Let 2/ = (Lmymy ... mo3)s2"
and 2" = ((1.m1m2 .. Ma3)2 +2_23)2k. Then 2’ and z” are consecutive machine numbers,
v <x<a2”and 2" — 2’ = 22, The specification defines

¥, iffo—af] < Yo" — ],

B IE//, if |l‘ _ :L‘”| < %|1L’” _ JZ/|,
fl(z) = N S %W/ — /| and my3 = 0,
o, i o —a'] = g[2" — 2] and mys = 1.

In the critical case, i.e., if |z — 2| = %|:1:“ — 2'|, approximately half of the cases we round
down and in the other cases we round up. An other reason for this definition is that in
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1.2. Computer Representation of Integers and Reals 13

this critical case the last mantissa bit is always 0, so a division by 2 can be performed on
fl(x) without an error. Using the rounding, the error is

1 1
|z — fl(z)] < =|2” — | = =27232F,
2 2

If we compare it to the exact value we get

P @) lr-f@)] 1

277,
’iC‘ - (1.m1m2...)2 S22k = 2

We can see that the first machine number which is larger than 1 is 1 + 2723 in the single
precision floating point arithmetic. Let e, denote the difference of the first machine
number right to 1 and the number 1. This number is called machine epsilon. Therefore,
em is the smallest power of 2 (in a binary storage system) for which the computer evaluates
the inequality 1 4+ e > 1 to be true. The following theorem can be proved similarly to
the consideration above for the single precision floating point representation.

Theorem 1.9. Let 0 < fl(x) < Inf, and suppose the floating point representation uses
rounding. Then
|z — fl(z)| < 1
—= < —en.
ol T 27"

The proof of the next result is left for Exercise [5

Theorem 1.10. Suppose we use a number system with base b, and let t be the number
of mantissa bits in the floating point representation. Then

— 27t7 ifb=2,
MmN Bt fb £ 2.

Now we define the notion of the error of an approximation and other related notions.
Let x be a real number, and consider z as its approximation. Then the absolute error or
just simply the error of the approximation is the number |x — Z|. Frequently the error
without knowing the magnitude of the numbers does not mean too much. For example,
10000.1 can be considered as a good approximation of 10000, but in general, 1.1 is not
considered as a good approximation of 1, but in both cases the errors are the same, 0.1.
We may get more information if we compare the error to the exact value. The relative
error is defined by

|z — 7

(x #0).

|z]

We say that in a base b number system 7 is ezact in n digits if

|z — 7|

bt

1
< Z
] T2

F. Hartung, University of Pannonia www . tankonyvtar.hu
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14 1. Introduction

We can see that the smaller is the relative error, the larger is the number of exact digits.
In a decimal number system (b = 10) we can formulate the relation between the relative
error and the number of exact digits in the following way: if the relative error decreases
by a factor of 1/10, then the number of exact digits increases by 1.

Example 1.11. Let z = 1657.3 and & = 1656.2. Then the absolute error is |z — Z| = 1.1, and
the relative error is | — Z|/x = 0.0006637 (with 7 decimal digits precision). Since |x — Z|/x =
0.0006637 < 0.5 - 1072, the approximation is exact in 3 digits. On the other hand, if x is
approximated by the value # = 1656.9, then |z — Z|/z = 0.0002413 < 0.5 - 1073, and hence the
approximation is exact in 4 digits. O

The previous definition and Theorem yield that the single precision floating point
arithmetic is exact in 24 binary digits. Usually, we are interested in the exact number of
digits in a decimal number system. In case of a single precision floating point arithmetic,
we get it if we find the largest integer n for which

Lo-os < Lygin

2 -2
It can be computed that n = 7 is the number of exact digits for a single precision floating
point arithmetic.

Example 1.12. Consider x = 12.4. First rewrite it in binary form: 12 = (1100)s. Find the
binary form of its fractional part:

I X9 I3
4= (0. g = S
0 (0.x1223 . . .)2 5 T Tost

If we multiply 0.4 by 2, then its integer part gives x1. 0.4 -2 = 0.8, hence z; = 0. Consider
the fractional part of this product, 0.8, and we repeat the previous procedure. 0.8 -2 = 1.6,
so x9 = 1. The fractional part of the product is 0.6, which gives: 0.6 - 2 = 1.2, and therefore,
x3 = 1. The fractional part of the product is 0.2. We have 0.2 - 2 = 0.4, hence x4 = 0, and we
continue with 0.4. We can see that the digits 0011 will be repeated periodically infinitely many
times, i.e., 0.4 = (0.011001100110011001100110011 . ..)2. The binary normal form of z is

x =12.4 = (1.100011001100110011001100110011 .. .)2 - 23
Rounding the mantissa to 23 bits (down) we get
fl(z) = (1.10001100110011001100110)s - 23.

Its numerical value (in a decimal form) is fl(z) = 12.3999996185302734375. ]

The arithmetic operations performed by a computer can be defined as
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1.3. Error Analysis 15

Here we always take the machine representation of each operands and also the result of
the arithmetic operation.

In later examples we will use the so-called 4-digit rounding arithmetic or simply 4-digit
arithmetic. By this we mean a floating point arithmetic using a decimal number system
with 4 stored mantissa digits (and suppose we can store any exponent). This means that,
in every step of a calculation, the result is rounded to the first 4 significant digits, i.e.,
from the first nonzero digits for 4 digits, and this rounded number is used in the next
arithmetic operation. We can enlarge the effect of rounding errors in such a way.

Example 1.13. Using a 4-digit arithmetic we get 1.043 + 32.25 = 33.29, and similarly,
1.043 - 32.25 = 33.64 (after rounding). But 1.043 + 20340 = 20340, since we rounded the exact
value 20341.043 to for significant digits. ]

Exercises

1. Convert the following decimal numbers to binary form:
57, —243, 0.25, 35.27

2. Convert the binary numbers to decimal form:
(101101)2, (0.10011)2, (1010.01101)9

3. Show that the two’s-complement representation of a negative integer can be computed in
the following way: Take the binary form of the absolute value of the number. Change all
0’s to 1’s and all 1’s to 0’s, and add 1 to the resulting number.

4. Let I; and I be two positive integers with m bits. Show that I; — I» can be computed if
we first consider the two’s-complements representation Cy of Is, add Iy to it, and finally,
take the last m bits of the result.

5. Prove Theorem [L.I0
6. Write a computer code which gives back the machine epsilon of the particular computer.

7. Compute the exact number of digits of a machine number in case of a double precision
floating point arithmetic.

8. Let © = (20.2122 . . . Ty Tms1Tma2 - ..) - 10F, & = (20.2122 . .. T 1Fmaz . . .) - 107 ie.,
2 and Z has the same order of magnitude, and its first m + 1 digits are the same. Show
that, in this case, Z is an approximation of z with at least m number of exact digits.

1.3. Error Analysis

Let x and y be positive real numbers, and consider the numbers ¥ and y as an approx-
imation of z and y. Let |z — | < A, and |y — | < A, be the error bounds of the
approximation. The relative error bounds are denoted by ¢, := A,/z and 6, = A,/y,
respectively. In this section we examine the following question: We would like to per-
form an arithmetic operation (addition, subtraction, multiplication or division) on the
real numbers x and y, but instead of it, we perform the operation on the numbers  and
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16 1. Introduction

(suppose without an error). We will consider this latter number as an “approximation” of
the original one. We will examine the error and the relative error of this “approximation”.
Consider first the addition. We are looking for error bounds A,,, and d,., such that

[z +y— (T +9)|

r+y—(ZT+7)] <A, and
2ty — (T +9)] < Auyy Tty

S 5m+y-

Theorem 1.14. The numbers
Appy =0+ 4, and Oty = max{d,, 0, }

are absolute and relative error bounds of the addition, respectively.

Proof. Using the triangle inequality and the definitions of A, and A, we get
[Tty —@+YI <[z -2 +ly -9l <Da+ Ay

This means that A, + A, is an upper bound of the error of the addition.
Using the above relation, we obtain

ety —@E+P| _ At A,

Tr+y Ty
= 5+,
r+y r+y
< max{d,, o, }.

Therefore, max{d,, d,} is a relative error bound of the addition. O

Clearly, the above theorem can be generalized for addition of several numbers: the
error bounds will be added, and the relative error bound is the maximum value of the
relative error bounds. We can reformulate this result as follows: the number of exact
digits of the approximation of the sum is at least the smallest of the number of exact
digits of the approximations of the operands. Certainly, the theorem gives the worst case
estimate. In practice the errors can balance each other. For example, let x = 1, y = 2,
Z=1.1and y=1.8. Then v +y =3 and  + y = 2.9. Therefore, the error of the sum is
only 0.1, smaller than the sum of the error of the terms, 0.3.

Theorem 1.15. Let x >y > 0. The numbers

Dgy =0 + 4y and Opey = T 0y + Y dy

are absolute and relative error bounds of the subtraction.

Proof. The inequalities

o —y— @ -9 | <|v—2|+ |y -9l <A+ 4,
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imply the first statement. Consider

r—y—(T—19 A, + A T
el el Gl )1 y _ 6ot —Y s,
r—Yy r—y =Y r—Yy
which gives the second statement. O

We can observe that if we subtract two nearly equal numbers, then the relative error
can be magnified compared to the relative error of the terms. In other words, the number
of exact digits can be significantly less that in the original numbers. This phenomenon is
called loss of significance.

Example 1.16. Let x = 12.47531, ¥ = 12.47534, y = 12.47326 and y = 12.47325. Then
0y = 2.4-107% and 0y = 8- 10~7. On the other hand, z — y = 0.00205, Z — § = 0.00209, and
50 0;—y = 0.0195. We can check that & and gy are exact in 6 digits, but £ — ¥ is exact only in 2
digits. Ul

Theorem 1.17. Let x,y > 0. The numbers
Agy =Dy + YA, + ALA, and Oguy = 0 4 0y + 050y

are absolute and relative error bounds of the multiplication, respectively.

Proof. The triangle-inequality and simple algebraic manipulations yield

lwy — &) = oy — 2§ + o — 74
zly — gl + [gllz — 2|
zA, + || A,

=zAy+ ly+ 7 —ylA,
<zAy+yA; + AA,,

<
<

hence the first statement is proved. Therefore, we get

lzy — Z7| < A, +yA, + ALA,

=0, + 0, + 0,0
Ty Ty :v+ y+ Yy,

which implies the second statement. O

Since, in general, A, and A, are much smaller than z and y, and so A;A, is much
smaller than zA, and yA,, we have that zA, 4+ yA, is a good approximation of the
absolute error of the multiplication. Similarly, ¢, 4+ J, is a good approximation of the
relative error of the multiplication. Both results mean that the errors do not propagate
rapidly in multiplication.
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18 1. Introduction

Theorem 1.18. Suppose x,y > 0 and 6, < 1. Then the numbers

Ay +yA,
T yly - Ay)

are absolute and relative error bounds of the division, respectively.

5o + 6,
1-9,

A and Oy jy =

Proof. Elementary manipulations give

r

y oy

_ lzy — zy + 2y — Ty < TAy +yA, _ zA, + yA, ‘
Y7l -yl yly — (y — 7)

Assumption 0, < 1 implies |[y—g| < A, <y, hence [y—(y—9)| > y—|y—9| >y—A, >0
proves the first statement.
For the second part, consider

< |8
|
NN

e —y) —y@—a)| <

[7] [ R

< |8

d

If 6, is small, then the relative error bound of the division can be approximated well by
8z +6,. Similarly, if A, is much smaller than y, then 1A, + ?%Ay is a good approximation
of A, /. If y is much smaller than z, or if y is close to 0, then A, or A, can be significantly
magnified, so the absolute error can be much larger than the absolute error of the terms.

Exercises

1. Let x = 3.50, y = 10.00, x = 3.47, 3 = 10.02. Estimate the absolute and relative error of

1 4
3¢+ Ty, -, x2, y3, Y
Yy T+y

(without evaluating the expressions) assuming we replace  and y by & and gy. Then
compute the expressions numerically and compute the absolute and relative errors exactly.
Compare them with the estimates.

2. Let & be an approximation of x, and |z — Z| < A,. Let f: R — R be a differentiable
function satisfying |f'(z)| < M for all z € R. Let y = f(x) and consider § = f(Z) as an
approximation of y. Estimate the absolute error of the approximation. (Hint: Use the
Lagrange’s Mean Value Theorem.)

1.4. The Consequences of the Floating Point Arith-
metic

Example 1.19. Solve the equation
2% —83.52 +1.5=0
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using 4-digit arithmetic in the computations.
Using the quadratic formula and the 4-digit arithmetic we get the numerical values

83.5+ 18352 —4-15 83.5++/6972—6.000 83.5+83.46
2 - 2 - 2 ’

T =

hence 167.0 0.040
71 = —— =8350, and Is=—— =0.020.
2 2
We can check that the exact solutions (up to several digits precision) are 1 = 83.482032 and
xo = 0.0179679. Using the relative error bounds for each roots we get §; = 0.0002152 and
02 = 0.113096. The first root is exact in 4 digits, but the second is only in 1 digits. So there is
a significant difference between the order of the magnitudes of the relative errors. What is the
reason of it? In the computation of the second root, we subtracted two close numbers. This is
the point where we significantly lost the accuracy. ]

Consider the second root of ax? + bx + ¢ = 0:

—b—Vb? — 4dac

2a

When b is negative and 4ac is much smaller than b2, then we subtract two nearly equal

numbers, and we observe the loss of significance. (This happened for the second root in
Example [1.19]) To avoid this problem, consider

= (V¥ —4dac) 2¢ (1.3)
2a(—b+ Vb2 —dac) —b+ Vb —dac .

This formula is algebraically equivalent to formula ((1.2). But the difference is that here
we do not subtract two close numbers (in the denominator we add two positive numbers).
If b is positive, then for the first root we get

2c
—b— /b2 — dac

T, = (1.4)

Example 1.20. Compute the second root of the equation of Example using 4-digit
arithmetic and formula (1.3)).

2-1.5 3 3
Ty = = = = 0.01796.
2 83.54++/83.52—-4-15 83.5+8346 167.0
The relative error of x5 is now ds = 0.00044, hence the exact number of digits is 4. O

Example 1.21. Suppose we need to evaluate the expression cos?

z—sin’z. Ifz = 7, then the
exact value of this expression is 0, hence if z is close to 7, then in the expression we need to
subtract to nearly equal numbers, so we can face loss of significance. We can avoid it if, instead

of the original formula, we evaluate its equivalent form, cos 2z. O
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In the previous examples we used algebraic manipulations to avoid the loss of signifi-
cance. Now we show different techniques.

Example 1.22. Consider the function f(z) =e* — 1. In the neighborhood of x = 0 we again
need to subtract two nearly equal numbers, but here we cannot use an algebraic identity to
avoid it. But here we can consider the Taylor series of the exponential function, and we get

3 n

x X i
f(m):$+§+§+"'+ﬁ+“'.

It is worth to take a finite approximation of this infinite series, and use it as an approximation
of the function value f(z). U

The next example shows a different problem.

Example 1.23. Evaluate the number y = 20°°/50!. The problem is the following: If we
compute the numerator and the denominator separately first, then we run into the problem of
overflowing the calculation if we use single precision floating point arithmetic. On the other
hand, we know that a"/n! — 0 as n — oo, so the result must be a small number. We rearrange
the computation as follows:

200 20 20 20 20

500 50 49 48  1°
Here in each steps the expressions we need to evaluate belong to the range which can be stored
in the computer. This formula can be computed with a simple for cycle:

y < 20
for i =2,...,50 do

yy- 2
end do
output(y)

The result is 3.701902 (with 7-digits precision). U

Example 1.24. Compute the sum

10
A =10.00 + 0.002 + 0.002 + - - - + 0.002 = 10.00 + Z 0.002
i=1

using a 4-digit arithmetic. We perform the additions from left to right, so first we need to
compute 10.004-0.002. But with a 4-digit arithmetic the result is 10.004-0.002 = 10.002 = 10.00
after the rounding. Adding the next number to it, because of the rounding to 4 digits, we get
again 10.00 + 0.002 + 0.002 = 10.00. Hence we get the numerical result A = 10.00.

Consider the same sum, but in another order:

10
B = 0.002 + 0.002 + - - - + 0.002 + 10.00 = Z 0.002 + 10.00.
=1

First we need to compute 0.002 + 0.002 = 0.004. The result is exact even if we use 4-digit
arithmetic. Then we can continue: 0.002 + 0.002 + 0.002 = 0.006 etc., and finally, Zgl 0.002 =
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1.4. The Consequences of the Floating Point Arithmetic 21

0.02. Therefore, the numerical result will be B = 10.02. Here we have not observed any rounding
error, since we could compute the result in each step exactly.

This example demonstrates that the addition using a floating point arithmetic is not a
commutative operation numerically. O

A conclusion of the previous example is that in computing sums with several terms, it
is advantageous to do the computation in an increasing order of the terms, since in that
case we have a better chance for that the terms have similar order of magnitude, so the
loss of significance has less chance.

Exercises

1. Investigate that in the next example what are the cases when we can observe the loss of
significance. How can we avoid it?

(a) Inx —1,

(b) Vo +4-2,

(¢c) sinz — z,

(d) 1—cos,

(e) (1 —cosz)/sinz,
(f) (cosx —e™*)/x,

2. Compute the next expression using a 4-digit arithmetic 2.274 + 12.04 + 0.4233 + 0.1202 +
0.2204, and then sort the terms in an increasing way, and repeat the calculation.
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Chapter 2

Nonlinear Algebraic Equations and Systems

In this chapter we investigate numerical solution of scalar nonlinear algebraic equations
and systems of nonlinear algebraic equations. We discuss the methods of bisection, false
position, secant, Newton and quasi-Newton. We introduce the basic theory of fixed points,
the notion of the speed of convergence, stopping criteria of iteration methods. We define
the notion of vector and matrix norms, and discuss convergence of vector sequences.

2.1. Review of Calculus
In this section we summarize some basic results and notions from Calculus which will be
needed in our later sections.

C'la, b] will denote the set of continuous real valued functions defined on the interval
[a,b]. C™][a,b] will denote the set of continuous real valued functions f: [a,b] — R, which
are m-times continuously differentiable on the open interval (a, b).

Theorem 2.1. Let f € Cla,b]. Then f has its maximum and minimum on the interval
[a,b], i.e., there exist ¢,d € |a,b], such that

f(C)Zgg@%]f(x) and f(d)zxrg[jlr}ﬂf(fv).

The open interval spanned by the numbers a and b is denoted by (a, b), i.e., (a,b) :=

(min{a, b}, max{a,b}). In general, (aj,as,...,a,) denotes the open interval spanned by
the numbers a4, ao, ..., a,, i.e.,
(a1, as,...,a,) := (minf{ay, as, ..., a,}, max{as, as,...,a,}).

The next result, the so-called Intermediate Value Theorem, states that a continuous
function takes any value in between two function values.

Theorem 2.2 (Intermediate Value Theorem). Let f € Cla,b], f(a) # f(b), and let
d e (f(a), f(b)). Then there exists c € (a,b) such that f(c) = d.

Theorem 2.3 (Rolle’s Theorem). Let f € C'[a,b] and f(a) = f(b). Then there exists
¢ € (a,b) such that f'(¢) = 0.
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Theorem 2.4 (Lagrange’s Mean Value Theorem). Let f € C'[a,b]. Then there
exists & € (a,b) such that f(b) — f(a) = f'(§)(b— a).

Theorem 2.5 (Taylor’s Theorem). Let f € C""a,b], and let xy € (a,b). Then for
every x € (a,b) there exists & = &(x) € (x,xq) such that

" To ) (n) Zo .
f(x)Zf($0)+f,($o)(x—$o)+f <2 )(f—ﬁo) +"'+f n(' )(ﬁ—xo)
f(n—l—l)(g) n+1
+ EE (x —x0)" ™.

The next result is called the Mean Value Theorem for integrals.

Theorem 2.6. Let f € Cla,b], g: [a,b] — R is integrable which has no sign change on
[a,b] (i.e., g(x) >0 or g(x) <0 holds for all x € [a,b]). Then there ezists § € (a,b) such
that

[ rwwae =5 [ oteya

The next result is called Cantor’s Intersection Theorem.

Theorem 2.7. Let [a,,b,] (n=1,2,...) be a sequence of closed and bounded intervals,
for which [any1,bn41] C [an, by] holds for all n and (b, — a,) — 0 as n — oo. Then there
exists a ¢ € |ay, by] such that a, — ¢ and b, — ¢ as n — oo.

Theorem 2.8. A monotone and bounded real sequence has a finite limit.

We close this section with a result from algebra, which we state in the following form.

Theorem 2.9 (Fundamental Theorem of Algebra). Any nth-degree polynomial
p(z) = apa™ + - - a1 + ay, ajeC(j=0,...,n), a,#0
has exactly n complex roots with counting multiplicities.

We will use the following consequence of the previous result. If a polynomial of the
form p(z) = a,a™ + - - - + a1x + ap has n + 1 different roots, then p(x) = 0 for all z € R.

2.2. Fixed-Point Iteration

Many numerical methods generate an infinite sequence whose limit gives the exact solution
of the investigated problem. The sequence is frequently defined by a recursion or iteration.
A recursion of the form pry1 = h(pk, Pk—1, - Pk—m+1) (K > m — 1) is called m-order

www . tankonyvtar.hu F. Hartung, University of Pannonia


www.tankonyvtar.hu

2.2. Fixed-Point Iteration 25

recursion or m-step iteration. An m-step iteration is well-defined if m number of initial
values py, p1, ..., Pm_1 are given.

In this section we study the one-step iteration, the so-called fized-point iteration. Given
a function g: I — R, where I C R. The recursive sequence px+1 = g(px) which corre-
sponds to an initial value pg € I is called a fixed-point iteration.

Example 2.10. Consider the function g(z) = —32% + 2 + 1. In Table we computed the
first few terms of the fixed-point iteration starting from the value py = 0.4. We illustrate the
sequence in Figure Such picture is called stair step diagram or Cobweb diagram. From the
starting point (pg,0) we draw a vertical line segment to the graph of g. The second coordinate
of the intersection gives p;. From the point (pg,p1) we draw a horizontal line segment to the
point (p1,p1) on the line y = . Now we get the value pa = g(p1) as the second coordinate of
the intersection of the vertical line starting from this point and the graph of g. Continuing this
procedure we get the figure displayed in Figure The line segments spiral and get closer and
closer to the intersection of the graphs of the line ¥y = x and the function g. The coordinates of
the intersection is (2,2). From Table it can be seen that the sequence p; converges to 2. [

Table 2.1: Fixed-point iteration, g(x) = —g2° + 2 +1

k Pk

0 0.40000000
1 1.39200000
2 2.05484646
3 1.97030004
4 2.01419169
5 1.99275275
6 2.00358428
7 1.99819822
8 2.00089846
9 1.99955017
10 2.00022477
11  1.99988758
12 2.00005620
13 1.99997190
14 2.00001405
15 1.99999297

In the previous example we observed that the fixed-point iteration converged to the
first coordinate of the intersection of the graphs of the line y = z and the function
y = g(x). The first (and also the second) coordinate of this point satisfies the equation
g(x) = z. The number p is called the fized point of the function g if it satisfies

9(p) = p.

Using this terminology in the previous example the fixed-point iteration converged to the
fixed point of the function g. The next result shows that this is true for all convergent
fixed-point iterations if the function g is continuous.

Theorem 2.11. Let g: [a,b] — [a,b] (or R — R) be a continuous function, py € [a,b] be
fized, and consider the fixed-point iteration pry1 = g(pr). If pr is convergent and py — p,

then p = g(p).

Proof. Since pri1 = g(px) and pry1 — p by the assumptions, the continuity of ¢ yields
9(pr) — g(p) as k — oo, hence the statement follows. O
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Figure 2.1: Fixed-point iteration

A fixed-point iteration is not always convergent, or the limit is not necessary finite.
To see that it is enough to consider the function g(z) = 2z and the initial value py = 1.
Then p, = 2%, and it converges to infinity. And if we consider g(r) = —x and py = 1,
then the corresponding fixed-point sequence is pr = (—1), which is not convergent.

The next theorem gives sufficient conditions for the existence and uniqueness of the
fixed point.

Theorem 2.12. Let g : [a,b] — [a,b] be continuous. Then g has a fized point in
the interval |a,b]. Moreover, if g is differentiable on (a,b), and there ezists a constant
0 < c¢ <1 such that |¢'(z)| < ¢ for all x € (a,b), then this fized point is unique.

Proof. Consider the function f(z) = g(z) — 2. If f(a) =0 or f(b) =0, then a or b is a
fixed point of g. Otherwise, f(a) > 0 and f(b) < 0. But then the continuity of f and the
Intermediate Value Theorem imply that there exists a p € (a,b), such that f(p) =0, i.e.,
p=y9(p)

For the proof of the uniqueness, suppose that g has two fixed points p and ¢. Then it
follows from the Lagrange’s Mean Value Theorem that there exists a £ € (a,b) such that

Ip—al = 1g(p) —9(@)| = 19" Ollp —a| < clp—4ql.

But this yields that p = ¢, i.e., the fixed point is unique. U

Theorem 2.13 (fixed-point theorem). Let g: [a,b] — [a,b] be continuous, g is differ-
entiable on (a,b), and suppose that there exists a constant 0 < ¢ < 1 such that |¢'(x)| < ¢
for all x € (a,b). Let py € [a,b] arbitrary, and prr1 = g(pr) (k > 0). Then the sequence
P converges to the unique fixed point p of the function g,

Ipe — p| < Flpo — pl, (2.1)
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and

Ck

1—c¢

lpr —p| < [p1 = Ppol- (2.2)

Proof. Theorem [2.12] implies that ¢ has a unique fixed point p. Since 0 < ¢ < 1 by our
assumptions, the convergence p, — p follows from ([2.1). To show ({2.1)), we have from the
assumptions and the Lagrange’s Mean Value Theorem that

Ipe — pl = |9(pr—1) — 9(p)| = |9'(E)||Ipk—1 — p| < clpr—1 — p|.

Now mathematical induction gives relation ({2.1)) easily.
To prove (2.2), let m > k be arbitrary. Then the triangle inequality, the Mean Value
Theorem and our assumptions imply

1Dk — Dm| <Pk — Pkt ] + |Prt1 — Dita] + -+ + [Pm—1 — P
< |g(Pr-1) = 9(pr)| + 9(px) — 9Pr42)| + -+ - + |9(Pm—2) — 9(Pm—1)|
< clpr—1 — prl + cpr = Pryal + -+ P2 — P
< (T Y po — pi
= (L+et -+ p - pl

oo
< Ckzci|p1 — pol-
i=0

Hence |pr — pm| < %Jpl — po| holds for all m > k. Keeping k fixed and tending with m

to oo, we get (2.2)). a

We remark that in the proof of the previous two theorems, the differentiability of g
and the boundedness of the derivative is used only to get the estimate

9(z) = g(y)| < clz —yl. (2.3)

We say that the function ¢g: I — R is Lipschitz continuous on the interval I, or in other
words, it has the Lipschitz property if there exists a constant ¢ > 0 such that holds
for all x,y € I. The constant ¢ in is called the Lipschitz constant of the function g.
Clearly, if g is Lipschitz continuous on I, then it is also continuous on /. From the
Lagrange’s Mean Value Theorem we get that if g € C'[a, b], then g is Lipschitz continuous
on [a,b] with the Lipschitz constant ¢ := max{|¢'(z)|: = € [a,b]}. ¢ is also Lipschitz
continuous if it is only piecewise continuously differentiable. One example is the function
g(x) = |z|. If g is Lipschitz continuous with a Lipschitz constant 0 < ¢ < 1, then g is
called a contraction. Theorem [2.13| can be stated in the following more general form.

Theorem 2.14 (contraction principle). Let the function g: [a,b] — [a,b] be a contrac-
tion, py € la,b] be arbitrary, and pxy1 = g(px) (k > 0). Then the sequence py converges
to the unique fized point p of the function g, and relations and are satisfied.

In numerics we frequently encounter with iterative methods which converge assuming
the initial value is close enough to the exact solution of the problem, i.e., to the limit
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28 2. Nonlinear algebraic equations and systems

of the sequence. We introduce the following notion. We say that the iteration pyi1 =
h(pks D=1, - - -y Pk—m+1) converges locally to p if there exists a constant § > 0, such that for
every initial value pg, p1,...,pm-1 € (p—9,p+0) the corresponding sequence p; converges
to p. If the iteration p, converges to p for every initial value, then this iteration method
is called globally convergent.

Theorem 2.15. Let g € Ca,b], and let p € (a,b) be a fized point of g. Suppose also
that |g'(p)| < 1. Then the fixed-point iteration converges locally to p, i.e., there exists a
0 > 0 such that prr1 = g(px) converges to p for all pg € (p — 6, p+ 9).

Proof. Since ¢’ is continuous and |¢'(p)| < 1, there exists a § > 0 such that [p—d, p+4] C
(a,b) and |¢'(x)| < 1 for z € [p—0,p+0]. Let ¢ := max{|¢'(x)|: = € [p—0,p+4]}. Then
0<ec< 1.

We show that g maps the interval [p — §, p+ ¢] into itself. Let pg € [p — ,p + d]. The
Lagrange’s Mean Value Theorem and the definition of ¢ yield

l9(po) — 1l = l9(po) — 9(p)| < clpo — p| < |po —p| <9,

ie., g(po) € [p — d,p + 6]. Therefore, Theorem can be applied for the function g
restricting it to the interval [p — §, p + 0], which proves the result. O

Exercises

1. Let g(z) = mx, where m € R. Draw the stair step diagram of the fixed-point it-
eration corresponding to ¢ and to any non-zero initial value for the parameter values
m=0.5,1,1.5,—-0.5,—1,—1.5.

2. Rewrite the following equation as a fixed-point equation, and approximate its solution by
a fixed-point iteration with a 4-digit accuracy.

(a) (z—2P=2+1, (b) <=L =2

x

(c) x®+2—-1=0, (d) 2xsinz =4 — 3z.

3. Consider the equation 23 + 22 + 32 — 5 = 0. Show that the left hand side is monotone
increasing, and has a root on the interval [0,2]. (It is easy to see that the exact root is
x = 1.) Verify that the equation is equivalent to all of the following fixed-point problems.

(a) z=a3+22+4x -5, (b) x=+/5— a2 - 3u,
!

(©) ==z () »=%,

© == ® o=z

Compute the first several terms of the associated fixed-point iteration using the starting
value pg = 0.5, and determine if we get a convergent sequence from this starting value.
Compare the speed of the convergence of the sequences.

4. Prove that the recursion py = %pk_1 + pk%l converges to /2, if pg > v/2. What do we get
if 0 < pg < V2, or if pg < 07

5. Prove that the sequence p; = %pk_l + 21%% converges to v/ A, if po > 0. What happens if
po < 07
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6. Let g € C'(a,b), and let p € (a,b) be a fixed point of g, and |¢/(p)| > 1. Show that the
fixed-point iteration does not converge to p, if pg # p.

7. Consider g(z) = V14 22. Show that |¢'(z)| < 1 for all z € R, but the fixed-point does
not converge for any starting value pg.

8. Let f: [a,b] — R be continuous, and let a = x9 < 21 < -+ < &, = b be mesh points
such that f is linear on each interval [x;,z;11] (i =0,...,n—1). Show that f is Lipschitz
continuous.

2.3. Bisection Method

In this and in the next several sections we study the numerical solution of the scalar
nonlinear algebraic equation f(x) = 0. One of the simplest algorithm to approximate its
solution is the bisection method.

We suppose that f: [a,b] — R is a continuous function of opposite sign at the end
of the interval, i.e., f(a)f(b) < 0. Then the Intermediate Value Theorem yields that f
has at least one root inside the interval [a,b]. We define a sequence of intervals: Let
[ag, bo] = [a,b], and let py be the midpoint of the interval, i.e., pg = (ag + bg)/2. Then
either f(po) = 0, or one of the intervals [ag, po] or [po, bo] has the property that the function
f takes opposite sign at the end points of the interval. If f changes sign on the interval
[ag, po], then we define [ay, b;] = [ao, po], otherwise let [ay, bi] = [po, bo]. Continuing this
procedure, either after finitely many steps, py is a root of the function f, or we define an
infinite sequence of nested closed bounded intervals, so that a root of f is contained in
each of the intervals. We have that the length of the kth interval (b—a)/2* tends to 0 as
k — oo. But then the Cantors’s nested intervals theorem shows that there exists p € [a, 0]
such that ap — p and b, — p as k — 0o, and p is the only common point of the intervals.
So, in particular, the sequence of midpoints, p, also tends to p.

Suppose, e.g., that f(a) < 0 and f(b) > 0 (the other case can be treated similarly).
Then for all k£ we have f(ax) < 0 and f(bg) > 0. Since ar, — p and by — p, the continuity
of f implies f(p) <0 and f(p) > 0, hence f(p) = 0. Since a;, < p < by, is satisfied for all
k, we get |pr —p| < (b, — ax)/2 = (b — a) /2. We have proved the following result.

Theorem 2.16. Let f € Cla,b] and f(a)f(b) < 0. Then the bisection sequence py
converges to a root p of the function f, and

b—a
lpx —p| < S (2.4)

It follows from the estimate (2.4]) that if we predefine a tolerance (error bound) € > 0,
then py is an approximation of p within this tolerance if its index k satisfies

k> log, L% 1. (2.5)
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Example 2.17. Consider the function f(x) = e* — 2cosx. Then we have f(0) = —1 and
f(1) > 0, therefore f has a root in the interval [0, 1], and the bisection method is applicable. (It
is easy to check that f is strictly monotone increasing on [0, 1], so it has a unique root inside the
interval. Table contains the result of the bisection method using tolerance value e = 107°.
Formula yields that k& > log, 10° — 1 = 15.61 steps are needed to obtain this accuracy. [

Table 2.2: bisection method, f(z) =e* — 2cosz, [0,1], e = 107°

k ag by, Dk f(pr)
0 0.00000000 1.00000000 0.50000000 -1.0644e-01
1 0.50000000 1.00000000 0.75000000 6.5362e-01
2 0.50000000 0.75000000 0.62500000 2.4632e-01
3 0.50000000 0.62500000 0.56250000 6.3206e-02
4 0.50000000 0.56250000 0.53125000 -2.3292e-02
5 0.53125000 0.56250000 0.54687500 1.9538e-02
6 0.53125000 0.54687500 0.53906250 -1.9818e-03
7 0.53906250 0.54687500 0.54296875 8.7517e-03
8 0.53906250 0.54296875 0.54101563 3.3784e-03
9 0.53906250 0.54101563 0.54003906 6.9670e-04
10 0.53906250 0.54003906 0.53955078 -6.4294e-04
11 0.53955078 0.54003906 0.53979492 2.6780e-05
12 0.53955078 0.53979492 0.53967285 -3.0810e-04
13 0.53967285 0.53979492 0.53973389 -1.4067e-04
14 0.53973389 0.53979492 0.53976440 -5.6946e-05
15 0.53976440 0.53979492 0.53977966 -1.5083e-05
16 0.53977966 0.53979492 0.53978729 5.8483e-06
Exercises
1. Show that the equation
(a) 23 —6x—-1=0, [a,b]=[-1,1], (b) z=e"22 [a,b] =[-1,2],
(¢) tanz==x+1, [a,b]=][-1,1.5], (d) e sn® =22 -1, [a,b] =]0,2]

has a root in the interval [a, b]. Using the bisection method give an approximate solution
within the tolerance ¢ = 107°.

2. Apply the bisection method for the function f(z) = 1 on the interval [-0.5,3]. What do
you observe?

2.4. Method of False Position

The advantage of the bisection method is that it is easy to determine the number of steps
needed to reach a given accuracy. But its weakness is that it does not take into account
the shape of the functions when the next interval is selected in the sequence. This is the
idea of the method of false position (also called Regula Falsi).

We assume the same conditions as in the bisection method. We suppose f: [a,b] — R
is a continuous function which has opposite sign at the end points of the interval, i.e.,
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2.4. Method of False Position 31

fla)f(b) < 0. We define a sequence of nested intervals [ay, bi] with a help of an inner
point p, but it is no longer the midpoint of the intervals. First define [ag, by] = [a, b]. At
the kth step, let pr be the intersection of the secant line of f corresponding to the points
ar and by, (the line segment through the points (ag, f(ax)) and (b, f(bx))) and the z-axis.
Little calculation gives that

ay — by,

Dk = Qg — f(ak)m- (2.6)

The next interval [ax, 1, bgy1] will be either [a, px] or [pg, bx] where the function has a sign
change. The method is defined in Algorithm [2.18]

Algorithm 2.18. method of false position

INPUT: f -is a function,
[a,b] - is an interval, where f(a)f(b) <0
TOL - is the tolerance,
MAXIT - is the maximal iteration step,
OUTPUT: p - is the approximating root.

i<+ 1 (step counter)
q+a
while : < MAXIT do
p = a— f(a)(a—=b)/(f(a) = f(b))
if [p—¢| < TOL do
output(p)
stop
end do
if f(p)f(b) <0 do
a<p
else if f(a)f(p) <0 do
b<p
else
output(p)
stop
end do
1< i+1
q<—p
end do
output(Maximal iteration step is exceeded.)

When we implement the Algorithm in a computer program, it is important to
test whether f(a) is equal to f(b), since otherwise we divide by 0, and the program fails.
Such technical details are not included in the algorithms we present in this lecture note,
but those are important when we implement the algorithms.
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We show the convergence of the method of false position under the condition when
the function f is convex or concave.

Theorem 2.19. Suppose the continuous function f € Cla,b] is convex or concave on
[a,b] and f(a)f(b) < 0. Then the method of false position converges to the unique root p

of f.

Proof. Suppose, e.g., that f is convex and f(a) > 0, f(b) < 0. The other cases can
be argued similarly. Then the left subinterval contains the root p of f at each step, i.e.,
ap+1 = a and b1 = pg for all k. Since the sequence p; is monotone decreasing and a is a
lower bound of the sequence, it converges to a limit p > a. We have f(px) < 0 for all k,
therefore f(p) < 0. Since f(a) > 0, we get p > a. Taking the limit of Equation as
k — oo we obtain

which implies that f(p) = 0. O

Example 2.20. Applying the method of false position to the problem of Example we
get the numerical values presented in Table As in Example we use the interval [0, 1]
and TOL = 107°. We can observe that for this equation and using the given initial interval the
method of false position converges much faster than the bisection method. l

Table 2.3: Method of false position, f(z) = e* — 2cosz, [0,1], TOL = 107°

k a br Pk f (o)

0 0.00000000 1.00000000 0.37912145 -3.9698e-01
1 0.37912145 1.00000000 0.50026042 -1.0576e-01
2 0.50026042 1.00000000 0.53057677 -2.5118e-02
3 0.53057677 1.00000000 0.53766789 -5.8011e-03
4 0.53766789 1.00000000 0.53929982 -1.3311e-03
5 0.53929982 1.00000000 0.53967399 -3.0499e-04
6 0.53967399 1.00000000 0.53975970 -6.9856e-05
7 0.53975970 1.00000000 0.53977933 -1.5999e-05
8 0.53977933 1.00000000 0.53978383 -3.6640e-06

Example 2.21. We apply again the method of false position for the equation of Example [2.17
but now on the initial interval [0,4]. The numerical results are displayed in Table (Only the
first and last several steps are presented.) Now, the speed of the convergence is far slower than
that of observed in the previous example. (And it becomes even slower if we further increase
the right end point of the interval.) On the other hand, yields that the bisection method
with the initial interval [0, 4] has this accuracy in 18 steps, which is only two steps longer than

in Example O

Exercises

1. Apply the method of false position for the equations presented in Exercise [I]of Section
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Table 2.4: Method of false position, f(x) = e® —2cosz, [0,4], TOL = 107°

k ay by, Dk f(pr)

0 0.00000000 4.00000000 0.07029205 -9.2224e-01
1 0.07029205 4.00000000 0.13406612 -8.3858e-01
2 0.13406612 4.00000000 0.19119837 -=7.5285e-01
3 0.19119837 4.00000000 0.24180834 -6.6826e-01
4 0.24180834 4.00000000 0.28620106 -5.8729e-01
47 0.53966897 4.00000000 0.53968870 -2.6464e-04
48 0.53968870 4.00000000 0.53970508 -2.1970e-04
49 0.53970508 4.00000000 0.53971868 -1.8240e-04
50 0.53971868 4.00000000 0.53972996 -1.5143e-04
51 0.53972996 4.00000000 0.53973934 -1.2572e-04

|9, x <05
f(z) = 41 +6)(z —2%)—1, 2>05
Apply the bisection method and the method of false position on the interval [0,1] to
approximate the root of f if

(a) 6=2, (b) d=0.5, (¢) d=0.09.
3. Work out the details of the proof of Theorem for all the other cases.

2.5. Newton’s Method

One general approach in numerical analysis is that we replace the problem by a “simpler”
one which is “close” to the original problem, and we hope that the solution of the simpler
problem approximate that of the original problem. Here our goal is to find the solution
of the scalar equation f(x) = 0. We replace the function f by its first-order Taylor
polynomial approximation, and we solve the resulting linear equation. Geometrically this
means that the intersection of the tangent line with the z-axis gives an approximation of
the root of the original nonlinear equation. The equation of the tangent line to the graph
of fat pyisy = f(po)+ f'(po)(x—po), so its intersection with the z-axis is the solution of
the linear equation f(po)+ f'(po)(z —po) = 0, hence it is = py— f(po)/ f'(po) (assuming,
of course, that f'(py) # 0). This number is denoted by p;, and we repeat the procedure
from this point. Then we get the recursive sequence defined by

Dert = po — f(Pk)_
" f’(pk)

(2.7)

The iterative method (2.7)) is called Newton—Raphson method or shortly Newton’s method
or Newton iteration.

Example 2.22. We applied the Newton’s method for the problem of Example and we

got the numerical results presented in Table We observe that the sequence converges very
fast to the root of the function. O
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Table 2.5: Newton’s method, f(z) = e* — 2cosz, py =0, TOL = 107°

k Dk f(or)

0 0.1000000000 -8.8484e-01
1 0.7781206411 7.5291e-01
2 0.5678850726  7.8450e-02
3 0.5402639121  1.3139e-03
4 0.5397853041  3.9302e-07
5 0.5397851608 3.5207e-14

The Newton’s method is a one-step iteration with the function

W
A=y

(2.8)

Computing the derivative of g we get

: (f'(2)? = f@)f"(z) _ f(@)f"(2)
L _ _ 2.9
7o) (P (F()? 29
Let p be aroot f satisfying f'(p) # 0. Then ¢'(p) = 0, so Theorem [2.15]yields immediately
the following result.

Theorem 2.23. Let f € C?[a,b], and let p € (a,b) be such that f(p) =0 and f'(p) # 0.
Then the Newton’s method converges locally to p.

Example 2.24. Consider the function f(z) = 0.5arctanz. It’s only root is p = 0. We have
that f/(0) = 0.5, so the Newton’s method converges locally to p = 0, i.e., if pg is close enough to
0, then the Newton-iteration converges to 0. In Table we present the first several terms of
this sequence starting from py = 1.4. (In the 15th step the program terminated with an error,
since f’(p14) = 0 on the computer.) We can see that the sequence py does not converge to 0 in
this case. Ol

Exercises

1. Apply the Newton’s method for the equations presented in Exercise [1| of Section

2. Let f(z) = 0.5arctanz. Then f has the unique root x = 0. Let p; be the Newton’s
iteration sequence. Show that there exists a number p* such that

(a) if |po| < p*, then px — 0,
(b) if |po| = p*, then the sequence py repeats pg and —py, and hence it is not convergent,

(c) if |po| > p*, then py alternates (i.e., pgpry1 < 0 for all k), and |px| — oo.

3. Give an iteration to approximate {/a.
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Table 2.6: Newton’s method, f(z) = 0.5arctanx, po = 1.4

k Dk f(pr)

1.4000000e+00 0.4752734
-1.4136186e+00 -0.4775591
1.4501293e+00 0.4835443
-1.5506260e+00 -0.4990071
1.8470541e+00 0.5372889
.8935624e+00 -0.6190257
8.7103258e+00 0.7282453
-1.0324977e+02 -0.7805557
1.6540564e+04 0.7853679

-4.2972148e+08 -0.7853982
10 2.9006412e+17 0.7853982
11 -1.3216239e+35 -0.7853982
12 2.7436939e+70 0.7853982
13 -1.1824729e+141 -0.7853982
14 2.19635637e+282 0.7853982

OCO~NOOIPWNHFHO
|
N

2.6. Secant Method

The Newton’s method requires the computation (and hence the existence) of the derivative
of f. But in practice, f’ is not always known, (it is possible that f is not defined by a
formula, it may be an output of an other numerical procedure which computes the value
of f with a good precision). Or the computation of f’ requires too much calculation, so
we prefer not to evaluate it. The secant method does not require the computation of the
derivative f.

Let py and p; be two different initial values of the sequence. Consider the secant line of
f corresponding to the points py and py, i.e., the line which connects the points (po, f(po))
and (p1, f(p1)). Its equation is

f(p1) = f(po)

T —p1).
P1— Do ( 1)

y=[f(p)+
The secant line intersects the z-axis at © = p; — % f(p1). po will denote this
number. Then we consider the secant line corresponding to p; and ps, and its intersection
with the z-axis is denoted by p3. Repeating this procedure we define the sequence p; by

the recursion
Pk — Pk—1
= . — . 2.10

This is a two-step iteration, which defines the secant method.

Example 2.25. We used the secant method for the problem of Example The numerical
results can be seen in Table Comparing it with the Table we observe that the secant
method converges to its limit slower than the Newton’s method. O

For the proof of the secant method we need the following theorem.

Theorem 2.26. Let f € C?[a,b], and let p € (a,b) be such that f(p) =0 and f'(p) # 0.
Let py, be the sequence defined by the secant method. Then for every k there exist &, €
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Table 2.7: secant method, f(z) =e* —2cosz, po=0,p; =1, TOL =107°

k Pk S (k)

.0000000000 -1.0000e+00
.0000000000 1.6377e+00
.3791214458 -3.9698e-01
.5002604213 -1.0576e-01
.5442561500 1.2301e-02
.5396724494 -3.0921e-04
.5397848464 -8.6246e-07
.5397851608  6.0793e-11

~NOoO P WNH~O
QOO OOO+rO

(P, Pk—1,p) and n € (Pk, Pr—1) Such that

1" (&)
2 f'(m)

Pk+1 — P = (k. — ) (Pk—1 — P). (2-11)

Proof. Algebraic manipulations give

o Pk — Pk-1 F(or)
Pk+1 —P =Pk — D Fon) — fpe_r) Pk
(Pr—1 — p)f(P) — (Pk — P) S (Pr—1)
f(pk) - f(pk—1)
_ (P —p)(Pr—1—p) (f(pk) _ f(Pr-1) )

for) = f(pe—1) \Pe—P DPr1—p
flo)—fp)  fEr-1)—f(p)
Pk — Pk—1 Pk—Dp Pk—1—D

f(pk) - f(pk—1) P — Pr—1

= (px — ) (Pr-1 — D)

Then the Lagrange Mean Value Theorem implies the existence of ny € (px,pr—1) such

that
f(pe) — f(pr—1)
Pr — Pr—1

= f/(le)-

Now we have to show that there exists a { € (px, pr—1, p) such that

floe)—=f() _ flpk—1)—f(p)
Pr—P Pk—1—p — f”(gk)

Pk — Pk—1 2

. (2.12)

Its direct proof is left to Exercise 2| Here we prove relation (2.12]) using a result and a
notion will be discussed in Chapter[6] The left hand side of (2.12)) is a second divided differ-
ence f[pr_1,p,pk| of f corresponding to the points py_1, p and py, (see Section[6.2)). Corol-

lary yields that there exists a & € (pg, pr_1,p) such that flpx_1,p,pe] = f" (&) /2.0

Theorem 2.27. Let f € C?[a,b], and let p € (a,b) be such that f(p) =0 and f'(p) # 0.
Then the secant method converges locally to p.
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Proof. Let 6* be such that f'(z) # 0 for x € [p — §*,p + 6*]. Such §* exists, since
f'(p) # 0 and f’ is continuous. Let

_ max{|f"(z)|: x € [p— 6", p+ 6]}
© 2min{|f(z)|: x € [p— 6%, p+ 6]}

Select ¢ such that § < min{d*, 5;}, and let € := M. Then, by our conditions, 0 < ¢ < 1.
Let po, p1 € (p—0, p+9) arbitrary but different numbers. Relation (2.11]) and the definition
of M yield that |pgy1 — p| < M|pr — pllpr—1 — p|, and hence

M|pry1 — p| < M|py, — p|M|pr—1 — p| (2.13)

for all k. With k = 1 we get M|py — p| < M|p1 — p|M|py — p| < (M§)? = & < .
Therefore |ps — p| < e/M = §, and hence py € (p — d,p + §). Similarly we can show that
pr € (p—0,p+9) for all k.

The definition of € implies M|py—p| < € and M|p; —p| < €. Now we select a sequence
qr, which satisfies M|py — p| < &% for all k. We can define ¢y = 1 and ¢; = 1. Suppose the
first k& terms of the sequence ¢ is already defined. Inequality yields that relation
M|pry1 — p| < e%e%-1 must be satisfied. Hence M|pgi1 — p| < €%+ holds, if qgyq is
defined by

Qo1 = Q@ +qr—1, k=21, =1, ¢=1 (2.14)

The sequence defined by (2.14)) is the so-called Fibonacci sequence. We can show (see
Exercise [3) that the general formula of g, is

Lk k41

=—(rg" —r , k>0, 2.15
qk \/5( 0 1 ) ( )

where Y Y

1 5 1—+v5

ro = +2 ~ 1.618, and r = 5 ~ —0.618.
But then g — oo as k — co. Now we get pr — p, since
1
|pk—p|§M5q’“—>0, as k — oo.

Exercises

1. Apply the secant method for the equations presented in Exercise [I] of Section
2. Prove relation (2.12)). (Hint: show that the expression
fe)=f(b) f(bg—f(a)

fla,b, ] := c=b —a

cC—a

is independent from the order of the numbers a,b,c. Therefore, we can assume that
a < b < c¢. Take the first-order Taylor approximation of f around b together with the
second-order error term. Then express the numerator of the right hand side. Finally, use

Theorem [2.2| to show that f[a,b,c] = f”(£)/2 for some £ € (a,c).)
3. Prove formula ([2.15]).
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2.7. Order of Convergence

In the previous sections we observed that some sequence converges to a limit faster than
other sequences. In this section we define the notion of order of convergence which can
characterize the speed of the convergence.

Let pr be a convergent sequence with limit p. We say that the order of convergence
of the sequence py is a if &« > 1 and there exists a constant ¢ > 0 such that

Ipes1 — p| < clpr — p|® for all k£ > 0, (2.16)

and if @ = 1, then we also assume that ¢ < 1.

If we want to be more precise, then in case when holds, we could say that the
order of convergence is at least «, since it is possible that can be satisfied with an
exponent bigger than «, too. For simplicity, we will omit “at least” in the sequel, but
the notion should always be understood in this sense. If we want to emphasize that pg
satisfies with some «a, but it does not satisfy it with any exponent bigger than «,
then we say that the order of convergence is ezxactly a.

If the order of convergence of a sequence is @ = 1, then we say that the convergence
is linear, and if o = 2, then we say that the convergence is quadratic.

Suppose p converges to p linearly. Then it is easy to see that

Ipk — p| < F[po — p (2.17)

holds. For some cases, it is not easy to show a linear convergence of a numerical method
using the definition . So we extend the previous definition in such a way that if a
sequence satisfies relation (2.17)) with a constant 0 < ¢ < 1, then we also say that the
convergence is linear.

Suppose pr — p with order «. If the finite limit

.. Pk+1—p
A= lim ———— 2.18
koo (pr — p)© ( )

exists, then we call \ as the asymptotic error constant. It can be proved easily that if
the limit exists and it is finite, then p, is convergent and its order of convergence
is a.. If pp converges linearly and its asymptotic error constant is 0, then we speak about
superlinear convergence.

Theorem 2.28. Suppose py converges to p of order o with the asymptotic error constant
A#0. Then

=0 for all 8 < a, and
k—oo (pr — p)P f b

e — pl
1) lim ————— = oo for all § > a.
(%) k—oo |pr — pl|P

Proof. The statements follow from relation

Pee1—pl _ per—pl 1
lpk —pl®  |pk — p|* lpe — p|P
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It follows from the above theorem, that if a sequence py converges to p of order «, and
the asymptotic error constant A # 0, then the order of convergence is exaclty a.

Example 2.29. Consider again the Newton iteration of Example [2.22] In Table we have
listed in the last three columns the numerical values of the formula |pg+1 — p|/|px — p|® for
a = 1,2 and 3 using the value p = 0.5397851608092811. We can observe that for o = 1 the
sequence goes to 0. For a = 2 the sequence remains bounded but it does not converge to 0, for
a = 3 it converges to co. (Certainly from the first 5 terms of a sequence we should not make
conclusions about a limit of a sequence, but generation of more terms will confirm the above
observations.) Therefore, the numerical evidence suggests that the order of convergence of this
sequence is 2. O

Table 2.8: Order of convergence of the Newton iteration, f(x) =e” — 2cosx

lpx — pl/[Pe—1 — p|*

k Dk f(pk) a=1 a=2 a=3

0 0.0000000000 -1.0000e+00

1 1.0000000000 1.6377e+00 | 8.5259e-01 1.5795e+00 2.9262e+00
2 0.6279041258 2.5516e-01 | 1.9147e-01 4.1605e-01 9.0404e-01
3 0.5442066314 1.2164e-02 | 5.0176e-02 5.6941e-01 6.4619e+00
4 0.5397973257 3.3375e-05 | 2.7513e-03 6.2226e-01 1.4074e+02
5 0.5397851609 2.5388e-10 | 7.6071e-06 6.2533e-01 5.1404e+04

Theorem 2.30. Suppose a sequence py. satisfies inequality with some ¢ > 0 and
a > 1. Then pi converges locally to p, and for every k

of 1 ok
lpk —p| < co 1 |py — p|* . (2.19)

Proof. Relation (2.19) can be easily proved with mathematical induction. Then it implies

k

1/ 1 o
lpr, — p| < 7= (coﬂ [po —p|> :
Hence if pg is such that cﬁ|p0 —p| < 1, then py, — p, i.e., pr converges locally to p. O

Example 2.31. Suppose pr — p and g — ¢ linearly and quadratically, respectively, which
satisfy (2.17) and (2.16) with ¢ = 1/2, respectively. Moreover, we suppose |py — p| < 1 and
lgo—q| < 1. Then relations (2.17) and (2.19) yield that [ps —p| < (1/2)* and |, —q| < (1/2)2° 1.
In Table we listed these error bounds for £k = 1,2,...,5. We can see that the error decreases
much faster in the quadratic case. Ul

Theorem 2.32. Let g € C™[a,b], p € (a,b) and p = g(p).
iteration prr1 = g(pk)-

Consider the fixed-point

(1) If |¢'(p)| < 1, then the fized-point iteration converges locally and linearly to p.

(i) If ¢'(p) = ¢"(p) = ... = g™ V(p) = 0, then the fived-point iteration converges
locally to p of order m with the asymptotic error constant g™ (p)/m.

F. Hartung, University of Pannonia www . tankonyvtar.hu


www.tankonyvtar.hu

40 2. Nonlinear algebraic equations and systems

Table 2.9:

ko (/2)F (1/2)% 1
1 5.0000-10"T 5.0000-10~ T
2 2.5000-10"1 1.2500-10°1
3 1.2500-10"' 7.8125-1073
4
5
6

6.2500- 1072 3.0518-107°
3.1250- 1072  4.6566 - 10710
1.5625- 1072 1.0842-10"19

Proof. Statement (i) follows from the proof of Theorem [2.15]
For the proof of statement (ii), we consider the Taylor approximation of g around p
of degree (m — 1):

(m)
Sy S

9pe) = 9p) + g () (e —p) + -+
where &, € (pk, p). Using that the first m — 1 derivatives are equal to 0 at p, g(p) = p and
9(Pr) = Pry1, We get

(m)
g gk m m
[Pra1 = pl = gl m(, ) P — pI™ < clpr —p[™. (2.20)

In the last estimate we used that g € C™|a, b], i.e., ¢ is continuous, and therefore, it
is bounded in a neighborhood of p. The limit (2.18)) follows from these, since & — p as
k — oo by relation |§, — p| < |px — p|. Therefore we obtain

_ (m) (m)
i Pt =P o9& 9™ (D)

k—o00 (pk — p)m k—o0 m! m! 0

It follows from the above theorem that the order of convergence of a fixed-point itera-
tion is always a positive integer assuming that g is smooth enough. Theorem below
shows that it is not true, in general, in the case of multistep iterations.

We will need the notion of a multiple root. We say that p € (a,b) is a root of
multiplicity m of f € Cla,b] if there exists a function ¢ € C|[a, b] such that ¢(p) # 0 and

f(2) = (@ —p)"q(),  w€(ab). (2.21)

We can prove the next result easily.

Theorem 2.33. Let f € C™[a,b], p € (a,b).

(i) Let p be a root of multiplicity m of f, and the function q in is m times
differentiable. Then

f)=Ffm) =) =...=f"Yp) =0, and f™(p)+#0. (2.22)
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(i1) If holds, then p is a root of multiplicity m of f.

(11i) Suppose f is infinitely many times differentiable, f is expandable in a Taylor-series
around p, and f satisfies relations . Then p is a root of order m of f, and the
function q in 18 also infinitely many times differentiable, and q is expandable
i a Taylor-series around p.

The next theorem shows that if p is a simple root of f, then the Newton iteration is
locally and quadratically convergent, and if p is a multiple root of f, then the order of
convergence is linear.

Theorem 2.34. Let f € C*[a,b].

(1) If f(p) =0 and f'(p) # 0, then the Newton iteration converges locally to p, and the
order of convergence is quadratic.

(ii) If f(z) = (x — p)"q(x), where ¢ € C?[a,b], q(p) # 0, m > 1, then the Newton
iteration converges locally to p, and the order of convergence is linear.

Proof. Statement (i) follows form part (ii) of Theorem since the Newton iteration
is a fixed-point iteration with the function g defined in (2.8), and ¢'(p) = 0 by relation

29).

Since the function

_ J@)
g(z) = { T Paypy TP

p r=Pp

satisfies
g(x) —r— (.T _p)Q<x)

mq(x) + (x = p)'(z)’
it is continuously differentiable at p, and ¢'(p) = 1 — % Therefore, part (ii) of Theo-
rem yields that the order of convergence is linear. O

Example 2.35. Find the root of f(z) = 23 + 22 — 8z — 12 by the Newton-Raphson method
from the initial value py = 0 and using tolerance 107°. It is easy to see that z = —2 is a double
root, and x = 3 is a simple root of the polynomial. In Table we can see the numerical
values of the iteration corresponding to pp = 0, and in Table 2.11] corresponding to py = 2. In
the first case the sequence converges to —2, and in the second case it converges to 3. We can
observe that in the first case the convergence is linear, but in the second case it is quadratic.[]

Theorem 2.36. If p is a simple root of f, then the secant method converges locally to p
of order a = (1++/5)/2 ~ 1.618.

Proof. We use the notations and results introduced in the proof of Theorem [2.27] By

inequality (2.13]) we have

\Pr+1 — p| < Mlpr — pllpr—1 — pl-
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Table 2.10: Newton iteration, f(z) = 2 + z? — 8z — 12

Pk — p|/IPr—1 — p|*

k Dk f(pr) a=1 a=2

0 0.0000000000 -1.2000e+01

1 -1.5000000000 -1.1250e+00 | 2.5000e-01 1.2500e-01
2 -1.7647058824 -2.6379e-01 | 4.7059e-01 9.4118e-01
3 -1.8853313477 -6.4237e-02 | 4.8734e-01 2.0712e+00
4 -1.9433465411 -1.5866e-02 | 4.9406e-01 4.3086e+00
5 -1.9718365260 -3.9436e-03 | 4.9712e-01 8.7747e+00
6 -1.9859582600 -9.8308e-04 | 4.9858e-01 1.7703e+01
7 -1.9929890302 -2.4542e-04 | 4.9929e-01 3.5558e+01
8 -1.9964969780 -6.1313e-05 | 4.9965e-01 7.1267e+01
9 -1.9982491032 -1.5323e-05 | 4.9982e-01 1.4268e+02
10 -1.9991247050 -3.8300e-06 | 4.9991e-01 2.8552e+02
11 -1.9995623908 -9.5743e-07 | 4.9996e-01 5.7119e+02
12 -1.9997812050 -2.3935e-07 | 4.9998e-01 1.1425e+03
13 -1.9998906049 -5.9835e-08 | 4.9999e-01 2.2852e+03
14 -1.9999453030 -1.4959e-08 | 4.9999e-01 4.5705e+03
15 -1.9999726517 -3.7396e-09 | 5.0000e-01 9.1412e+03
16 -1.9999863259 -9.3491e-10 | 5.0000e-01 1.8283e+04
17 -1.9999931629 -2.3373e-10 | 5.0000e-01 3.6565e+04

Table 2.11: Newton iteration, f(x) = 2% + 2% — 8z — 12

lpk — pl/|PK—1 — P|*
k Pk f(pr) a=1 a=2
0 2.0000000000 -1.6000e+01
1 4.0000000000 3.6000e+01 | 1.0000e+00 1.0000e+00
2 3.2500000000 6.8906e+00 | 2.5000e-01 2.5000e-01
3 3.0217391304 5.4821e-01 | 8.6957¢-02 3.4783e-01
4 3.0001866020 4.6654e-03 | 8.5837e-03 3.9485e-01
5 3.0000000139 3.4816e-07 | 7.4632e-05 3.9996e-01
6 3.0000000000 1.9400e-15 | 5.5721e-09 4.0011e-01

Then, applying estimate [p, — p| < ;6% we get

k1 — ol < |pk — P Mpe — p|' " |pre—1 — |
1 1—rg 1

< lpr —p[*M (qu") 75
— |pk _ plTOMT0—1€Qk+Qk—1—TOQk

— |pk _ p|T0MTo—15%+1—T0%
— |pe — p|o M7l

Note that the last step follows from (2.15) (with some calculations). Since ™ — 0 as

k — oo, we get that there exists a constant ¢ such that |pyr1 —p| < ¢|pr — p|™, and hence

the order of convergence is ro = 1+2x/5_ O

We have seen that the Newton iteration is only linearly convergent in the case of a
multiple root. It is possible to prove that the same holds for the secant method. Next we
discuss how to accelerate the speed of the convergence in this case.
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Let f € C3[a,b], suppose p € (a,b) is a multiple root of f. More precisely, we assume
that f(z) = (x — p)"q(x) with m > 1 and q € C?[a,b]. We define the function

f(z) if
=4 [f'(@)’ p;
() { 0, if x =p.

We can see that

,U(Jj) _ (‘T _p>Q(x>
mq(x) + (r — p)¢'(z)
and hence p € C?[a,b]. Moreover, u'(p) = %, and so p is only a simple root of .
Therefore if we use the Newton iteration for the function u instead of f, we get a quadratic

convergence. Then we get the sequence

Mpe) _ f(pe) S (pk)
1 (k) (f"(pr))? — f(pk)f%pk)‘

Y

(2.23)

Pk+1 = Pk —

Exercises

1. Show that the bisection method is linearly convergent.

2. Prove inequality .
3. Let a > 0. Show that )
Dot = pk(pg + 3a)
3pp +a
is a locally convergent sequence of order 3 to approximate +/a.
4. Find the order of convergence of the sequence pi = % What is the order of convergence
of Pr = kin(?

Show that pp = 10-2* goes to 0 quadratically.
Show that 2 = 0 is a double root of the function sin? z.
Prove Theorem [2.33]

Consider the following iterations:

® N oo

. . 1 f'oe) 1 f"(pr)
a) (Halley iteration =pr — —, where a = - = ;
( ) ( y )karl Dk ax k f(pk) 2 f/(pk)

- flow) 11" (o) (f(pk) )2
Fok) 2 f'(pe) \f'(pr) )

Determine the order of convergence of the methods. Apply these methods to the problems

in Exercise [I] of Section 2.3l

9. Find the root of f(z) = (22 —5) using Newton iteration, secant method, iteration (2.23)),
and iteration
f(pr)

f'(pr)’
where m the multiplicity of the root. Compare the order of convergence of the sequences.
What is the order of convergence of the last iteration?

(b) (Olver iteration) pg4+1

Pk+1 =Pk —M
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10. Suppose we already determined a root x; of the function f. Then if we apply a numerical
method to find a root of the function g(z) = f(z)/(x — 1), then we get another root of
f (or z1 again, if x; is a multiple root). This is the so-called deflation method. With this
method determine all roots of the polynomials together with their multiplicities (using
any approximation technique):

(a) f(z) =23 — 322 +4, (b)  f(z) =2 —52% +92° — T2 + 2

2.8. Stopping Criteria of Iterations

In this chapter the numerical methods we discussed generate an infinite sequence p to
find a root of the function f, and the limit p of the sequence is the exact value of the
root. We approximate the limit of the sequence p by a term of the sequence py, where k
is “large enough”. So the question is how we determine the number of steps k for which
pr gives us a good approximation of p. Here we introduce three popular strategies. We
predefine three tolerances €; > 0, e > 0 and £3 > 0. We consider the kth term p; as an
appropriate approximation of p if

() |pr — pr_1| < e, (ii < &g, or (i) |f(pr)| < es. (2.24)

Condition (i) is a numerical analogue of the absolute error |py—p| of the approximation.
It assumes that if a new term of the sequence is closer to the previous one than the
tolerance, then it is because both terms are already close to the limit. So we terminate
the generation of the sequence.

Condition (ii) is the numerical analogue of the relative error |py — p|/|p| of the approx-
imation. As in the previous case, we examine the distance between consecutive terms but
we take into account the order of magnitude of the terms.

Condition (iii) tests whether the function value at py, is close to 0. If it is satisfied, we
assume that it is because the term is close to a root of f, and we terminate the sequence.

In a computer code it is always recommended to count the number of iteration and
stop computing the sequence if it is too large, i.e., larger than a predefined maximal
iteration number. This way we avoid a possible infinite loop of the program, and also, we
do not allow a convergence which is too slow.

The first two conditions can be applied for any iteration, but the third one is formulated
for the problem of finding a root of a single variable function f. We remark that for other
type of problems it is likely that we can formulate a similar condition which tests how
well the approximate solution satisfies the investigated mathematical problem (see, e.g.,
Section [{.4] below).

We remark that the above reasoning is heuristic. We can find examples when a
stopping condition (i), (ii) or (iii) in holds, but the kth term of the sequence
is not close to a root. Therefore, in practice, we usually use combination of stopping
criteria.
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Exercises

i1 %, and suppose we use
only the stopping criterion (i) defined in (2.24). What do we observe? Does the sequence
converge? What do we get if we use stopping criterion (ii)?

1. Suppose an iteration method generates the sequence pi = Zk

2. Let f(z) = 28, and suppose an iteration generates pr = 1/k to approximate the root of
f. Suppose we use stopping condition (i) in with €1 = 1078, What do we get as an
approximate root? What do we get if we use only stopping condition (ii), and what if we
use only condition (iii) with tolerances eo = 1078 or e3 = 1078, respectively?

2.9. Review of Multivariable Calculus

In this section we review those notions, notations and results from multivariable calculus
which we use in the rest of this chapter.

Theorem 2.37. Let E C R” be a closed and bounded set, f: E — R be continuous.
Then f has a maximum and a minimum on E, i.e., there exist c,d € E such that

£(d) = min f(x).

xeEFE

f(c) = max f(x) and

xeFE

Let £ C R", and consider the function f: E — R of n variables. The partial
derivatives of the function f = f(x) = f(x1,...,x,) with respect to the variable z; is
denoted by %' If all the partial derivatives of f up to order m exist and are continuous,
then we say that f is m times continuously partially differentiable, and we will denote it

by f € C™. If f € O, then f’ denotes the gradient vector or shortly, the gradient of f,
ie.,
0f(x) 0f(x)\"
M)
f(x).—(aml " o :

If f € C? then f”(x) is the so-called the Hessian matriz or shortly the Hessian defined
by

0 f o*f o*f
6_1'%<X) (91‘1 8ZE2 * (91‘1 8:En (X)
an X) aQ_f(X) az—f X
f(x):=| Oxy01y 013 0x5 0z,
0 f 0*f 0% f
ox,, 01 () ox,, 0o x) (‘9_1:,% ()

We will need the multivariable Taylor’s formula later.
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Theorem 2.38 (Taylor’s formula). Let E C R™ be an open set, f: E — R, f € C™T
and leta € E. Then for everyx € E there exists a § = £(x) € E such that { = x+t(a—x)
for some t € (0,1) (i.e., & lies on the line segment connecting a and x), and

f(xlv"'axn):f(ala"‘aan)+z a$ €y ai)
i=1 ¢
afala , )
T Y Pt
1 & " 0" f(aq, ..., an
++%ZZ a$i‘1”8xim)(fEil_ah)"'(l‘im_aim)

1 - - 8m+1f€7-~-7£n
+ ! Z o . Z_ &Cil <1 )<.’L'“ B ail) e (xim-&-l - aim+1)'

We will use the above Taylor’s formula for the cases m = 1 or m = 2, hence we will
approximate a function by a first-order or a second-order Taylor polynomial. We can
casily check that using the notation of the gradient and the Hessian that for f € C3 the
second-order Taylor approximation can be written as

1
f(x) = f(a) + f'(a)" (x — a) + §(X —a)l f’(a)(x — a).
This justifies the notations f’ and f” for the gradient and the Hessian. On the other
hand, we know from calculus that for a C? function f’ and f” are the Fret derivative of

the functions f and f’, respectively. We do not need the formal definition of the Fret
derivative, so we can use f’ and f” as the notations of the gradient and the Hessian.

Let I C R, g: I — R", and we denote the component functions of g by g¢;, i.e., we
use the notation g(t) = (g1(t),...,ga(t))?. We say that such g is differentiable if all its
component functions are differentiable, and its derivative is

g:IT—=R",  gt) = (), ...0.1)"

We say that ¢ is continuously differentiable if its each component function is continuously
differentiable.
We have the follow result.

Theorem 2.39 (chain rule). Let f: R® - R, f € C' and g: R — R™ be contin-
uously differentiable. Then the composite function fog: R — R is also continuously
differentiable, and

We can get the following generalization of the Lagrange’s Mean Value Theorem for
multivariable functions from the chain rule.
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Theorem 2.40 (Lagrange’s Mean Value Theorem). Let E C R" be an open and
convex set, f: E — R be continuously differentiable with respect to all variables. Then
for every x,y € E there exists £ € (0,1) such that

fx) = fly)=Fly+&x—y) (x-y).

Proof. We define the single variable function ¢(t) = f(y +t(x —y)) for ¢ € [0,1]. Using
the Lagrange’s Mean Value Theorem of single variable functions and the chain rule, we
get

fx) = fly) = 9(1) = g(0) = ¢'(&) = f'(x +&(y —x)" (x — ).

O

Let E C R" and f: £ — R"™. The component functions of f are denoted by f;, i.e.,

£(x) = (f1(%), .. fu(X))" .

We say that f is m times continuously partially differentiable if its every component
function is m times continuously differentiable, and it will be denoted by f € C™. The
Jacobian matriz or shortly, the Jacobian of the function f € C! is the n x n matrix defined

by

g—Q(X) %(X)
f'(x) == : :
x) - g2(x)

Let a € R™ be fixed. If we approximate the component functions of f by its first-order
Taylor polynomial around a, then we get

fi(x) fi(a) + fi(a)" (x — a)
f(x) = : : =f(a)+f'(a)(x — a).

fn(x) fu(a) + fr(a)" (x — a)

The expression f(a) + f'(a)(x — a) is called the linear approzimation of f around a.

Q

2.10. Vector and Matrix Norms and Convergence

The components of the vector x € R are denoted by x = (xy, s, ..., 2,)T. The function
| -]: R* — R is called vector norm if

1. ||x]| > 0 for all x € R™, and ||x|| = 0 if and only if x = 0,
2. ||ex|| = |e|||x|| for all ¢ € R and x € R™,

3. (triangle inequality:) [|x +y|| < [[x|| + [[y[| for all x,y € R™.

Theorem 2.41. For any vector norm || - || it follows that
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(i) [Ill = liyll| < Ix =yl

(11) || - || is a continuous function on R".

Proof. The triangle inequality yields ||x|| = ||[x —y + ¥| < ||x —¥y|| + ||y||. Hence we
get ||x|| — |ly]] < [|x —yl|. Similarly, ||y|| — [|x]| < ||x — y|| holds too, so part (i) follows.
The continuity of || - || follows from part (i). O

Let p > 1, and define the so-called p-norm:

n 1/p
%[l = (Z \fcz’|p> :

i=1

It can be shown that || - ||, satisfies all the three requirements of the definition of a norm
for all p > 1. The norm corresponding to p = 2, i.e., || - ||2 is called Fuclidean norm.
Another special case is the 1-norm:

n
Iy =) il
i=1

We will also use the following vector norm, the so-called infinity norm or maximum norm

IX||oo := max |z].
i=1,...,n

It is left for the reader to show that || - ||; and || - || satisfy the norm properties
(Exercise . The Euclidean norm is clearly satisfies the 1st and 2nd norm properties, but
for the proof of the triangle inequality we need the following estimate, which is important
in its own right.

Theorem 2.42 (Cauchy—Bunyakovsky—Schwarz inequality). For everyxy,...,x,,
Y1, - -5 Yn € R it follows

n 2 n n
(z y> <323y
i=1 i=1 =1
where equality holds if and only if there exists A € R such that y; = A\x; for every i =
1,2,...,n.
Proof. Consider the second-order polynomial p(¢) := 2> " | 22 —2t > " &y + Y iy Y2

)

Then p(t) = Y1, (tz; — y;)* > 0 holds for all ¢, so p may not have two distinct real roots,
i.e., its discriminant may not be positive:

n 2 n n
4<szyz> —42x?2yf§0.
i=1 i=1 =1
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This yields the Cauchy-Bunyakovsky-Schwarz inequality. p has one real root if and only if
its discriminant is 0, i.e., the inequality holds with equality. On the other hand, p(¢) = 0
holds for some t = A if and only if y; = Ax; foralli =1,2,... n. U

Taking a square root for both sides of the Cauchy-Bunyakovsky—Schwarz inequality
and using vector notation we get:
Corollary 2.43. For all x,y € R" it follows
x"y| < [[x[lallyll2,
where the equality is satisfied if and only if there exists A € R such that y = \x.

Using the Cauchy—Bunyakovsky—Schwarz inequality we get

n

Ix+yl5 =) (2 + )’

=1

= fo +2inyi —|—ny
i=1 =1 =1
Six?Jr? ix? iy%iyf
i=1 i=1 i=1 =1

2

(S (S
i=1 =1
= ([Ix[l2 + [lyll2)%,

which shows that the Euclidean norm satisfies the triangle inequality.

With the application of the norm we can define the length of a vector, distance between
two vectors and the notion of convergence of vector sequences. The expression ||x|| is called
the length of the vector, which is the distance between x and 0. The distance between
the vectors x and y is defined as the real number ||x — y||. Let p%*) be a sequence of
n-dimensional vectors, and let || - || be a vector norm on R™. We say that the sequence
p®) converges to p if

lim [[p® — p| = 0.

k—o0
It can be proved that the notion of the convergence of a vector sequence is independent
of the selection of the vector norm, i.e., if a vector sequence is convergent in a norm, it is

convergent to the same limit in any other norm. This property is called in mathematical
analysis as the vector norms are equivalent in R"™.

Theorem 2.44. Let |- | and | - | be two vector norms, and p*) be a sequence in R™.
Then limg_,o0 [P™ — p| = 0 if and only if limy_ ||p* — p|| = 0.
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Proof. It is enough to show that for any fixed vector norm || - ||, |[p®*) — p|| — 0 if and
only if [|[p® — p||; — 0. It holds if we show that there exist nonnegative constants m and
M such that

m|p® —pl; < [p® - p|| < M|p® - p];. (2.25)

Let £ :={x € R": ||x|[[; = 1}. Then F is a bounded and closed subset of R™, therefore
Theorems and yield that the continuous function || - || takes its maximum and
minimum on £. Let denote them by M and m, respectively. Let x = (p® —p)/||p®* —pl|;.
Then x € E, and hence m < |x|| < M, which yields after multiplication by

Ip® — plh. B

Theorem 2.45. Let pl@ and p; denote the ith components of the vectors p*) and

p, respectively. Then the sequence p¥) converges to p if and only if pgk) — p; for all
1=1,2,...,n as k — oo.

Proof. Theorem yields that |[p® —p|| — 0 if and only if |[p® —p|, = >, Ip" —

pi| — 0, which is satisfied exactly when pgk) —p; foralli=1,2,... n. O

The set of n x n-dimensional real matrices is denoted by R™*™. Let || - || be a vector
norm on R™. The function || - ||: R™"™ — R defined by the formula
[AX]]
[A[] := sup
x#0 |||
is called the matriz norm generated by the vector norm || - |. We note that both the

vector and the matrix norms are denoted by the same symbol. It is possible to show that
in the definition of the matrix norm sup can be replaced by max, i.e., there exists a vector
x such that ||A|| = Hﬁ’;’ﬁ”. The following properties of the matrix norm can be proved
easily:

Theorem 2.46. For every A,B € R"*" it follows
(i) ||A|| >0, and ||A]| = 0 if and only if A =0,
(i) [lcAll = [c[[|Al} for all c € R,

(iit) (triangle inequality:) ||A + B|| < ||A]| + ||B],
() [|Ax]| < [|Aflllx]|, for all x € R"-re,
(v) [[AB] < [[A[[[B]],

(vi) [|[All = sup{[|Ay|: [[yll = 1}.
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Proof. The proof of statements (i), (ii) and (iii) are left for the reader. Part (iv) follows
from

Ax Ay
HH | o g A1 _ ™
x| 7 yzo Iy
Using (iv) we get
|ABx|| IBx|
T Al < [lAlIBI,
x| [l
hence |ABx|
X
[AB]| = sup ——— < [|A[||[B]].
0 x|
Finally, (vi) follows from
|Ax] H X ’
Il x|l

O

We note that the matrix norm could be defined in a more general way: a function
|- ||: R™"™ — R which satisfies parts (i)—(iii) of Theorem Then there are matrix
norms which are not generated by a vector norm. In this lecture note we will use only
matrix norms generated by vector norms, so we use this notion in this restrictive sense.

We will need the notion of limits of matrix sequences later. We say that a matrix
sequence A converges to a limit A if limy_o [|[A®) — A|| = 0, where || - || is a matrix
norm. The next theorem states that the limit of a matrix sequence is independentof the
selection of the matrix norm, i.e., any matrix norms are equivalent.

Theorem 2.47. Let || and || - || be two vector norms on R™, and we consider the corre-
sponding matriz norms on R™". Let A® be a sequence in R™". Then limj_,o, |A®) —

A| =0 if and only if lim,_ [|[A® — A| = 0.

Proof. Asin the proof of Theorem it is enough to show that there exist nonnegative
constants [ and L such that

Bl <|BJ < LB|, BeR"™™.

From the proof of Theorem we know that there exist positive constants m and M
such that

m|x| < [|x]| < M|x], r € R".
Then
7Bl = s ”Z('ﬁ‘ < |Bl| = ”f—x” <sup 21— .
0 X[ 7 <0 mlx| o m
which completes the proof. O
For matrix norms we most frequently use the norms generated by the || - ||; and || - ||«

vector norms. We have the following result for the computation of the corresponding
matrix norms.
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Theorem 2.48. Let A = (a;;) € R™". Then the matriz norms generated by the | - ||;
and || - |0 vector norms satisfy

n
JAL = max 3 Jayl.
J=1,.. i—1

and

n
1Al = max > ay).
i=1,...,n

j=1

Proof. We prove the first formula. The second formula is asked to be proved by the

reader. Using the definition of the || - ||; vector norm and the triangle inequality we get
n n
A => 1) e,
i=1 | j=1
n n
<> il
i=1 j=1

n n
= | > Jag]
=1 i=1
n n
< (.maX Z|%’|> >l
Jj=1,...,n
i=1 =1
n
= <.{Hax Zl%’|) 1],
Jj=1,...,n P

hence ||All; <maxj_1__, Y i |aij|. Suppose max;_1 > i lai] = Y0 |aix]- We get
the statement by multiplying A and e® = (0,...,0,1,0,...,0)7, where egk) =0ifi#k
and ) = 1. Indeed, Ae®™ = (ays, ag, . . ., ani)T, therefore [[Ae® |} = 37 |as. O

The following results generalize the properties of the convergence for the vector case.
We formulate the statements without proofs.

Theorem 2.49.
1. If the vector sequence p™™ is convergent, then its limit is unique.

2. If p® — p and q¥ — q, o,8 € R, then the sequence ap® + pq® is also
convergent, and ap® + Bq*® = ap + Bq.

3. If ¢, — ¢ a real sequence and p*) — p, then c.p® — cp.
4. If p — p, then Ap® — Ap for all A € R™™,

5. (Cauchy’s criterion for convergence) p*) is a convergent sequence if and only if
it is a Cauchy sequence, i.e., for every € > 0 there exists a kg > 0 such that
Ip™ — p™|| < & for all k,m > k.
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We can also generalize Theorems [2.44] [2.45] and [2.49] for matrices. Using vector and
matrix norms we can extend the Lagrange’s Mean Value Theorem for vector valued func-
tions.

Theorem 2.50 (Lagrange’s Mean Value Theorem). Let ||-|| be a fized vector norm
on R", and consider the generated matriz norm. Let E C R™ be an open and conver set,
f: E— R" be continuously partially differentiable, x,y € E. Then

I£Ge) — £ < max [0y +t(x = y)) - lx =y

Proof. We prove the statement only for the Euclidean norm || - || = || - ||2. Clearly, we
can assume that f(x) # f(y). Let

()~ £(y)
P =) —f)

Then |h|y = 1. Let f(x) = (fi(x),..., fn(x))T, h = (hy,...,h,)T. We define the real

function

g(t) =h"f(y + t(x —y)) = Z hifily + t(x —y)).

Then, using the Langrange’s Mean Value Theorem for single variable functions and the
chain rule, we get

h' (f(x) — f(y)) = g(1) — (0)
=4'(¢)

= Z hifily +Ex—y) (x—y)
=h"f'(y+&(x—y))(x—y)

for some & € (0,1). Therefore the definition of h, the vector form of the Cauchy-
Bunyakovsky-Schwarz inequality, ||h||; = 1 and part (v) of Theorem yield

1£(x) — £(y)|l = h" (f(x) — £(y))
=h'f'(y+&(x—y))(x—y)
< b2l f'(y +&(x = y)(x = y)ll2
<|[If'ly +&x=y)lalx =yl

which concludes the proof. O
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Exercises

1. Show that || - ||1 and || - || satisfy the properties of the norms.
2. Compute ||x||1, ||x]|2 and |||/, and [|Al]; and ||Al/s for

(a) x=(3,-1,0,5)7T, (b) x=(-3,-2,-1,4,-1)7T,

113 3
©) AZ( 0 3 2)’ () AZ( 7 -2 3)'

3. Draw the graphs of the curves defined by
(a) {xeR*: [x|1=1}, (b) {x€R”: [x] =1}
4. Prove parts (i)—(iii) of Theorem

5. Prove part (ii) of Theorem
6. Prove Theorem [2.49]

and

2.11. Fixed-Point Iteration in n-dimension

We can generalize the notion of the fixed point and the fixed-point iteration for multi-
variable functions.

Example 2.51. Consider the system

4oy —e®1?2 -3 = 0
T —23—313—1 = 0. (2.26)
It is easy to check that 1 = 1 and x9 = 0 is a solution of the system. We rearrange ([2.26)) in
the following way. We express =1 from the first, and o from the second equation:

1 = 1(e"®243) (2.27)
x9 %(xl —z3-1)
We can denote system (2.27)) shorty as x = g(x), where x = (z1,22)” and
1/ z129
i +3)
x) = g(onas) = [ 1° ) 2.28
) = glra) = ([0 (2.28)

We define an iteration to approximate the solutions of (2.27) as in the single variable case for
k=0,1,2,... by

(
P = e 1) (2.29)
k+1 k k :

We have listed the first several terms of the sequences pgk) and pgk) starting from the initial

value pgo) = —2 and pgo) = —2. in Table We can observe that the sequences converge to 1
and 0, respectively.
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Table 2.12: Fixed-point iteration

L pgk) pgk)

0 -2.000000000 -2.000000000
1 14.399537510 -2.333333333
2 0.750000000 2.651697690
3 2.576641266 -2.427166879
4 0.750480717 -1.438165931
5 0.834956989 -0.772613509
6 0.881152644 -0.253991549
7 0.949867689 -0.061119687
8 0.985899367 -0.017955976
9 0.995613247 -0.004807684
10 0.998806211 -0.001469956
11 0.999633219 -0.000398650
12 0.999900394 -0.000122313

Defining the vector sequence pk) = (pgk),pgk))T, iteration 1) can be written shortly as

p ) = g(p™®).

g

Let £ C R™, and consider a function g: E — R™. Similarly to the single variable
case, we say that a vector p € E is a fized point of the function g if p = g(p).

A function g: E — R" is called a contraction on the set E using the vector norm || - ||
if there exists a constant 0 < ¢ < 1 such that ||g(x) — g(y)| < ¢|[|x —y|| for all x,y € E.
Note that a contraction is always a continuous function.

Theorem 2.52 (fixed-point theorem). Let E C R" be a closed set, g: E — E, and
let g be a contraction on E using a vector norm || - ||. Then g has a unique fized point
p € E, and the fized-point iteration p*t1) = g(p(k)) converges to p for allp® € E. The
order of convergence is (at least) linear.

Proof. First we show that p®) is a Cauchy sequence. Let ¢ be the Lipschitz constant of
the function g, and let £ > m. Similarly to the single variable case, the definition of the
sequence and the contraction property yield

Ip® —p™|
< [p® = p® )+ [P = p* 2 - p ) - p)
= lg@* ) — g™ )| + lg@*?) - gE" )|
+ -+ g™ — g™ V)|
< C(Hp(k—l) _ p(k:—2)“ + Hp(kz—z) _ p(k—S)H TR Hp(m) B p(m_l)H)
< (e IpY - P
= Cm(ck,m,l + ck—m—2 bt 1)Hp(1) . p(O)H

<™y dllp™ —p.
=0

Therefore we get ||p® — p™|| — 0 as m — oo, hence p*) is a Cauchy sequence. Part
(v) of Theorem implies that p®*) converges to a vector p. Using the continuity of g
we get p*+) = g(p™) — g(p), and so p = g(p), i.e., p is a fixed-point of g.
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The order of convergence is at least linear, since

k+1)

Ip' p|l = |le(@™) —g(@)| < c/p® - p].

Suppose that p and p both are fixed points of g. Using the contraction property of g
we have ||p — p|| = ||lg(p) — g(P)|| < ¢||p — p||, and therefore, p = p follows. d

Theorem 2.53. Let E C R™ be an open set, g: E — R", g € C!, and let p be a fived
point of g. If ||g'(p)|| < 1 in a matriz norm generated by a vector norm || - ||, then the
fized-point iteration p*+h = g(p(k)) converges locally to p.

Proof. Since E is an open set, there exists a radius 6 > 0 such that {x: [|x — p|| <
8} C E. Fix a c such that ||g’(p)|| < ¢ < 1. The function g’ is continuous at p, therefore
there exists 0 < § < 6 such that ||g/(x)|| < cforall x € V := {x: ||x — p|| < 6}. The
Lagrange’s Mean Value Theorem (Theorem yields

) — ) < ma [|g'Gx + ¢y =)« [x = ¥ < cllx ¥l

i.e., g is a contraction.

Now we show that the function g maps the set V into itself. Let x € V. The
contraction property of g implies ||g(x) — p|| = ||g(x) — g(p)|| < c||x — p|| < §, hence
g(x) € V. If we restrict g to the set V, then this function satisfies the conditions of
Theorem [2.52] therefore any fixed-point iteration with initial value from V' converges to
p. O

Example 2.54. Compute the Jacobian matrix of the function g defined by (2.28)) in Exam-

ple [2.51}
1 riz2 1 1T
g(x) = < 2] iy )
3 —372

Its value at the fixed point of g, i.e., at the point (1,0)7 is

g'(1,0) = (

wi= O
Okl
N—

Its 1-norm is ||g’(1,0)|l; = 3 < 1, hence Theorem yields that the fixed-point iteration
converges locally to (1,0)7. O

Theorem 2.55. Let E CR", g: E - R", g€ C? g(p) =p, and g(p) = 0. Then
there exists a § > 0 such that the fized-point iteration p*+!) = g(p(k)) converges to p
if [P — plle < 0. Moreover, there exists a constant ¢ such that for all k it follows
P**Y) — pllo < cl|lp™ — p||%, i.e., the iteration converges locally quadratically to p.

Proof. By the assumptions, 0 = ||g'(p)|| < 1, therefore, Theorem yields that the
fixed-point iteration is locally convergent.
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Now we show that the order of convergence is quadratic. Consider the second-order
Taylor approximation of the ith component function of g around p = (p1,...,pn)"

. agl(pla s 7pn)
gi(rr, . xn) = gipr - p) + Y (x; = p))

=1 8xj
0 9i 617"'7571)
_ZZ O, O, (2 — p;) (21 — 1)
j=1 I=1
Applying this relation for (zy,...,2,)" = (p(k), ,pg“)) and using that p; = ¢;(p) and
(k+1) (k) "
pi  =gi(P"), we ge
(k+1) Pgi(§r, &) ) k)
P z:: z:: o B, ®5 = p) (" — ).

Let M be such that ’W
z; Ox;

which contains all p*). The definition of M implies

< M for all 7,5,1 = 1,...,n in a neighborhood of p

k+1) 1~ k k n?
Y =l < 5 DD M~ pill” — il < S Mp® — pl%.

j=1 1=1

Since this holds for all i = 1,...,n, we get

2
n
Ip*™ — plleo < 7Mllp““) - pl|%,

i.e., the order of convergence is quadratic. O

Exercises

1. Rewrite the following system as a fixed-point problem, and find an approximate solution
by using the fixed-point iteration from the starting value (0,0)7:

—2x2+6x—y2 = 4 8x+cosa:—y3 = -7

(a) 22+ -5y = 3 (b) 22 +4y = 8
(©) 22+ T7r+y? -4y = 3 (d) cosxt —by = 3
20+y+4y = -5 2?2 —6rt+y?—2 = 4

2. Compute the Jacobian matrix of the fixed-point functions we get in the problem men-
tioned above, and evaluate the norm of the Jacobian matrix at the fixed point obtained
numerically.

3. Show that under the conditions of Theorem m the sequence p®) converges locally
quadratically in any vector norm.
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2.12. Newton’s Method in n-dimension
Let U C R™ be an open set, f: U — R", and consider the nonlinear system

f(x) =0.

Fix a vector p*) € U. As in the scalar Case we approximate f by its linear part f(p*)) +
f'(p®)(x — p®). Tts root is x = p® — (f'(p*))~1f(p*)), assuming that f'(p*) is

invertible. Therefore we define the Newton’s method by the iteration

) -1
(k1) — p® — (£/(p®)) " £(p®). (2.30)

p

Theorem 2.56. Let f € C?, f(p) = 0 and suppose the matriz £'(p) is invertible. Then
the Newton’s iteration converges locally quadratically to p.

Proof. The Newton’s method is a fixed-point iteration with the iteration function

g(x) =x — (f'(x)) ().
Let (f'(x))™" = (bi;(X))nxn. Then

- af](x) _ L i=1,
Zbij(x) &El = 5il = { 0, 27& l. (2.31)
Consider the ith component of g:
=z — Y by(x) f5(x)
j=1

Taking its partial derivative with respect to x; we get

W) 5,y (ab”( 560+ 8,00 250 )

83:1 -
J=1

At the point x = p we get, using relations f;(p) = 0 and (2.31] - that

dgi(p) _ 8fj _
8$l 6” Z b” 0931 =0

Therefore, g'(p) = 0, and hence Theorem yields that the iteration is locally quadrat-
ically convergent. O

Applying formula ([2.30) we need to compute the inverse of a matrix. Instead of it, in
practice, we do the following: Introduce the notation s := p*+1) — p®) and rearrange

equation ([2.30) into the form
f'(p™)s™ = —£(p™).
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Table 2.13: Newton’s method

p® P — pllac
(-1.50000000000, -1.50000000000)7  2.500000e+00
(-1.25000000000, -0.52120413480)7  2.250000e+00
( 0.53188386800,-0.10035922100)T 4.681161e-01
(o
(o

.98873605300,-0.00042581408) T  1.126395e-02
.99999868610,-0.00000037764) T  1.313900e-06

> WD O

We solve it for s¥), and let p+1) = p*) 4 ),

Example 2.57. Consider the system - ) of Exampl e apply the Newton’s method
for this system starting from the initial value (—1.5, —1.5) Table iphsts the numerical result.
We observe quick convergence to the true solution p = (1 0)7 l

Exercises

1. Apply the Newton’s method to solve the equations in Exercise [1] of Section [2.11]

2.13. Quasi-Newton Methods, Broyden’s Method

The advantage of Newton’s method is its fast speed of (local) convergence, but its dis-
advantage is that the computation of the Jacobian matrix is, in general, requires many
arithmetic operations. Also, it requires matrix inversion or solution of a linear equation
which is also computationally expensive. To avoid or reduce these problems we introduce
quasi-Newton methods which are defined by

-1
p! ) =p® — (AW) " £(p™). (2.32)
Here the matrix A is an approximation of the Jacobian f'(p®)). Using different ap-
proximations, we get different classes of quasi-Newton methods.

One typical approach is to approximate the Jacobian matrix numerically. Let el =
0,...,0,1,0,...,0)T be the jth standard unit vector, » > 0 be a small discretization

constant, and define the components of A®) by the expressions

iy h )

i,j=1,...,n. (2.33)

The resulting quasi-Newton method is a straightforward generalization of the secant
method for the vector case.

Next we introduce an other popular selection of the matrices A®). This method is
called Broyden’s method. This is a different generalization of the secant method for the
vector case.
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For scalar equations the secan method replaces the nonlinear equation f(z) =0 by a
linear equation

f(pr) + ar(z —pr) =0,

where a, = (f(pr) — f(pr—1))/(pr — pr—1). We replace k by k + 1, and we rewrite the
equation, we get that a,,; solves the equation

a1 (Prer1 — Pr) = f(Prr1) — f(pr)- (2.34)

We will generalize this formula for the vector case.

Select an initial vector p(® and an initial matrix A(®). For the selection of A® we can
use different strategies: it is possible to use the exact value A® = £'(p(®), or using the
formula we can compute an approximate derivative matrix at p(?), or just select
any invertible matrix A©),

Suppose p® and A®) are already defined. Then we define p**! by formula .
Similarly to equation (2.34)), we require that A®**1 satisfies the so-called secant equation

AFD(pEHD — p®y — (p*+V) — £(p®). (2.35)
We introduce the following notations
y® = £(p*D) — £(p) and s®) .= plkt1) _ pk),

Using these notations, equations (2.32)) and ([2.35)) are equivalent to
A®GH — _p(p®). (2.36)

and

AGFDGHR) — k) (2.37)

respectively. First we solve for s*) (assuming that A*) is invertible), so the problem
is reduced to the selection of a matrix A*+Y which satisfies equation . Unfortu-
nately, this equation does not determine the matrix A**+D uniquely, since this equation
is equivalent to n number of scalar equations, but A**+Y is determined by n? number of
components. Equation (2.37) requires that the linear operator A**+1) is defined on the
one dimensional space spanned by the vector s**). But in the n — 1 directions orthogonal
to the vector s the linear map is undetermined. Since in the k + 1-th step we “do not
have new information” about the next linear operator, i.e., the next matrix, we define
A*+1) 5o that its effect on this subspace be the same as the matrix A®). Therefore, in
addition to equation ([2.37]), we require

Az — Az, for all z 1 s (2.38)

Equations (2.37) and (2.38) together determine the matrix A®*+Y uniquely. It can be
checked easily (see Exercise [2)) that the matrix

(k) — AR)g(R))(g(ENT
(k+1) _ A () (y s*)(s™)
A =AY + TEQIE (2.39)
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satisfies both (2.37)) and ([2.38).
The recursion ({2.32) requires the computation of (A®)~!. The next result is an
efficient way to compute it.

Theorem 2.58 (Sherman—Morrison—-Woodbury). Let u,v € R", u,v # 0 and
A € R™" be inverible. Then the matriz A4+uv? is inverible if and only if 14+vI A=tu #£ 0,

and then
A luvT A1

A T —IZA—I_
(A+uv’) 1+vTA-lu

holds.
Proof. Let v € R, and consider

A+u) (A —7yA v A ) =T+ uv? A —quvT A — quvi A tavT A
Since v A~'u is a scalar, we can rewrite the above relation as
A+uv) (A —7yA v A ) =T+ (1 —y —ywvTA lu)uv’ A,

which proves the statement. O

A little computation and Theorem [2.58] give from (2.39)

—1
A= (a4 O A1)

™13

— (k) — A(F)g(k) _
(A (M) ()T (AW)

= (A(k)) ~
()T (A (k))-1Y D —ABsE)
L+ (™)1 (A®) " e
AEN-1(kR) _ g(R)) ()T (A ()1
= (A(k))—l _ (( )y s )(s ) ( ) | (240

(5T (A®) Ty ®)

Using iteration , if (A®))~1 is known, then only matrix multiplication is needed to
compute (A*T1)~1 5o n? number of arithmetic operation is enough to generate the next
matrix. On the other hand, in the next chapter we will show that the matrix inversion
needs n® number of operation, so here we have an efficient computational method.

It can be shown that the Broyden’s method converges locally to a root p of f if A®
is close enough to f'(p), and the order of convergence is superlinear, i.e.,
k1) _

pll

(
lim [P —0.

k—oo ||p*) — p||

We do not prove this result here. A possible definition of the Broyden’s method is formu-
lated in the next algorithm.
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Algorithm 2.59. Broyden’s method
INPUT: f - function,
p@ - initial value,
h - step size for the approximation of A(©)
|| - || - vector norm,
TOL - tolerance,
MAXIT - maximal iteration number,
OUTPUT: p - approximate root.

(computation of A = (a;;) = A®)
fori=1,...,ndo
for j=1,...,ndo
iy (F(P) + he) — fi(p®))/h
end do
end do
A« A!
q < p
k<1 (step size)
while £ < MAXIT do
s « —Af(q)
P q+s
if ||s|| < TOL do
output(p)
stop
end do
y < f(p) —(i(q) A
y —S)s
ACA Ty
q<—p
k< k+1
end do

output(Maximal iteration is exceeded.)

Example 2.60. Consider again the system ([2.26)) examined in Examples and The
numerical results of Algorithm with A = 0.001 and TOL = 1075 is shown in Table We
observe that the convergence of this sequence is slower than that for the Newton’s method in

Example 2.57 The last column indicates that the speed of the convergence here is superlinear.
U

Exercises

1. Apply Broyden’s method to the systems listed in Exercise [I] of Section [2.11]

2. Show that the matrix A1 defined by (2.39) satisfies equations (2.37) and (2.38).
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Table 2.14: Broyden’s method

(k) (k) _ [P —plloc
k P [P = pllee 5 B52
0 (-1.5000000000, -1.5000000000)T 2.5000000000
1 (-1.2490215360, -0.5215363883)7 2.2490215360 0.8996086144
2 (-0.4968297655, -0.9366983828)7 1.4968297660 0.6655471022
3 (-0.3045368940, -0.3621731989)7 1.3045368940 0.8715332389
4 ( 0.5414891937, -0.0587408442)T 0.4585108063 0.3514740046
5 ( 0.9527177435, -0.0515250779)7  0.0515250779 0.1123748387
6 ( 1.0003263340, 0.0319681269)7 0.0319681269 0.6204382061
7 ( 1.0000051000, -0.0040567750)7 0.0040567750 0.1269006155
8 ( 1.0000069210, -0.0000347010)7 0.0000347010 0.0085538489
9 ( 1.0000001100, 0.0000012682)7  0.0000012682 0.0365458110
10 ( 1.0000000050, 0.0000000576)7  0.0000000576 0.0453865979
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Chapter 3

Linear Systems

In this chapter we discuss solution techniques of linear algebraic systems using direct
methods and related problems of linear algebra. We introduce the Gaussian and Gauss-
Jordan eliminations and their variants, and its application for the matrix inversion.

3.1. Review of Linear Algebra

In this section we review some notations, notions and statements of linear algebra. In the
sequel, if we do not say otherwise, A = (a;;) is an n x n matrix, x is an n-dimensional
column vector. The set of all real n xn dimensional matrices is denoted by R™*™. Similarly,
C™*™ is the set of all n x n matrices with complex entries. The determinant of the matrix
A is denoted by det(A), the n x n dimensional identity matrix is I. The transpose of a
matrix A or a vector x is denoted by AT and x7, respectively. The diagonal matrix with
elements a, as, . .., a, in the main diagonal is denoted by diag(as, as, ..., a,).

The n xn matrix A=t is called the inverse of the n x n matrix A if AA™' = A~1A =1
A square matrix is invertible or nonsingular if its inverse exists. A square matrix A is
called singular if it has no inverse.

The next theorem summarizes the basic properties of the determinant.
Theorem 3.1. Let A, B be n x n matrices. Then
1. det(A) = 0 if each element of a row (or column) in A is equal to 0;
det(A) = 0 if two rows (columns) of A are equal;
det(AB) = det(A) det(B);
det(AT) = det(A).

If A is invertible, then det(A™') = 1/det(A).

S & e

If B is obtained from A by multiplying one of its row (column) by a constant c,
then det(B) = cdet(A).

=

If B is obtained from A by swapping two rows (columns), then det(B) = — det(A).

8. If B is obtained from A by multiplying one of its row (column) by a constant c, and
adding the result to another row (column), then det(B) = det(A).
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9. Let A;; denote the (n —1) x (n— 1) matriz which we get from A by omitting its ith
row and jth column. Then we have

n

det(A) = Z(_l)i+jaij det(Aj;),

j=1

and
n

det(A) = (—1)"a;; det(Ay).

i=1

Theorem 3.2. Let A € R™*", b € R". The following statements are equivalent:
1. det(A) #0,
2. the matrix A 1s invertible,

3. the linear system Ax = b has a unique solution for any vector b.

Theorem 3.3. The linear system Ax = 0 has nontrivial (nonzero) solution if and only
if A is singular, i.e., det(A) = 0.

Theorem 3.4. If A,B € R™" are both invertible, then AB 1is also invertible, and
(AB)"'=B'AL

The square matrix A is upper (lower) triangular if a;; = 0 for all i > j (i < j), i.e.,
all elements below (above) the main diagonal are 0.

Theorem 3.5. For a triangular matriz A € R™ ™ it follows det(A) = aq1a92 - - App -

Theorem 3.6. The product of lower (upper) triangular matrices is lower (upper) trian-
gular. The inverse of a lower (upper) triangular matriz is lower (upper) triangular.

A square matrix P is called permutation matriz if it is obtained from the identity
matrix by interchanging its rows (or columns). Other words, in a permutation matrix each
row and column contains exactly one 1, all the other elements are 0. The next theorem
claims that the multiplication by a permutation matrix is equivalent to interchanging
rows or columns of a matrix.

Theorem 3.7. Let kq, ..., k, be a permutation of the integers 1,...,n, and let P € R™*"
be the permutation matriz which we get from the identity matriz by moving its 1st row
to the ki-th row, ..., the nth row to its k,-th row. Let A € R™"™"™. Then the matrizc PA
(AP ) can be obtained from A so that its 1st row (columns) is moved to the ky-th row
(column), ..., its nth row (columns) is moved to the k,-th row (column).
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A square matrix A € R™" is called row diagonally dominant or simply diagonally

dominant if .

|aii|>2|aij|, 1=1,...,n.
j=1
G
Similarly, the matrix A is called column diagonally dominant if AT is diagonally dominant,
ie.,

n
]ajj|>Z\aij], ]:1,,7’L
i=1

i#j

Theorem 3.8. If A € R™" is diagonally dominant, then A is invertible.

Proof. Suppose that A is not invertible. Then the linear system Ax = 0 has a nontrivial
solution x # 0. Let k be such that |zx| = max{|z;|: ¢ = 1,...,n}. Then x; # 0. Since

Y agr;=0foralli=1,...,n weget ayry = — Z?:L#k agjrj. Then the triangle-

inequality yields |apzy| < D77, i lak;z], and so

Jar] < |0lkj|u <Y i),
j=1 |xk| j=1
J#k ik
which is a contradiction. O
The square matrix A is called positive definite (negative definite) if A is symmetric
and xTAx > 0 (xI Ax < 0, respectively) for all x # 0. The matrix A is called positive

semi-definite (negative semi-definite) if A is symmetric and xTAx > 0 (x’Ax < 0,
respectively) for all x.

Theorem 3.9. If the square matriz A is positive definite, then
1. A is invertible,

2. a5 >0 fori=1,...,n.

Theorem 3.10. The symmetric matriz A is positive definite if and only if all of its
upper left minors, the so-called principal minors are positive, i.e.,

aip -0 ayg
det : ] >0, 1=1,2,...,n.
Qi v Qg

A square matrix A is orthogonal if AAT = ATA =1, i.e., A is invertible and
A~ = AT,

Theorem 3.11. The product of orthogonal matrices is orthogonal.
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The complex number A € C is an eigenvalue of the square matrix A if the linear

system
Ax = )x

has a nontrivial (x # 0) solution. Its nontrivial solution x is called the eigenvector of the
matrix A corresponding to the eigenvalue .

Theorem 3.12. The n X n matriz A has n eigenvalues, which are solutions of the
nth-degree algebraic equation

det(A — AI) = 0,

the so-called characteristic equation.

Theorem 3.13. Let A1, \o, ..., A\, be the eigenvalues of the n x n matriz A. Then
1. det(A) = Mg Ay
2. A is invertible if and only if \; #0 for alli=1,2,....n;
3. if A is invertible, then the eigenvalues of A=' are 1/A1,1/Xa, ..., 1/\n;

4. the eigenvalues of the matriz A* are the numbers \¥, N5, ... k.

Theorem 3.14. The eigenvalues of a triangular matrix A are the diagonal elements

a11, @22, - .., Anp-

Let A and B be square matrices of the same dimension. We say that A and B are
similar if there exists an invertible matrix P such that A = P"'BP. We comment that
then B = PAP!, so the similarity is a symmetric property. The linear map defined by
A — P1AP is called similarity transformation.

Theorem 3.15. Figenvalues of similar matrices are identical.

Proof. Let A = P 'BP. Then the properties of the determinant yield
det(A — AI) = det(P"'BP — AI) = det(P ') det(B — AI) det(P) = det(B — AI),

which implies the statement. O

The number p(A) := max{|A|: A is an eigenvalue of A} is called the spectral radius
of A.

Theorem 3.16. Let k be a positive integer, and let || - || be a matriz norm. Then
1. p(A") = (p(A))",
2 p(A) < A
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Theorem 3.17. For every square matrix A and a positive real € > 0 there exists a
matriz norm || - || such that ||A|| < p(A) + €.

Theorem 3.18.  For any square matriz A it follows ||A|2 = /p(ATA). If A is
symmetric, then |Alls = p(A).

Let aq,...,a, be complex numbers. The determinant
1 a a? - at

qot| L @ AT (3.1)
AR

is called Vandermonde determinant.

Theorem 3.19. The Vandermonde determinant is monzero if and only if the
numbers ay, ... ,a, are pairwise distinct.

Exercises

1. Determine the possible values of the parameters a and 8 so that the matrix

a 1 0
A= 8 2 1
0 1 2

be

(a
(b

) singular,
)

(c) symmetric,
)

diagonally dominant,

(d) positive definite.
2. Prove that if A and B are n x n positive definite matrices, then

(a) AT,
(b) A +B,
(c) A?

are also positive definite.
Prove Theorem [3.6
Prove Theorem [3.71
Prove Theorem [3.91
Prove Theorem [3.111
Prove Theorem [3.12
Prove Theorem [3.14

Prove Theorem (Hint: In the determinant (3.1) substitute a; by z. Show that the
resulting determinant is a polynomial of degree n — 1 of z. Find n — 1 distinct roots of
this polynomial.)

© NSOt w
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10. Show that the value of the Vandermonde determinant (3.1)) is

H(ai — aj).

i>j

(hint: Consider the proof of the previous problem.)

3.2. Triangular Systems

Example 3.20. Solve the linear system

2x1 — To + 33 + x4 = 3
3y — r3 + 2x4 = 13

2%3 — Ty = —2

3rgy = 12

Solving the fourth equation for x4 we get x4 = 4. Substituting it to the third equation we get
x3 = (—2 4 24)/2 = 1. Then the second equation yields zo = (13 + 23 — 224)/3 = 2. Finally,
U

from the first equation we have 1 = (3 4+ x9 — 3z3 — 24)/2 = —1.

We can generalize the method used in the previous example to solve the upper trian-

gular n-dimensional linear system Ax = b, i.e., a linear system of the form

a1 + 199 -+ Ce + AipnTy, = b1
a99To + c. + aonx, = bg
ATy = bp.

We formulate the method of backward substitution in the following algorithm.

Algorithm 3.21. Backward substitution to solve a triangular system

(3.2)

INPUT: a5, (i=1,....,n, j=1,...,n), b, (i=1,...,n)
OUTPUT: x4, ..., z,

Ty < bp/ann
fori=n—-1,...,1do

Ti < (bz — Z aija:j)/a,-,-
j=i+1
end do
output(zy,xs, ..., x,)
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The method of backward substitution can be performed if an only if a; # 0 for all
i=1,...,n. Since det(A) = ay1a2 - * - Apy, it follows that it can be performed if and only

if the system (3.2]) has a unique solution, i.e., det(A) # 0.

In order to determine the time complexity of the algorithm we count the number of
arithmetic operations:

multiplication/division addition/subtraction
step 1: 1 0
step 2: 2 1
stelb n: n n—1

Therefore, 1 +2+---+n = n(n+1)/2 multiplications and divisions, and 1+24---+
n— 1= (n—1)n/2 additions and subtractions are needed to perform the algorithm. We
introduce the notation O(n*) for a polynomial of order at most k. With this notation
we have that the number of multiplications/divisions is n?/2 + O(n), and similarly, the
number of additions/subtractions are needed for the algorithm is n?/2 + O(n). This
notation “hides” the lower order terms, which is useful, since the leading term determines
the magnitude of the formula for large n.

Exercises

1. Solve the following triangular systems:

(a)

3r1 + To — T3 + 2x4 = —4

4y — 223 + x4 = 5

6rs — 2x4 = =T

2%‘4 = 4

(b)

1221 + 21x9 — 3223 + 2.0xy + 14xs = 815
259 — 1l.lzg + 6.1z4y — 3.0x5 = 159.7
26xs — l.lxy = 128
2.2x4 + 4.1xzs = 46.9
1.3z5 = 6.5

3.3. Gaussian Elimination, Pivoting Strategies

Example 3.22. Consider the linear system

Ty — 2x9 — 2x3 — 2x4 = -—11

2r1 — To + 2x3 + 4z, = —8 3.3
—x1 4+ 2x9 + 3x3 — 4dxy = 27 (3-3)
2r1 + To + 4dxs — 2xy = 28

With the help of the first equation, the variable x; can be eliminated from the second, third
and fourth equations. We multiply the first equation by 2, —1 and 2, respectively, and subtract
it from the second, third and fourth equations, respectively:

r1 — 2.%'2 — 2.%3 — 2334 = —11
3ry + 6x3 + 8ry = 14

vy — 614 = 16 (3-4)
— ng — 6%4 = 6

F. Hartung, University of Pannonia www . tankonyvtar.hu


www.tankonyvtar.hu

72 3. Linear Systems

The resulting system is equivalent to (3.3)).
We associate the 4 x 5 dimensional matrix

1 -2 -2 -2 —11
2 -1 2 41 -3
1 2 3 -4 927 (3.5)
9 1 4 -2 928

to the system . Here we augmented the 4 x 4 coefficient matrix with a fifth column which
contains the elements from the right hand side of the system. We will call this matrix as the
augmented matriz. In the augmented matrix we can do the above elimination by multiplying
the first row by 2, —1 and 2, respectively, and we subtract it from the second, third and fourth
row, respectively. Then we get

1 -2 —2 —2 —11
0 3 6 8 14
0O 0 1 -6 16 |- (3.6)
0 -3 0 -6 6.

The variable xo is missing in the equation representing the third row, and we eliminate x5 from
the fourth row too with the help of the second row. We multiply the second row by —1, and
subtract the result from the fourth row:

1 -2 -2 -2 -11

0 3 6 8 14

0 0 1 -6 16 |- (3.7)

0 0 6 2 20

Finally, we multiply the third row by 6, and subtract it from the third row:
1 -2 -2 -2 -11
0o 3 6 8 14

0O 0 1 -6 16 |- (3.8)
0 0 0 38 —76

This augmented matrix describes the triangular system

Ty — 2x9 — 2x3 — 2x4 = -—11
3vy + 63 + 8zy = 14
r3 — 6.%4 = 16
38ry = —76
Solving it with the backward substitution we get 1 = —3, 29 = 2, x3 = 4 and x4 = —2. The

above elimination process is written shortly as

1 -2 -2 -2 -11 1 -2 -2 -2 -11

2 -1 2 4 =8 0 3 6 8 14
-1 2 3 -4 271|710 0 1 —6 16 |~
-2 1 4 -2 28 0 -3 0 -6 6.

1 -2 -2 -2 -11 1 -2 -2 -2 11
0 3 6 8 14 0 3 6 8 14
0 O 1 —6 6 |71 0 o0 1 —6 16
0 0 6 2 20 0 0 0 38 —76
O
Using the above method for the general n-dimensional linear system
ap1ry + appry + e + apr, = 21
a91r1 + agre + Ce +  a9px = 2
. . T . (3.9)
Ap1T1 +  GpoXo + e + Qppx, = b,
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we get the Gaussian elimination with backward substitution. We put the coefficients and
the right hand sides to the augmented matriz:

aip @12 ... Glp A1p+l
AO (A )= [ P B e
Gp1 Qp2 .. Qpp Apnpil
where a; 41 1= b;, (i = 1,...,n). Starting from the matrix A we obtain the sequence
of matrices A, A® A=Y describing equivalent linear systems in the following
way. Let
a1 a%lz) a%ﬁ G%i,;+1
R R |
0 aSQ) ol aSLH
where ag) = ay — lnay, lp=3 i=2...n j=2..n+l, (assuming

ayy # 0). If the matrices A® ... A®=1 are defined for some k < n — 1, then let

O Y L S 1 Y ¢t S A
1 i i i i
0 ay - agy A9 k+1 o Qg g n+1
- k-1) =1 (k1) (k1)
A= 90 ok e T
k k
0 0 - 0 i1 k+1 7 Qkrin Qr1pr
(k) k) (k)
0 O T O an,k—l—l e Qn,n an,n+1

k k-1 k-1 alf=h :
Z(»j) ::az(j )—lika;j ), lig == #,z:k—i—l,...,n, j=k+1,...,n+ 1
We perform these elimination steps for k =1,...,n — 1. Finally, we solve the triangular

system corresponding to the matrix A1) using the backward substitution method. The
elements a1, aé?, ey a™ Y in the main diagonal of the last matrix of the Gaussian
elimination are called pivot elements. Clearly, we can perform the Gaussian elimination
if and only if all the pivot elements are nonzero.

If we perform the steps of the Gaussian elimination only on the coefficient matrix, the

resulting matrices will be denoted by A® .= A, A A1,

where a

Algorithm 3.23. Gaussian elimination

INPUT: a5, (i=1,...,n, j=1,...,n+1)- augmented matrix
OUTPUT: 24, ..., x,

(elimination:)
for k=1,...,.n—1do
fort=k+1,...,ndo
ik < i/ akk
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for j=k+1,...,n+1do
ij = ai; — ligak;
end do
end do
end do
(backward substitution.:)

Ty, < an,n—l—l/a’rm

fori=n—-1,...,1do
Ty < (Qipg1 — Z aij5) /@i
j=i+1
end do
output(zy,xs, ..., x,)

The above algorithm is formulated so that in each step the new value of an element
overwrites the same element of the previous matrix. We note that the zeros in the matrix
are not computed and even they are not stored. Therefore, after the last elimination
steps the elements under the main diagonal have no meaning. They can be filled by zero
directly if the whole matrix is needed.

Next we compute the number of arithmetic operations of the Gaussian elimination:

multiplication/division addition/subtraction
step 1 (n—1)(n+1) (n—1)n
step 2 (n—2)n (n—2)(n—1)
step n — 1 1-3 1-2
n—1 n—1
total: i(i+2) i(i+1)

i=1 i=1

Using the identity 12 +22+--- +n? = ¢n(n+1)(2n + 1) we can casily check that the
total number of multiplications and divisions needed for the elimination steps is n3/3 +
n?/2—5n/6, and the number of additions and subtractions is (n®—n)/3. Together with the
backward substitution, n®/3+n?/2—5n/64+n?/2+n/2 =n3/3+n*—n/3 = n?/3+0O(n?)
number of multiplications and divisions, and (n®*—n)/3+n?/2—n/2 = n3/3+n%/2—5n/6 =
n3/3 + O(n?) number of additions and subtractions are needed to perform the Gaussian
elimination. Shortly we say that the time complexity of the Gaussian elimination is n3/3
number of operations.

Example 3.24. Solve the system

2%1 — o — 3%4 = 8
201 — x93 + 3 + Dy = 2
—3x1 + x2 + 3 — 214 = -5
2x1 + 4dxo — x4 = 21
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by Gaussian elimination. After performing the first step of the elimination we get

2 -1 0 -3 8 2 -1 0 -3 8
2 -1 1 5 2 0 0 1 8 —6
-3 11 -2 -5 |]~\{0 —-1/2 1 —-13/2 7
2 40 -1 21 0 5 0 2 13

Since the pivot element of the second row is 0, the Algorithm cannot be continued. On the
other hand, the system has a unique solution: 1 =4, o = 3, z3 = 2 and =4 = —1. But if we
change the second and third rows of the previous augmented matrix, the corresponding linear
system is the same, and the elimination can be continued:

2 -1 0 -3 8 2 -1 0 -3 8
0 0 1 g8 =6\ (0 —-1/2 1 —13/2 7| _
0 —1/2 1 —13/2 7 0 0 1 8 —6
0 5 0 2 13 0 5 0 2 13
2 -1 0 -3 8 2 -1 0 -3 8
0 —1/2 1 -13/2 7| _[0 -1/2 1 —13/2 7
0 0 1 8 —6 0 0 1 8§ —6 |
0 0 10 —63 83 0 0 0 —143 143
which yields the solution. U

Example 3.25. Solve the linear system

—60.99
250.9

0.0002z; — 30.5z2
5.060x1 — 1.05z9

using Gaussian elimination and 4-digit arithmetic. Following Algorithm first we compute
the factor lo; = 5.060/0.0002 = 25300 (rounding to 4 significant digits). Then by multiplying
the first equation by l2; and subtracting it from the second row we get

0.0002 —-30.5 —60.99 0.0002 —30.5 —60.99
( 5.06 —1.05  250.9 ) ~ ( 0 771700 1543000 )
We note that we do not compute the first element of the second row by Algorithm it
will be 0 without any calculation.) Solving it we get the numerical solutions ; = —100.0 and
Zo = 1.999. We can check that the exact solution of the system is 1 = 50 and x2 = 2. Therefore,
the relative errors of the numerical solutions are 300% and 0.05%, respectively. Note that the
relative error of the first variable is huge.
Repeat the calculation for the system where we interchange the two equations:

5.06 —1.05  250.9 5.06 —1.05 250.9
( 0.0002 —-30.5 —60.99 ) ~ ( 0 —30.5 —61.0 )

This gives the numerical values x; = 50.00 and x5 = 2.000, which are identical to the exact

solutions.

What is the difference in between the two computations? In the first case, in order to
compute l2; we needed to divide by a small number (0.0002), which gave us the increase of the
rounding error. In the second case we performed the division by 5.06 in the computation of ls1,
and we did not observe any error in the final result. Ol
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Partial Pivoting

The last two examples show that sometimes it is necessary, and in many cases it is
useful to modify Algorithm [3.23] One of the most popular modification is the Gaussian
elimination with partial pivoting (or maximal column pivoting). Here, before the kth step
of the elimination, we select the element with the largest magnitude in the kth column in
and under the main diagonal, i.e., let

lay| = max{|awx|: i =k,...,n}.

(An element with the largest magnitude is in the [th row. If there are several elements with
the same largest magnitude, then | denotes the first possible row index.) We interchange
the kth and [th rows, and then continue with the elimination. This will get around the
problems of Examples and . Indeed, if a,(jc_l) = 0, then after the row change a
nonzero element is moved into this position (if there is a nonzero element below aé’?l)).
Furthermore, the row change guarantees that the division will be performed by the element

with a largest magnitude which helps to reduce the rounding error in the computation.

Theorem 3.26. The next statements are equivalent:

(i) the linear system Ax =b can be solved by Gaussian elimination with partial pivot-
ing,

(i1) det(A) # 0,
(11i) the matriz A is invertible,
(iv) the linear system Ax = b has a unique solution for all b.

Proof. It is known from linear algebra that statements (ii), (iii) and (iv) are equivalent
(see Theorem [3.2). Now we show that (i) and (ii) are equivalent.

Suppose first that (i) holds. Let A® := A, and let A® be the coefficient ma-
trix in the Gaussian elimination after the kth step. The properties of the determinants
yield that det(A®) = det(A*~Y) if there was no row change in the kth step, and
det(A®) = — det(A* =) if there was a row change. Since the Gaussian elimination can
be performed by the assumption, the triangular system corresponding to the coefficient
matrix A"~ of the last step is solvable, therefore, det(A™ V) £ 0. But this implies
det(A) = £ det(A™=) £ 0.

We show that if the Gaussian elimination with partial pivoting terminates before the

kth step, then det(A) = 0. The kth step cannot be performed if and only if agz_l) =0
foralli =k,..., n,ie.,
oo oo b age oo
0 ayy - g k1 Qog, A3 k11 Tt Qoy
. L) () (h2) (k-2)
AL =10 0 O g O Qg1 Qg
0O 0 - 0 0 a}i’“};}i oo alfh
0 0 - 0 0 a® D alY
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Hence

k—1 k—1
0 al(c,k—&—i C. al(cn )
det(A*Y) = anagl?) e a,gk_f,l_l det | @ : =0,

0 'a(kk_nl ;l(k—l)
n.k+ nn

and so det(A) = +det(A*D) = 0. O

Example 3.27. Consider again the system examined in Example [3.24] and solve it using
Gaussian elimination with partial pivoting. We get the following sequence of the augmented
matrices:

2 -1 0 -3 8 -3 11 -2 =5
2 -1 1 5 2 2 -1 1 5 2
3 11 -2 5|~ 2 -10 -3 8]~
2 40 -1 21 2 40 -1 21
-3 11 —2 =5 -3 11 —2 -5
0 —1/3 5/3 11/3 —4/3 0 14/3 2/3 -7/3 53/3
0 —1/3 2/3 —13/3 14/3 |~ | o0 -1/3 2/3 —13/3 14/3 |~
0 14/3 2/3 —7/3 53/3 0 —1/3 5/3 11/3 —4/3
-3 1 1 -2 -5 -3 1 1 -2 -5
0 14/3 2/3 —7/3 53/3 0 14/3 2/3 -7/3 53/3
0 0 5/7 —9/2 814 |~ o o 12/7 72 —-1/14 |7
0 0 12/7 7/2 -1/14 0 0 5/7 —9/2 83/14
-3 1 1 —2 -5
0 14/3 2/3  —-7/3  53/3
0 0 12/7 772 —1/14
0

0 0 —143/24 143/24

We can observe that there was a row change before the first and third elimination steps. The
solution of the triangular system is 1 = 4, zo = 3, x3 =2 and x4 = —1. |

Suppose we perform the Gaussian elimination with partial pivoting on the coefficient
matrix A, and we collect the row changes performed during this algorithm. It is easy to
see that if we perform all these row changes first on the matrix A without the elimination
steps, then the Gaussian elimination can be performed on this matrix, and the numerical
result will be the same as for the Gaussian elimination with partial pivoting performed for
the original system. According to Theorem 3.7, the row change can be performed by mul-
tiplying the matrix A by a permutation matrix P from the left. Therefore, Theorem [3.26]
has the following consequence.

Theorem 3.28. If det(A) # 0, then there exists a permutation matric P such that the
linear system PAx = Pb can be solved by Gaussian elimination (without row changes)
for all vector b.
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Complete Pivoting

To further reduce the effect of rounding we can use the following modification of the
partial pivoting, which is called complete pivoting or mazimal pivoting: before the kth
step of the elimination we find the first row index [ and column index m such that

|| = max{|a;;|: i=Fk,...,n, j=Fk,...,n}.

(That is the element with largest magnitude is located in the [th row and in the mth
column.) Then we interchange the kth and Ith rows and the kth and mth columns. We
have to note that the first n columns of the augmented matrix of the system contains
coefficients of the variables. At the beginning of the algorithm the first column contains
the coefficients of x;, the second one contains those of x5, and so on, the nth column
contains the coefficients of x,,. Therefore, when we interchange columns, we have to record
the changes in the order of the variables too. Then we continue with the elimination step,
as in the Gaussian elimination.

The disadvantage of this method is that it requires more comparisons than the partial
pivoting, so it slows down the running of the algorithm.

Example 3.29. Consider again the system examined in Example [3.22] and here we solve it
using Gaussian elimination with complete pivoting;:

1 -2 -2 -2 11 2 -1 2 4 =8
2 -1 2 4 =8 1 -2 -2 -2 -11
—1 2 3 —4 27 | ~ | —1 2 3 —4 27 | ~
-2 1 4 -2 28 —2 1 4 =2 28
X1 X2 X3 X4 X1 X2 X3 X4
4 -1 2 2 -8 4 -1 2 2 -8
-2 -2 =2 1 —11 0 —5/2 -1 2 —15
—4 2 3 -1 27 | ~ 0 1 ) 1 19 | ~
-2 1 4 -2 28 0 1/2 5 -1 24
X4 X2 X3 X1 X4 X9 X3 X1
4 -1 2 2 =8 4 2 -1 2 =8
0 1 ) 1 19 0 ) 1 1 19
0 -5/2 -1 2 -15 |~] 0 -1 —5/2 2 —15 |~
0 1/2 5 —1 24 0 ) 1/2 -1 24
X4 X2 X3 X1 X4 X3 X2 X1
4 2 —1 2 —8 4 2 —1 2 -8
0 5 1 1 19 0 5 1 1 19
0 0 —23/10 11/5 —56/5 | ~| 0 0 —23/10 115 —56/5
0 0 —1/2 2 5 0 0 0 —57/23 171/23
X4 X3 X2 X1 X4 X3 X2 X1

In order to follow the effect of the column changes, we augmented the matrices with an extra row
where we record the variable whose coefficients are listed in that particular column. Here before
the first elimination step, we interchanged the first and fourth columns, since 4 was the element
with the largest magnitude in the coefficients. (Another option would be to interchange the first
and third rows and then the first and fourth columns; or to interchange the first and fourth
rows and the first and third columns.) Before the second elimination step, we interchanged the
second and third rows and the second and third columns. And before the third elimination step
there were no row or column changes. Finally, we solved the triangular system. The fourth
equation gave us the value of the variable x1, and the third equation can be solved for zo, the
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second equation implied the value of z3, and finally, from the first equation we got the solution

for x4. The result is again z1 = —3, 9 = 2, x3 =4 and x4 = —2.
We comment that the advantage of the partial and complete pivoting appears when we do
the computations using floating point arithmetic. O

Scaled Partial Pivoting

Numerical observations indicate that if the order of magnitude of the elements in the
coefficient matrix is significantly different, then the effect of rounding can be large (see
Example. Therefore, it is usual to multiply the rows of the system with a nonzero real
to equalize the magnitude of the coefficients. If we combine it with the partial pivoting,
we get a technique called scaled partial pivoting: We are looking for positive factors
dyi,...,d, > 0 so that the elements of the matrix B := DA be of the same magnitude,
where D = diag(dy,...,d,). Then, instead of solving the linear system Ax = b, we solve
the equivalent linear system DAx = Db numerically. One simple strategy is to select
D so that max{|b;|: 1 < j < n} ~ 1 be satisfied for all i = 1,...,n. We can define
d; = 1/s; where s; := max{|a;;|: 1 < j < n}. The problem here is that the division
may introduce further rounding error in the calculation. To avoid it, let 5 be the base
of the number representation on the computer, and let r; be the smallest integer so that
pr > s;, and define b;; = a;;/6" (i, = 1,...,n). Then the division will not contain
rounding error, and 1/8 < maxj<j<, |b;;| <1 holds for alli =1,...,n.
The following result can be proved.

Theorem 3.30. Suppose we perform a scaled partial pivoting on the coefficient matrixz A
with the matrix D = diag(dy, ..., d,) which do not introduce rounding errors (e.g., using
B powers). Then if partial or complete pivoting on the matrix DA yields the same row
(and column) changes as the same pivoting on the matriz A, then the numerical solutions
of the systems Ax = b and DAx = Db with Gaussian elimination using pivoting will be
identical.

The previous result shows that the scaling of the equations effects only the selection of
the pivot elements, not the numerical result. So it is popular to use the scaling to select
the pivot elements, but we do not perform the the scaling of the rows. This variant of
the scaled pivoting is called partial pivoting with implicit scaling. The result is one of the
most popular algorithms to solve linear systems.

Algorithm 3.31. Gaussian elimination with partial pivoting and implicit scal-
ing

INPUT: a5, (i=1,....,n, j=1,...,n+1)- augmented matrix
OUTPUT: x4, ..., z,

(computation of the scale factors:)
fori=1,...,ndo
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S; <= max |a;|
1<j<n
end do
(elimination:)
for k=1,...,n—1do
|aw| ||
—— = max
S k<i<n s
interchange the kth and /th rows of the matrix A
fori=k+1,...,ndo
Lik + @it/ ar
for j=k+1,...,n+1do
Qjj < Q5 — likak]’
end do
end do
end do
(backward substitution:)

Ty, — an,n—i—l/ann

let [ be the smallest row index for which

fori=n—-1,...,1do
Ti < (ai,n-l-l - Z aij'rj)/aii
j=i+1
end do
output(zy, xs, ..., x,)

We note that in our methods many times we needed to interchange two rows of a
matrix A = (a;;). This requires a lot of operation, therefore, instead of it we can do the
following trick in programming: We store the elements of the matrix in a two-dimensional
array ali, j]. We define an array m[i| with initial values m[i] =i, (i = 1,...,n). If we
interchange the kth and lth rows, we swap the kth and [th elements of the array m[].
When we have to refer to an element a;; of the matrix A, we can use the value a[mli], j].

Theorem 3.32. If the matriz A s diagonally dominant, then the Gaussian elimination
can be performed on the linear system Ax = b without pivoting, and the method is stable
with respect to the rounding errors.

Proof. First we note that if the matrix A is diagonally dominant, then Theorem
implies that the linear system Ax = b has a unique solution.

We show that each of the coefficient matrices AW, A@ . A1) of the elimination
steps is also diagonally dominant. Since A©® = A is diagonally dominant, it follows
laiy| > 2?22 lai;|, and hence a;; # 0. Therefore, the matrix AW is well-defined. We
show that A is diagonally dominant. Since the first row of A is identical to that of
A it is diagonally dominant. Let 1 < ¢ < n. Using alt) = a;; — a4, (j=2,...,n), and

4] a1l
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ag) =0, we get

- " |a | |a |
1 1 1
STlal 1 =3 Jai; - a1]|<2|aw|+ 1 flash Z|u|+ Z Zm.
J#l ]751

= j=2
j#i G #z

Since the ith row of A is also diagonally dominant, it follows

n
S 1] < Ja] - laal + ,' “1"<|au| ~ Jau)

i
= Jaal — 12 oy
2 |a/11‘ (2
S A5 Z_ilali
11
o).

This shows that all the rows of A are diagonally dominant, hence the matrix is diago-
nally dominant.

Similar argument shows that all matrices A®, ..., A®=1 are diagonally dominant.
The numerical stability is not shown here. O

We present the next result without its proof.

Theorem 3.33. Let A be a symmetric n X n matriz, b € R™. Then A is positive definite
if and only if the Gaussian elimination can be performed for the system Ax = b without
pivoting, and the pivot elements are all positive. Moreover, in this case the method is
stable with respect to the rounding errors.

Exercises

1. Solve the following linear systems using Gaussian elimination

(i) without pivoting,
(ii) with partial pivoting,
(iii) with complete pivoting,
iv) with scaled partial pivoting:
g
(a)
2:L‘1 + 2%2 - 2%3 = —4
—x1 4+ 3x9 = -—-11
41 + 229 — 3x3 = -1
(b)
—xr1 — 3x9 + 2x4 = 10
—2x1 4+ 3xo + x4 = 8
4z, + To — x3 — 3x4 = —21
201 + x93 — x3 + 314 = 7
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2. Use 4-digit arithmetic in the calculations, and apply the question of the previous exercise
for the following systems:

(a)

1.03zy — 11z + 8x3 = —9.06
—4.1x1 + 10.1xy — 6r3 = 106.2
211xy — 42z + 12z3 = —-40.22
(exact solution: (-2,10,0.5)),
(b)

1 + T2 + 3T3 = 20

%1:1 + %$2 + g3 = 14

%l‘l + %.’172 + zx3 = 11

(exact solution: (6,-12,60))

3. Prove Theorem [3.301
4. Prove Theorem [3.33] (except the statement related to the stability).

3.4. Gauss—Jordan Elimination

A version of the Gaussian elimination is the Gauss—Jordan elimination, where we use the
elimination steps of the Gaussian elimination to transform the coefficient matrix part of
the augmented matrix to the identity matrix, i.e., the matrix (A, b) is converted to the

form (I, b™~V). Then the solution of the linear system is x = b(®~1),

Algorithm 3.34. Gauss—Jordan elimination
INPUT: a5, (i=1,....,n, j=1,...,n+1)- augmented coefficient matrix
OUTPUT: 24, ..., x,

(converting the coefficients to a diagonal form:)
for k=1,....,ndo
fori=1,...,ndo
if i 2k do
Lik < aix/ak
for j=k+1,...,n+1do
aij < aij — ligay;
end do
end do
end do
end do
fori=1,...,ndo
Ti < ai,n+1/aii
end do
output(zy,xa,...,z,)

www . tankonyvtar.hu F. Hartung, University of Pannonia


www.tankonyvtar.hu

3.5. Tridiagonal Linear Systems 83

It can be checked that the operation count of the Gauss-Jordan elimination is n®/2 +
O(n?) number of multiplications and divisions and n?/2+ O(n?) number of additions and
subtractions.

Example 3.35. We apply the Gauss—Jordan elimination to the linear system examined in

Example
1 -2 -2 -2 -11 1 -2 -2 -2 -11
2 -1 2 4 -8 0 3 6 8 14
-1 2 -3 —4 3 ]~“{o o0 -5 -6 -8 |~
-2 1 4 -2 28 0 -3 0 -6 6
10 2 10/3 -5/3 1 0 0 14/15 —-73/15
0 3 6 8 41 [0 3 0 4/5 22/5 | _
0 0 -5 -6 -8 0 0 -5 -6 -8
00 6 2 20 00 0 —26/5 52/5
10 O 0 -3 10 0 0 -3
03 0 0 6 0100 2
0 0 -5 0 -20 )]~ 0010 4
0 0 0 —-26/5 52/5 000 1 =2
The last column gives us the solution: x1 = —3, xo = 2, z3 =4 and z4 = —2. O

We can combine pivoting strategies together with the Gauss—Jordan elimination.

Example 3.36. Here we apply the Gauss—Jordan elimination with partial pivoting to the
linear system examined in Example [3.22

1 -2 -2 -2 -11 2 —1 2 4 -8
2 -1 2 4 -8 1 -2 -2 -2 -11
-1 2 3 —4 27 |~ -1 2 3 —4 27 | ™~
-2 1 4 -2 28 -2 1 4 -2 28
2 -1 2 4 -8 2 0 4 20/3 —10/3
0 -3/2 -3 —4 -7 - 0 -3/2 -3 -4 =71 -
0 3/2 4 -2 23 0 0 1 —6 16
0 0 6 2 20 0 0 6 2 20
2 0 4 20/3 -10/3 2 0 0 16/3 —50/3
0 -3/2 -3 —4 -7 1.0 =3/2 0 -3 3
0 0 6 2 20 0 0 6 2 20
0 0 1 —6 16 0 0 0 —19/3 38/3
2 00 0 -6 100 0 =3
0 =3/2 0 0o -3 01 00 2
0 0 6 0 24 |10 01 0 4
0 0 0 —19/3 38/3 0001 -2
Therefore, the solution is 1 = —3, xo = 2, z3 =4 and 4 = —2.
Exercises

1. Solve the linear systems given in Exercises [I] and [2] of Section with Gauss—Jordan
elimination.

2. Prove that the number of arithmetic operation needed for the Gauss-Jordan elimination
is n3/2 4+ n? — n/2 multiplication and divisions.
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3.5. Tridiagonal Linear Systems

We say that a square matrix (a;;) is tridiagonal if a;; = 0 for all |i — j| > 1, i.e., nonzero
numbers can appear only in the main diagonal and in the next diagonal above and under
it. Tridiagonal linear systems (i.e., a linear system with a tridiagonal coefficient matrix)
appear frequently in applications, so it is an important class of linear systems. We will
use the following notations:

dl C1 0 0 s 0 T bl

ay d2 Co 0 cee 0 9 bz

0 6 d & - 0 s _| b (3.10)
0 0 ot Gp_g dp—1 Cpoy 'xn—l bnfl

0 0 O Ap—1 dn T bn

It is practical to store the elements of a tridiagonal matrix in three vectors (a;), (d;)
and (¢;), as it is used above. In this case only 3n — 2 storage area is needed for the
coefficients.

It is clear that applying the Gaussian elimination to the system the elements a;
below the main diagonal will become 0, and the numbers ¢; will not be changed during the
elimination steps. We have to compute the new values of the variables d; and b; during
the elimination. In the next algorithm we override the old values of the vectors (d;) and
(b;) with the actual new ones.

Algorithm 3.37. Gaussian elimination for tridiagonal linear systems

INPUT: a;, C; (221,,77,—1), dlabz (2:1,,n)
OUTPUT: x4,...,z,

(elimination.:)
fori=2,...,ndo
temp — aifl/difl
di — dl —temp - c;_1
bi — bz — temp - bi—l
end do
(backward substitution.:)
Ty < by /d,
fori=n—-1,...,1do
T; < (bz — Cixi—l—l)/di
end do

output(zy,xs, ..., x,)

We can check that the method above requires 5n — 4 number of multiplications and
divisions. If we compare it with the number of operations of the Algorithm [3.23] which
is n®/3 multiplications and divisions, then we can see that for a tridiagonal system this
special algorithm should be applied.
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It follows from Theorem that if the tridiagonal matrix A is also diagonally dom-
inant, then Algorithm can be performed (without pivoting).

Exercises

1. Solve the following tridiagonal linear systems:

r1T — 0.5%’2
0.5z7 + 4y — 0.5x3
0.5z + 2x3 — 0.5x4
0.5z3 + 4z, — 0.5z5
0.5z4 + 2x5 — 0.5xg
0.5z5 + T6

|
PN =
oooowm

2. Show that Algorithm requires 5n — 4 number of multiplications and divisions.

3. Formulate an algorithm similar to Algorithm for a band matriz where the nonzero
elements appear only in the main diagonal and in the next 2 diagonals above and below
it, i.e., when a;; = 0 for |i — j| > 2.

3.6. Simultaneous Linear Systems

Frequently we would like to solve so-called simultaneous linear systems, i.e., systems of
the form Ax = b®® for i = 1,...,m, where the coefficient matrices are identical, but the
right-hand-sides of the equations are different. We can shortly write the above system as
AX = B, where the ith columns of the n xm dimensional matrix B = (b, b® ... bl™)
is b@, and the ith column of the n x m dimensional matrix X = (xM,x® ... x(™) is
x| i.e., the solution of the system Ax® = b Since pivoting in the Gaussian or Gauss—
Jordan elimination depends only on the coefficient matrix, it can be performed on the
n x (n+m) dimensional augmented matrix. For example, if we perform the Gauss-Jordan
elimination on the augmented matrix (A, B) we get a matrix of the form (I,X). Then
the solution of the simultaneous linear system X appears in the last m columns of the
augmented matrix.

Exercises

1. Show that the operation count of the Gaussian elimination on the augmented matrix
(A, bM . bM) is n?/3 4 mn? — n/3 number of multiplications and divisions.

2. Prove that the operation count of the Gauss—Jordan elimination on the augmented matrix
(A, bM .. bM) is n3/2 + mn? — n/2 number of multiplications and divisions.

3. Reformulate Algorithm for solving simultaneous tridiagonal linear systems.

4. Prove that the system of linear systems Ax(® = b ;=12 ..., m is equivalent to the
matrix equation AX = B, where X = (x(l), . ,x(m)) and B = (b(l)7 .., blm),
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3.7. Matrix Inversion and Determinants

The inverse matrix A~! of a nonsingular square matrix A satisfies the matrix equation
AA~! =1, so A! is the solution of the simultaneous linear system AX = I. It can
be shown that if such matrix X exists, then XA = I holds too, hence X is the inverse
matrix of A. We can use the Gauss-Jordan elimination to solve the simultaneous linear
system. It can be checked that the number of operations needed to compute the matrix
inverse with the Gauss—Jordan elimination is %n?’ + O(n?) number of multiplications and
divisions and 2n® + O(n?) number of additions and subtractions.

Example 3.38. Compute the inverse of the matrix

1 0 2
A= -1 1 0 1.
-2 0 -1

We use the Gauss—Jordan elimination:

10 2100 102100
11 0010)~[012110]|~
20 -1 0 0 1 003201
102100 100 —1/3 0 —2/3
012110]|~(010 -1/3 1 -2/3 |~
003201 00 3 2 0 1
100 —1/3 0 —2/3

010 —-1/3 1 —2/3

001 2/30 1/3

Hence

O

Certainly, we can use pivoting techniques together with the Gauss-Jordan elimination
for computing the inverse matrix if we wanted to reduce the rounding errors or to avoid

division by zero.

According to Theorem the Gaussian elimination with pivoting can be performed
if and only if det(A) # 0. In the proof of the theorem we can see that det(A) =
(—1)* det(A™=Y), where s denotes the number of row changes. Therefore, the determi-

nant is equal to the product of the pivot elements with an appropriate sign: det(A) =

(—1)5a11a;12) calmY,

Example 3.39. Consider the coefficient matrix of Example ie., let

1 -2 —2 -9
2 -1 2 1
A=| _1 2 3 4
2 1 4 -2
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Compute the determinant of A. In Example we performed the Gaussian elimination on A

and got
1 -2 -2 -2
3y _ (0 3 6 8
AP =109 0 1 ¢
0O 0 0 38

Therefore, det(A) = det(A®)) =1-3-1-38 = 114.

Exercises

1. Compute the inverse of the matrices:

A RN
(a) (—01_1> () (_2 _11> (0

— =N
O
|
N=OO
— O =N

2. Prove that the matrix inversion using Gauss—Jordan elimination requires 3n3/2 — n/2

number of multiplications and divisions.

3. Formulate an algorithm for matrix inversion using Gauss—Jordan elimination taking into
account that in the problem AX = I the matrix I has a special form, so multiplication by
0 should not be computed. Show that the resulting algorithm requires n® multiplications

and divisions and n® — 2n? + n additions and subtractions.

4. Compute the determinants of the matrices given in Exercise 1 using the Gaussian elimi-

nation.

F. Hartung, University of Pannonia
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Chapter 4

Iterative Techniques for Solving Linear Systems

In this chapter we first discuss the theory of linear fixed-point iteration, and then we
apply it for the solution of linear systems (we define the Jacobi and Gauss—Seidel itera-
tions). Finally, we introduce the condition number of matrices, and study perturbation
of linear systems.

4.1. Linear Fixed-Point Iteration
In this section we investigate linear n dimensional fixed-point iterations of the form
x*+D) = Tx®) 4 ¢, k=0,1,2,.... (4.1)

First we consider the case when ¢ = 0. Then it is easy to see that x*) = T*x(©) for all
kE=1,2,....

Theorem 4.1. The following statements are equivalent:
(i) lim T" = 0 (zero matriz), i.e., lim |T%|| = 0 for any matriz norm || - ||;
k—o0 k—o0

(i1) klim T*x = 0 (zero vector) for all x € R, i.e., klim |T*x|| = 0 for all x € R™ and
—00 —00

for any vector norm || - ||;
(iii) p(T) < 1.
Proof. Statement (ii) follows from (i), since
IT*x]| < [Tl |(|

for all z € R™ and for any norm || - ||.

Suppose (ii) holds. Let A be an eigenvalue of T, and let v be an eigenvector corre-
sponding to A. Then T*v = Av, hence Tfv — 0 (as k — oo) implies |\| < 1, since
v # 0. Since A was an arbitrary eigenvalue of T, p(T) < 1 is satisfied.

Now suppose (iii) holds. Theorem implies that there exists a matrix norm || - ||
and € > 0 such that | T|| < p(T) 4+ ¢ < 1. Then

IT*| < ITY* < (p(T) + )" — 0,
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as k — oo. But then Theorem yields || T*|| — 0 in any matrix norm || - ||, so (i) holds.

U
The next theorem states that || T|| < 1 implies ||T*|| — 0.
Theorem 4.2. If ||T|| < 1 in some matriz norm || - ||, then | T*|| — 0 as k — oo.
Proof. The statement follows from || T*|| < ||T||*. O

Next we investigate the convergence of the matrix geometric series or Neumann-series
I+ A+ A%+ A3+ ... where A is a square matrix.

Theorem 4.3. If p(A) < 1, then the geometric series I+ A+ A%+ A3+ - is convergent,
the matrix I — A is invertible, and

I-A)'=T+A+A>+ A -,

Conversely, if the geometric series 1+ A + A? + A3 + --- is convergent, then p(A) < 1.

Proof. Let p(A) < 1. Suppose that I — A is not invertible. Then Theorem yields
that there exists a nonzero vector x # 0 such that (I — A)x = 0. But then Ax = x, i.e.,
1 is an eigenvalue of A, which contradicts to the assumption that p(A) < 1. Hence I — A
is invertible.

It is easy to check that

I-A)I+A+A*+ A+ + A" =T- A" (4.2)

Therefore,
I+A+A*+A+ A" =(T1-A) ' (T- A",

and so, using that Theorem implies A™H — 0, we get

I+A+A? A+ A" 5 (T-A)

as m — 00.

Now suppose that the geometric series I+ A + A2 + A3 + - .- is convergent. Then it
is easy to see that A™ — 0, and hence Theorem [4.1] yields p(A) < 1. O
Corollary 4.4. If||A| < 1 in some matriz norm |||, then the matriz I— A is invertible,

the geometric series I+ A+ A%+ A3+ - is convergent, I+ A+ A%+ A3 +... = (I-A)™ 1,

and
1

IT-A) < —
1— A
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Proof. We have to prove only the last statement, the others follow immediately from
Theorems and Using the continuity of the matrix norm, the triangle-inequality
and the properties of the norm, we get

IT—A)" =1 lim (T+A+A%+ A+ + A™)]
:?gigéo||1+A+A2+A3+---+Am||
< lim ([T + Al + [JAZ]] + A%+ + [A™])
< lim (14 [[Af + A+ A7+ + [ Af™)

b
LAl

O

The last result has an important consequence: if A is nonsingular, then all matrices
“close“ to A are also nonsingular.

Theorem 4.5. Let A and B be n X n matrices. Let A be nonsingular, and

1
|A—-B| < —:.
A=
Then B is also nonsingular, moreover,
- A~
B~ < = (4.3)
1—[|JA-Y[]]A - Bl
o |A~]?|A - B]
A7 - B! < i (4.4)
1—[JA-Y[]]A —B]|

Proof. Consider the identities B = A — (A — B) = A(I - A7'(A — B)). Using the
assumption we get ||A71(A — B)|| < ||[A7Y|||A — BJ| < 1, therefore, Corollary [4.4] yields
that the matrix I — A~1(A — B) is invertible. But then B~ = (I - A7'(A — B))'A~!
also exists. From this, relation A~ — B! = A7!(B — A)B~! and Corollary imply
estimates and (4.4)). O

Consider again the fixed-point problem (4.1)). Now we consider the general case. It is
easy to see that the kth term of the fixed-point iteration is

x® =ThxO p(TF1 T2 4 4 T4+ T)e,  k=1,2,....
Theorems [4.1] and [4.3] imply the following results.

Theorem 4.6. Let ¢ # 0. The fixed-point equation x = Tx + ¢ has a unique solution
and the fixed-point iteration converges to the unique solution of the equation for all
x© if and only if p(T) < 1.
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Proof. Let p(T) < 1. Then Theorem yields that I — T is invertible, hence the
equation x = Tx + ¢ has a unique solution: x = (I —T) 'c. Theorems and imply
that T#x(® — 0 for all x® € R”, and (T* '+ T+ 24 ... 4+ T+ I)c - (I-T) 'c as
k — oo.

Conversely, let x be the solution of x = Tx+c, and suppose x*) — x as k — co. Then
subtracting the equations x = Tx+c and x*+Y = Tx® +c we get x—x*+) = T(x—x*)),
and so

x — xFY = T(x —x®) = ... = THl(x — xO). (4.5)

Let z be an arbitrary vector, and x(¥) = x — z. Then

lim Tz = lim T (x — x?) = lim (x - x*™) =x —x =0.

k—o0 k—o0 k—o0
Theorem {.1| yields p(T) < 1. O
Corollary 4.7. If [|T|| < 1 in some matriz norm || - ||, then the iteration is
convergent for all initial values x©, and
e — %™ || < T [lx — x. (4.6)

Estimate (4.6 implies that the smaller the ||T|| is, the faster the convergence of the
sequence x®). Therefore, Theorem yields that the smaller the p(T) is, the faster the
convergence (in a certain norm) of the sequence x*.

Next we investigate the effect of rounding error in the computation of the linear fixed-
point iteration. Suppose that instead of the sequence (4.1]) we generate the sequence

yE = Ty® e 4wkt E=0,1,..., (4.7)

vy = x(0 4 () (4.8)

where the effect of the rounding error in the kth step is represented by w9 and w(®
is the rounding error we get when we store the initial value of the sequence. We suppose

that
lwh || <e,  k=0,1,...

holds in a certain vector norm. We compute the difference of equations (4.7) and .
g+ k1) — (0 () g 1)
Then
ly*+D = xEH ) < [ T(y® = x®)|| + [[w* 0
< TIly™ = x®|| + ¢

Ty = xOf + (1T + - + 1T + 1)e

<|
< (I + I T)* + -+ + | T] + De.
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If || T|| < 1, then the last expression can be estimated by the sum of the geometric series:

R

(k+1) _ o (k+1)

This shows that the computation is stable with respect to the rounding errors, and the
smaller the ||T|| is, the smaller the rounding error is.

Exercises

1. Compute the sum of the geometric series I + A + A2 + A3 4 - for

01 2 3 1/2/000
001 2 0 1/3 0 0
(@ A=|qg00 1| (b) A= 0 0 1/4 0
0000 0O 0 0 1/5

2. Prove identity (4.2).
3. Work out the details of the proofs of (4.3 and (4.4)).

4. Find all values of the parameter o for which the matrix sequence

(ad)

converges to the zero matrix.

4.2. Jacobi Iteration

Example 4.8. Solve the linear system

5r1 + 31y — x3 = -4
2¢17 — 10x9 + T3 = 25 (4.9)
*3561 + 4332 — 12:1)3 = —47.

We express z1 from the first, 2o from the second and x3 from the third equation:

( 4 — 31’2 + x3 /5
To = (—25 + 2z + 1’3)/10 (4.10)
Tr3 = (47 —3x1 + 4%2)/12.

1

System (4.10)) is a three dimensional linear fixed-point equation, so we define the sequences
oD (g — 32 4 (k))/5
(

2 = (=25 4 20 + 1) /10 (4.11)
2 = (a7 = 32" 4 42(V) /12

for k =0,1,2,.... Table lists the numerical results starting from the initial values xgo) =

xé ) = xéo) 0 . We can observe that the sequences converge, and their limits are z; = 1,
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94 4. Iterative Techniques for Solving Linear Systems

xy = —2 and z3 = 3, which are the solutions of the system (4.9)). The iteration (4.11)) can be
written in a vector form as
xFD — rx®) 4 ¢, (4.12)

0 —3/5 1/5 —4/5
T = ( 2/10 0 1/10 ) and ¢ = ( —25/10 )
—3/12 4/12 0 47/12

Corollary yields the convergence of the iteration (4.12)) if the norm of T is less than 1 in
some norm. Since ||T|o = max{4/5,3/10,7/12} = 4/5 < 1, we get that the iteration (4.11) is
convergent. O

where

Table 4.1: Jacobi iteration

k xgk) :ng) xék)

0 0.000000 0.000000 0.000000

1 -0.800000 -2.500000 3.916667

2 1.483333 -2.268333 3.283333

3 1.217667 -1.875000 2.789722

4 0.882944 -1.977494 2.987250

14 0.999999 -1.999992 2.999990

15 0.999993 -2.000001 3.000003

16 1.000001 -2.000001 3.000001

17 1.000001 -2.000000 2.999999

18 1.000000 -2.000000 3.000000

Consider the linear system
a;nry + apry + + a1pT, = 21
a91T1 + Qoexe + + agT, = b
: ) e , (4.13)

Ap1T1 + Ap2To + + ApnTy = bn

If a;; # 0 for all : = 1,...,n, then the system (4.13) can be transformed into the form

n

PR < PR S (4.14)

et _ NN, b 4.15
x; Zaiix] —i—aii, 7 ey T (4.15)

If a;; = 0 for some 7, then we can try to interchange rows so that in the resulting matrix
a;; # 0 holds for all = 1,...,n. We introduce the notations A = L + D + U, where

0O 0 0 e 0 0 a2 a3z -+ ai,

asq 0 0 cee 0 0 0 o3 -+ Q9p

L=]| @1 a2 0 - 0 u=|9 0 0 - as
Up1 Gny -+ Uln,n;l 0 0 0 -~ 0 0
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and D = diag(aiy, as, ..., an,). L and U are lower and upper triangular matrices (with
zeros in the diagonal too). With this notation the linear system Ax = b can be rewritten
as Dx = —(L + U)x + b. Then multiplying this equation by D! we get a linear

system of the form . Therefore, the Jacobi iteration can be defined by , where
T=T;:=-D'L+U)and c=D""b.

Theorem [4.6] and Corollary [4.7] imply the following necessary and sufficient condition
for the convergence of the Jacobi iteration.

Theorem 4.9. The Jacobi iteration is convergent for all initial values if and only if
p(T;) <1.

Corollary 4.10. If [|T,|| < 1 in some matriz norm || - ||, then the Jacobi iteration is
convergent for all initial values x(©

In practice we can use the following sufficient condition.

Theorem 4.11. If the matriz A is diagonally dominant, then the Jacobi iteration is
convergent for all initial values x(©

Proof. Since

0 —a12/a11 —G13/a11 T —aln/an
—G21/CL22 0 —a23/a22 T —a2n/a22
T; = —az1/azs  —azz/ass 0 o —agg/ass ,
_a'nl/ann _anQ/a'nn _anS/ann Tt 0

using the diagonal dominance of A, we get

n

| Ts|lc = max Z 2] <1
i

=11 |CL“|

Jj=1
J#

Hence Corollary implies the statement. O

Exercises

1. Solve the following linear systems with Jacobi iteration:

6.2r1 + 1llxy — 34z3 = 5.1
(a) —0.6x; + 29z + 03x3 = -7.2
1.1z1y — 0.6z + 4423 = 3.1
—8x1 4+ 3z — 2x3 = 6
(b) 2x1 4+ 6x9 + T3 — 234 = 3
3r1 — 3x9 + 10x3 + x4 = 5
ro — 3dxz + Txy = -—17

2. Show that the Jacobi iteration is convergent for all initial values if A is column diagonally
dominant.
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4.3. Gauss—Seidel Iteration

Example 4.12. Consider again the system (4.9)), and its equivalent form (4.10). Define the
iteration

2 (24— 34§ (k))/5

(—
2 = (—25 4 21:1k+ ” +2{)/10 (4.16)
2 = (a7 — 32T 4 42Dy /12,

The difference between the iterations (4.11)) and (4.16]) is that here if a new value of a variable z;
is computed, then its is immediately used in the computation of the next iteration. The k+ 1-th

value of x7 is computed in the first equation, then in the computation of the new value of z9 the

updated value of x&kﬂ)

of x; than xgk)) together with xék), which has no a new value at this moment. In Table we

present the numerical results corresponding to the initial values xgo) = xgo) = xéo) = 0. We can

observe that this method converges faster to the limits than the Jacobi iteration. Cl

is used in the second equation (which is hopefully a better approximation

Table 4.2: Gauss—Seidel iteration

k :Egk) a:ék) J:gk)

0 0.000000 0.000000 0.000000
1 -0.800000 -2.660000 3.230000
2 1.442000 -1.888600 2.926633
3 0.918487 -2.023639 3.012499
4 1.016683 -1.995413 2.997358
5 0.996720 -2.000920 3.000513
6 1.000655 -1.999818 2.999897
7 0.999870 -2.000036 3.000020
8 1.000026 -1.999993 2.999996
9 0.999995 -2.000001 3.000001
10 1.000001 -2.000000 3.000000
11 1.000000 -2.000000 3.000000

Now consider again the general linear system (4.13)). Motivated by the example above,
we define the Gauss—Seidel iteration to solve the system (4.13). For k = 0,1,2,... (if
a; # 0 forall i =1,...,n) we define

i—1 n b
(k+1 Zau (k+1) _ Z Qij ()+_ i=1. . n (4.17)

j=1 Qg j=it1 A Qg

Equation (4.17)) can be rearranged to

ZCLU (k1) Z aijx; 2 k) + b, i1=1,...,n,

Jj=t+1

i.e., using matrix notation,

(D + L)x**) = —Ux® 4 b,
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where L, D, U is defined in the previous section. So the Gauss—Seidel iteration can be
written in the form (4.12) with T = Tg:= —(D+L)"'Uand ¢ = (D + L) 'b.
Theorem and Corollary imply immediately the next results.

Theorem 4.13. The Gauss—Seidel iteration is convergent for any initial value if and
only if p(Tg) < 1.

Corollary 4.14. If|Tq|| < 1 in some matriz norm ||-||, then the Gauss—Seidel iteration
is convergent for all initial values x©).

Similarly to the Jacobi iteration, the Gauss—Seidel iteration is also convergent if the
coefficient matrix is diagonally dominant.

Theorem 4.15. If A is diagonally dominant, then the Gauss—Seidel iteration is conver-
gent for all initial values x©.

Proof. Let x = (z1,...,z,)" be the solution of equation (4.13). Then we express z;
from the ith equation of (4.13)), and subtracting it from (4.17]), we get
i—1 n
E+1 Aij , (k+1 ij o (k
A ﬁ(fg DY ﬁ(xg)—fj)-
]:1 K1 j:Z"rl KX
Therefore,
i—1 a n a
(k+1) ij | . (k+1) | (k)
|, — 4| < ) |z; —xj|+_z o |z — 2] (4.18)
j=1 j=it+1
Let -
oz,-::Z %y and Bi = Z i
=1 | i j=it1 !
With this notation inequality (4.18]) yields
k+1
2™ = ai] < Y =X + Billx® — xc
fori =1,...,n. Let [ be an index for which |z/"") — 2| = |x**V) — x]||s. Then

I = xloo < alx™Y = x[loo + Bl %" — x]loc.

The matrix A is diagonally dominant, therefore, oy < 1, and so

(k+1) XHoo < 5l

1%

Hence we obtain

nﬁ“—ﬂmscmw
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This guarantees that the Gauss—Seidel iteration is convergent, since the diagonal domi-
nance yields

B coatp<t
1— (6%}
foralll=1,...,n, and so
max b < max {a;+ G} = || Tyl < 1 (4.19)
I=1,.;m1—oy ~ I=l..n o
follows. O

Estimate yields that the error estimate of the Gauss—Seidel iteration is better
than that of for the Jacobi iteration. So, in general, the Gauss—Seidel iteration converges
faster for the case of a diagonally dominant coefficient matrix. In the general case the
Gauss—Seidel iteration is faster than the Jacobi iteration if p(Tg) < p(T;). But we do
not know a general condition in terms of the coefficient matrix A to check this relation.
We formulate one result below for a special case without proof.

Theorem 4.16 (Stein—Rosenberg). Suppose a;; < 0 if i # j and a; > 0 for all
t=1,...,n. Then exactly one of the statements holds:

1. 0 < p(Tg) < p(Ty) <1,

2. 1< p(T;) < p(Te),

5. p(Ty) = p(Tg) =0,

4. p(Ty) = p(Tg) =1.

The theorem implies that for systems satisfying the conditions of the theorem the
Jacobi iteration is convergent if and only if the Gauss—Seidel iteration is convergent, and

the Gauss—Seidel iteration is faster. But in general we can find examples when the Jacobi
iteration converges faster than the Gauss—Seidel iteration.

Exercises

1. Solve the systems given in Exercise 1 of the previous section using Gauss—Seidel iteration.

2. Show that both the Jacobi and the Gauss—Seidel iteration determine the exact root of the
system in finitely many steps if A is upper triangular and a;; # 0 for i =1,... n.
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4.4. Error Bounds and Iterative Refinement

We can introduce stopping criteria for the Jacobi and the Gauss—Seidel iterations similar
to nonlinear iterations. As we defined in Section [2.8] we can use the following stopping
criteria or any combination of them:

o) — 9]
]

(1) |Ix®D —x®) < e (i) <e and (iii) ||b—Ax®| <e.

Condition (iii) is a natural analogue of condition (iii) of Section [2.8 used for nonlinear
equations. We investigate this criterion in this section.

The vector r := b — AX is called the residual vector of the approximate solution x of
the linear system Ax = b. The stopping criterion (iii) relies on the hypothesis that if the
norm of r is small, then X is a good approximation of the exact solution x. The following
example shows that this is not necessarily true in general.

Example 4.17. The exact solution of the linear system

( fi.os % ) ( ii ) = ( 2.03 ) (4.20)

is x = (1, 1)T. Consider x = (2, —3)7 as the “approximate” solution. The corresponding
residual vector is r = b — Ax = (0, 0.03). Its infinity norm is ||r||c = 0.03, which is small,
but X cannot be considered as a good approximation of the true solution. l

The next result gives conditions which imply that the smallness of the norm of ||r||
yields that the error of the approximation is also small.

Theorem 4.18. Let A be a nonsingular square matriz, X be the exact solution of the
system Ax = b, the vector X is an approximate solution, and r :=b — Ax. Then

I — || < [IA~H ]|l (4.21)

e I
]
< IANIA (4.22)

Ix — x|

[l

Proof. From the relations Ax = b and AXx = b — r we have A(x — X) = r, and hence
x —x = A~ 'r. This relation together with [[A~'r| < ||A7Y|||r| implies (4.21)).
Estimates (4.21)) and |[b|| < [|A]|||x]] yield

e = x| _ [[A]IIA= ]

el
< < [[AIA
Il A ]

bl
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The previous result answers our previous question: if the residual vector is small in
norm, then it implies the smallness of the error of the approximation only if the product
|A|||A~] is not too big. The number cond(A) := ||A||||A~!|| is called the condition
number of the matrix A relative to a norm || - ||. The condition number corresponding to
the || - ||, norm is denoted by cond,(A). If a condition number of the matrix A is “big”,
then it is called ill-conditioned, otherwise it is called well-conditioned. It is not defined
exactly how big the condition number should be in order to call the matrix ill-conditioned.
In practice, if the condition number is bigger than 100-1000, then we say that the matrix
is ill-conditioned. Therefore, if the coefficient matrix is ill-conditioned then the stopping
criterion (iii) is not reliable.

Example 4.19. Consider the coefficient martix A of Example We can check that
Al — -33.33  33.33
- 143.3 —133.3 )>

and 5o ||[Alle = 5.03, ||[A7!||oc = 267.6. Therefore, conds(A) = 1346, and Theorem m
explains why (2,—3)" is not a good approximation of the true solution despite the fact that r
is small in norm. O

Suppose we solve the linear system Ax = b with Gaussian elimination and t-digit
arithmetic. Let X be the numerical solution, which, in general, has rounding error. We
compute the residual vector r = b — AXx, but using here 2¢-digit arithmetic (double
precision) for the computation of r. It can be shown that

el ~ 107" A% ]

We can use this relation to estimate the condition number of A in the following way:
Consider the equation Ay = r, and let y be its numerical solution using ¢-digit arithmetic.
Note that the linear system Ay = r can be solved effectively if we store the [;; factors and
the row changes used in the first Gaussian elimination, and now we do the elimination
steps only on the vector r. (In Section below we will show an effective method for
solving several linear systems with the same coefficient matrix.) Then

y~Ar=A'b-AXx)=A'b-x=x-X,
so ||y¥]| is an estimate of the error ||x — X||, and
171 ~ A= x| < [JA7H[[x]l ~ AT A0 [%]| = 10~ cond (A) | ]].

From this we get the formula
cond(A) = 10tM (4.23)

E
as an approximation of the condition number. Let r := r — Ay be the residual vector of y.
In general, ||T| is much smaller than ||r||, therefore, if instead of X we consider X := X +¥
as the approximation of x, then for the residual vector corresponding to x we have

b — Ax[| = [[b — A(x +y)[| = [lr — Ay[| = [IF]| < |[b — Ax],

i.e., X is a much better approximation of x than x. If we repeat this procedure we get the
method of iterative refinement. This method gives a good approximation of the solution
in a few steps even for ill-conditioned coefficient matrices.
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Algorithm 4.20. Iterative refinement
INPUT: A, b

N - maximal iteration number

TOL - tolerance

t - number of digits of precision
OUTPUTz - approximate solution

COND - estimate of cond(A)

We solve the system Ax = b with Gaussian elimination
for k=1,2,...,N do
We compute the residual vector r = b — Ax using double precision.
We solve Ay =r for y
Z4— Xty
if t=1do
COND ¢+ 10! M=

5

output(COND)
end do
if ||y]lcc < TOL do
output(z)
stop
end do
X4 2Z
end do
output(The maximal number of iteration is exceeded.)

Example 4.21. Consider again system 1) Its exact solution is x = (1, 1)7. Using Gaussian
elimination with 4-digit arithmetic we get the approximate solution X = (0.9375, 1.2500)%. Its
residual vector is (with double precision): r = b — A% = (0, 0.001875)7, so ||r||oc = 0.001875.

Solvmg Ay =r with Gaussmn ehmlnatlon (with 4-digit arithmetic) we get the approximate
solution y = (0.0586, —0.2344)”". Hence ylelds

0.2344
condoo(A) = 1072 7= = 1072

We have seen in Example that conds(A) = 1346, so (4.24)) is an approximation of the
condition number. The relative error of the approximate solution X is

= 1875. (4.24)

= 0.25,

which is relatively large (since A is ill-conditioned). Using Theorem we get the error bound

[x — Xloo [ lso
———— < cond(A) = 0.5017
[1%[loo bl
for the relative error. Using one step of the iterative refinement we get the approximate solution
x(®) = x 4y = (0.9961,1.016)”, which is close to the true solution. U
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Exercises
1. Compute the condition numbers cond, and cond; of the following matrices:
1 0 2
1 2
a ( B ) B (2 10
@ (1 (b) ( 2 10

2. Estimate the condition number condy,(A)

A (
3. Using 4-digit arithmetic solve
0.00921 — 0.5229 = —5.191
921121 + 21.1x9 = 9422

=

or

SNV e
SN——

WD
===

with applying two steps of the iterative refinement. (The exact solution is: (1, 10).)

4.5. Perturbation of Linear Systems

Consider the linear system
Ax =b. (4.25)

Suppose that instead of (4.25)) we solve the linear system
Ax = b, (4.26)

where b := b+ Ab is a perturbation of b by Ab. Its exact solution is denoted by %. The
next result gives a relation between the solutions of the two problems.

Theorem 4.22. Let A be a nonsingular square matrixz, x and X be solutions of the linear

systems and , respectively. Then

Ib — b

X
T S COHd(A)W.

Proof. Subtracting (4.25) and (4.26) we get A(x—%) = b—b, hence x—% = A~'(b—b),
therefore, || x—x%|| < ||[A7!|||[b—b]|. Using this and the inequality ||b|| = [|Ax| < [|A]]|x]|
it follows

x =%l _ [AIIA b — bl
23/ [[AHl]

b — b
S Ond(A)W
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4.5. Perturbation of Linear Systems 103

The theorem says that one order of magnitude increase in cond(A) can result in one
order of magnitude increase in the relative error of the approximation, or in other words,
a loss of one significant digit in the approximation.

Now we consider the general case, when we perturb both the coefficient matrix and
the right-hand-side of the system. We consider the linear system

Ax =b, (4.27)
where ||b — bl and ||A — A|| are “small”.

Theorem 4.23. Let A be a nonsingular square matriz, and A be such that |A — A|| <
1/||A7Y|. Let x and x be the exact solutions of and ([4.27), respectively. Then

lx x| _  cond(a) <uA — Al b~ BH) |

X — lA—A| A b
M= 1 cond(a) A\ AT B

Proof. First consider the relation A=A- (A — A)=A(I-A(A-A). Since
by our assumption ||[A7'(A — A)|| < [JA7!]||A — AJ| < 1, Corollary |4.4] yields that A is
invertible, and
(A < (T - ATHA = A) A
A
1= J[ATH(A - A)
a7
T 1-ATYA - A

From equations (4.26) and (4.25) we get

x—%x=x—(A)"'"b=(A)'(Ax—b)=(A)(b—b— (A - A)x).

Therefore,
. A7 X A
[x —x[ < —([[b —b| + [[A — Afl[[x]])
1—[JA-H[[[A — Al
_ IAIIATT ||10—10||+||A—A||HX|| |
1— [JA-t]|f Al LA\ A A

Dividing both sides by ||x|| and using relation ||b|| < ||A||||x]|| we get

lx x| _  cond(a) <Hb ~b|| A~ Au)

X 1 |A-A| Allllx A
KT 1 conara) A0 \ JATIx| AT

cond(A) <Hb —b|  JA- AH) |

< = +
1— cond(A)% bl A
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104 4. Iterative Techniques for Solving Linear Systems

The following properties of the condition number can be proved easily.

Theorem 4.24. Let || - | be a fized matriz norm and cond(-) be the corresponding
condition number function. Then

1. cond(A) > 1,

2. p(A)p(A~1) < cond(A)
hold for all invertible matrices A.

The number cond,(A) := p(A)p(A™1) is called the spectral condition number of the
matrix A. According to the previous result, the spectral condition number of a matrix

is always less than any other condition number. Its disadvantage is that it is difficult to
compute, since it requires the computation of eigenvalues of matrices.

We present the next result without proof.

Theorem 4.25 (Gastinel). Let || - || be a matriz norm, A be invertible. Then

. = min M: B is singular ¢ .
cond(A) A

The theorem implies that if the condition number of A is big, then there is a singular
matrix close to A.

An example for an ill-conditioned matrix is the so-called Hilbert-matriz:

1 1 1
1 2 3 n

1 1 1 1

2 3 4 n+1

_ 1 1 1 1

H” — 3 4 5 n+2
i1+ 1t 1

n n+l n+2 2n—1

In Table [4.3| we computed the spectral condition number of the Hilbert-matrix for several
values of n. We can observe that the spectral condition number (and hence all conditions
numbers) increase quickly as n increases.

Exercises

1. Compute the spectral condition number of the matrix

(2 1)

2. Prove Theorem [4.24

3. Show that (| Ml
max 1y« y|An
cond,(A) = — )
(4) min{|A1],. .., [Aul}
where A1, ..., A\, are the eigenvalues of the matrix A.
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Table 4.3: Spectral condition number of the Hilbert-matrix

n | cond,(H,) || n | cond,(H,)
3| 524-10%1| 7| 745108

41 155-10*| 8| 1.53-10%0
5 4.77-10° | 9| 4.93-10"
6| 1.50-106 || 10 | 1.60 - 10'3
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Chapter 5

Matrix Factorization

We will investigate the matrix factorization problem: for a given square matrix A we
are looking for special matrices B and C such that A = BC. First we study the LU
factorization, and then the Cholesky factorization.

5.1. LU Factorization

Let A be an n x n matrix. The product A = LU is called LU factorization of A or
Doolittle’s method if L is lower triangular with all entries 1 in the main diagonal, and U
is upper triangular.

Theorem 5.1. Let A be a nonsingular square matriz. If the LU factorization of A
exists, then its is unique.

Proof. Suppose A = L;U; = LyU, are two LU factorizations of the matrix A. Since
det(A) = det(Ly)det(U;) = det(Ly)det(Us) # 0, therefore, Ly, Ly, U; and U, are
nonsingular matrices. Hence L;'L; = U,U;'. Using Theorem , the matrix Ly 'Ly is
lower triangular, and the matrix U,U;"! is upper triangular. Therefore, both matrices

are diagonal. It is easy to see that the main diagonal of L, 'L, consists of only 1 entry,
hence L2_1L1 = UQUI_I = I, which implies that L; = L, and U; = Us,. O

Consider the definition of the Gaussian elimination introduced in Section [3.3] Let
li = an/an, i =2,3,...,n, as in Section , and define the lower triangular matrix

1
—lgl 1

I 1

where the missing elements are all equal to 0. It is easy to check whether the product L; A
gives the matrix A®, the matrix obtained performing the first elimination step of the

Gaussian elimination on the coefficient matrix: A = L;A. Similarly, let l;, = g) / a%),
1 =3,4,...,n, and define the matrix
1
1
P ,
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where all elements in the main diagonal are 1, in the second column the elements under the
diagonal are —l35, —l49, ..., —l,2, and all the other elements are 0. Then A® =T,AM
holds. We define the lower triangular matrices Lg, ..., L,_; in a similar manner. Simple
computation shows

1
—121 1
Ln—an—2 e Ll = Sl T2 1 ) (5 1)
_inl _inQ _ln,n—l 1
and
L:= (L, 1Ly L)
=Lt L L
1 1
loy 1 0 1
_| Iz 0 1 00 1
0 0
I,y O 0 1 00 lnn- 1
1
l21 1
— | ls1 I 1 _ (5.2)
lnl ln2 ln,nfl 1
Let U := A™ Y ie. the upper triangular matrix which is the result of the Gaussian

elimination. Then U = L,,_; --- L; A, which gives A = LU. We have proved the following
result.

Theorem 5.2. If the Gaussian elimination can be performed on a square matriz A, then
the LU factorization A = LU exists. Then U is the upper triangular matriz obtained by
the Gaussian elimination, and L is defined by , where l;; denote the factors used in
the Gaussian elimination.

Example 5.3. Consider the coefficient matrix of Example [3.22

1 -2 —2 -9
2 -1 2 1
A=| _1 2 3 -4
2 1 4 -2

As we saw in Example the Gaussian elimination can be performed on A, and ly; = 2,
l31 = —1, ly1 = —2, I35 = 0, lgo = —1 and ly3 = 6. If we compute the LU factorization, then
we write down the Gaussian elimination so that the factors /;; can be written in place of the
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elements which are eliminated (changed to 0):

1 -2 -2 =2 1 -2 -2 =2
2 -1 2 4 2 3 6 8
-1 2 3 -4 |7 -1 0 1 -6 |~
-2 1 4 =2 -2 -3 0 -6
1 -2 -2 =2 1 -2 -2 =2
2 3 6 8 2 3 6 8
-1 0 1 -6 |~ -1 0 1 —6
-2 -1 6 2 -2 -1 6 38

Now in the last matrix the elements in the main diagonal and above are the elements of the
matrix U, and the elements below the main diagonal are the entries of L. Therefore,

1 —2 —2 -2 1 000 1 -2 —2 -2
2 -1 2 4\ [ 2 100 0 3 6 8
1 2 3 -4 ]=| -1 o010 0 0 1 —6 |-
2 1 4 -2 2 -1 6 1 0 0 0 38

which can be checked by performing the product.

The following results can be proved easily.

Theorem 5.4. If all the principal minors of A are nonzero, then the Gaussian elim-
ination can be performed without row changes, and so the LU factorization A = LU
exrists.

Theorem 5.5. For any invertible square matriz A there exists a permutation matriz P
such that the LU factorization PA = LU exists.

If an LU factorization A = LU is known, then we can solve linear systems with the
coefficient matrix A efficiently. Consider the system Ax = b. We introduce the new
variable y = Ux. Then the original system is equivalent to

Ly=b

Ux =y,
where both systems are triangular. We solve the first equation using a forward substitution
method for y, and then the second equation using the backward substitution method for
x. It is easy to check that n? + O(n) number of multiplications/divisions are needed to
solve the two triangular systems, and to compute the LU factorization, n®/3 + O(n?)

number of multiplications/divisions are needed. It is especially efficient if we solve several
linear system with the same coefficient matrix.

Exercises

1. Compute the LU factorization of the following matrices:

2 3 -1 4 -1 2
) [ -1 —2 -1 b)) | =12 0 -1
0o 2 4 8§ —17 26
1 3 -1 2 2 -1 3 -2
-2 -4 5 —H -8 5 =7 7
(© 0 6 6 -2 (@) 2 —4 —14 0
2 4 —14 16 —4 7 23 4
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2. Show that the matrix

O N

N
— =N
— s o
~_

has no LU factorization.
3. Show that the matrix
11 -1
2 2 2
3 3 —4
has infinitely many LU factorization. Do not we get a contradiction to Theorem [5.1]!

4. Prove Theorem (Hint: Use that during the elimination steps the principal minors of
A®=1) and A®) are equal. Why?)

5. Prove Theorem 5.5

6. Solve the linear systems given in Exercise [I] of Section using LU factorization.

5.2. Cholesky Factorization

Let A be a symmetric matrix. The factorization A = LL” of the matrix A, where L is
a lower triangular matrix, is called the Cholesky factorization.

We note that if the Cholesky factorization exists, it is not unique. The next theorem
formulates a sufficient condition for the existence of the Cholesky factorization.

Theorem 5.6. If A is positive definite, then the Cholesky factorization A = LLT exists,
the matriz L is real, and we can select positive elements in the main diagonal of L.

Proof. We prove the statement using mathematical induction with respect to the di-
mension of the matrix A. The statement is obvious for 1 x 1 matrices. Suppose the
statement of the theorem holds for (n — 1) x (n — 1) matrices, and let A be an n x n
matrix. We partition the matrix A in the following form:

_( Xy
A_(yT ann)’

where X is an (n — 1) x (n — 1) matrix, y is an n — 1-dimensional column vector. Theo-
rem yields that X is positive definite. We are looking for the Cholesky factorization

of A in the form ~ ~
(X y (L o0 LT c
A_(yT ann)_<ch)<oT d)' (5:3)

Here L is an (n—1) x (n—1) dimensional lower triangular matrix, ¢ is an n— 1-dimensional
column vector, d € R. If we perform the matrix multiplication on the partitioned matrices,
we get the relations

X = I~JI~JT, Lc = y and clc+d® = an,.

By the induction hypothesis the equation X = LL” has a lower triangular solution L e
RM=Dx(=1) " where in the main diagonal we can select positive elements. This yields
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that L is nonsingular, so the equation Lc = y has a unique solution c¢. Let d be a
(possibly complex) root of the equation c’c + d?> = a,,. Then relation holds. d
can be selected to be a positive real if and only if d®> = a,, — c’c > 0. Relation (5.3)
implies det(A) = det(L)2d®. Since A is positive definite, it follows det(A) > 0 (see
Theorem . This yields that d? is positive, hence d can be selected to be a positive
real. O

Example 5.7. Find the Cholesky factorization of the matrix
4 -8 4
-8 17 —-11 |.
4 —-11 22

4 -8 4 iy, 0 0 lig lor s
-8 17 —11 = lo1 199 0 0 log 39
4 —11 22 l31 3o 33 0 0 lI33

We consider first the equation for the first row first element: 4 = [2,. This can be solved for l:
the positive solution is [1; = 2. Then we consider the elements under the main diagonal of the
first column: —8 = la1l11, 4 = Il31l11. These can be solved uniquely for lo; and Il31: loy = —4,
l31 = 2. Now we consider the element of the main diagonal of the second column: 17 = 13, + 13,.
Its positive solution is lso = 1. Then look at the element in the second column under the main
diagonal: —11 = l31l21 4 [32l22. This can be solved as 3o = —3. Finally, the element in the third
row and third column is 22 = I3, + 13, + [3;. This gives 33 = 3. We have then

4 -8 4 2 00 2 -4 2
-8 17 -11 | = -4 1 0 0 1 -3 .
4 -11 22 2 -3 3 0o 0 3 O

We can generalize the method of the previous example:

We write

Algorithm 5.8. Cholesky factorization
INPUT: A
OUTPUT: LL

lin + \/a11

for:=2,...,ndo

li1<_ai1/l11
end do
for y=2,...,n—1do

1
Lij < \/ajj ~ i b
fori=35+1,...,ndo
lij — (az] Z] 1lzkl]k> /

end do
end do
Lon = A/ G — St 12
output(l;;, i=1,...,n,7=1,...,7)
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5. Matrix Factorization

The operation count of Algorithm [5.8|is n%/6 +n?/2 — 2n/3 number of multiplications
and divisions, and n®/6 — n/6 number of additions and subtractions, and n number of

square roots.

Exercises

1. Compute the Cholesky factorization of the following matrices:

16 —8 —12 4 —2 —4

(a) 8 8 4], ) | -2 26 7],
12 4 35 4 T 6

1 -1 -2 1 16 -8 0 —4

1 10 2 2 8 1 3

© | 9 9 99 g5 | (d) 0 1 10 -5

1 2 8 7 4 5 7

2. Give an example for a matrix for which the Cholesky factorization is not unique.

3. Show that the matrix

www.tankonyvtar.hu

0 1
(T0)
has no Cholesky factorization.

. Prove that the operation count of Algorithm is n3/6 +n?/2 — 2n/3 number of mul-
tiplications and divisions, and n3/6 — n/6 number of additions and subtractions, and n
number of square roots.

. Show without using Theorem that the matrix X in the proof of Theorem is
positive definite.

F. Hartung, University of Pannonia


www.tankonyvtar.hu

Chapter 6

Interpolation
Given pairwise different points xg, x1, ..., z, € [a,b], the so-called mesh points or
node points, and corresponding function values yo, %1, ..., ¥». The basic problem of

interpolation is to find a function g from a certain class of functions which interpolates
the given data, i.e., satisfies relations

9(w:) = yi, 1=0,1,...,n.

The geometrical meaning of the problem is to find a function g of given property whose
graph goes through the points (z;, ;) for all i =0,1,... n.

In this chapter we first study the case when g is assumed to be a polynomial of certain
order. This problem is called Lagrange interpolation. In Section we consider a more
general problem, the Hermite interpolation, when we interpolate not only function values
but also derivative values. Finally, we discuss the spline interpolation.

6.1. Lagrange Interpolation

Suppose we want to interpolate given data using a polynomial of degree m of the form
(1) = co+ c1x + c22* + - - - + ¢, x™. This formula contains m + 1 number of parameters.
In the basic problem of interpolation the conditions define n 4+ 1 number of equations. It
is natural to expect that the problem has a unique solution if m = n. We reformulate the
problem: We are looking for a polynomial L,, of degree at most n which satisfies

L,(x;) =y, i=0,1,...,n. (6.1)

This problem is called Lagrange interpolation. We show that this problem has a unique
solution. The solution L,, of this problem is called Lagrange interpolating polynomial, or
shortly, Lagrange polynomial. The proof for the existence is easy: we give its formula
explicitly. For k = 0,1,...,n we define the polynomial of degree n by

(z —xo)(x — 1) - (& — mp1) (7 — Tpy) -~ (T — @)
(% — o) (wr — x1) - (2 — Tp—1) (T — Tp1) -+ (2% — Tn)

li(x) = (6.2)

The polynomials Iy, ...,[, are called Lagrange basis polynomials of degree n. It follows

from the definition that _
l ( ) o { 17 lf ]f = Z',
KU =00, if k = i.
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It follows that the polynomial

= urli()

is of degree at most n, and it solves the Lagrange interpolation problem (6.1)).

Now we show that the Lagrange interpolation problem ((6.1)) has a unique solution.
Suppose L, and L, are polynomials of degree at most n, and both are solutions of problem
. We define the function P(z) := L, (z) — Ly(z). Then P is a polynomial of degree
at most n, and P(x;) =0 foralli=0,1,...,n, ie., P has n+ 1 different roots. But then
the Fundamental theorem of algebra yields that P is identically equal to 0, i.e., L,, = Li,.
We have proved the following theorem.

Theorem 6.1. The Lagrange interpolating problem has a unique solution which can be
given by

(x—zo)(x—21) - (T — 21 ) (@ — Tpp1) -+ (T — 2p)
Zy (zr — 20) (21 — 11) - - ($k—:qu)(mk—xkﬂ)...(mk_xn)' (6.3)

Example 6.2. Consider the given data

-1 1 2 3
vi |3 1 3 29

Find the Lagrange polynomial which interpolates the data above. Since four data points are
given, the Lagrange polynomial is of degree at most three. Using formula (6.3)) we get

(x —1)(z—2)(z —3) n (z+1)(x—2)(z — 3)
(-1 -1)(-1-2)(-1-13) (I+1)(1-2)(1-3)
(x+ 1)(z—1)(z —3) (z+1)(x—1)(z —2)

Peorne-ne-3) TPy 062

= 323 — 62—z +5.

L3((IJ) = -3

d

The values y; associated to mesh points x; can be considered, in general, as values of a
function f at the mesh points, i.e., y; = f(z;). For example, f can be a physical quantity
which is measured at finitely many points. Or f can be a solution of a mathematical model
which we solve by a numerical method, so the value of f can be computed in finitely many
points, and the obtained results are numerical approximations of the solution of the model.
Or f can be a function with a known formula, but its computation requires too many
arithmetic operations, so we compute it exactly only at a few points. In all these cases
we would possibly like to evaluate the function f at a point  which is not a mesh point.
It is common to compute an interpolation polynomial L, associated to the given data,
and we use L,(z) as an approximation of the function value f(x). If z is located outside
the interval determined by the mesh points, we speak about extrapolation. We use the
terminology interpolation if z is located between two mesh points.
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Example 6.3. Consider the function f(z) = cosz on the interval [—m,7]. Using the mesh
points 7, 0 and 7, and the points —7, —7/2, 0, 7/2 and 7 we have computed the associated
Lagrange interpolating polynomials Ly and L4. The polynomials and the graph of the function
f can be seen in Figure We can observe that in the case of 5 mesh points we get a better
approximation of f than using only 3 mesh points. It is also clear from the figure that outside
the interval [—m, 7] the Lagrange polynomials are not close to the function f. Ol

05F / \ L,
o] 9

s Cos x

-25
4

Figure 6.1: Lagrange interpolation of the function cosx using the mesh points —7, 0,7
and the mesh points —7, —7/2,0,7/2, 7, respectively

For the proof of Theorem [6.5 below we will need the following result.

Theorem 6.4 (Generalized Rolle’s Theorem). Let f € C"[a,b], a < xg < x1--- <
zn, < b, and suppose f(xg) = f(x1) = -+ = f(z,) = 0. Then there exists £ € (xg, Ty,)
such that f™ (&) = 0.

Proof. Using the assumptions f(zo) = f(z1) = 0, Rolle’s Theorem (Theorem [2.3)) yields
that there exists 11 € (g, 1) such that f’(n;) = 0. Similarly, using Rolle’s Theorem
for the intervals [z1,xs], ..., [Tn_1,%,] We get that there exist numbers 1, € (z1,x2),
oty Mn € (Tp—1,2y,) such that f'(ne) = --- = f'(n,) = 0. Consider then the intervals
M1, m2], -+ [Mn-1,Mn). Since at the end points of the intervals we have f’(n;) = 0, Rolle’s
Theorem implies that there exist numbers 0y € (91,12), ..., 0 € (Pu_1,n,) for which
f’(0y) = --- = f"(0,) = 0. Applying again Rolle’s Theorem we get that the third
derivative of f has zeros at n — 2 points, the fourth derivative of f vanishes at n — 3
points, etc., f(”) is zero at a point &. ]

Theorem 6.5. Let f € C"a,b], z; € [a,b] (i =0,...,n) be pairwise distinct mesh
points and y; = f(x;) (1 =0,...,n). Let L,(x) be the corresponding Lagrange interpolat-
ing polynomial. Then for every x € |a,b] there exists & = &(x) € (x,x, X1, ..., Ty) such
that
(n+1)
‘]ZnTl(;)(x —xo)(x — 1) (T — ).
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Proof. If x = z; for some ¢, then the statement is obviously satisfied. Fix a number
x € (a,b) such that x # z; for all i = 0,...,n, and consider the function

(t —x0) - (t —p)
(x —xg) - (z — )

g(t) == f(t) = Ln(t) — (f(z) = Ln(x))-

Clearly, g € C"*| and g(z) = g(x9) = g(z1) = -+ = g(x,) = 0. Then the generalized
Rolle’s Theorem (Theorem yields that there exists a number & € (z,x, ..., x,) such
that g™ (¢) = 0. Since L, is a polynomial of degree at most n, its (n + 1)-st order
derivative is identically 0, so

(n+1)!
(x —x9) - (x — )

This gives the statement with ¢ = &. O

g"thE) = FrI() ~ (f(z) = Ln(x)).

Now we consider the case when the mesh points are equidistant, i.e., x; = xg + 2h.
Theorem [6.5] yields that the truncation error of the interpolation can be estimated by

M,
@ ) @ =)l (6.4)

where M, = sup{|f™+V(t)|: t € [xo,z,]}. Suppose x € (zy, 7441) for some 0 < k < n.
Then we have

[f(x) = Ln(z)] <

h2
(& = 2 — 7)<
and so
n h2 k—1 n
H|x—x1] < ZH(Q:_‘%) H (x; — )
i=0 i=0 i=k+2
hz k—1 n
< T H(karl — ;) H (; — )
i=0 i=k+2
== [[E+1—4 [] G-k
i=0 i=k+2
n+1
= (k+1)l(n—k)!
hn-l—l
< n!

(See Exercise [4}) This and (6.4) imply the next result.

Theorem 6.6. Let f € C"a,b], z; =a+i(b—a)/n (i =0,...,n) and y; = f(z;)
(i=0,...,n). Let x € [a,b]. Then

1)~ Il < s (22)
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where M, = sup{|f" TV (2)|: = € [a,b]}.

Example 6.7. Consider again Example According to the previous theorem it follows for
x € [—m, |

T\ o

f(z) — La(z)| < %w‘f ~25839 and  |f(z)— La(z)| < % (f) ~ 0.4782.

Certainly, Theorem [6.6] gives an upper estimate of the truncation error. Figure [6.1] shows that
the actual error can be significantly smaller.

The next result will be used in Chapter [7] We state the theorem without giving its
proof.

Theorem 6.8. Suppose f € C"?[a,b], a =19 < -+ <z, =0, and let

FrD(E(x))

(n+1)! (x = o) (& =)

be the truncation error of the Lagrange interpolation of degree m. Then the function
x — fOH(E(x)) can be extended continuously for x = x;, and it is differentiable for all
x # x;, and

d 1
— f(n+1) — _ = s(n+2)
L FE(a)) = — 5 D ),
where n(x) € (o, ..., Tn, ), moreover, — P+ (&(x)) can be extended continuously for

dx
r=ux; i=0,1,...,n).

Newt we discuss the problem of interpolation for functions of two variables. We
consider only the easiest case, we assume the function f is defined on a rectangular
domain. Let f: [a,b] x [¢,d] — R, and consider the division of the intervals [a,b] and
c,dfbya=zp <z <...<z,=bandc=yo <y <...<Yn =d. Let z;; = f(x;,y;),
1=0,...,n,7=0,...,m. We define the following two-variable polynomial to interpolate

the given data:
Lym(z,y) ZZ’ZW (6.5)

=0 7=0

where [; and l~] are the Lagrange basis polynomials of degree n and m, respectively,
corresponding to the mesh points a = 20 < 21 < ... <z, =band c = yp < Y1 <

. < Ym = d defined by . The function L, ,, satisfies L,, ,,(z;,y;) = 2;; for all ¢, 5.
If x is fixed, then L, ,,(z,-) is a polynomial of degree at most m. Conversely, if y is
fixed, then L, ,(-,y) is a polynomial of degree at most n. The problem above is called
two-dimensional Lagrange interpolation or bivariate Lagrange interpolation or Lagrange
interpolation of two variables.
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Example 6.9. Consider the following given function values:

(zi,y;) | (0,0) (1,0) (2,0) (0,2) (L,2) (2,2)
Zij 2 -1 1 1 0 2

Applying formula (6.5) we get the two-variable polynomial

- -2)y-2 z@-2)y-2 z@x-1)y-2
L271($7y)_2(0—1)(0—2)0—2_1(1—2)0—2+2(2—1)0—2
(-D@-2)y  2z@-2)y , z@-1)y
(0—1)(0—2)§+O1(1—2)§+22(2—1)§
1, , 3 1
= 3% y+§:1c +§1:y—?x—§y+2

This is of second order in x, and first order in y. The graph of the polynomial can be seen in
Figure [6.2 U

Figure 6.2: Bivariate Lagrange interpolation

Exercises

1. Compute and plot the graph of the Lagrange polynomials corresponding to the following
data, and find the value of the Lagrange polynomial at x = 1:

(a)xi_1024
y13-24—2

(b) z; |01 04 13 25 28
y; | 1.2 02 -22 31 1.3

z; |-0.5 0.0 1.5 2.0 3.0 3.5
y; 1-05 1.5 35 2.0 25 6.5

2. Show, without giving the formula of the Lagrange polynomial, that the system (6.1]) has
a unique solution.
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3. Let li(z) (i =0,1,...,n) be defined by (6.2). Show that for all =

4. Prove that (k+ 1)!(n —k)! <nlforall k=0,1,...,n—1.

5. What is the smallest positive integer n for which the function cosx can be approximated
by the Lagrange polynomial L,(z) for all z € [—7, 7] with an error smaller than 0.001,
assuming we use equidistant mesh points on the interval [—m, 7|7

6. Give the two-dimensional Lagrange interpolating polynomial L2 corresponding to the

given data:
(zi,y;) | (0,0) (0,1) (0,2) (1,00 (1,1) (1,2) (2,00 (2,1) (2,2)
Zl'j 3 1 0 2 -1 0 2 3 1
6.2. Divided Differences
Given a function f: [a,b] — R and pairwise different mesh points z; € [a,b] (i = 0,...,n).

Then the zeroth divided difference of the function f at the point ¢ is defined by f[x¢] :=
f(zo). The first divided difference of the function f at the points zg,z; is the number

x| — flx
f[xo,xl] — f[ 1] f[ 0]’
I — To
(i.e., flro,z1] = %) In general, the nth divided difference of the function f
relative to the points xg, z1,...,x, is defined by
o f[xlax% s 73:”] — f[$07$17 s 7:Cn71]
flzo, @1, ..., xn) = pra— :

We note that we have not assumed the mesh points are ordered increasingly.

Theorem 6.10. Let z; (i =0,1,...,n) be pairwise different mesh points. Then

o 1 - S (i)
flwo, @1, ) Z(xi—$0)"'(l'i_xifl)(xi_xi+1)"'($i_x")'

=0

Proof. We prove the statement using mathematical induction with respect to n. For
n = 0 the statement is obvious. (In this case in the denominator we have the “empty
product”, which, by definition, equals to 1.) Suppose the statement holds for n, and
consider the (n+ 1)-st divided difference f[xg,x1, ..., 2,41]. The definition of the divided
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difference, the inductive hypothesis and some calculations yield

f[:[;Oa xl: e 7:[;n+1] = f[xl’x% — 7'1‘;_‘_;1 : i([)IO, xl, — 7xn]
B 1 — f ()
B Tny1 — Zo {Zl (% - 901) T (sz - l’z‘—l)(% - $i+1) T (371 - $n+1)
B f(zi) }
Z - 300 x - 171—1)(%‘ - Iz’+1) T (l‘z - xn)
_ 1 { f(@ni1) 3 [ (o)
Tt = To | (Tn1 = @1) + (Tng1 — @n) (@0 — 1) -+ (To — @)
- f(x;)
Jr;(I'—Il)“ (2 — 2im1) (2 — Tig1) - (25 — 20)
1
(o))
n+1
_ f(z:)
_;(%‘_%)” (25 — 1) (i — Tig1) - (T — Tpgr)
which proves the statement. O

The previous result has some immediate consequences.

Corollary 6.11. The divided differences are independent of the order of the mesh points.

Corollary 6.12. If the function f is continuous, then the divided differences depend
continuously on the mesh points.

Suppose f is differentiable. Then the function x; — f[zg, z1] is continuous for z; #
zo. Now compute the limit lim,, ., f[xo,21]. Using the definition of the first divided
difference and the differentiability of the function we get

lim f[a?o,i[fl] = lim M

T1—To T1—T0 1 — X

= f/(l’o).
Therefore, we define the first divided difference relative to equal mesh points by

flzo, zo] = f/(xo)-
With this definition the function x; — f[xg,z1] is extended continuously for x; = .

Higher order divided differences with equal mesh points will be defined in Exercises [ and
of the next section.
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Exercises

1. Compute the following divided differences:

(a) flzro,x1,x2,x3], where z; =i, f(z) = ;UQ’

(b) flxo,x1, 2], where z; = 0.2i, f(z) = sinz,

(¢) flxo, o], where xzop =0, f(z) =sinx.

2. Let f € C'a,b], and 0, 21 € (a,b), 2o # x1. Show that there exists ¢ € (xq, 1) such that
flwo, 1] = f(§).-

3. Let xg < 21 < 9 < x3 and
P(z) = ag+ a1(x — o) + az(x — z9)(x — 1) + az(x — z9)(x — 1) (z — x2).
Show that

ag = Plzo], a1 = Plzo,z1], a2 = Plxg,x1,22], and ag= Plxg,x1,22,x3].

6.3. Newton’s Divided Difference Formula

The disadvantage of formula is that if we add an additional mesh point, then the
whole formula (/6.3]) must be recomputed. In this section we define a new formula for the
Lagrange polynomial, and in this form it will be easy to add a new mesh point to the
formula.

Suppose function values y; = f(z;) are given for ¢ = 0,1,...,n. First consider the
relation

Ln(x) = Lo(x) + (L1 (z) — Lo(x)) + (La(x) — La(x)) 4 - -+ + (Ln(2) = Ln-1(x)).
By definition, Ly(z) = f(xo). Consider the difference L;(x) — L;—1(z). It is a polynomial
of degree at most 7, and since L; and L;_; both satisfy the interpolating equations at x,

..y Ti—1, we have L;(z;) — Li_1(z;) = f(z;) — f(z;) =0 (j =0,1,...,4 —1). But then
the Fundamental Theorem of Algebra yields

Li(r) = Li—1(2) = ai(x — xo) (2 — 21) - - - (2 — 24-1),

where a; € R. If we substitute z = x; into this relation and use for L; ;(z;) the formula
(6.3]), we get

Fa) = 3 flay) im0 (@ o) — o) - (5~ 2ic)

(e —0) -+ (T — Tp—1) (Th — Tieg1) - (T — Ti21)

= a;(r; — x0) - (Ti — Ti1).
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So from this we get for a; that
f (i) _ 1

(l"z' —xo)"'(ﬂfi —iUz'—l) (% —930)"'(1'@' —iUz'—l)

a; =

) i Flzx) ((jz — o) (g — xp_q) (T — Tpar) -+ (T — T21)

k= T0) - (T — 1) (@ — Tpar) - (@ — @im1)

f(xx)

(zr — x0) (T — 1) (Tp — Tpy1) -+ - (8 — T4)

Mﬁ.

o

=0

—

Loy, L1y ,xi].
Therefore, the
Ln(x

agrange interpolating polynomial can be written as

= flxo] + flxo, x1](z — xo) + flxo, x1, 2] (x — 20) (2 — 1) + - -

+ flro,z1, ..., xp)(x —xo)(x —21) - - (T — Tpq). (6.6)
We have to emphasize that this is the same polynomial as , only it is given by a
different formula. The polynomial given by is called Newton’s divided difference
formula or shortly Newton polynomial.

The advantage of formula compared to (6.3) can be seen immediately. It is easy
to add a new mesh point to the formula, we have the simple correction term:

Lypii(x) = Ly(x) + flro, z1, ..., Zppa](x — 20) - -+ (x — ).

Another advantage is that a polynomial of the form can be easily evaluated using the
Horner’s method. Furthermore, the degree of the polynomial can be determined in this
form easily. If, for example, f[zo,z1,...,2,] # 0, then the polynomial is of degree n. In
Algorithm [6.13] we present the computation of the coefficients of the Newton polynomial,
i.e., the values a; = f[zo,...,z;]. In Algorithm we formulate a method to evaluate
the Newton polynomial using Horner’s method.

\_/h

Algorithm 6.13. Computation of the coefficients of the Newton polynomial
INPUT: n - number of mesh points — 1
x;, (1 =0,1,...,n) - mesh points
vi, (i=0,1,...,n) - function values
OUTPUT:q;, (i =0,1,...,n) - coefficients of the Newton polynomial, where q;
is the coefficient of the ¢th-order term
for 1 =0,1,...,ndo

a; < Yi

end do

for j=1,2,...,ndo
fori=n,n—-1,...,7 do

a; < (a; — ai-1) /(i — zij)

end do

end do

output(ag, ai,...,a,)
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Note that Algorithm was organized so that only those divided differences are
stored by the end of the algorithm which are needed for the Newton polynomial.

Algorithm 6.14. Evaluation of the Newton polynomial

INPUT: n - number of mesh points — 1
x;, (1 =0,1,...,n) - mesh points
a;, (i =0,1,...,n) - coefficients of the Newton polynomial
x - the value where we evaluate the Newton polynomial

OUTPUT: y - function value of the Newton polynomial at x

Y < aq

fori=n—-1n-2,...,0do

y < yle —x) + a;
end do
output(y)

When we do the computation of the divided differences by hand, it is recommended to
list the values of the divided differences in a triangular table as it can be seen in Table[6.1]
The numbers in the first two columns are the input data, the rest of the numbers must
be computed: a number is obtained so that we take the difference of the number to the
left and above, and it is divided by the difference of the appropriate mesh points xy.
The numbers in frames in the diagonal of the table give the coefficients of the Newton

polynomial in (6.6)).

Table 6.1: Computation of the divided differences by hand

zo | f(20)

1 f(z1) | flwo, 7]

zy  f(za)  flo1, 7o) flxo, 71, 9]

r3  f(as flwa, 23] flan, 2, 3]

Ty, f(xn) f[xn—ly In] f[xn—Qy Tn—1, mn] Tt f[x(h T1yeo - ,ZL‘n]

Example 6.15. Consider again Example[6.2] We compute L3(z) in Newton’s divided difference
form, and we evaluate L3(0). First we compute the table of divided differences:

-1 -3
1 1 2
2 3 2 0

3 29 26 12 3

This yields that
Li(z) ==3+2(x+1)+3(x+1)(z—1)(z —2),
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and so L3(0) = =3+2-14+3-1(—1)(—2) = 5. We can simplify this formula of L3 and we get
the same form of the polynomial as in Example : L3(z) = 32% — 622 —x + 5.
O

Next we study again the truncation error of the interpolation. In Section [6.1] we

obtained that it has the form f((::i)(’,f) (x —xo)(x — x1) -+ - (x — x,). This is certainly the

same for the Newton’s divided difference form of the interpolating polynomial, but here
we give a different form of the same truncation error.

Theorem 6.16. Let x; € (a,b) (1 = 0,...,n) be pairwise different mesh points and
yi = f(x;) (i=0,...,n). Let L,(x) be the corresponding nth degree Lagrange interpolating
polynomial. Then

f(x) = Ln(x) + flzo, 21, ..., xn, z](x — z0)(x — 21) - (x — ).

Proof. Fixz € (a,b) which is different from each mesh points. (If z = z; for some i, then
the statement is clearly true.) Add z to the mesh points together with the function value
f(x). Let L,.; be the Lagrange interpolating polynomial corresponding to the extended
data set. Then we have

Ln+1(t) = Ln(t) + f[x07 LiseeosTp, x](t - 33'0) e (t - xn)
Now substitution ¢ = x proves the statement, since f(x) = L,1(z). O
This form of the truncation error has no practical importance, since in order to com-

pute f[zo,...,x,,x] the exact value of f(x) is needed. But its consequence is important.
Comparing it to Theorem [6.5] we get the following result.

Corollary 6.17. If f € C"[a,b] and z; (i =0,...,n) are pairwise different mesh points,
then there ezists £ € (xg,x1,...,x,) such that

flxo, @1, ..., 0] = — (n)(f)-

Exercises

1. Repeat Exercise[T]of Section[6.1] using the Newton’s divided difference form of the Lagrange
interpolating polynomial.

2. Show that if P is a polynomial of degree n, then

n i—1

i=0 k=0
3. Let xq,...,x, be pairwise different numbers. Show that if P is a polynomial of degree n,
then P[zg,...,z,] =0 for all m > n.
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4. Prove that if f(z) =co+ c1z + -+ + cpz™, then ¢, = flxo, z1,...,Zy).
5. Prove that

1 zy 1’6%1 f (o)
1 x% 77 f(z1)
1 xz, a2 anl T
f[x073317 71.71] = = = 2 nn,1 f( nn)
1 =z xj Zg T
1z % it gy
1z, 22 =t g
6. Show that -
. " (o)
| N T =
(a:1,a:z,...,xn)lg(xo,xo...,zo) f[l'o 1 -Tn] n!
(Hint: Use Corollary [6.17])
7. Let f € C?. Define the following divided differences:
flxo, xo,z1] := Um flxo,x2,21], flxo,x1,20] := lm flxo, 1, 22],
T2—T0 T2—T0
and ,
. T
flz1, o, o] == lim  flz1, 0, 2], flzo, xo, o] = e D)-
T2—T0 2

Show that the limits above exist, and the second divided differences satisfy:

(a) flzo,xo,21] = flzo, z1] — f[xo,zo]’

T1 — Zo
(b) f[ﬂfl,l’(),x()] = f[xo,m()] — f[xI’xO]a

Tro — 1
(C) f[$0a$0a$1] = f[:L'Oa'rlv:UO] = f[xla$0a$0]7
(d) lim flzo,x1, 2] = flxo, xo, To),

(331,:132)%(360,.%0)

(e) There exists £ € (xg,x1) such that f[zg,xo,z1] = f(£)/2.

8. Check that Algorithm [6.13] gives back the coefficients of the Newton polynomial.

6.4. Hermite Interpolation

In this section we generalize the basic problem of interpolation. Let f be a differentiable
function, and given mesh points x; (i = 0,...,n). The so-called Hermite interpolation
asks to find a polynomial ¢g(z) = ¢y + c;z + - - - + ¢, 2™ which interpolates not only the
function values y; = f(x;), but also the derivative values vy := f’(x;). Therefore, we are
looking for a polynomial g of degree m which satisfies the interpolation conditions

g(z) =y, @)=y, i=0,1,...,n
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The geometrical meaning of this problem is that the graph of g goes through the given
points (z;,y;) in a way that the tangent line of the graph at z; has a slope equal to the value
y:. In the formula of the polynomial g there are m + 1 parameters, and the interpolation
conditions specify 2(n + 1) conditions. So we expect that the Hermite interpolation
problem has a unique solution in the class of polynomials with degree at most m = 2n+1.
The next theorem will prove this result. The solution of the Hermite interpolation problem
is called Hermite interpolating polynomial or shortly Hermite polynomial, and it is denoted

by Hopt1.
In the next theorem we will use higher order divided differences where two consecu-
tive mesh points can be equal: f[xo, o, 21,21, ..., Zn, T,], Where xg, ..., z, are pairwise

different mesh points. Its definition is the usual recursion:

f[x()axhxl) .. al‘naxn] - f[x()ax(bxhxlv s 7xn]
Ty, — To )

f[x(]?x()’xl;xlu s 7'Tn7xn] =

The divided difference with lower orders are defined in a similar manner until we get
first divided differences with different or equal mesh points. Both are already defined in

Section [6.2]

Theorem 6.18. The Hermite interpolation problem has a unique solution in the class
of polynomials with degree at most (2n + 1), which is given by

Hopir(x) = flao] + flzo, mo](x — o) + fl2o, o, 21](z — x0)?
+ flwo, o, 1, 31)(x — 20)*(x — 21) + flz0, To, T1, 71, T2 (T — T0)* (x — 1)?
+ flxo, o, 1, 1, T2, o] (T — m0)2(x — ml)Q(:L" — Tg) 4 - - (6.7)

+ flwo, zo, w1, @1, T, ) (@ = @0)* (€ — 20)? - (2 — @0 1) (€ — 20).

Moreover, the truncation error is

2

f(x) = Hypyr(2) = flzo,T0, ..\ Ty Ty ] (7 — 30)? - - (2 — )2 (6.8)

Proof. First we discuss the uniqueness of the Hermite polynomial. Suppose Hs,,1 and
Hy, iy are polynomials of degree at most (2n 4 1) which both satisfy the equations of
the Hermite interpolation problem. Then P := Hg, 1 — ]:IQHH is a polynomial of degree
at most (2n + 1) which satisfies P(z;) = Hopny1(2:) — Hopia(x:) = flz:) — f(z;) = 0
and P'(z;) = Hb, \(2;) — Hy, o1 (z:) = f'(z:) — f'(2;) = 0, i.e., x; is a double root of P
for all # = 0,1,...,n. Hence P has 2(n + 1) = 2n + 2 number of roots, and hence the
Fundamental Theorem of Algebra yields that P is identically equal to 0, since the degree
of P is at most (2n + 1). This implies that if the solution of the Hermite interpolation
problem exists, it has to be unique.

Now we show that the polynomial Hs,,; defined by is a solution of the Her-
mite interpolation problem, and satisfies the error formula too. Direct computation
gives that Hy,iq(20) = f(z0) and Hy,, (z0) = flzo, x0) = f'(20). Next we show that
Hopi1(21) = f(x1) and Hj, (1) = f'(21) hold too. To prove this, select numbers Z;
close to x; so that the numbers {x;,Z;: i = 0,1,...,n} be pairwise different, and let Lo,
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be the Lagrange polynomial interpolating the function values of f at these mesh points.
Then

Lont1(x) = flwo] + flzo, p)(x — x0) + flwo, 25, 21)(z — 20)(z — 20)
+ flzwo, 25, 71, 2] (2 — wo)(x — 20)(x — 1) + -+
+ flzo, 24, x1, 2, o 1, 20| (x — mo) (2 — ) -+ (2 — 1)

(T =) (- l’n)7
and
f(x) = Lopi1(2) + flro, 2, - - o Tn, ), 2] (x — 20) (2 — 25) -+ (x — xp) (2w — 2)).

The definition of Lg,.; and Hs, 1 and the continuity of the divided difference (see Exer-
cise [3) yield for all x that

L2n+1(x) — H2n+1<17> as (Ié]’ x,h tee 7xln) — (.To, L1y 7xn)7 (69)
and so
f(a:) = H2n+1($) + f[$0;$0, L1, X1y, Tp, Tn, :v](x - j170)2(90 - $1)2 ce (m - fl?n)2~

This proves relation . It follows from the uniqueness of the Lagrange polynomial that
if we interchange ¢, x( and 1, , then the interpolating polynomial remains the same,
SO

Lonia(z) = floa] + flor, 24 ](z — 1) + fl21, 27, 2] (@ — 1) (2 — 27)
+ flan, 2, wo, 2] (x — @) (2 — 7)) (2 — @0) + -+
+ /1

P18 B0, Ty T2, - 2y 21 (5 — 1) (@ — 1) (& — )& — 2§)
C(z—m)(z —ay) (90 — @p-1)(@ — 25 y)(@ — @)
But then taking the limit (zg,%,...,2),) — (%o, 21,...,2,) of both sides, and using

relation , we get
Hypir(2) = flaa] + floy, 2] (z — 21) + flay, 21, 20) (2 — 21)?

+ flar, 21, o, ol (x — 21)*(x — o) + fl1, 21, To, To, 2] (T — 21)* (2 — 0)?
+ f[$1,$1, Zo, $0,$2,$2]($ - 1‘1)2($ - 370)2(90 — xg) + -
+ f[xlv'rla Lo, Loy L2, L2y . .. 7'/1"1’L7'Tn](x - I1)2<$ - 'TO)2('/E - x2>2

(= 1) (z — 3.

But from this form it is clear that Hi,i1(21) = f(z1) and Hj, ((z1) = f'(21). In a
similar manner we can show that Hynyi(z;) = f(x;) and Hj, (z;) = f'(x;) hold for
i=2,3,....n. 0

Theorem 6.19. Let f € C*"™2. Then there exists £ € (xg, x1,...,Tn,x) such that

fe(g)

m(x —x0)? - (x — 1,2

f(x) = Hyppa(z) =
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Proof. The proof is similar to that of Theorem Let = be a number different from
all mesh points, and define the function
(z—x0)% - (2 —x,)?

(x —x0)? -+ (x — )

9(2) = f(2) — Hany1(2) —

Clearly, g € C?*"*2 and xy,..., 7, are all double roots, and z is a simple root of g.
Therefore, the generalized Rolle’s Theorem (Theorem implies that there exists £ €
(xo, 1, ..., Ty, x) such that g2 (¢) = 0. This yields the statement of the theorem.

Comparing relations and Theorem we get the next result.

Corollary 6.20. Suppose f € C*" 2, and x,x,...,x, are pairwise different numbers.
Then there ezists £ € (xg,x1,...,Tn, x) such that
f(2n+2) (5)
L0, L0y - oy Ty Ty L] = ol
flzo, 2o ] (2n + 2)!

Table 6.2: Table of divided differences for the Hermite polynomial

-

Zo

IL‘O)
zo) | flo, o]

(
(
1 f(z1) flwo, 21] flwo, w0, 71]
I f(

-

Zo

r1)  flry, o] flxo, 1, 21]

ZL:n f(xn) f[xn—‘la xn] f[xn—la ‘xn—h xn]
fzn)  flren, ] flen-1, T, 2] -+ | flro, o, 1,21 ..., Ty, Ty

When we compute the divided differences required in formula , we list the numbers
in a triangular table (see Table[6.2)). This is similar to Table The difference is that we
list all mesh points and the corresponding function values twice, and in the third column
the first divided differences corresponding to equal mesh points are the given derivative
values. The rest of the numbers in the table are computed in a similar way as in Table[6.1]
The framed numbers are used in formula as the coefficients.

Example 6.21. Consider the following data:

i [-1 12
yi| 2 4 11
v, | 3 -5 30

Find the corresponding Hermite interpolating polynomial. We fill out the following table of
divided differences:
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[ NI )
—_

1

—_

1
1 3 -1

2 11 7 12 5 2

2 11 23 11 2 0

In the third column the framed numbers are the input derivative values. Therefore, the Hermite
polynomial is

Hs(z)=2+43(z4+1) —(z+1)2 = (z+ 1%z —-1)+2x+1)*(x—-1)2 =22 — 2% —62° + 22+ 7,

so Hjs is a polynomial of degree 4. O

Exercises

1. Compute the Hermite interpolating polynomials corresponding to the following data:

]2 -1 0 1 -1 0 2 3
(@ |y | 4 1 14 -35 M) [y | 1 2 64 -19
g |-1 -2 43 -394 yo | 3 -1 111 -301

2. Prove that if P is a polynomial of degree at most (2n+2), z; (i =0,1,...,n) are pairwise
different mesh points, and Hay, 11 is the Hermite polynomial corresponding to P and the
mesh points, then P(z) = Hap41(z) for all .

3. Let f € C'. Prove that

. / / /
L lim flzo, xg, 1,27, - - - s Tn, T,] = flTo, x0, 21, T1, -+, T, T
(2652 50y, )= (20,21 500, T )
and
. / / /
R flzo, xos x1, 27, oy Tn—1,Tp_1, Tn)
(@Gseesl, _q )= (20,0 s T —1)
= flxo, 20, 1, X1,y .+, Tp—1, Tp—1,Tp).
4. Let 19,11, .- .,1, be a rearrangement of the finite sequence 0,1, ..., n. Show that

f[$0,$0,$1,$1, cee 7$nyxn] = f[xi()?xioaxil)xila “ee 7xin7xin]'

5. The Hermite interpolation problem can be formulated in a general form: at the ith mesh
point the first k; derivatives of a function is given, which we are to interpolate. We can
generalize the method of this section. As an illustration we consider the following problem:
given two mesh points zg and z, and a function f € C3. We are looking for a polynomial
of minimal degree for which

H(xo) = f(xo), H'(zo) = f'(x0), H"(x0) = f"(x0), and H(z1)= f(z1).

(Here kg = 2 and k1 = 0.) Show that the solution of this problem is the polynomial of
degree at most 3

H(x) := f[zo] + flxo, zo](z — zo) + f[xo, z0, xo](x — a;o)Q + flzo, xo, o, z1](x — xo)g.
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6.5. Spline Interpolation

Leta = xy < x1 < ... < x, = bbe adivision of the interval [a, b]. The continuous function
S: la,b] — R is a spline function of degree k corresponding to the mesh {zo,...,x,} if
S € C*1[a, b], and the restriction of S to each interval [x;, 2;,1] is a polynomial of degree
at most k. The first, second and third order spline functions are called linear, quadratic
and cubic spline functions, respectively.

The simplest method of the interpolation is when linear splines are used to interpolate
the given data. Geometrically this means that we connect the given data points (x;,y;)
by line segments. The error of the linear spline interpolation is discussed in Exercise [2]

The main disadvantage of the linear spline interpolation is that the interpolating
function is not smooth, i.e., it is not differentiable. In case of cubic spline interpolation
the interpolating function is twice continuously differentiable, which is smooth enough in
practice. For the rest of this section we investigate cubic spline interpolation.

Suppose given pairwise different mesh points a = zp < z; < ... < x, = b and
corresponding function values yo, y1, . .., yn. We are looking for a cubic spline function S
which interpolates the given data, i.e., it satisfies

S(.TZ):yl, 7;:0,1,...777,.

The restriction of S to the interval [z;, z;11] is denoted by S; (i = 0,1,...,n —1). Since
S interpolates the points (x;, y;), and it is twice continuously differentiable, therefore, the
functions S; satisfy the following relations:

Si(zi) = vi, i=0,1,...,n—1, (6.10)
Si(iv1) = Yiva, i=0,1,...,n—1, (6.11)
Si(wiv1) = Sl (@iv), i=0,1,...,n—2, (6.12)
S (xiv1) = Si 4 (zi), i=0,1,...,n—2. (6.13)

Since the polynomials S; are defined by 4 parameters, so S is determined by 4n parameters.
The number of conditions in — is only 4n — 2, therefore, this problem has no
unique solution yet. Hence we expect that two additional conditions can be given, and
then we hope to have a unique solution. Frequently used conditions are the following

Si(zg) =0  and " (z,) = 0. (6.14)

n—1

A cubic spline function defined by conditions (6.10)—(6.14]) is called natural spline function.
Next we show that the above problem has a unique natural spline solution. Consider the
functions \S; in the form:

Si(x) = a; + bi(x — ;) + ci(x — x;)* + di(x — x;)?,
where a;, b;, ¢; and d; (i =0,1,...,n — 1) are parameters to be determined. Then

Si(z) = b; + 2ci(x — ;) + 3d;(z — x;)?,
S (x) = 2¢; + 6d;(x — ;).
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These equations imply

a; = Si(z;) =y, bi=Si(x;) and ¢;=8(x;)/2, i=0,1,....,n—1. (6.15)

)

With the help of relation (6.15]) we define the constants a,,, b, and ¢, (which will be used
later):

Ay = Yn, by =S (x,) and Cn = 8" (x,)/2. (6.16)

(The derivatives in (6.16|) denote left sided derivatives.) Substituting + = z;1 into the
formula of S;, and using equation ((6.11)) and relation a; = y;, we get

Yi + bi(wip1 — ) + (i — )% + di(Tigr — 2)° = yir-
Introduce the notations Ax; := ;.1 — x; and Ay; := y;11 — ;. Then
biAz; + c;(Ax;)? + di(Ax;)® = Ay, i=0,1,...,n—1. (6.17)
Condition and relation byy1 = S, (zi41) yield
bi 4 2¢;Ax; + 3di(Ax;)? = biyy (6.18)

for i =0,1,...,n — 2. Using the definition of b, we get that (6.18) holds for i =n — 1
too. Similarly, from equation (6.13) and the definition of ¢, it follows

2Ci+6diA$i:20i+1, i:O,l,...,n—l,
hence

Ci+1 — G

?)ACCZ ’
Substituting it back to equations (6.17]) and (6.18)) we get

d; = i=0,1,...,n—1. (6.19)

bilAz; + ci(Azi)? + %(A:@Q = Ay,  i=01,....n—1, (6.20)

bi + QCZA$Z + (CZ‘+1 — Cz)sz = bi+1, 1= O, 1, e — 1. (621)
From the first equation we express

Ayz QCZ' + Cit+1

bi - A )
and substituting it into the second equation for : =0,1,...,n — 2 we get
Avy; Ay; .
CZ‘AJZZ‘ + 2Ci+1 (Al‘l + Axi—l—l) + Ci+2AIi+1 =3 Yit -3 J s 1= 0, 17 e, — 2. (622)
Az A

Note that in the derivation of equation (6.22)) we have not used condition (6.14)), so it
holds for any cubic spline interpolation.
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Equation (6.22)) determines a system of n—1 linear equations for ¢;. We add equations
co = 0 and ¢, = 0 following from condition (6.14) into it, so we get a n + 1-dimensional

linear system of the form Ax = b, where x = (cg, ¢y, ..., cn)7,
1 0 0 0 0 cee 0
Az 2(Axg + Azy) Axq 0 0 ce 0
A 0 JAVA] 2(Ax1 -+ A.%'Q) Axo 0 . 0
0 ce ’ . AIn‘,Q 2(A$n72 + Al‘nfl) Aﬂ?nfl
0 e 0 0 1

is a tridiagonal matrix and

0
3 Ayr 9 Ay
Axq Az

b —

Ay'nfl _ Ay'n72
3Axn_1 3A$n—2

Since A is diagonally dominant, the system Ax = b has a unique solution. Then with
the help of ¢;, we can compute the coefficients d; and b;. Therefore, the problem has a
unique solution. We note that, in practice, the tridiagonal system Ax = b can be solved
efficiently by the special Gaussian elimination defined in Algorithm [3.37 We have proved

the following result.

Theorem 6.22. The problem of natural cubic spline interpolation has a unique solution.

Example 6.23. Find the natural cubic spline interpolation of the following given data:

z; 100 1.0 15 2.0 3.0 4.0
y; | 0.5 0.1 25 -1.0 -0.5 0.0

Using the notations introduced before the linear system of the coefficients ¢; is

1 0 0 0 00 co 0
1 3 05 0 00 c1 15.6
0 05 2 05 0 O c2 | _ | —354
0 0 05 3 1 O cs | — 22.5
0 0 0 1 41 c4 0
0o 0 0o 0 01 Cs 0

Solving it and substituting back ¢; into (6.19) and (6.20) we get the coefficients d; and b;. The

resulting natural spline function is:

So(z) = 0.5 — 3.4141079x + 3.014107923,
1(x) = 0.1 4 5.6282158(x — 1) + 9.04232365(x — 1) — 21.3975104(x — 1)3,
So(z) = 2.5 — 1.3775934(x — 1.5) — 23.0539419(x — 1.5)% + 23.6182573(x — 1.5)3,
(2)
(x)

n

Ss —1.0 — 6.7178423(x — 2) + 12.3734440(z — 2)2 — 5.1556017(z — 2)*,

xTr) =
Si(z) = —0.5 + 2.5622407(x — 3) — 3.0933610(z — 3)? + 1.0311203(x — 3)3.
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L L L L L L L )
0 0.5 1 15 2 25 3 35 4

Figure 6.3: Natural spline interpolation

The graph of this function can be seen in Figure [6.3 O

Instead of condition (6.14)) we can specify other boundary conditions for S. Now we
investigate condition

S'(wo) =yy, and  S(x,) =y, (6.23)

where gy, and vy, are given numbers. This means that we know (specify) the slope of the
tangent line of S at the end points of the interval. A cubic spline which satisfy conditions
is called clamped spline function. In this case equations hold. We need to add
two equations in order to get a well-posed linear system. Using relations by = S’(z9) = vy,

equation (6.20) implies

€1 —Co

yh Ao + co(Axg)? + (Azg)? = Ay,
hence A
2c0Axy + 1Az = 320 _ 3yp.- (6.24)
AJTO

Expressing b,,_; from equation ((6.20) and substituting it into (6.21]), and using relation
b, =y, we get
Ayn—l 2Cn—l + cp

Ar 3 Azp 1+ Az (cat +¢n) =Y,

hence
Aynfl
A:Cn—l '

If in the system Ax = b of the natural spline interpolation we replace the first equation
with equation and the last equation with , then it is easy to see that the
coefficient matrix remains to be diagonally dominant, therefore, the modified system has
a unique solution. So the cubic spline interpolation problem together with conditions
has a unique clamped spline function solution.

Cn1AZy_1 + 2¢,Ax, 1 = 3y, — 3 (6.25)
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The natural cubic spline interpolating functions have the following minimal property,
which means that the spline interpolating functions are the smoothest among all possible
interpolating functions.

Theorem 6.24. Leta =129 < z1 < ... < x, = b be mesh points and yo,y1,...,Yy, be
function values, and let S be the natural cubic spline interpolating function associated to
the given data. Then

/ (8"(x)) di < / (f"(2))? de (6.26)

for every f € C?[a,b], which also interpolates the given data, i.e., f(x;) = y; for i =
0,1,...,n

Proof. Introduce the function g(x) := f(z) — S(z). Then f"(z) = S"(z) + ¢"(x), and so

/a e = [ @ra e [ g [ @2

a a

Since f dx > 0, the statement of the theorem follows if we show

/a ’ S"(2)g" (x) dz = 0.

Dividing the integral into the sum of integral over the intervals of consecutive mesh points,
and using integration by parts we get

b n x;
/ S"(x)g" (x) de = Z/ S"(x)g" (z) dx
_ Z [S//(x)g/ xl 1 Z/ S/// d
_ S”(b)g,(b) S// Z/ S/// d

Since S is a natural spline function, we have S”(a) = S”(b) = 0. Since S is a third
order polynomial over the intervals [z; 1, x;], its second derivative is constant, which can
be factored out in front of the integral. But fj_l g (x)dr = g(z;) — g(z;—1) = 0, since
g(x;) =0 for i =0,1,...,n. This completes the proof. O

The next theorem investigates the error of the clamped cubic spline interpolation. We
present the result without proof.

Theorem 6.25. Let f € C*a,b], a =z9 < z; < ... < x, =b mesh points, y; = f(z;),
i=0,1,...,n function values, and y, = f'(a) and y,, = f'(b) derivative values, and let S
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be the corresponding clamped cubic spline function. Then for x € |a,b] it follows

£@) = S(@)] < oMb,

384
/ \/g 1 3
()~ ()| < (216 L) i,
@)~ @) < (55 + 5 ) Mk,
! =\t
where My = max{|f(4 ()] : x € [a,b]}, h = max{z;1; —x;: ¢ = 0,1,...,n —
k= min{z;y, — =0,1,...,n—1}.

1},

We note that the error of the natural cubic spline interpolating function can be given

similarly.

Exercises

1. Find the formula of the linear spline function interpolating the data (x;,v;), i =0,1,...,n

on the interval [z;, x;y1].

?

2. Given a continuous function f: [a,b] — R, and let S;, be a linear spline interpolating
function of the function f corresponding to equidistant mesh of the interval [a,b] with

step size h.

(a) Show that max{|f(z) — Sp(z)|: = € [a,b]} — 0, as h — 0.
(b) Let f € Cl[a,b]. Show that
|f(x) = Sp(x)| < Mih,  a € [a,b],
where M; := max{|f'(z)|: = € [a,b]}.

3. Compute and draw the graph of the natural cubic spline function corresponding to the

data given in Exercise [I] of Section

4. Show that for a cubic spline interpolation any of the conditions
S'(wo) = f'(xz0)  or  S'(an) = f(wn)

determines the cubic spline interpolation function uniquely.

5. Show that if S is the clamped cubic spline corresponding to given mesh points a=1xy <

z1 < ... <z, = b, function values yo,y1,...,Yn, and derivative values y, and y,,, then S
satisfies 1nequahty - for all functions f € C?[a,b] which satisfy f(z;) = y; for all i,
f'(a) = yg and f'(b) = yp,.

F. Hartung, University of Pannonia www . tankonyvtar.hu


www.tankonyvtar.hu




Chapter 7

Numerical Differentiation and Integration

In this chapter first we study several methods for numerical differentiation, and con-
sider the Richardson’s extrapolation method to obtain higher order methods. Next we
define Newton-Cotes formulas and the Gaussian quadrature to approximate definite inte-
grals.

7.1. Numerical differentiation

In this section we present two methods to derive numerical approximation formulas for
the derivative, and we derive some basic approximation formulas.
The derivative of a function is defined by the limit

() = lim f(wg+h)— f(xo)'

h—0 h

Therefore, if |h| is small, then the difference quotient w is close to the value

of the derivative. But we need more: we need to know the truncation error of the
approximation. Next we derive this formula in two different ways, and we will derive
the formula of the truncation error too.

Suppose f € C3a,b] and xq € (a,b). The idea of the first method is the following: We
approximate the function f in a neighbourhood of zy by a Lagrange polynomial L, (x).
We use L (z9) as an approximation of f’(z). We will call this method as Lagrange’s
method. Consider a simple case: let n =1, 21 = 29 + h € (a,b) (and zo # x;), consider
the first-order Lagrange polynomial interpolation of f corresponding to the mesh points
o and z1:

f(x) = Li(z) + Ex ()

flxo)(x —x9—h)  flzo+h)(x—z0) [f"(&(2))
7 * I T

(x — xo)(x — 29 — h).

Taking the derivative of both sides we get

oy = Hot )= Slaw) 1)
L (p(eay) B m R0 ) (7.)

(2(z — o) + h)
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Theorem [6.8| yields that the function f”(£(z)) is differentiable for x # xg, ¢ + h, but the
derivative cannot be computed explicitly. On the other hand, taking the limit z — x( in
(7.1]) we get
J(wo+h)— flzo) h
lag) = TR =) gy (7:2)
where & € (g, xg + h). Therefore, if we use the approximation formula
xo+h)— f(z
f(ag) o LD S0, (7.3
the truncation error of the approximation has the form —g f"(€). Formula 1' is called
first-order forward difference formulaif h > 0, and first-order backward difference formula
if h < 0. In these formulas the mesh point xy + h is located right and left to xg, in the
respective cases. Formula ((7.2]) shows that approximation ([7.3)) is first-order in h. Formula
(7.3)) is also called two-point difference formula, since it uses two mesh points.
The same formula can be derived (under weaker conditions) in the following way: Let
f € C?a,b], and consider the first-order Taylor expansion of f around zy:

1) = fla) + Fao)a — o) + D (o 2
Substitution x = x¢ + h gives
oo+ h) = o) + o+ T2
hence
(ag) = LI D2 TGy

where £ = &£(zg + h).

Example 7.1.  Consider the function f(z) = ¢***. We have f'(z) = € T%(2z + 1), so
f/(0) = 1. We compute an approximate value of f'(0) using the first-order forward (h > 0) and
backward (h < 0) difference formula, i.e., formula (7.3)). In Tablewe printed the approximate
values and their errors for different values of h. The numerical results show that if the step size
h decreases by one order of magnitude, then the corresponding error also decreases by one order
of magnitude. U

Table 7.1: First-order difference formula, f(z) = e** 2o =0

|h| forward difference error backward difference error
0.100 1.1627807 1.6278e-01 0.8606881 1.3931e-01
0.010 1.0151177 1.5118e-02 0.9851156 1.4884e-02
0.001 1.0015012 1.5012e-03 0.9985012 1.4988e-03

The previous two methods are appropriate to derive higher order, so more precise for-
mulas. Suppose f € O™, and consider an approximation of f by a Lagrange polynomial
of degree n:

fla) = Zn: flx)l(z) + Jr(E)

e e ) ) ()
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where [ (x) are the Lagrange basis polynomials of degree n defined by (/6.2)). Differenti-
ating (7.4) and using substitution z = x; we get

) =S fatie) + o SED [, ), (75

(n+1)!

which is called n + 1-point difference formula to approximate f’(z;). We apply relation
for equidistant mesh points, so we assume x; = xo + jh, where h > 0. It can be
shown that the error term in is of nth-order in A, and then the resulting formula
will also be called difference formula of order n.

Consider the case when n = 2, i.e., we study three-point formulas. Consider the mesh
points xg, g + h, xg + 2h. Then

(x—2)(x —12)  (v—21)(T — 1)
o) = (0 — 1) (w0 — x2) 2h? )
l(z) = (x — xo)(z — x2) _ (x — o) (x — 29)
(z1 — w0) (71 — 22) —h? ’
(x —wo)(r —21) (2 —20)(T — 71)
Bl = (3 — mo) (22 — 21) 202 ?

therefore,

N 2h2 ’
20— x9g— T
li(x) = $,
2r —xg — T
/ _

We apply them with z = zg, © = xg + h and x = xy + 2h, so relation (|7.5)) yields

Plaw) = 7 (=3 7Gwo) + 25 4 1) = 3t 2m) + T fG) (10
Flao+h)=1 (—%f(xo) + 5 f@+ 2h>) e, (7.7)
F'wo+2h) = (%f(m) ~2f(m + )+ 5 o+ 2h>> ) (7.8)

The substitutions zy <— xo — 2h and h <— —h give that (7.8) can be written in the form

(7.6, and (|7.7) has the form
h2
(o) = % (_%f(ifo —h)+ %f(xo + h)) -5 1"&). (7.9)

Relation ((7.9) is called three-point midpoint formula or second-order central difference
formula. (It is also called centered difference.) Formula (7.6)) is called three-point endpoint
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formula. Tt is also called second-order forward difference formula if h > 0, and second-
order backward difference formula if h < 0.

Example 7.2. We approximate the derivative of the function f(x) = er+e at = 0 with

second-order difference formulas (formulas (7.6 and (7.9))). The results can be seen in Table
for different values of h. The numerical results demonstrate that the truncation error of the

formulas is second-order in h.

O

Table 7.2: Second-order difference formulas, f(z) = w10 =0

forward error

backward error

central error

0.9693157 3.0684e-02
0.9997603 2.3968e-04
0.9999977 2.3396e-06

0.9820952 1.7905e-02
0.9997728 2.2718e-04
0.9999977 2.3271e-06

1.0117344 1.1734e-02
1.0001167 1.1667e-04
1.0000012 1.1667e-06

Without proofs we present 5-point central and one-sided formulas, i.e., fourth-order
difference formulas:

f(z0) = Toh (—25f(x0) +48f(xo + h) — 36f (xo + 2h) + 16 f (xg + 3h)

— 3f(xo+ 4h)> + %4f(5)(£0), (7.10)
) = 1o (f(xo — 9h) — 8f (w0 — h) + 8F(zo + h) — f(0 + 2h))

+ %f“)(gl). (7.11)

Formula ((7.10)) is one-sided, and ([7.11]) is central difference.

Example 7.3.

f(z) = e at z = 0. Table n shows the numerical results.

We apply formulas (7.10) and (7.11)) to approximate the first derivative of

d

Table 7.3: Fourth-order difference formulas, f(z) = e *%, £y =0

I

forward error

backward error

central error

0.100
0.010
0.001

0.9967110 3.2890e-03
0.9999998 1.7345e-07

1.0000000 1.6311e-11

0.9991793 8.2070e-04
0.9999998 1.5136e-07

1.0000000 1.6090e-11

0.9997248 2.7523e-04
1.0000000 2.7005e-08
1.0000000 2.7000e-12

Next we use the Taylor’s method to derive approximation formulas for higher order
derivatives. Let f € C*, and consider the third-order Taylor polynomial expansion of f
at x¢ with the fourth-order error term:

f(@) = f(xo) + f'(20) (2 — x0) +

www.tankonyvtar.hu
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If we substitute x = o — h and x = x + h into this relation, we get

f"(x0) f"/(l’o)hs n D (&) 4
2

h —
6 24

f(zo—h) = f(zo) — f'(20)h +
and
fzo +h) = f(xo) + f'(wo)h +

Adding the two equations we get

f" (o) f" (o) fW(&)
5 h* + 6 h3 + 51 ht.

JO&) + fD(&)
24

fl@o = h) + flzo + h) = 2f(w0) + f"(wo)* + h,

which yields
fxo—h) —2f(wo) + f(xo+ h) n FOE) + fD(&)
h? 24

Therefore, the approximation formula

F () ~ LT ) = Qf}if()) ot h) (7.12)

[ (o) = ht.

has an error of order h2. We can rewrite the error term WW‘ in a simpler form.
We have by our assumptions that f®* is continuous, therefore, Theorem yields that
there exists a point £ in between & and & such that

) /ey SO E) + fU(&)
sig = T
Hence W
f”(170) _ f(xO - h) B 2];&5;0) + f(xO + h) + f 12(5) h2. (713)
2+

Example 7.4. We computed the approximation of the second-order derivative of f(z) = e
at x = 0 using formula ([7.12) and different step sizes. The numerical results can be seen in
Table Note that the exact derivative value is f”(0) = 3. O

Table 7.4: Approximation of the second-order derivative, f(z) = Tt 10 =0

h |approximation error
0.100| 3.0209256 2.0926e-02

0.010| 3.0002083 2.0834e-04
0.001] 3.0000021 2.0833e-06

The numerical differentiation is an unstable problem. To illustrate it we consider a
function f(z) and its perturbation of the form

g(x) = f(x) + %sin(n%).
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142 7. Numerical Differentiation and Integration

If we compute an approximation of ¢’ instead of f’ using any difference formula obtained
above, then there is a small change in the function values used in the difference formula
if n is large. But the difference between the exact value of the derivatives is large, since
g (z) = f'(x) + ncos(n’z).

Next we investigate the effect of the rounding in numerical differentiation. Consider
the simplest difference formula, the first-order difference (|7.2)). Suppose that here, instead
of the exact function values f(xo) and f(zo+ h), we use their approximate values fy and
f1, where

f(zo) = fo+eo and flxzo+h) = fi+ei.

Then

fl_f()
h )

f'(wo) =
and the resulting error is

f/($0) _ fl;fo _ f/ T

(7.14)

Relation (7.14]) shows that the error consists of two parts: the truncation error and the
rounding error. If the step size h is small, then the rounding error will be small, but the
rounding error can go to oo as h — 0.

Example 7.5. Consider the function f(z) = e®. We compute the approximation of f'(1) =e
using first-order forward difference formula. In order to enlarge the effect of the rounding, we
used 6- and 4-digit arithmetic in the computation. We can see in Table that in case of
the 4-digit arithmetic, when we decreased the step size to 0.001 from 0.01, the error of the
approximation increased. The reason is, clearly, the increase of the rounding error, since here
we subtracted two numbers which are close to each other, and also divided by a small number.

O

Table 7.5: Effect of rounding in first-order forward difference, f(z) = €®, 2o =1

6-digit arithmetic 4-digit arithmetic

h |approximation error approximation error
0.100| 2.8589000 1.4062e-01| 2.8600000 1.4172e-01
0.010| 2.7320000 1.3718e-02| 2.8000000 8.1718e-02
0.001| 2.7200000 1.7182e-03| 3.0000000 2.8172e-01

The formulas derived in this section can be applied to approximate partial derivatives.
We list some formulas next.
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df (o, yo) ~ f(xo + h,yo) = f(x0,90)

- - , (7.15)
Of (o, 40) _ f(xo,90 +h) — f(xo,y0)
T : , (7.16)
0 f (w0, 90) _ f(wo+h,yo) = 2f (20, y0) + f(x0 — I, yo)
S - (7.17)
0 f(wo,90) _ f(wo,90 +h) = 2f (20, 50) + f(z0, 90 — h) (7.18)
Oy? - h? ‘
0 f(xo,90) _ flxo+h,yo+h) = flzo+ h,yo) — f(o, 40 + h) + f (w0, o)
ordy h?
(7.19)
0 f(wo,y0) _ f(wo + 2R, y0) = 2f (x0 + h, yo) + f (20, %0) (7.20)
oz h? ’
Exercises

1. Compute an approximation of f/(zg) using first-order forward and backward difference
formulas with A = 0.1 and 0.01 if

(a) f(z)=a*—622+32, w0=1, (b) f(x)=e€"sinz, x=0,
(c) f(x)=cosx?® xp=1, (d) f(z)=xlnz, zy=1.

Apply second-order difference formulas in the previous exercise.
Approximate f”(zg) for the functions given in Exercise
Derive formulas and using Taylor’s method.

Prove relations ([7.10|) and (7.11)).

A

Derive the following approximation formulas:
1"(w0) ~ 35 o (7o +20) — 27 (wo + ) +2f (x0 — b)  flao — 21)).
FO (o) 1 (F(wo +2h) — 4 (mo + h) + 6 (zo) — 4 (w0 — h) + fwo + 21) )

7. Derive formulas (7.15)—(7.20]) using

(a) approximation formulas formulated for single variable functions,
(b) two-variable Lagrange’s method,

(c) two-variable Taylor’s method.

Compute the truncation errors.
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7.2. Richardson’s extrapolation

Suppose given a value M, and let K (h) be its approximation, where h denotes the dis-
cretization parameter of the approximation method. We also suppose that the truncation
error of the approximation is known, and it has a special form, the error can be given by
an even-order Taylor polynomial (or possibly Taylor series) approximation of the form

M = K(h) + ash® 4 ash* + agh® + - - - + agmh®™ + b(h), (7.21)

where |[b(h)| < Bh*™™? with some constant B > 0. The error here is second-order in h.
Now we present a general method to generate higher order approximation formulas using
K (h). Consider relation (7.21)) corresponding to parameter h/2:

2 h4 h6 2m

M = K(h/?) +a2z+(l4ﬁ+a664 +a2m22 +b(h/2) (722)

Multiplying both sides of ((7.22)) by 4, and subtracting equation ([7.21)) from it, the second-
order term in h cancels out, and solving it for M we get

M= 4K(h/2?3— K(h) ;la4h4 156a 6
o —222;22_31 oz Ao/ 2;_ bth). (7.23)
This relation can be written in the form
M =KOR) +aPrt + a0 + -+ alD p?™ 4 60 (n), (7.24)
where
KO () = 4K (h/2) — K (h) b (h) = 4b(h/22))— b(h)’ ag) :: 14;141'_31 -

3 )
i =2,...,m. Relation (7.24)) yields that formula K (h) approximates M with a fourth-
order error in h. The previous method can be repeated: we use (7.24) with h/2, multiply

it by 16, subtract from it equation ([7.24)), and then solve it for M. Then the fourth-order
error term cancels out, and we get relation

M= K@) +alPhb + -+ a2 h>™ + 0@ (), (7.25)
where
16KM(h/2 (1) 1660 (R /2) — b
KO(h) = 6KM (h/2) — (h)’ b () = 66 (h/2) — b (h)’
15 15
o _ 147 0
(g = g 5% 1=3,...,m.

Relation ((7.25) means that K(?)(h) approximates M with a sixth-order error in h. The
generation of new approximation formulas can be continued as

; ; K®9(h/2) — KO(h
KW (h) == KW(h/2) + (4/i+1_1 ( ),

i=0,1,...,m—1, (7.26)
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where K(©(h) := K (h). This procedure to generate higher order approximation formulas
is called Richardson’s extrapolation. A similar procedure can be applied also in the case
when the Taylor expansion of the truncation error contains all powers of h (see Exercises
and , but later we will use the case presented in this section.

Example 7.6. In the previous section we saw that the central difference formula ([7.9) is
second-order in h. Using Taylor’s method we get a more precise form of the truncation error.
Suppose that f € C?*3 and consider the following Taylor’s expansion:

£+ () 2m+2 | FEME(E) ois

fwo+h) = f(zo) + flao)h+ -+ (2m + 3)!

We apply the previous relation with —h instead of h, subtracting the two equations, and solving
it for f'(xg) we get:

f(xo+h)— flzo—h) f,/,($0)h2 ARIED)

J'(x0) = oh 3! 51 h4
) o S 4 FEE) s
@m + 1)! 2m + 3)! '

Hence we have that the central difference satisfies relation ([7.21)). Therefore, we get a higher
order formula using Richardson’s extrapolation. We have that formula

f(xo+h/2) — flxo+h/2)  flwo+h)— flxo—h)

4 _
KD = h 2h
_ flwo —h) = 8 (w0 — h/2) + 8§ (0 + h/2) — f(zo+ h)
6h
has fourth-order error in h. We note that this formula is equivalent to (7.11)). U

Exercises

1. Derive a sixth-order approximation formula for the first derivative of a function starting
from the central difference formula ((7.9) using the Richardson’s extrapolation. Apply the
formula for approximating the first derivative of f(x) = e sinz at x = 0 using step size

h = 0.25.

2. Reformulate the Richardson’s extrapolation for the case when the Taylor expansion of the
truncation error contains all powers of h, i.e.,

M = K(h) + a1h + agh® + - - - + aph™ + b(z),
where |b(h)| < Bh™*! with some B > 0.
3. Reformulate the Richardson’s extrapolation for the general case when
M = K(h) + a1h™ + agh®? + - - 4+ aph®™ + b(x),
where 1 < a1 < ag < -++ < ay, are integers, and |b(h)| < Bh®+! with some B > 0.

4. Derive a third-order approximation of the first derivative using Richardson’s extrapolation
starting from the first-order difference formula.
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7.3. Newton—Cotes Formulas

Let f € Cla,b]. The definite integral, similarly to the derivative, is defined by a limit.
The definition using Riemann’s sum is the following: consider a finite partition of the
interval [a, b] using the mesh points a = zg < x; < -+ < x, = b, and in each subinterval
[z;_1,x;] select a point &. Then the integral f; f(z)dx is a limit of the Riemann’s sum
S f(&)(xi — xi-1) as the norm of the partition, max{z; — z;_1: i = 1,...,n} goes to
zero. Such a Riemann’s sum is for example

b
/ f(x)da:%b;a (f (“’ﬁ‘“)u(“ﬁ“)+---+f<w>), (7.27)

where x; = a+i(b—a)/n,i=0,1,...,n. This formula is called midpoint rule or rectangle
rule. (See Exercises [5] and [6] )

Similarly to the numerical differentiation, we can use the Lagrange’s method to derive
approximation formulas for definite integrals. Consider a partition of the interval [a, d]
(typically with equidistant mesh points), and let L,, be the Lagrange interpolating poly-

nomial of the function f corresponding to the given mesh. Consider fab L,(z)dx as an

approximation of fab f(z)dz. We suppose that f € C""a,b]. Then Theorem ﬁ yields
the error of the approximation:

/a ' ) di = i ) / () d (7.98)

b £(n+1)
+ /a f(T@l()T))(x —zo)(x —x1) - (x — x,) dz,
where [, (x) (corresponding to the mesh points) is the Lagrange basis polynomial of degree
n defined by (6.2)). Here we get an approximation formula of the form

b n
[ ra)in =y ) (729
a k=0
where the weights ¢, are defined by

cr = /b li(x) dz. (7.30)

Approximation formulas of the form ([7.29)) are called quadrature formulas. Those quadra-
ture formulas when the weights ¢, are defined by the integrals are called Newton—
Cotes formulas. 1f the end points of the interval a and b belong to the mesh points, then
formulas f are called closed Newton—Cotes formulas, and if all mesh points
belong to the open interval (a,b), then they are called open Newton—Cotes formulas.

We say that the degree of precision of a quadrature formula is n if the formula gives
back the exact value of the definite integral for all polynomials with degree at most n, and

there exists a polynomial of degree n + 1 for which the quadrature formula is not exact.
Therefore, the degree of precision of the (n+1)-point Newton—Cotes formula ([7.29)—(7.30)
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7.3. Newton—Cotes Formulas 147

is at least n, since in this case the Lagrange polynomial L, is identical to the function f.
It is possible to show that for even n the (n + 1)-point Newton—Cotes formulas are exact
for polynomials with degree n + 1 too.

Next we consider the closed Newton—Cotes formula for n = 1. Let 29 = a, 1 = b and

h=b—a. Then
Ly(z) = f(xo)

SO

/301 Ll(x)daz::f(xo)/aj1 — dx+f(m1)/zl T g

- [rteg s+ g
= 27 w) + F(a).

The error of this formula, according to ([7.28)), is

[ @ =5t + s = [ )@ =

To simplify the formula of the error term we use that (z —xo)(x — 1) < 0 for = € (z, x1),
and hence Theorem can be used. Therefore, there exists 1 € (xg, z1) such that

/xl f”(g(l‘))@ — z0)(z — 21) dz = m /xl(ac — x9)(x — 1) dx.

2 2 )
Hence
[ r@ar =5 + s = B2 [ - — e = a0y o
f"(n) [(95 — x0)° _ h(f — )"
2 3 2 -
h3 1
= _Ef (n)-
We obtained the so-called trapezoidal rule:
b h h3
[ ra)dn =50+ £0) - 1@, €€ @) (731

The name of the formula comes from the fact that %(f(a) 4+ f(b)) gives back the area of
the region bounded by the secant line of the function corresponding to the points a and
b, the x-axis, and the vertical lines x = a and x = b.

The trapezoidal rule gives a good approximation of the integral if the length of the
interval is small. If we have a large interval, then we divide it into n subintervals of equal
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148 7. Numerical Differentiation and Integration

length by the mesh points z; = a+ih (i =0,1,...,n), where h = (b—a)/n, and we apply
the trapezoidal rule for each subintervals:

= g (f(xo) + QZ_:f(fl?i) + f(a:n)) - %% Zf”(fz‘)

i=1

We suppose that f € C?[a,b]. Then it follows from Theorem that the average value
L3 ["(&) can be replaced by a single function value of the form f”(£). Therefore,
using hn = b — a, we get

b n—1 PRV S
[ raya=3 <f<xo>+2zf<xi>+f<xn>> SO ), e . (a2)

This formula is called composite trapezoidal rule.

Example 7.7. We compute approximate values of the integral fol x2e® dx using the basic or
composite trapezoidal rule with h = 1, h = 0.5 and h = 0.25, respectively. It can be checked

that the exact value of the integral is fol r?e® dr = e — 2 = 0.7182818 (with 7 digits precision).
For the first case we have

1
1
/ e dr ~ 5(0+¢€) =1.3591409,
0

where we computed the numerical values with 7 digits precision. The error in this case is
0.6408591. With h = 0.5 the composite trapezoidal rule gives

1
0.5
/ z2e® da ~ - (0+ 0.5%¢% + ¢) = 0.8856606.
0

Hence its error is 0.1673788. Finally, for h = 0.25 we get

1

0.25

/ 226 dx ~ =0+ 0.252e%2° 4 0.5%¢%% 4+ 0.752e%™ 4 ¢) = 0.7605963,
0

so its error is 0.0423145. We can observe that if the step size reduces to its half, then the
corresponding error in the approximation reduces to its quarter, which indicates that the error
in h is quadratic. O

Consider formula ([7.28) for n = 2 and using equidistant mesh points, i.e., xy = a,
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1 =9+ h, xo=0h=(b—a)/2
/xZ Ly(w) dz = f(zo) /“ (z — @) (x — 2) dx+f(x1)/m2 o)l r2) dx

zo zo (2o — 1) (0 — 72) zo (21— 20) (1 — 72)

© (e /zz ((a: —z9)(x — 1) du

Ty — @) (w2 — 21)
- %/m(ﬂc — 1z + h) (v — 22) dv — f<hx21) /m(x — x0)(z — 29 — 2h) dx

o Zo

+ 5 / (x — xo)(x — 29 — h) dx

Zo

Zo o

2h?

— g(f(xo) +4f(x1) + f(xa)).

The truncation error is
2 111 T
/ W(m —xo)(x — x1) (T — x9) dz.
o

Now there is a difference compared to the previous case: the function (z — zg)(x —
x1)(x — z2) has opposite signs on the intervals (xg, z1) and (z1, 23), so Theorem [2.6|is not
applicable on (xg,z2). We have a different method to simplify the formula for the error
term. Let

p(z) = /x(t —xo)(t — 1) (t — o) dt

zo

_ /x(t—:zzl Rt — a0)(t— 21— h)dt

o

_ {(t —z)t p2(t = r1)*1"
4 2 xo
C(r—am)t Rx—x)? N ht
4 2 4
= L@ —m)? = 1

Then p(xo) = p(z2) = 0, so integration by parts gives

T2 f///(é‘(x)) T2 d f///(f(x))
/xo T(JJ —xo)(x — 1) (T — 23) dx = —/x %Tp(x) dx.

0

p is a nonnegative function, hence applying Theorems [2.6] and we get

T2 (¢ (o ) 2 >
/ JUE@) o) — ) (o — ) i = — L) / p(z) dz = _g_of(4>(n).

6 24
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We have proved the relation

[ s = S + 470 + S = g ne 0w (13

which is called Simpson’s rule.

This error formula yields that the Simpson’s rule is precise for third-order polynomials,
since then f* is identically equal to 0. On the other hand, the order of approximation
in A is five. Similar higher order of precision can be shown for all Newton—Cotes formulas
with even n.

Similarly to the composite trapezoidal rule, we can derive the composite Simpson’s
rule: We divide the interval [a, b] into 2n equal parts, so let h = (b — a)/2n. Then

[ sy =3 <f<xo> FAY flawn) 423 (o) + f(:vzn)>

_ %]@(4)(5)’ €€ (a,b). (7.34)

Example 7.8. Compute the approximate values of fol r2e® dr using (composite) Simpson’s
formula with h = 0.5, h = 0.25 and h = 0.125. First we get

1
0.5
/ z2e® dx ~ ?(o +4-0.5%e%5 + €) = 0.7278339.
0
The error is 0.0095520. For h = 0.25 we apply the composite Simpson’s formula:
by 0.25 2,02 2 2
/ e’ dem —=(044-0.25 %% £2.0.5%¢%5 +4-.0.752e"™ 4 ¢) = 0.7189082.
0
Its error is 0.0006264. Finally, for h = 0.125 we get

1
12
/ 226t dr o 2 5<0+4 0.1252e%125 4+ 2.0.25%e%% 4+ 4. 0.3752e%37 4 2. 0.52¢°
0
+4-0.625%e%625 1+ 2.0.752¢%7 4+ 4. 0.8752%87 4 e) = (.7183215,

which has the error 0.0000396. Ol

Next we present some other closed Newton-Cotes formulas.

Simpson’s £ formula

[ e =% (st 31w + 3G + 1) - Fp VO @039

/ ) o = 32 (1 a0) +325(02) +12f(22) + 327 0)+ T50)) — 5 FOE) (730
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Finally, we present some open Newton—Cotes formulas:

o) = 2nfa) + ) (787
[ e =T (1w + @) + Z ) (739
R 4h<2f(xo) Flan) +20(@) + S5 FDE) (7.39)
/ Flayde =2 (11 f(r0) + fla0) + Flo) + 111 ) + 2 f00). (7.0)

We close this section with the investigation of the numerical stability of the integration.

Theorem 7.9. Let Y " ¢;f(x;) be a quadrature formula which is exact for constant
functions and each coefficient c; is positive. Let y; be an approximate value of the exact
function value f(x;), and suppose |y; — f(x;)| <e. Then

n

Z cif(z) — Z CiY;

=1

<e(b—a).

Proof. According to the assumptions, (b —a) = fab ldr =3 ¢, therefore,

<ch|f (x;) yi|§52n:ci:5(b—a).
i=1

n

Z sz( ) Z CiYi

=1 i=1

O

We note that all quadrature formulas we presented in this section were exact for
constant functions, and most of them had positive weights. Therefore, all such formulas
are stable for the rounding error.

Exercises

1. Compute approximate values of the integrals using the trapezoidal rule with step sizes
h = 0.5,0.25,0.125, respectively:

(a) fol sind z dz,
(b) [ZIn(z +1)dz,
(c) ff el/® da.

2. Repeat Exercise 1 using the Simpson’s rule.
3. Repeat Exercise 1 using formulas ([7.35))-(7.36]).
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4. Repeat Exercise 1 using formulas Newton—Cotes Formulas ((7.37)-(7.40)).

5. Prove that the midpoint formula (7.27)) gives back the sum of the areas under tangent
lines at the midpoints of the intervals [z;, x;1].

6. Show that the midpoint formula is a Newton—Cotes formula, and derive its error term.

7. Derive formulas (7.35)-(7.36) (without computing the error terms).
8. Derive formulas ([7.37)-(7.40) (without computing the error terms).
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7.4. Gaussian Quadrature

In the previous section we have seen that the Newton—Cotes formulas give back the exact
value of the integral for polynomials with certain degree. Now we would like to derive
quadrature formulas with similar property. Consider the general quadrature formula

/abf(x) dx ~ Zz;l;clf(azl)

We have the following statement:

Theorem 7.10. A quadrature formula
QUf) =) cif(xi) (7.41)

is exact for polynomials p(x) = apT™ + Ap_12™ 1 + -+ + ag of degree at most m if and
only if it is exact for the monomials x* for all i =0,1,...,m.

Proof. If @) is exact for all polynomials with degree at most m, it certainly implies that
it is exact for all monomials z¢ for all i = 0,1,...,m.

Suppose now that ) is exact for the monomials z* for all # = 0,1,...,m. Then the
linearity of the integral and the quadrature formula ) yield that

b
/ U™ + Q2™ 4+ ag dx
a

b b b
:am/ xmdx+am_1/ xm_ld:r+---+a0/ ldzx

= 4 Q™) + a1 Q™) + - + apQ(1)
= Q(am@™ + am 2™+ - + ag).

The quadrature formula @ defined by contains 2n number of parameters, ¢;, z;
(1 =1,2,...,n). The previous theorem indicates that such a quadrature formula can be
exact for polynomials with degree at most 2n — 1, since it also contains 2n coefficients.
Then Theorem [7.10] yields that a quadrature formula @ is exact for polynomials of degree
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at most 2n — 1 if and only if the following 2n number of equations hold:

n

/bldx:Zci

=1

b n
/ rdr = Z CiT;
a i=1
b n
/ v? dr = Z cix? (7.42)
a i=1

n

b
/x%_ldx—g cm?”fl
a

=1

The quadrature formula of the form ((7.41)) where the parameters are the solutions of the
nonlinear system ([7.42)) is called n-point Gaussian quadrature formula.
Consider the special case when n = 2 and [a,b] = [—1,1]. Then system (7.42)) is

equivalent to the system

2201+CQ

0= C1%1 + C22

2 2
— = C12] + C2Ty

3

0= c12% + comy.

It can be checked that this system has a unique solution (apart from the order): ¢; =
co=1and z; = V3 Lo = \/Tg So the two-point Gaussian quadrature formula is

/_1 F@)do ~ f (_%g) i (?) | (7.43)

Example 7.11. We compute the approximation of the integral of f(z) = e* on the interval
[—1,1]. The Gaussian formula (7.43]) yields

1
V3 V3
/ Tdr~e S +e% = 2.3426961.
1

Comparing it with the exact value e—1/e = 2.350424 we get that the error of the approximation

is 0.0077062, which is small, compared to the simplicity of the formula.
O

We need the notion of orthogonal functions. The functions f and g are called orthog-
onal on the interval [a, 0] if

[ gty =o
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We show that there exists a sequence of functions (FP;);—o 1. which are pairwise or-
thogonal on the interval [—1,1], and P; is a polynomial of degree i. Let Py(x) := 1 and
Py(z) := x. Then Py and P, are orthogonal on [—1,1]. We are looking for P, in the form
Py(x) = 2? + ag1 Pi(x) + az0Py(z). Then the requested orthogonality yields

0= /1 Py(x) Py() da

1

1 1
:/ [L’2P0 d[E—f—CLgl/ P1 dflf—f—ago/ POQ(ZL')dJ}

1 1

1
:/ IQPO dx+a20/ P
-1

which gives

f_ll 22 Py(x) dx
Q20 = — 1 2 .
J-, Fi(x)dx
Similarly,
1
0= / Py(x)Py(x) da
~1
1 1 1
_/ x2P1(x)dx+a21/ P2 (x) dx—i—azo/ Py()Py(z) do
—1 -1 -1
1 1
:/ Py (x) dx+a271/1P12(x) dx,
-1 _
SO
f_ll 2P (x) dx
Q21 = — 1 2 .
J-, Pi(x)dzx
We found a unique P, of this form. We can continue this procedure. If Fy,..., P, are

already defined, then we are looking for P, ;; in the form
B_H(I') = ZL'H_l -+ CI,Z‘+17Z‘PZ'({L‘) + -+ CI,H_LQP()(I). (744)
Then, similarly to the previous computation, we get

f_ll TP (x) dz

T , 7=0,1,...,1, (7.45)
f_l 13]2(33) dx

Qi+l = —

so P11 can be defined uniquely. This method is called Gram-Schmidt orthogonalization,
and the resulting polynomial P; is called Legendre polynomial of degree i. The formulas
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of the first five Legendre polynomials are:

P()(LU) = ].,
Pl(x) =z,
1
PQ(x) - xz - 57
Py(x) = 2° — gw,
6 3
P4(ZL’):CC4—? 2+%

It can be shown that the Legendre polynomials satisfy the recursion

TL2

Pn+1<£[)> = .TPn(l') — 471[2—_1

Po_y(2). (7.46)

The next theorem summarizes the most important properties of the Legendre polynomials.

Theorem 7.12. Let P; be the ith Legendre polynomial. Then
1. P; s orthogonal to any polynomial with degree at most i — 1.
2. P; is even if 1 is even, and it is odd if v is odd.

3. P; has i distinct real roots in the interval (—1,1), and they are symmetric to the
origin.

4. If (pi)i=o1.... is a sequence of polynomials of degree (exactly) i, which are pairwise
orthogonal, then p;(x) = ¢;P,(x) for all i for some constant ¢; # 0.

The next theorem shows that the mesh points of the n-point Gaussian quadrature

formula defined on the interval [—1, 1] are the roots of the nth-order Legendre polynomial
P,.

Theorem 7.13. Let x1,x9,...,x, be the roots of the nth Legendre polynomial P,, and

let
C}_/l (ff_371>"'(-T_$i—1)($_$i+1)"-($—xn)
i (=) (= @) (T — 1) - (@ — )

Then, for any polynomial p of degree at most 2n — 1, it follows

/ 1 p(a) dz = zn: cip(wi).

1 i=1

dz. (7.47)

The next result gives the truncation error of the Gaussian quadrature.
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Theorem 7.14. Let f € C?"[—1,1]. Then there exists £ € (—1,1) such that the n-point
Gaussian quadrature formula satisfies

| s@de =Y s+

-1

femE) [ s
on /Pn(x) dx.

)l

It can be shown that the error term in the previous theorem has the form

T fE(E)

4n(2n)!

which gives that if f®® is bounded for all n with a bound independent of n, then the
error of the Gaussian quadrature goes to 0 exponentially.
Newton—Cotes formulas tends to 0 only with polynomial speed if n — oc.

Table presents the roots of the first several Legendre polynomials and the corre-

sponding coefficients.

Note that the error in the

Table 7.6: The parameters of the Gaussian quadrature formulas

n X Ci

2 0.5773502692 1.0000000000
-0.5773502692 1.0000000000

3 0.7745966692 0.5555555556
0.0000000000 0.8888888889
-0.7745966692 0.5555555556

4 0.8611363116 0.3478548451
0.3399810436 0.6521451549
-0.3399810436 0.6521451549
-0.8611363116 0.3478548451

5 0.9061798459 0.2369268850
0.5384693101 0.4786286705
0.0000000000 0.5688888889
-0.5384693101 0.4786286705
-0.9061798459 0.2369268850

The Gaussian quadrature formulas can be applied to the case when the interval is
[—1,1]. But in case of an arbitrary interval [a, b], the new variable z = ((b—a)t+a+b)/2

transforms the computation of the integral to the interval [—1, 1]

o= o

(b—a)t+a+b

2

)

Example 7.15. Approximate the integral fol x2e® dx using the two-point Gaussian quadrature:

1 1
1 t+1
[eand [ (2
0 2/, 2

2 2
(‘\/5/3+1> (VB3I (\/W) (V3/341)/2
2 2

= 0.7119418.

2
> e(t+1)/2 dt
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The error of this approximation is 0.0063400. U

Exercises

1. Apply the 2-point Gaussian quadrature to the integrals given in Exercise 1 of the previous
section.

2. Apply the 3-, 4- and 5-point Gaussian quadrature formulas to the integrals given in Ex-
ercise 1 of the previous section.
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Chapter 8

Minimization of Functions

In this chapter we investigate the minimization of single and several variable real
functions. We study only the minimization, since a function f(x) takes its maximum at a
point where the corresponding function — f(x) takes its minimum, so finding a maximum
of a function can be reduced to minimization.

We classify minimization algorithms into three groups: methods which do not use
derivatives, methods which use only first and which use also second derivatives of a func-
tion. In the first class we study the golden section search, the simplex and the Nelder—
Mead methods. In the second class we consider the gradient method, and in the third
class we define the Newton’s method. The quasi-Newton methods can be considered
as algorithm in the third class where not the exact values of the derivatives, but their
approximate values are used.

8.1. Review of Calculus

Theorem 8.1. Let f: R* — R be partially differentiable with respect to all variables.
Then if f has a local extremum at the point a € R™, then %};‘) = 0 holds for all i =
1,...,n.

If f € C? and f'(a) = 0 for some a € R™, moreover, the Hessian matriz f"(a) is
positive (negative) definite, then f has a local minimum (maximum) at the point a.

For two-variable functions we have the following special case of the previous result.

Theorem 8.2. Let f: R? - R, f € C% Then if f has a local extremum at the point
(a,b), then
of af

So(a.b) =0, a—y(a, b) =0 (8.1)

holds.
On the other hand, if relation holds at a point (a,b), and

o2 o2 o2 2
D(a,b) := a—;;(a,b) . a—yj;(a,b) - (&E (,J;y(a, b)) > 0,

then f has a local extremum point at (a,b). Moreover, f has a local mazimum at (a,b) if
%(a, b) <0, and it has a local minimum at (a,b) if %(a,b) > 0. If D(a,b) <0, then f
has no extremum at (a,b).
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8.2. Golden Section Search Method

Let f: [a,b] = R be continuous, and suppose that it is a unimodal function, i.e., it has a
unique minimum point in the interval [a, b]. This holds if, e.g., the function is convex on
[a, b], but it is not necessary (see, e.g. the second and third functions in Figure [8.1]). Let
p be the (unique) minimum point of f.

Figure 8.1: Unimodal functions

The golden section search method is similar to the bisection method in the sense that
we define a sequence of nested intervals which all contains the minimum point p of f: Let
a<y<az<b If f(z) > f(y), then p € [a, z], otherwise p € [y, b] holds. (See Figure[8.2])
Then we repeat the procedure with the interval [a, x] or [y, b].

Figure 8.2:

We define the points x and y so that the length of the intervals [a, x] and [y, b] be the
same: * —a=0b—y=r(b—a) for some 0 < r < 1. Then

r=a+r(b-—a), y=a+(1—7r)(b—a) (8.2)

hold. The assumption z > y implies that 0.5 < r < 1 must be satisfied. We denote the
next interval by [a/,']. We specify the next mesh points 2’ and 3’ by the rule (8.2), and
comparing the functions values f(z') and f(y') we determine the next interval. We have
not defined the ratio r yet. In case of the golden section search method, r is defined so
that one of the new mesh points 2’ and 3’ should coincide with one of the previous mesh
points in order in each steps we should evaluate only one new function value.
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; % % {
a Y x b
Figure 8.3:

Figure demonstrates the situation when in the next step the minimum point is
located in the right interval [y,b]. Then we require that ¥’ = = be a mesh point in the
next step. Then the following relations are satisfied:

at+rb—a)=y
=d+(1-r)(t —d)
=y+(1-r)b—y)
=a+(1-r)b—a)+(1—=r)b—a—(1—-7)b-a)),

and so
r=1l-r+(1-r)(1-(1-r)),

which yields equation
rP4+r—1=0 (8.3)

for the ratio r. Its positive solution is r = (v/5 — 1)/2 ~ 0.61834. This is the ratio of the
golden section, since r satisfies the equation

T 1
1—r r
In the opposite case when the minimum point is located in the interval [a, x], and we

select ' and 3’ so that ' = y be satisfied. It can be shown easily (see Exercise |3)) that
this yields the same equation (8.3)).

Algorithm 8.3. Golden section search method

INPUT:  f(z) - function to minimze
[a, b] - interval
€ - tolerance
OUTPUT: p - approximation of the minimum point

r (vVb—1)/2

r < a+rb—a)

y<—a+(1—r)b—a)

fr+ f(x)

fy < fy)

while (b —a) > ¢ do

if fxr > fy do

b+«
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Ty
Jr < fy
y<—a+(1—r)b—a)
fy < fy)
else do
a<+y
Yy
fy < fx
ra+rb—a)
fr <+ f(x)
end do
end do
output((a+b)/2)

The next result can be shown.

Theorem 8.4. Let f € Cla,b] be a unimodal function. Then the golden section search
method converges to the minimum point of the function f.

It is easy to compute that the length of the interval after n steps is (b — a)r™. Hence
to reach ¢ tolerance in Algorithm

b—a (8.4)

steps are required.

Example 8.5. Find the minimum point of the function f(z) = 2? — 0.8z + 1. It can be
easily checked that its minimum point is p = 0.4. We applied Algorithm with the starting
interval [—1,2] and tolerance ¢ = 0.005. Formula yields that n > 13.29337586 steps
are needed to reach the required precision. The corresponding numerical results can be seen in
Table[8.1] Therefore, the minimum point is located in the interval [0.3977741449, 0.4013328688].
The Algorithm is formulated so that its output is the midpoint of the last interval, i.e.,
0.3995535068. O

Exercises

1. Approximate the minimum point of the following functions using the golden section search
method on the given interval:

(a) flx)=a3-3z+1, ze€[-1,2], (b) f(x)=|cosz|, z€]0,2],
(¢) flx)=1—10ze ", x€]0,2], (d) f(z) =cos(z? —z), = €[L,3].

2. Apply the golden section search method for the function f(x) = —1/22 on the interval
[—1,1]. What do you observe?
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Table 8.1: Golden section search method, f(z) =2? — 0.8z + 1
k [ak,bk] Yk Tk
0 [-1.0000000000, 2.0000000000] 0.1458980338 0.8541019662
1 [-1.0000000000, 0.8541019662] 0.2917960675 0.1458980338
2 [-0.2917960675, 0.8541019662] 0.1458980338 0.4164078650
3 [0.1458980338, 0.8541019662] 0.4164078650 0.5835921350
4 [0.1458980338, 0.5835921350] 0.3130823038 0.4164078650
5 [0.3130823038, 0.5835921350] 0.4164078650 0.4802665738
6 [0.3130823038, 0.4802665738] 0.3769410125 0.4164078650
7 [0.3769410125, 0.4802665738] 0.4164078650 0.4407997213
8 [0.3769410125, 0.4407997213] 0.4013328688 0.4164078650
9 [0.3769410125, 0.4164078650] 0.3920160087 0.4013328688
10 [0.3920160087, 0.4164078650] 0.4013328688 0.4070910050
11 [0.3920160087, 0.4070910050] 0.3977741449 0.4013328688
12 [0.3977741449, 0.4070910050] 0.4013328688 0.4035322811
13 [0.3977741449, 0.4035322811] 0.3999735572 0.4013328688
14 [0.3977741449, 0.4013328688] 0.3991334565 0.3999735572
3. Prove that if [a/, '] = [a, x] is selected in golden section search then 2’ = y is satisfied if r

is a solution of equation (8.3).

4. Prove Theorem [8.4
5. Check formula ({8.4)).

8.3.

Simplex Method

An n-dimensional simplex is a convex hull of n + 1 number of n-dimensional vectors, i.e.,

the closed set
{aox@ + -+ a,x™: 0< oy <1,

where the vectors x; — x¢,Xs — Xgq, ...

ag+ -+, <1,

,X, — Xo are linearly independent. The vectors

x(© . x™ are called the vertices of the simplex. The 1-dimensional simplexes are the line
segments, the 2-dimensional simplexes are the triangles, and the 3-dimensional simplexes

are the tetrahedrons.

The simplex method is used to approximate the minimum point of a function of n
variables. Consider a starting n-dimensional simplex. First we find the “worst” vertex,
i.e., the vertex where the function takes the largest function value. Let this point be the
vector x9). Then we reflect the simplex over the center of the best n vertices, i.e., to the

point

X, 1= % i x.
1=0

i#]

The reflected point is given by the formula

X, = 2X, — x1)
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If f(x,) is not smaller than the largest function value of the previous step, i.e., f(x)),
then we discard the reflection, and instead of it, we shrink the simplex to half of its size
from its “best” vertex: let x*) be the best vertex, i.e., the vertex where the function takes
the smallest function value. Then we recompute all the other vertices by the formula

X(Z)%x(k)—f—a(x(z)—x('ﬁ)), 1=0,1,....k—1Lk+1,....n

We repeat the previous steps for the resulting (reflected or shrinked) simplex.

We can define several different stopping criteria to this method, or we can use combina-
tions of these methods. For example, we can stop the method when the simplex becomes
smaller than a predefined tolerance size. The size of the simplex can be defined, e.g., as
the length of its longest edge, i.e., by the number max{||x®) — x| : i,5 = 0,...,n}.
Another option is that we apply the stopping criterion |fx+1 — fx| < &, where f; denotes
the function value at the center of the kth simplex. A third criterion can be the following:
Let f be the average of the function values at the vertices, and o be its standard deviation,
ie.,

Fo L NT — |1t Dy F
f.—nH;f(x ) o= HH;(f(X“) f)

We interrupt the iteration when o becomes smaller than a tolerance. The center of the
simplex can be used as an approximation of the minimum point. Finally, we can apply
conditions (i) or (ii) of Section[4.4]for the sequence of the center points to set up a stopping
criterion.

Example 8.6. Find the minimum point of the function f(z,y) = (22 — 2y)? + 2(z — 1)2. Tt is
easy to see that the (global) minimum point of the function is (1,0.5), and the minimal function
value is 0. We use the simplex method to approximate the minimum point. We use the starting
simplex corresponding to the vertices (—2,4), (—1,4) and (—1.5,5). The numerical values of
the first 25 steps of the method can be seen in Table The center of the 25th simplex is
(0.9063, 0.3542), which is a good approximation of the exact minimum point. The corresponding
function value is 0.0303 which is close to the true minimum 0. In Figure the contour lines
(level curves) of the function and the sequence of the simplexes (triangles) can be seen. The
blue dot represents the exact minimum point. O

A variant of the simplex method is the Nelder—Mead method. Here we reflect, expand
or contract the simplex in the following way. Suppose that in each steps the vertices are
indexed so that f(x(@) < f(xM) <-.- < f(x™). Then x(™ is the “worst” vertex, so we
reflect it over the center of the remaming points, i.e., over the point

The reflected point is x, = 2xc — x(M. We evaluate the function value f(x,). We

distinguish three cases: (i) f(x) < f(x,) < f(x™™Y), (i) f(x,) < f(x@), so x,
would be the new best vertex, and (iii) f(x,) > f(x"™V), i.e., x,, would be the new worst
vertex.
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Table 8.2: Simplex method, f(z,y) = (2* — 2y)* + 2(x — 1)?

Lk x (k1) x(k:2) x(k:3) f(x(k,l)) f(x(k,2)) f(x(k,S))
0 (-1.000, 4.000) (-2.000, 4.000) (-1.500, 5.000) 57.000 34.000 72.563
1 (-2.000, 4.000) (-1.000, 4.000) (-1.500, 3.000) 34.000 57.000 26.563
2 (-1.500, 3.000) (-2.000, 4.000) (-2.500, 3.000) 26.563 34.000 24.563
3 (-2.500, 3.000) (-1.500, 3.000) (-2.000, 2.000) 24.563 26.563 18.000
4 (-2.000, 2.000) (-2.250, 2.500) (-1.750, 2.500) 18.000 21.129 18.879
5 (-2.000, 2.000) (-1.750, 2.500) (-1.500, 2.000) 18.000 18.879 15.563
6 (-1.500, 2.000) (-2.000, 2.000) (-1.750, 1.500) 15.563 18.000 15.129
7 (-1.750, 1.500) (-1.500, 2.000) (-1.250, 1.500) 15.129 15.563 12.191
8 (-1.250, 1.500) (-1.750, 1.500) (-1.500, 1.000) 12.191 15.129 12.563
9 (-1.250, 1.500) (-1.500, 1.000) (-1.000, 1.000) 12.191 12.563 9.000
10 (-1.000, 1.000) (-1.250, 1.500) (-0.750, 1.500) 9.000 12.191 12.066
11 (-1.000, 1.000) (-0.750, 1.500) (-0.500, 1.000) 9.000 12.066 7.563
12 (-0.500, 1.000) (-1.000, 1.000) (-0.750, 0.500) 7.563 9.000 6.316
13 (-0.750, 0.500) (-0.500, 1.000) (-0.250, 0.500) 6.316 7.563 4.004
14 (-0.250, 0.500) (-0.750, 0.500) (-0.500, 0.000) 4.004 6.316 4.563
15 (-0.250, 0.500) (-0.500, 0.000) ( 0.000, 0.000) 4.004 4.563 2.000
16 ( 0.000, 0.000) (-0.250, 0.500) ( 0.250, 0.500) 2.000 4.004 2.004
17 ( 0.000, 0.000) ( 0.250, 0.500) ( 0.500, 0.000) 2.000 2.004 0.563
18 ( 0.500, 0.000) ( 0.250, 0.000) ( 0.375, 0.250) 0.563 1.129 0.910
19 ( 0.500, 0.000) ( 0.375, 0.250) ( 0.625, 0.250) 0.563 0.910 0.293
20 ( 0.625, 0.250) ( 0.500, 0.000) ( 0.750, 0.000) 0.293 0.563 0.441
21 ( 0.625, 0.250) ( 0.750, 0.000) ( 0.875, 0.250) 0.293 0.441 0.102
22 ( 0.875, 0.250) ( 0.750, 0.250) ( 0.813, 0.125) 0.102 0.129 0.239
23 ( 0.875, 0.250) ( 0.750, 0.250) ( 0.813, 0.375) 0.102 0.129 0.078
24 ( 0.813, 0.375) ( 0.875, 0.250) ( 0.938, 0.375) 0.078 0.102 0.024
25 ( 0.938, 0.375) ( 0.875, 0.375) ( 0.906, 0.313) 0.024 0.031 0.056

Figure 8.4: Simplex method.

In case (i) we replace x™ by x, (i.e., we accept the reflection), and continue the

iteration.

In case (ii) we expand the simplex in the direction of x, hoping that we get an even
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better point. Let

Xe 1= Xe + a(x, — X.),

where a > 1 is a fixed constant (a parameter of the method). If f(x.) < f(x(®) holds,
then the expansion is considered to be successful, and we replace x™ by x.. Otherwise
we replace x™ by x,, i.e., the reflection is performed but we do not expand the simplex.

In case (iii) we think that the reflection is too far from x(™) so we try to contract the
simplex. Let

X, = { Xc_ﬁ(xr_xc)7 if f(X(n)) <f(XT)’
o X, + B(x, — X.), if f(X(n)) > f(x),

where 0 < 3 < 1 is another parameter. If f(x.) < min{f(x™), f(x,)}, then x™ is
replaced by x,. Otherwise we shrink the simplex to its half size from its best point:

. 1 .
x®  xO 4 §(x(2) —xO) i=1,...,n

Example 8.7. We apply the Nelder-Mead method with parameters o = 1.4 and g = 0.7
for the function f(z,y) = (2? — 2y)? + 2(z — 1)? considered in Example We start from
the same initial simplex (—2,4), (—1,4) and (—1.5,5). The first 17 terms of the resulting
sequence of vertices can be seen in Table and in Figure The center of the 17th triangle
is (1.0071,0.5929), and the corresponding function value is 0.0295. We can observe that for
this example the Nelder-Mead method converges faster to the minimum point than the simplex
method. U

Table 8.3: Nelder-Mead method, f(x,y) = (2* —2y)? +2(z —1)%, a =14, 3=0.7
? (Y () ) FEEDY D) )

0 (-1.000, 4.000) (-2.000, 4.000) (-1.500, 5.000) 57.000 34.000 72.563
1 (-2.000, 4.000) (-1.000, 4.000) (-1.500, 2.600) 34.000 57.000 21.203
2 (-1.500, 2.600) (-2.000, 4.000) (-2.500, 2.600) 21.203 34.000 25.603
3 (-1.500, 2.600) (-2.500, 2.600) (-2.000, 1.200) 21.203 25.603 20.560
4 (-2.000, 1.200) (-1.500, 2.600) (-0.700, 0.920) 20.560 21.203 7.602
5 (-0.700, 0.920) (-2.000, 1.200) (-1.200,-0.480) 7.602 20.560 15.440
6 (-0.700, 0.920) (-1.200,-0.480) ( 0.520,-1.152) 7.602 15.440 7.088
7 ( 0.520,-1.152) (-0.700, 0.920) ( 1.464, 0.394) 7.088 7.602 2.270
8 (1.464, 0.394) ( 0.520,-1.152) (-0.192, 0.530) 2.270 7.088 3.891
9 (1.464, 0.394) (-0.192, 0.530) ( 0.555,-0.668) 2.270 3.891 3.097
10 ( 1.464, 0.394) ( 0.555,-0.668) ( 0.168, 0.330) 2.270 3.097 1.783
11 ( 0.168, 0.330) ( 1.464, 0.394) ( 0.999, 1.083) 1.783 2.270 1.362
12 ( 0.999, 1.083) ( 0.168, 0.330) ( 1.200, 0.487) 1.362 1.783 0.296
13 ( 1.200, 0.487) ( 0.999, 1.083) ( 0.448, 0.467) 0.296 1.362 1.147
14 ( 1.200, 0.487) ( 0.448, 0.467) ( 0.648,-0.129) 0.296 1.147  0.707
15 ( 1.200, 0.487) ( 0.648,-0.129) ( 0.591, 0.380) 0.296 0.707 0.505
16 ( 1.200, 0.487) ( 0.591, 0.380) ( 1.068, 0.828) 0.296 0.505 0.274
17 ( 1.068, 0.828) ( 1.200, 0.487) ( 0.754, 0.464) 0.274 0.296 0.251
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Figure 8.5: Nelder-Mead method with a = 1.8 and 5 = 0.6.

Exercises

1. Find the minimum point of the functions

(a) f(x,y) = 2%+ 597, (b) f(z,y) =2+ (x+y—2)?%
(c) flay) =322+ (d) f(z,y) =2+ cos®(z —y)

with the Nelder-Mead method. Use the method with different parameter values o and 3
(including a = 1 = 3, i.e., the simplex method).

2. Apply the Nelder—-Mead method with some parameter values @ > 1 and 0 < 8 < 1 for the
function f(z) = 22 — y? using the initial simplex vertices [0,1], [0, —1], [1,0]. What do
you observe? What do you observe if you use the simplex method for the same problem?

3. Formulate the simplex method for functions of one variable, and apply it for the problems
given in Exercise [I] of Section 8.2

4. Consider the following method for minimization of real functions of two variables: let f be

a function of two variables, (pgo) , pgo)) be a given initial point. Minimize the function of one

variable t — f (pgo) +t, pgo)) (for example, with the simplex method defined in the previous

exercise). Let t; be the minimum point, and define (pgl),pgl)) = (pgo) + tl,pgo)). Then

minimize the function of single variable ¢ — f (pgl), pgl) +1t). Let ty be its minimum point,

and then we repeat the method above starting from the point (p§2)7p§2)) = (pgl),pgl) +t2).

So repeatedly, minimizing the function along with x- and y-axes we get the next element
of the sequence. Apply this method for the functions defined in Exercise [Il Compare the
speed of the convergence with that of the Nelder-Mead method.

8.4. Gradient Method

Consider a function f: R®™ — R. It is known from calculus that at a point p the most
rapid decrease of the function f is in the direction of the vector —f’'(p):
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Theorem 8.8. Let f € C'. Then the directional derivatives

o S (P A tw) — f(p)’
t—0+ t

[ufls =1
has a minimum for the direction u = —f'(p)/||f' (p)||2-

A direction u is called a descent of a function f at the point p if there exists 6 > 0
such that f(p +tu) < f(p) for all 0 < ¢t < 0, i.e., the function decreases at the point p
in the direction of u. Theorem can be interpreted so that the steepest descent of f at
the point p is in the direction — f'(p).

The gradient method is based on the previous observation that starting from a point
p© we should step forward in the direction of the negative gradient vector. This method
is also called the steepest descent method. We define it as follows:

p*t) = p® — ' (p®), (8.5)

where the scaling parameter «; determines the step size. The gradient method has
several variants. The simplest case is when the step size is constant. Let h > 0 be fixed,
and use the factor o = h/||f'(p*)||o. Then the distance between the consecutive points
is constant h. Then, in general, the method cannot approximate the exact minimum point
better than h.

Another variant is that we select oy, so that

teR

be satisfied, where
On(t) == f(p(k) —t f’(p(k))>. (8.6)

Then in each step we have to minimize a function of a single variable along with the
direction of the negative gradient. This version of the gradient method is called optimal
gradient method.

Using the optimal gradient method we step forward from a point in the direction of the
negative gradient into a point where the line is tangent to the contour line (level curve)
of the function f. This implies that the consecutive directions are perpendicular to each
other. (See Exercise [3])

It can be shown that the optimal gradient method is locally linearly convergent. But
the asymptotic error constant can be close to 1, so the convergence can be slow.

Example 8.9. We consider again the function f(z,y) = (22 — 2y)? + 2(x — 1)? examined in
Examples and and we use the gradient method to find its minimum point. First we use
the gradient method with the scaling factor a = 0.3/ f"(p®))||2, i.e., with the constant step
size 0.3. The first 21 terms of the sequence can be seen in Figure starting from the initial
point (—1,4) (red circles) and from the initial point (0.5,3.5) (green circles). The sequences
approximate the minimum point (1,0.5) (blue dot) slowly, and oscillates around it. Note that,
as it is known in calculus, the gradient vector is always perpendicular to the contour line through
that point, so the gradient method steps in a direction perpendicular to the contour line.
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Next we apply the optimal gradient method from the initial points (—1,4) (red circles) and
(0.5,3.5) (green circles), respectively. We plotted the first 3 and 12 terms of the corresponding
sequences in Figure The first sequence gets very close to the minimizer (blue dot) in two
steps, and then approaches further to the minimum point. The second sequence enters quickly
into the “valley* of the contour lines containing the minimum point, but there it zigzags slowly
towards the minimum point. Ol

Figure 8.6: Gradient method with Figure 8.7: Optimal gradient method.
constant step size.

If we cannot or do not want to compute the gradient vector exactly, then we can use
the following variant of the method (8.5)):

p+) = p) _ g k) (8.7)

where the ith component of the vector v(*) is defined by

1 . .
o = E(f(p(k) + he®) — f(pw))), i=1,...,n,

and here e is the ith unit vector.

Exercises

1. Apply the gradient method for the functions given in Exercise [I] of Section [8.3] Select any
initial point, and use the constant step size oy, = h/||f'(p*)||2 with some k> 0, and also
use the optimal gradient method.

2. Repeat the previous problem using the scale ay = h with some h > 0.

3. Compute the derivative of the function ¢y defined by . Using the value of the deriva-
tive at t = ay show that the vectors pt2) — p(k+1) and p*+1) — p(*) are orthogonal.

F. Hartung, University of Pannonia www . tankonyvtar.hu


www.tankonyvtar.hu

170 8. Minimization of Functions

8.5. Solving Linear Systems with Gradient Method

Let A € R™ " be a symmetric matrix, b € R”, ¢ € R, and consider the quadratic function
1

g: R" - R, g(x) = §XTAX ~b'x +ec (8.8)

Using the notations A = (a;;), x = (21,...,2,)", b= (b1,...,b,)" we have the following

form of g:
g(x1,...,Tp ZZaUxx] bel%—c

=1 j5=1
Compute the partial derivative 2 a . Since a;; = aj;, we get

n

dg 1 -
8x- (iL‘l, Ce ,$n) = 5 Z(aij:cj + Cljil'j> — bz = ZCLUI’]’ — bz
i =1

j=1

Therefore, in a vectorial form we have

J(x) = (aaxgl(x) .,;jn(x)> — Ax —b. (8.9)

Hence if A is invertible, then g has exactly one critical point, which is the solution of the
linear system Ax = b. Let X be the critical point of g, and x = x + Ax.

g(X+ Ax) = %(x + Ax)TA(x + Ax) — bT (x + Ax) + ¢
1

= §_TAX + - 5 _TAAX + - 5 (AX)TAX + - 5 (AX)TAAX

— b'x— bT'Ax +ec.

So using the relations A = AT, xT AAx = (Ax)TAx, b’ Ax = (Ax)"b and Ax = b, we
get

g(X + Ax) = %)‘(TAX —b'x + (Ax)T(Ax — b) + %(AX)TAAX +c
= 4(%) + 5(Ax)TAAX

Therefore,

g(x+ Ax) —g(x) = 5 (AX)TAAX (8.10)

If A is positive definite, then g(x + Ax) — g(x) > 0 for all vectors Ax # 0, hence
Z minimizes the function ¢g. Similarly, if A is negative definite, then it follows from
equation that g has a maximum at z. All positive or negative definite matrices are
invertible by Theorem [3.9] Hence we proved the following result.

Theorem 8.10. Let A be symmetric. Then the gradient vector of the quadratic function
9(x) = ixTAx — bTx + ¢ is ¢'(x) = Ax — b. If A is positive (negative) definite, then g
has a global minimum (mazimum), which is taken at the point x = A~'b.
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The proof of the previous result yields easily:

Corollary 8.11. If a quadratic function has a local minimum (mazimum) at a point,
then there the function has also global minimum (maximum,).

If A is a symmetric positive definite matrix, then Theorem yields that the linear
system Ax = b can be solved that we define the quadratic function g by (8.8), and we
minimize it by the optimal gradient method. Therefore, we define the iteration

p+) = p) _ g, ¥

where
vk — g’(p(k)) _ Ap(k) b

ay, is selected so that it be the minimum point of the scalar function ¢y (t) := g(p® —tv(*)).
The function ¢y, is a quadratic polynomial, since

bu(t) = % (p® — tv®)T A (p® — tv®) — BT (p® v 4 ¢

(V(k)>T Av®) ¢ (v(k))T (Ap*™ —b) + ¢ —bTp®.
Therefore, its minimum point a; can be given explicitly as

(V(m)T (Ap® — b)
(v Ayt

ap —

Introducing the residual vector r®) = b — Ap® | the method can be summarized in the
following way:

r® =b — Ap® (8.11)
T (k)
T r
ap = % (8.12)
(r))" Ar®)

Example 8.12. Consider the linear system

41 + 220 — x3 = 0
2x1 + Sx;o = 8
-1 + 3z3 = 1.

We applied the optimal gradient method — with the initial point p(® = (3,3,3)7.
Note that the method is applicable since the coefficient matrix of the linear system is symmetric
and positive definite. The first 13 terms of the sequence p*) are listed in Table together
with the error of the approximation. Note, the true solution is (—1,2,0). O
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Table 8.4: Solving the linear system with gradient method

k p* Ip™ — b2
0 ( 3.00000000, 3.00000000, 3.00000000) 5.09901951
1 ( 0.43469388, 0.77673469, 2.14489796) 2.85575065
2 ( 0.03799038, 1.89938726, 0.41611180) 1.12280719
3 (-0.59954375, 1.61568290, 0.37817223) 0.67162421
4 (-0.75093609, 1.98854968, 0.13393796) 0.28302529
5 (-0.90321440, 1.90857051, 0.10622765) 0.17032651
6 (-0.93575911, 1.99605148, 0.03257991) 0.07213829
7 (-0.97504377, 1.97631917, 0.02650106) 0.04342696
8 (-0.98365956, 1.99904876, 0.00839916) 0.01839730
9 (-0.99365117, 1.99398134, 0.00679190) 0.01107528
10 (-0.99583018, 1.99975420, 0.00213698) 0.00469196
11 (-0.99837993, 1.99846385, 0.00173029) 0.00282459
12 (-0.99893668, 1.99993749, 0.00054530) 0.00119662
13 (-0.99958687, 1.99960829, 0.00044139) 0.00072037

Exercises

1. Show that any quadratic function

ZZaUxﬂ]—FZb T; + ¢

i=1 j=1

can be written in the form .
notation?

How can ¢'(x) and ¢”(x) be given using a matrix

2. Prove Corollary
3. Check the derivation of formulas (8.11))-(8.13).

4. Apply the gradient method for finding the minimum point of the functions:
(a) flz,y) =207 =120 +3y° +30y, (b) fla,y)=22" —day+3y* — 2y

5. Solve the following linear systems with gradient method:

_ 6x1 + 3z — 223 = 6

41 — 3x0 = 4 _
a _ _ b 3r1 + bz — x3 = —4
( ) 3z1 + 3z = 3 ( ) —2x1 — To + 3x3 = -2

6. Let f(z,y) =
point p(® = (9,1)7 generates the sequence

pk) = ( (_%)k )O.8k.

What is the asymptotic error constant of this sequence? Give a function and initial value
such that the asymptotic error constant of the sequence generated by the optimal gradient
method is a predefined constant 0 < o < 1.

230 + 2y2 Show that the optimal gradient method started from the initial
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8.6. Newton’s Method for Minimization

Consider a function f: R™ — R, and fix a vector p(®). If f € C?, then in a neighbourhood
of p© the function f can be approximated by its second-order Taylor polynomial

9(x) = fFPO) + F(P)T(x — p) + %(X —pNT () (x — p), (8.14)

where f/(p?) is the gradient vector of f, and f”(p®) is the Hessian matrix of f at
p®. Suppose that f”(p®) is positive definite. Then, by Theorem [8.10, ¢ has a global
minimum at the point

p =pO@ — (f"(p®)) " £ (p©).

Then we consider p(") as an approximation of the minimum point of f, and we repeat the
previous process from the point p("). We can define the iteration:

D =p® — (™)) F(p®). (8.15)

which is called Newton’s method for minimization. It is easy to see that it is equivalent
to the Newton’s method for solving the nonlinear system f’(x) = 0. Therefore, we get
the following result immediately.

-1
p

Theorem 8.13. Let f: R* = R, f € C3, f/(p) = 0 and f"(p) be positive definite.
Then f has a local minimum at p, and the Newton’s iteration locally quadratically
converges to p.

Proof. We apply Theorem [8.1]to obtain that f has a local minimum at p. Since iteration
(8.15]) is equivalent to solving the system f’(x) = 0 for x = p using Newton’s method,
Theorem yields the local quadratic convergence of iteration (8.15)) to p. O

Example 8.14. We apply Newton’s method for the function f(x,y) = (22 — 2y)? + 2(x — 1)?
of Examples 8.6 and The first 5 terms of the sequence starting from (—1,4)7 can be
seen in Table We observe quick convergence to the minimum point (1,0.5)”. The numerical
results indicate that the order of convergence is quadratic. We note that the Newton’s iteration

starting from (1,3)7 gives back the exact minimum point in one step. O

Table 8.5: Newton’s method, f(z,y) = (2% — 2y)? + 2(z — 1)?

i (k) (k) (k) _ [P™® —pll,
P f(p™) I —pll2 B0
0 (-1.00000000, 4.00000000) 57.00000000 4.03112887
1 (-1.33333333, 0.83333333) 10.90123457 2.35702260 0.14504754
2 ( 0.76666667,-1.91111111) 19.55698889 2.42237512 0.43602752
3 ( 0.80979667, 0.32695523)  0.07235807 0.25714159 0.04382173
4 ( 0.99964684, 0.48162536)  0.00129935 0.01837803 0.27794212
5 ( 0.99998771, 0.49998766)  0.00000000 0.00001742 0.05156519
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Example 8.15. Consider the function f(z,y) = 0.1(2% — 2y)* + (z — 1)2. It is easy to see
that the minimum point of this function is also (1,0.5)". It can be checked that the Hessian of
the function at the minimum point is f”(1,0.5) = 0, so it is not positive definite. Despite of
it, the Newton’s method converges for this function starting from (—1,4)7, as it can be seen in

Table But the convergence in this case is only linear.
O

Table 8.6: Newton’s method, f(z,y) = 0.1(2? — 2y)* + (x — 1)?
k p®) F(p™) Ip® —pll, PZ-pl2
[p=1) —p]l2
0 (-1.00000000, 4.00000000) 244.10000000 4.03112887

1 (-1.01468429, 2.84801762) 51.47734819 3.09388745 0.76749902

2 (-1.06550085, 2.12183854) 13.60182932 2.62614813 0.84881825

3 (-1.25304590, 1.80360379) 6.79822461 2.60299802 0.99118476

4 (-2.19917836, 2.64963726) 10.23933318 3.85430701 1.48071838

5 ( 1.13216300,-4.75372475) 1355.09401353 5.25538684 1.36351018

6 ( 1.13190045,-2.95581491) 267.68684927 3.45833116 0.65805454

7 (1.13102026,-1.75800646) 52.89017856 2.26180447 0.65401616

8 (1.12811546,-0.96208855) 10.46057564 1.46769088 0.64890263

9 (1.11900871,-0.43955842) 2.07752857 0.94706552 0.64527588

10 ( 1.09458417,-0.11167347) 0.41720946 0.61894313 0.65353781
11 ( 1.05056809, 0.07705747) 0.08386326 0.42595483 0.68819704
12 ( 1.01290080, 0.19574848) 0.01637137 0.30452490 0.71492300
13 ( 1.00119582, 0.28963767) 0.00320655 0.21036572 0.69079974
14 ( 1.00003517, 0.35899525) 0.00063312 0.14100475 0.67028386
15 ( 1.00000031, 0.40597370) 0.00012506 0.09402630 0.66683071
16 ( 1.00000000, 0.43731559) 0.00002470 0.06268441 0.66666888
17 ( 1.00000000, 0.45821040) 0.00000488 0.04178960 0.66666668
18 ( 1.00000000, 0.47214026) 0.00000096 0.02785974 0.66666667
19 ( 1.00000000, 0.48142684) 0.00000019 0.01857316 0.66666667
20 ( 1.00000000, 0.48761789) 0.00000004 0.01238211 0.66666667

Exercises

1. Apply the Newton’s method for minimization for the functions defined in Exercise [1] of
Section R.3

2. Show that for quadratic functions where the Hessian is positive definite, the Newton’s
method gives back the minimum point of the function exactly in one step.

3. Show that _if the conditions of Theorem hold and p© is close enough to p, then the
sequence 1' is defined for all k, i.e., f”(p¥) is invertible.

8.7. Quasi-Newton Method for Minimization

Similarly to the previous section, we approximate the function f: R™ — R in a neigh-
bourhood of p® by the quadratic function

T 1
FE) + (v)" (x = p®) + 5 (x — p®) AP x — p).

g(x) : (8.16)
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If vi® =~ f'(p®) and A® =~ f"(p*), then approximates the second-order Taylor
polynomial of f around p®, so it can be considered as an approximation of f in a small
neighbourhood of p®). We hope that the minimum point of g will approximate that of
f. If A® is positive definite, then Theorem yields that the minimum point of g is

-1
plD) — p®) _ (A(k)) vk (8.17)

Such iterations are called quasi-Newton methods for minimization.
We can define A® and v® as a numerical approximation of the Hessian matrix
f"(p™) and the gradient vector f'(p*): A®) = (q k)) and v(*¥) = (v%k), . ,v,(f))T, where

ij

o — hl (f(p(k) + he™ + heW) — f(p® + he®) — f(p™ + heW) + f(p(k))) (8.18)

ij 2
and )

o = 2 (F0® + he®) — F(p®)),
i,5 = 1,...,n (e is the ith unit vector, h > 0 is fixed small step size). Here we used

the first-order forward difference formula to approximate the first partial derivatives of f,
and formulas f to approximate the second partial derivatives. This way we
do not need to now the exact values of the gradient vector and the Hessian matrix, but
in each step of the iteration we need to perform n? number of function evaluations.
Next we consider the case when in (8.17) we have the exact gradient value v*) =

I (p(k)), and hence we examine quasi-Newton methods of the form
-1
p* =p® — (A®) " r(p"). (8.19)

Here we assume that we can evaluate the gradient vector of the function, so the question is
only how to approximate the Hessian matrix. One possibility is to use Broyden’s method
defined in Section to approximate solutions of the system f’(x) = O:

ABs®) = _ (p®), (8.20)
ptD) — p®) 4 gk), (8.21)
y® = f(pEty — f/(p®), (8.22)
(k) _ A5tk ((kNYT
(k1) _ At Y 5
A =AY 4+ TECIE (8.23)

Example 8.16. We apply Broyden’s method defined by (8.20)—(8.23|) for minimizing the
function f(x,y) = (22 — 2y)? + 2(z — 1)2. We start the sequence from the initial point (2,2)7,
and the matrix A(©) is defined as a second-order difference approximation (8.18)) of the Hessian

matrix f”(2,2) using step size h = 0.05. The first 10 elements of the sequence can be seen in
Table [

The problem with the iteration (8.23) is that since A®*) is an approximation of the
Hessian f”(p), it is natural to require that A®) be positive definite for all k. It is also
needed to argue that the quadratic function (8.16]) has a minimum for all £. The numerical
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Table 8.7: Broyden’s method for minimization, f(z,y) = (2? — 2y)* + 2(x — 1)?

k pk) F(p*) Ip® —pll, =Pz
[P~V —pll>
0 ( 2.00000000, 2.00000000) 2.00000e+00 1.80277564
1 ( 1.28952043, 0.56127886) 4.59574e-01 0.29593441 0.16415488
2 ( 1.35039835, 0.89916410) 2.46195e-01 0.53114121 1.79479368
3 ( 1.24875073, 0.73204681) 1.32833e-01 0.34018032 0.64047058
4 ( 1.12570322, 0.59780553) 3.67287e-02 0.15927091 0.46819553
5 ( 1.05911935, 0.54518730) 7.97359e-03 0.07441095 0.46719737
6 ( 0.99939685, 0.49649610) 3.43894e-05 0.00355544 0.04778109
7 (1.01133354, 0.50962433) 2.69479e-04 0.01486866 4.18194987
8 (1.00464762, 0.50384065) 4.58758e-05 0.00602918 0.40549562
9 (1.00047293, 0.50036811) 4.91375e-07 0.00059931 0.09940111
10 ( 1.00008014, 0.50006497) 1.37638e-08 0.00010316 0.17213595

experience also gives that those quasi-Newton methods of the form are the most
efficient where A®) is a positive definite approximation of the Hessian. But the matrix
sequence A*) generated by the Broyden’s method is not even symmetric.

Our first goal is to modify the Broyden’s method so that it should generate a symmetric
matrix for all k. Suppose A® is symmetric, and let

(y(k) _ A(k)s(k))(s(k))T

Bk+LL — A ()
" ECIE

be the matrix computed by the Broyden iteration. It can be shown (see Exercise [2)) that
the closest symmetric matrix to A (in some sense) is the matrix 1(A + AT). Therefore,
it is natural to modify B**11 in the following way

1

BgU+12) _ = (B(k+1,1) I B(k+1,1)T)
2

NG l(y(k) — ARk (sNT 4 gh) (y (k) A(k)s(k))T‘
2 %113

(8.24)

But now the problem is that the matrix B%**12) does not satisfy the secant equation
AFDgR) = v(¥) which was the motivation of the Broyden’s method. We correct it by

applying relation (8.23) again: let
(y®) — B0 (50T

B(k+l,3) _ B(k+l,2)
" ECIE

(8.25)

This is again a non-symmetric matrix, so we repeat the above procedure again: define the
matrices B*+1:2) and B¥+1241) from the previous term of the sequence using formulas

(8.24) and (8.25)), respectively, for i = 2,3,.... It can be shown that the matrix sequence
B+ converges to the symmetric matrix

(k) _ AWgR) (ENT 1 k) (v(k) _ A R)gENT
(y )(s™)T 4+ s (y )

A+ — A (F)
* ECIE

(8.26)

www . tankonyvtar.hu F. Hartung, University of Pannonia


www.tankonyvtar.hu

8.7. Quasi-Newton Method for Minimization 177

This is a correction iteration which preserves the symmetric property of the matrix, and
also it satisfies the secant equation A*+tDs*) = y()  This iteration is called Powell-
symmetric-Broyden update, or shortly, PSB update. The following result can be shown:

Theorem 8.17. Let f € C3, f'(p) = 0, f"(p) be positive definite. Then there exist
£,0 > 0 such that the iteration (8.20)-(8.29), (8.20}) is defined for all k, and it converges
superlinearly to p if |p® — pll2 < & and [|[A® — f"(p)|l2 < 6.

Example 8.18. Here we apply the quasi-Newton method with the PSB update for the
function f(z,y) = (2 —2y)?+2(x—1)2. We started the computation from the same initial value
that was used in Example The corresponding numerical values can be seen in Table
The approximation here is better than that of for the Broyden’s method. O

Table 8.8: Quasi-Newton method (8.19)) with the PSB update

®_
p® fe®)  p® —p|, LZ=ple
lp*=1 —p||2

0 ( 2.00000000, 2.00000000) 2.00000e+00 1.80277564
1 ( 1.28952043, 0.56127886) 4.59574e-01 0.29593441 0.16415488
2 ( 1.25102079, 0.70409379) 1.50630e-01 0.32352080 1.09321792
3 (1.19910219, 0.73444653) 8.02473e-02 0.30758228 0.95073416
4 ( 1.14966546, 0.69907469) 5.06393e-02 0.24905919 0.80973192
5 ( 1.00399514, 0.50473229) 3.40491e-05 0.00619320 0.02486638
6 ( 0.99975498, 0.49938607) 6.64526e-07 0.00066102 0.10673251
7 ( 1.00003118, 0.49997474) 1.46839e-08 0.00004012 0.06070113
8 ( 1.00001593, 0.50000889) 7.05953e-10 0.00001824 0.45466117
9 ( 1.00000627, 0.50000724) 8.24492e-11 0.00000958 0.52515860
10 ( 1.00000015, 0.50000024) 7.49020e-14 0.00000028 0.02901243

The PSB update does not satisfy the goal formulated earlier that A®) be positive
definite for all k if A©) is positive definite. According to Theorem [5.6| if a matrix A is
positive definite, then it has a Cholesky factorization A = LL”, where L is non-singular.
Otherwise, if a matrix A has the form A = MM? where M is non-singular, then A is
positive definite, since x’ MM”x = ||[M”x]|2 > 0, and here equality holds if and only if
M7”x = 0, and hence x = 0.

Let A® = M® (M®)T where M® is invertible (but not necessary lower triangular).
We look for the next Hessian approximation A**V in the form A®*+1) = ME+D (M EH)T
where we require that A®**1 satisfies the secant equation A*+tDs®*) = y*)  Then it im-
plies (y*)Ts®) = (s®)TAk+Dg(*) hence if AR+ is positive definite, then the inequality

(y*)Ts® > (8.27)

holds. We show that the secant equation has a positive definite solution assuming (8.27))
holds.

We introduce the notation v*) := (M®*+1))Ts(*) " Then the secant equation has the
form

(MEFIN Tk — k), (8.28)

MEHD (R — () (8.29)
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We would like to compute the matrix M*+1) by updating the matrix M®) . Therefore,

using the derivation of the Broyden’s method and using (8.29)), it is natural to look for

the matrix M*+1) in the form

(k) — ME)y®))(v(*)T
V3

MEFD = M®) 4 y (8.30)
Then M*+D satisfies equation (8.29), and its difference from the matrix M®) is the
smallest in the sense that for all z L v(® it follows M*+1z = M®z. Substituting
M+ back to equation (8.28) we get

k) _ MFE)vE) Y (vENT\T
o = a®yrew o (= MOVEYVEONT)

I3
k) (y(k k) (RN T
= (M®)Tg®) 4 v (y® — MKv(#) e
Nl
k k) (k)T g (k
— (M®)Tg® (y® — MEVE)TS®
V13

It yields (M®*)Ts®) = av®) where
(y®) — M) Tg®)

—1—
i [V
)T )T ()T
IV ®13 IV ®13
2 (y™)Ts™
= 1= o myrvm (M) Tsm T
and so
,  (sW)TM® (MM Ts® (0T ARH) .
@ (y®)Ts®) T (y®)Ts® (8:31)

We have that the numerator is positive since A®) is positive definite, therefore, o can be
obtained from equation ({8.31)), and

RN\T o (k 1/2
v = Lypooyrgm — (_GONTSY N .
o (ST APS®)

Substituting it back to equation (8.30)) we get

METD — k)

= M®) —
M+ T Ams® (5T ABSH)

Little computation gives (see Exercise [4)) that

Al _ A YOO AR () TAD (8.32)
(y)Ts® — (s TA®s®E ‘
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8.7. Quasi-Newton Method for Minimization 179

We have to show that the iteration generates a positive definite matrix. Since A*+1 =
MEFD(MEHINT it is enough to show that M*+1 is invertible. By our assumption, the
matrix M) is positive definite, and hence it is invertible. If we assume that (8.27) holds,
then the invertibility of M®**D follows easily from and Theorem m The details
are left to the reader (Exercise |5)).

The formula (8.32f) was introduced by Broyden, Flecher, Goldfarb and Shanno in 1970,
therefore, it is called BFGS update. This is the best known iteration for the approximation
of the Hessian. The initial value of the iteration can be the matrix f”(p(®) or its numerical
approximation by the second-order difference formula . If p© is close enough to p
and f"(p) is positive definite, then f”(p(®) and so A is also positive definite.

Finally, consider condition {D Applying Lagrange’s Mean Value Theorem (Theo-

rem , relations and , we get

(y®™)Ts® = (' (p*) — f(p®))" (p*+V — p®)

of; p(kH) of; P(k)
( (ax- ) _ a(m) (P — pi)

&h

||M: EM:

k: z)
k+1) (k) (k+1) _, (k)

If the iterates p*) are close enough to p during the iteration, then the vectors £ are
also close to p, and hence the continuity of f” yields

O*fi(p
(y*) s Z (Z o (9x (p{*Y —zﬁ-“)) (P — p®y
— ? J
= (p‘k“) —p"NT 7 (p)(p* ) — p®),

which is positive, since f”(p) is positive definite. Therefore, this condition is automatically
satisfied for large k if the sequence converges to p. Clearly, if does not hold, then
iteration (8.32) can be defined, but in this case A*+1) is only positive semidefinite, not
positive definite.

The following result can be proved.

Theorem 8.19. Let f € C?, f'(p) =0, and f"(p) be positive definite. Then there exist
£,0 > 0 such that the iteration (8.20)-(8.29), (8.39) is defined for all k, and it converges
superlinearly to p, assuming |[p? — pll2 < ¢ and ||[A©) — f"(p)||, < 4.

Example 8.20. We apphed the qua81 Newton method ( with the BFGS update for the
function f(z,y) = (2% —2y)?+2(x —1)%. We used the same 1n1t1a1 condition as in Example
The numerical results are listed in Table We have got a very precise approximation in 8
steps. O
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Table 8.9: Quasi-Newton method (8.19)) with the BFGS update

L p*) F(p™) Ip® — pll2 _p™—p[2
[lp*=1D —p|2
0 ( 2.00000000, 2.00000000) 2.00000e+00 1.80277564
1 ( 1.28952043, 0.56127886) 4.59574e-01 0.29593441 0.16415488
2 ( 1.23976784, 0.70438005) 1.31429e-01 0.31505527 1.06461181
3 ( 1.02721672, 0.49403232) 5.98519e-03 0.02786330 0.08843939
4 ( 1.00995636, 0.51197836) 2.13820e-04 0.01557595 0.55901316
5 ( 0.99954439, 0.49921815) 8.41172e-07 0.00090492 0.05809714
6 ( 1.00000534, 0.50000495) 5.76547e-11 0.00000728 0.00804964
7 ( 1.00000005, 0.50000002) 9.15800e-15 0.00000005 0.00708494
8 ( 1.00000000, 0.50000000) 8.60000e-19 0.00000000 0.01827989

It can be proved by mathematical induction that the inverses B* := (A®*))~1 of the
matrices A®*) generated by the BFGS update satisfy the recursion

(y<k>)TB(k>y<k)> s(F) ()T

B = B 4 (1 +

(st Ty (k) (st Ty (k)
 sW(y®)TB®) +B<k>y<k)(s<k>)T‘ 8.33)
(s Ty ()
Using this formula, can be replaced by
st = —_B® ' (p®), (8.34)

so during the iteration we do not need to compute matrix inverses or solving linear systems.

Similarly to the derivation of the BFGS update, we can obtain the definition of the
DFP update. Again, we are looking for the approximation of the Hessian in the form

AFHD = MEHD(MEHN)T  but instead of the iterates (8.28))—(8.29) we use the equivalent

iteration

(M) =1y (k) — ()
<M<k+1>T> oW )

Its solution is considered in the form
(M(k—i—l))—l _ (M(k))_l N (s — (M®) =1y (M) (v()T

V13

Then we get

k)T o(k 1/2
v — (y( )) s(*) (M(k)>fly(k)
(y®)T(AT)Ty® 7

assuming (8.27) holds. From this and Theorem we get
(k) _ A(k)s(k))(y(k))T +y® (y(k) — A(k)s(k))T
P Ts®
(k) — AR g(ENTg(K)
y st Ts
( — ) y(k) (y
((y®)Tsk))

AGRTD — A (y

DT (8.35)
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8.7. Quasi-Newton Method for Minimization 181

This formula is called the DFP update, since it was established by Davidon (1959) and
Flecher, Powell (1963). This iteration satisfies a result analogous to Theorem [8.19]

It can be checked that the inverse of the matrix A® generated by the DFP update
can be computed by the recursion:

(AR+DY =1 = (AW)=1 4 s (stF)T B (AR)) =Ly (k) (y ()T (A (R))—1 (5.36)
(st)) Ty (k) (y®) T (AR))~TLy(®) . .

Example 8.21. Here we used the DFP update in the problem investigated in Examples
and This method converges with a speed similar to the BFGS update. The numerical
results can be seen in Table [R.10l O

Table 8.10: Quasi-Newton method (8.19)) with DFP update

k pk) F(p*) Ip® —pll, pZ-pl2_
[pE= —pl|2
0 ( 2.00000000, 2.00000000) 2.00000e+00 1.80277564
1 ( 1.28952043, 0.56127886) 4.59574e-01 0.29593441 0.16415488
2 ( 1.25682024, 0.70394625) 1.61396e-01 0.32794924 1.10818219
3 (1.09891338, 0.59229507) 2.00977e-02 0.13528576 0.41252041
4 ( 1.01148073, 0.50204318) 6.24877e-04 0.01166112 0.08619621
5 ( 1.00103666, 0.50022718) 4.77384e-06 0.00106126 0.09100838
6 ( 1.00001771, 0.50001111) 8.01068e-10 0.00002090 0.01969409
7 ( 0.99999976, 0.49999958) 2.45621e-13 0.00000049 0.02332123
8 ( 1.00000001, 0.50000002) 4.22000e-16 0.00000002 0.03601757
Exercises

1. Apply the quasi-Newton methods introduced in this section to the problems of Exercise
of Section 8.3

2. Let A € R™*". Define

n n
2
ZE:ZE:‘%w

i=1 j=1

[AllF =

which is the so-called Frobenius norm of the matrix A. (This is not a matrix norm
generated by a vector norm.) Prove that the unique solution of the minimization problem

min{||B — A||p: B € R™*", B symmetric}
is the matrix B = J(A + AT).

3. Show that the matrix defined by (8.26) is symmetric and it satisfies the secant equation
Ak gk) — (k)

Check the derivation of formula (8.32]).
Prove that the matrix M®**1) is invertible if relation 1) holds.

Show recursion (8.33).

Work out the details for the derivation of the DFP update.

Prove recursion (|8.306]).

o NS e
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Chapter 9
Method of Least Squares

Suppose that a physical process can be described by a real function g, where we know
or assume the formula of the function but we do not know the values of some parameters
in the formula. We put the parameters into a vector a, and the notation g(z;a) will
emphasize the dependence of g on the parameters a. Suppose we have measurements y;
(¢t =0,1,...,n) of the function values at the mesh points z;. For example, we know or
assume that ¢ is a quadratic polynomial, then ¢ is determined by its three coefficients. If
we have more than 3 measurements, then, in general, there is no unique parabola whose
graph goes through all the measurement points, since due to measurement error, the data
points are typically not located on the graph of g. Therefore, our goal is to find the
parameter values for which the corresponding function ¢ differs from the measurements
with the “smallest error”. This problem is called curve fitting. It is not obvious how
to measure the error of the curve fitting. Depending on its definition, we get different
mathematical problems.

It is possible to measure the error of the curve fitting using the formulas

Fi(a) = max{lg(as;a) — gl i = 0,1,...,n}

or
n

Fy(a) := Z |9(i;a) — .
i=0
Both looks natural, since if these errors are small, then the difference between g(z;) and
the measurements y; will be small at every singular point. The problem is that if we
wanted to minimize Fj(a) or Fy(a) with respect to a, then it is difficult to compute, since
none of the above functions are differentiable. This technicality can be eliminated if we

consider the error formula
n

Fl(a) = Z(g(mi;a) — i),
i=0

the so-called least square error. Here the mathematical problem is to minimize F'(a), and
consider the graph of the function g(z;a) corresponding to the minimum point a of F(a)
as the best fitted curve to the data points. This is called the method of least squares.

In this chapter we investigate some basic cases of the method of least squares. We study
the curve fitting first for lines, and next for polynomial functions. Finally, we consider
this method for some other special nonlinear functions using the method of linearization.
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9.1. Line Fitting

Given data points (x;,v;), i = 0,1,...,n, where at least some of the mesh points x; are
different. We are looking for a linear function of the form g(x) = az 4+ b which minimizes

the least square error
n

F(a,b) := Z(axi—l—b—yi)z. (9.1)

1=0

The function F' is continuously partially differentiable with respect to a and b, and

OF -
%(a,b) = 2Z(azi +b—y;)w,
oF o (9.2)

%(a,b) = QZ(axi—l—b—yi).
i=0

Making the partial derivatives in (9.2)) equal to 0, and rearranging the system we get the
so-called Gaussian normal equations:

azn:x?+bzn:$i = zn:%yi,
i=0 i=0 i=0
ain—l—b(n—l—l) = Zyi.
i=0

=0

(9.3)

It is worth to mention that the coefficient of b in the second equation is n + 1, which is
the number of data points. This is a linear system for solving a and b. This system is
solvable if the determinant of its coefficient matrix

2
n 2 n n n
d := det ( Z’:O T iz > =(n+1) fo - (Z xz>
2 n+1 i=0 i=0

i=0 i

is nonzero. The Cauchy—Bunyakovsky—Schwarz inequality (Theorem [2.42) yields

(le) :<Zl-xi> SZlef:(n—l—l)fo,
i=0 i=0 i=0 =0 i=0

therefore, d > 0 holds. If we assume that there are at least two distinct mesh points z;,
then Theorem implies that the strict inequality d > 0 holds. Hence system (9.3) has

a unique solution which can be given in the following form:

(n4+1) o miys) — Qoo xi) Qg vi)
(n+1) (Xg2?) — (i) 7
oo wd) oo w) — OO mays) Qg i) _
(n+1) (XCia?) — (Cigm)’

o
|
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9.1. Line Fitting 185

According to Theorem the function F' has a local extremum at (a, b) if

- OF, - O*F, - 2
D(a, b) = W(a,b) . W(a,b) — (aa ab(a, b)) > 0.

It is easy to compute that

PF a O°F O*F -
W(a,b):Qfo, S (@) =2(n+1), (@,b) =2 ;.
=0

Hence 9
D(a,b) =4(n+1)) a7 —4 (Z $> = 4Ad,
1=0 =0

which we know that it is positive. Since %QTE(EL,B) > 0, Theorem yields that F' has a
local minimum at (@, b), and hence Corollary implies that it is also a global minimum.
We have proved the following result.

Theorem 9.1. Given data points (x;,y;) (i = 0,1,...,n) such that there exist i and j
with x; # x;. Then the problem

n

i i+ b—y)?
(ﬁl)lg@ 2 (ax; + i)

has a unique solution, which satisfies the Gaussian normal equations .

Example 9.2. Given the following data:

2 [-1.0 1.0 25 3.0 40 45 6.0
yi | 00 12 19 25 31 32 45

Find a line of best fit to the data points. In case we do the calculation by hand, we copy the
data to the first two columns of the Table Then we fill out the third and fourth columns
of the table, and finally, in the last line, we compute the sum of the numbers located above in
that column. This last line is used to write down the Gaussian normal equations :

67.25a + 20.0b
20.0a + 7b

67.25
16.4.

Its solution is ¢ = 0.630243 and b = 0.542163. The graph of the corresponding line y =
0.630243z + 0.542163 and the given data points can be seen in Figure [9.1 The error of the
fitting is
6
> (0.630243z; + 0.542163 — y;)* = 0.124691.
i=0
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186 9. Method of Least Squares

Table 9.1: Line fitting

Zi Yi T LilYi
-1.0 0.0 1.00 0.00
1.0 1.2 1.00 1.20
2.5 1.9 6.25 4.75
3.0 2.5 9.00 7.50
4.0 3.1 16.00 12.40
4.5 3.2 20.25 14.40
6.0 4.5 36.00 27.00
20.0 16.4 89.50 67.25

. . . . . . )
=1 0 1 2 3 4 5 6

Figure 9.1: Line fitting: y = 0.630243x + 0.542163

Exercises

1. Find the line of best fit to the following data, and compute the error of the fitting:

z; ] 0.0 1.0 15 2.0 3.0
yi | -1.8 1.3 25 39 83

2; [-1.0 1.0 2.0 3.0 40 50 6.0
yi | 42 21 13 21 28 21 -3.0
2; [-1.0 1.0 3.0 50 9.0 100 13.0
yi | 0.1 34 7.3 151 29.1 356 56.3

9.2. Polynomial Curve Fitting

In this section we study the problem of polynomial curve fitting. Given data points (x;, ;)
(t =0,1,...,n). We find a polynomial of degree m of best fit to the data points, i.e.,
we are looking for parameters a,,, @,,_1, ..., ap which minimize the least square error
function

n

o m m—1 2

F(am,am-1,...,a1,a9) := E (Amx + Q@] 4+ aw; + ag — yi)°s
i=0
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a function of m + 1 variables. If n < m, then there is a polynomial of degree m which
interpolates the given data (the minimal value of F is 0). So the coefficients can be
obtained by polynomial interpolation. Therefore, we assume for the rest of this section
that m < n, and in this case F' can be positive at every point.

Using Theorem we get that F' can have an extremum at a point where all partial
derivatives are equal to 0. Easy computation gives

OF =
aT(ama Am—1y - - ,CL()) =2 Z(aml’gn + am—lm;’n_l + ot ap — yz)xzna

oF -
B (Qmy @1y -+ 5 a0) = 2 Z(amx;” + am_lxszl + ot ag — yi)xlmfl,
m—1 .

oF “
%(ama Am—1,y- - 7a0) =2 E (Clm%m + am—lzlm_l + ot ap — yz)
0 i=0

Making the partial derivatives equal to 0 and rearranging the resulting system, we get
the normal equations

n n n n n
2 2m—1 1
U, E st S E "+ +ay E x?” +a E xt = E "y,
=0 =0 i=0 i=0 i=0
n n n n n
2m—1 2m—2 1 1
A, E e E "t E "+ ag E x" = E "y,
i=0 =0 =0 =0 =0
(9.4)
n n n n n
m—+1 m 2 _
A, x, + am_1 z, +--t+a; x; + ag xX; = T;Y;
=0 =0 =0 i=0 =0
n n n n
-1
am, g ' 4 ame g R ] E v, +an+1) = E Yi
i=0 i=0 i=0 i=0

We prove that the linear system (9.4) has a unique solution. For this it is enough to show
that the coefficient matrix

n n n n
2m 2m—1 m+1 m
=0 =0 =0 =0
n n n n
§ x?m—l E :x?m—2 . § x;’l’b § xlm—l
A J—
T =0 =0 =0 =0

m m—1
i=0 i=0 i=0 i=0

is invertible. It is enough to show by Theorem that A is positive definite. The jk-th
element of the matrix A is given by formula " 222 where j,k=1,2,...,m+1.
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Let z = (21, 29, .. ., Zmy1) € R™L. Simple calculations give
m+1m+1 n
2m+2—j—k
z' Az = E E E xMTI T
j=1 k=1 i=0
n m+1m-+41
o § § : § m+l—j _ _m+1—k
i=0 j=1 k=1
n m+1 2
_ E E m+1—j
i=0 \ j=1

Suppose that zI' Az = 0. Then we have that ZT;;I xlmﬂ_jzj =0forall:=0,1,...,n.
So if there are m + 1 distinct mesh points, then the polynomial p(z) := Z;n:ll zjg™ 1=
of degree at most m has m + 1 distinct roots. Therefore, the Fundamental theorem of
algebra (Theorem yields that p must be identically equal to 0, i.e., z; = 0 for all
j=1,2,...,m+ 1. Hence we get that A is positive definite, and so system has a

unique solution denoted by a. Since
O*F ~
a)=2Y 2
aaj 8ak ( ) ; ¢

we get F”(a) = 2A. Therefore, it follows from Theorem [8.1| that F" has a local minimum
at a, and since F' is a quadratic function, it is also a global minimum. We can summarize
our result in the next theorem.

Theorem 9.3. Let m < n, and given data point (z;,y;) (i =0,1,...,n) such that there
exist at least m + 1 distinct mesh points x;. Then the problem

n

min Z(amxT + @@ agr +ag — )

(am’~~-7a0)€Rm+1 -
=0

has a unique solution which satisfies the normal equations .

Example 9.4. Find a parabola of best fit to the data

z; |-10 -05 0.0 1.0 20 30 3.5
yz‘ 16 1.7 19 15 06 -0.1 -1.0

We list the data in the first two columns of Table [9.2] and fill out the rest of the columns. In
the last line we compute the sum of the numbers in the respective columns, and we use these
numbers in the normal equations (9.4)):

249.1250a + 77.750b + 27.50c = -—7.225
77.750a +  27.50b + 80c = —=3.55
27.50a + 8.0b + Tc = 6.2.

Its solution is a = —0.196021, b = —0.084748 and ¢ = 1.752653. The graph of the corresponding
parabola and the given data point can be seen in Figure The error of the fitting is

6
(—0.19602127 — 0.084748; + 1.752653 — y;)% = 0.0964456.
7
=0 O
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Table 9.2: Parabola fitting

T Yi 33? 1’? %2 xzzyi TiYi
-1.0 1.4 1.0000 -1.000 1.00 1.400 -1.40
0.0 1.9 0.0000 0.000 0.00 0.000 0.00
0.5 1.6 0.0625 0.125 0.25 0.400 0.80
1.0 1.7 1.0000 1.000 1.00 1.700 1.70
2.0 0.2 16.0000 8.000 4.00 0.800 0.40
2.5 -0.1 39.0625 15.625 6.25 -0.625 -0.25
3.0 -2.0 81.0000 27.000 9.00 -18.000 -6.00
8.0 4.7 138.1250 50.750 21.50 -14.325 -4.75

0.5r

1 . . . . . . . .
-1 -0.5 0 0.5 1 1.5 2 25 3 3.5

Figure 9.2: Parabola fitting: y = —0.19602122 — 0.084748x + 1.752653

Exercises

1. Find a parabola of best fit to the given data, and compute the error of the fitting:

zi | -20 -1.0 1.0 2.0 3.0

(a) vy |21 14 05 -25 -7.2
z;]1.0 20 3.0 40 50 6.0

) = T25 12 20 39 62 83

9.3. Special Nonlinear Curve Fitting

The method of the previous sections can be extended easily to nonlinear functions where
the unknown parameters appear linearly in the formula, because in this case the resulting
normal equations will be linear systems. But in the general case the normal equations
can be nonlinear too. Consider an example. Suppose we would like to fit an exponential
function of the form be® to given data (x;,y;) (i =0,1,...,n). The least square error in
this case will define the function

n

F(a,b) =) (be™ — y;)*,

=0
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whose critical points are the solutions of the nonlinear system

2 Z(be‘”" —y;)beiz; =0

=0

=0

We cannot solve this system analytically, and it is not easy to analyse whether this system
has a unique solution or several solutions, or in the latter case, which solution minimizes
the error function. Certainly, we can solve the system numerically, or we can minimize F
by a numerical method.

But now we define the method of linearization for this special example. We observe
that if we take the natural logarithm of both sides of the equation y = be®”, then we get
the relation Iny = Inb + ax, where Iny depends linearly on x. We introduce the new
variables: X =z, Y := lny, A := a and B := Inb. So we can fit a line of the form
Y = AX + B to the data points (x;,Iny;). Let A and B be the solution of this linear
fitting. Then the function be®™ can be considered as the best fit to the points (5, 1),
where @ = A, b = eP. Note that this linearization does not give us the solution of the
original nonlinear fitting problem. But its solution can be computed easily, so it is used
frequently in practice.

Example 9.5. Fit an exponential function be®” to the data

2[00 1.0 15 20 3.0 4.0
y: 103 07 09 1.2 1.8 27

using linearization. The linearized data can be seen in Table The corresponding Gaussian
normal equations are

32.25A + 11.5B 5.586294
11.5A4 + 6B 0.097352,

which gives A = 0.528951 and B = —0.997597. So the solution of the linearized fitting is
0.368765%-28951  Ttg graph and the data point can be seen in Figure The error of the linear
fitting is

5

> (0.528951a; — 0.997597 — Iny;)* = 0.095396,
1=0

and the error of the nonlinear fitting is

5
2(0.3687650528951% —y;)? = 0.165543.
i=0 O

Example 9.6. Fit a power function of the form bz® to the given data

2|05 1.0 15 25 3.0
yi |07 L1 1.6 21 23
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Table 9.3: Fitting an exponential function be®*

x; Yi In y; a7 x; Iny;

0.0 0.3 -1.203973 0.00 0.000000
1.0 0.7 -0.356675 1.00 -0.356675
1.5 0.9 -0.105361 2.25 -0.158041
2.0 1.2 0.182322 4.00 0.364643
3.0 1.8 0.587787 9.00 1.763360
4.0 2.7 0.993252 16.00 3.973007
11.5 0.097352 32.25 5.586294

3.5r

0 0.5 1 1.5 2 25 3 3.5 4

Figure 9.3: Fitting an exponential function be®®: y = 0.368765%-528951

Here we can also use the method of linearization: consider the relation Iny = alnx + In b which
follows from the equation y = bx®. Then Iny depends linearly on Inx. Therefore, we fit a
line to the data points (Inz;,Iny;). The computation is shown in Table the corresponding
Gaussian normal equations are:

2.6913934 + 1.727221B = 2.032673
1.727221A + 5B = 1.783485.

Its solution is A = 0.676257, B = 0.123088, and hence the original parameters are a = A =
0.676257 and b = B = 0123088 — 1.130984. The error of the linear fitting is

4
> (0.676257 In2; + 0.123088 — Iny;)* = 0.007279,
1=0

and the error of the original nonlinear fitting is

4
2(1.13098435?'676257 — )% = 0.019616.
i=0 O

Exercises

1. Fit an exponential function be®® to the given data, and compute the error of the fitting:
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Table 9.4: Fitting of a power function bx®

T Yi In z; Iny; (In z;)? In z; In y;
0.5 0.7 -0.693147 -0.356675 0.480453 0.247228
1.0 1.1 0.000000 0.095310 0.000000 0.000000
1.5 1.6 0.405465 0.470004 0.164402 0.190570
2.5 2.1 0.916291 0.741937 0.839589 0.679830
3.0 2.3 1.098612 0.832909 1.206949 0.915044

1.727221 1.783485 2.691393 2.032673

267

241

2.2r

0.8

[4
0'8.5 1 1.5 2 25 3

Figure 9.4: Fitting of a power function bx®: y = 1.1309840-676257

€Ty -2.0

-1.0 1.0 20 3.0

(@) = T 06

09 16 23 29

z; | 1.0 15 2.0 25 3.0 3.5

(b)

yi | 1.3 16 19 22 3.0 4.1

2. Fit a power function bx® for the given data, and compute the error of the fitting:

z; | 1.0 3.0 40 50 6.0 9.0

(a)

yi | 1.6 19 22 23 34 49

z; | 1.0 20 3.0 4.0 5.0

(b)

yi | 0.7 28 75 148 25.6

3. Solve the previous exercises using numerical minimization of the nonlinear least square

error by Newton’
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Chapter 10
Ordinary Differential Equations

In this chapter we study numerical solution techniques of ordinary differential equa-
tions (ODEs). We define the Euler’s, Taylor’s and Runge-Kutta methods.

10.1. Review of Differential Equations

In this chapter we investigate approximate solutions of the initial value problem (IVP)

y, = f(t’y)a y<t0) =Y (101)

on a finite time interval [to, T']. For simplicity we study the case when y = y(t) is a real
function, i.e., we assume that

filto, T]xR—R,  y€R.

The methods we define can be generalized to the system case: then the unknown variable
y = y(t) denotes a vector of m dimension, and the system has the form

y =f(ty), y(to) =y, (10.2)

where
f: [to,T] x R™ - R™,  y@ ecRrR™

We introduce the following definition: The function f: [to,T] x R — R is called
Lipschitz continuous in its second variable with the Lipschitz constant L if

|f(ty) = f(t.9)| <Lly—y|  forallte[to,T] and y,§ € R. (10.3)

This notion can be easily generalized to the system case if instead of the absolute value
we use a vector norm in the previous definition.

It is known from the theory of ODEs that the existence of solution of the IVPs
or follows if the functions f or f are continuous. To get the uniqueness of the
solutions, we have to assume also the Lipschitz continuity of f or f in its second variable.
Therefore, we have the following result (formulated for the scalar case):

Theorem 10.1.  Suppose that f : [to,T] x R — R is continuous and it is Lipschitz
continuous in its second variable. Then the IVP has a unique solution on the
interval [0, T for all initial value yo € R.
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We note that the Lipschitz continuity of f in Theorem [10.1] and also in later results,
i.e., the assumption that inequality holds for all y,y € R is a strong condition
on f. Instead of it we could assume the so-called local Lipschitz continuity: for every
interval [a, b] for which yo € (a, b) there exists a constant L > 0 (which depends on [a, b])
such that holds for all ¢ € [ty, T], y,y € |a,b]. This property holds for most of the
functions which are important in applications. For example, it is enough to assume that
f be continuously differentiable with respect to its second derivative. Then it implies
that f is locally Lipschitz continuous in its second variable (see Exercise [3). But from
the local Lipschitz continuity it does not follow that the solution of the IVP ((10.1]) exists
on [tg, T]. Tt follows only that there exists a 0 < T' < T such that the IVP (10.1)) has a
unique solution on the interval [to, T] (see Exercise 4)). To avoid this technical problem we
will assume in later results that f is globally Lipschitz continuous in its second variable,

i.e., (10.3]) holds.

It is known that the scalar mth-order IVP

y(m) = f(ta Y, y/a s 7y(m—1))’ y(tO) = Yo, y/(tO) =Yy, ?/(m_l)(to) = Ym—1
is equivalent to an IVP of the form ([10.2)), where

(m—l))T

y = (y7y,7 ) ) and y(O) = (y())ylv s 7ym—1)T'

So for simplicity, later we will study only scalar IVPs of the form (10.1]), but most of the
results can be generalized to the system case and to mth-order IVPs too.

Exercises

1. Reformulate the following higher order scalar IVPs as an equivalent system of the form

(10.2):
(a) ¥ +5y =1, y(0)=3, v (0)=-1,
(b) ¥ =ty +ty=0, y(1)=1, y(1)=0,
(c) v +4y" — 2y + 5y =1t°, y(-1)=2, ¢(-1)=-3.

2. Show that the IVP ¢ = /|]y|, v(0) = 0 has two solutions y(t) = 0 and y(t) = t2/4.
Show that the function f(y) = +/|y| is not Lipschitz continuous in y.

3. Prove that if the function f: [tp,T] x R — R is continuously differentiable in its second
variable, then f is locally Lipschitz continuous in its second variable.

4. Show that the IVP 3’ = 2, y(0) = 1 has no solution on the interval [0,T] for T > 1.
Show that the function g(y) = 32 is not globally Lipschitz continuous in y, but it is locally
Lipschitz continuous.
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10.2. Euler’s Method 195

10.2. FEuler’s Method

Consider the IVP (10.1). In this section we investigate the simplest numerical approxi-
mation method for solving ODEs, the Euler’s method. Given a finite interval [ty, T], and
equidistant mesh points ¢y < t; < --- < t, =T, where h = (T — ty)/n, and t; = ty + ih
(1=0,...,n—1). Note that the Euler’s method can be easily extended for non-equidistant
mesh points, but for simplicity, here we study only the case of the equidistant mesh. The
function values y(t;) are approximated by the so-called Euler sequence z; defined by

Zi+1 :Zi+hf<ti,zi)a (i2071727-~~7n_ 1)7 20 = Yo- (104)

We show three different methods to derive the formula of the Euler’s method, and then
we investigate the truncation error of the approximation. We assume that the function f
is continuous.

Method (i): Suppose that y(t) is the solution of the IVP (10.1)). Since y(t) satisfies the
initial condition, we have that y(ty) = 3o, and hence z is the exact solution value at .
We estimate y(t) by its first-order Taylor polynomial around to: y(t) ~ y(to)+y'(to)(t—to)-
Then at t = t; we get

y(t1) ~ y(to) +y'(to)h- (10.5)

This formula involves the derivative of the solution at ¢y, but equation yields
y'(to) = f(to,y(to)). Since y(ty) = yo = 20, we can compute y'(ty) with the help of ¢, and
20 Y (to) = f(to, z0). Hence relation implies y(t1) ~ 21 := zo+hf(ty, z0). Therefore,
z; approximates the value of the solution at ¢;. Suppose now that z; approximates y(t;).
Then following the previous idea, y(t;41) = y(t;) + v'(t;)h, and since y(t;) ~ z; and
y'(t;) = fti,y(ty) = f(t;,2), we get y(tir1) = zi11, where z;,1 is defined by formula
(10.4).

Method (ii): The solution satisfies relation y'(t;) = f(t;, y(t;)). Applying the first-order
difference formula we get

oy Y(tin) —y(t)
y'(t;) ~ T

and therefore,

y(tiv1) — y(ti)

M) 200 i1, (1),
Rearranging this equation we get y(t;+1) ~ y(t;) + hf(t;, y(t;)). Assuming that y(t;) = z;,
the expression z;,; defined by (10.4)) satisfies y(t;11) ~ 2zi11.

Method (iii): Integrating both sides of the equation y/(t) = f(t,y(t)) from t; to t;14

we get
tit1

Y(tiv1) —y(ts) = f(s,y(s)) ds,

t;

and hence
tit1

y(tiv1) = y(t:) + f(s,y(s)) ds. (10.6)

t;
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We do not know y(s), and therefore, we cannot integrate f(s,y(s)) exactly. We use the
following simple approximation formula for the definite integral:

/ o(s) ds ~ g(a)(b— a). (10.7)

This formula can be applied here, since it uses only a function value at the left end point of
the interval, which is assumed to be known. With this formula we have fttf'“ f(s,y(s))ds ~
hf(t;,y(t;)), and hence

y(tivr) = y(t) + hf(t,y(t)),
which gives again formula ((10.4)).

The geometric interpretation of method (i) is the following: we take the point (¢;, z;)
obtained in the ¢th step, and consider the tangent line to the solution which goes through
this point, and we move to the point on the tangent line with first coordinate ;..

Example 10.2. Consider the IVP
y =2y — 10t% + 2t, y(0) = 1. (10.8)
We can easily check that the exact solution of the problem is y(t) = 5t2 + 4t 4+ 2 — €?*. Fix a

step size h > 0, and consider the equidistant mesh points ¢; = ¢h. The Euler sequence is defined
by the recursion

zi+1:zz~+h<2,zi—10t§+2ti), i=0,1,2,..., =1

We printed the first several terms of the sequence and the error of the approximation e; =
ly(t;) — zi| in Table corresponding to step sizes h = 0.2, 0.1 and 0.05. We can observe that
the error decreases as h decreases. Moreover, the numerical values indicate that the error is
linear in h: when the step size is reduced to its half, the error also reduces approximately to its
half. O

Table 10.1: Euler’s method

h=0.2 h=0.1 h = 0.05
tl y(tl) 7 Z3 €; 7 Zi €; ) Z5 €;
0.0 1.0000|{0 1.0000 0.0000| O 1.0000 0.0000| O 1.0000 0.0000
0.2 1.0652|1 1.1000 0.0348| 2 1.0830 0.0178| 4 1.0742 0.0090
0.4 1.0614 |2 1.1340 0.0726| 4 1.0986 0.0372| 8 1.0802 0.0188
0.6 0.9899 |3 1.1034 0.1135| 6 1.0481 0.0583 |12 1.0194 0.0295
0.8 0.8518 |4 1.0097 0.1579| 8 0.9329 0.0811|16 0.8930 0.0411
1.0 0.6487 |5 0.8547 0.2060|10 0.7547 0.1060|20 0.7025 0.0538

Next we investigate the convergence of the Fuler’s method. We need the following
definition: The local truncation error of the Euler’s method at the ¢th mesh point is
defined by the number

Tip1 i= M — fltnyt),  (i=0,1,...,n—1), (10.9)
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where y(t) is the solution of the IVP ([10.1)).
Rearranging equation ((10.9) we have

Y(tivr) = y(t) + hf(ti, y(t:)) + Tivahe (10.10)

This yields that the error at the (i + 1)st step is 7;41h, if at the ith step the error is 0,
i.e., we made the step from the exact solution value.
Consider the first Taylor approximation of y(t) around ¢;:

(t) = (1) + o/ (1)t — 1) + 5y ()t — 1)

From this relation, equation y'(t;) = f(¢;,y(¢;)) and relation ((10.10]) it follows that the
local truncation error of the Euler’s method equals to

h
Tiy1 = 51/”(5), (10.11)
where f € (tz, ti—l—l)-
We need the following result.
Theorem 10.3. Let a,b be positive reals, xq,x1,xs,...,2T, be a finite sequence of reals,

for which xy > —b/a and

mi+1§(1+a)xi+b, z:O,l,,n—l

ia(b > b
r<e'| -+ ) — -
a a

Proof. Applying the conditions and simple manipulations we get

Then
holds fori=0,1,... n.

r; < (1 + (I)Iifl +b

< (14 a)((1+a)zis +b) +b

S+ a1+ @) (L4 @)ro+B)+-) +5) + b
=(1+a)zo+(1+(1+a)+(1+a)?+ -+ (1+a) b
(1+a)—1

= (1+a)zy+ b

= (1+a) <§+mo) —2. (10.12)

It follows from 1+ z < e® that (1 + z)" < ¢, which, together with (10.12)), implies the
statement of the theorem. O
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Theorem 10.4. Let f: [ty,T] x R — R be continuous and Lipschitz continuous in its

second variable with the Lipschitz constant L, and let zy, z1, . .., z, be the Fuler sequence,
and T = max{|m41|: i=0,1,...,n—1}. Then
ly(ts) — 2] < (4Tt — 1) % (i=0,1,...,n). (10.13)

Proof. Subtracting equations ((10.10) and ((10.4)) we get
Y(tiv1) — zipn = y(ti) — 2z + h(f(ti»y(ti» — f(t, Zz)) + Tit1h.

Then the triangle inequality, Lipschitz continuity of f, the definition of 7 yields

y(tiv1) — zipa| < Jy(ti) — 2] + h’f(ti»y(ti» — f(ti, z)| + |Tia|h

< |y(t:) — zi| + Lhly(t:) — 2| + |7iga|h

< (1+ Lh)|y(t;) — z| + Th.
Using Theorem with x; = |y(t;) — 2|, @ = Lh, b = Th, the last inequality and relations
xo=0and nh =t, —tg =T — to imply ((10.13)). O

The previous theorem gives the error estimate
|y<tl) —Zi’ S KlT, ?::0,1,...,71, (1014)

where K, is a constant. Hence the error of the Euler sequence is small if the local
truncation error is small. Formula (10.11]) implies that 7;,; can be estimated by

il € 2k =01 n—1 (10.15)

where My = max{|y”(t)|: t € [to, T]} (assuming that the solution is twice differentiable).
This means that if A is small, then the error is small.

The solution is differentiable and satisfies equation y/'(t) = f(¢,y(t)). So if we assume
that f is continuously partially differentiable with respect to both variables, then y is
twice continuously differentiable, and

V) = S (tule) + Gty o).

Here we can use again ({10.1)) to substitute y'(¢):

V) = St 0(0) + St @) (o) (10.16)

Therefore, if f and the partial derivatives of f are bounded, then (10.16)) gives an explicit
estimate of M,.
Summarizing the above considerations, we get the next result.
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Theorem 10.5. Let f: [tg,T] X R — R be continuous and Lipschitz continuity in its
second variable, and continuously partially differentiable with respect to both variables.

Then the Fuler’s method converges linearly to the solution of the IVP , i.e., there
exists a constant K > 0 such that

ly(t;) — zi| < Kh, i=0,1,...,n.

Exercises

1. Compute the first 10 terms of the Euler sequence and compute the error of the approxi-
mation (using the given exact solution) for the following IVPs:

(a) ty' —y =2t, y(1)=1, h=0.1, the solution: y(t) = 2tInt +t,
(b) ¥ —2y=6,  y(0)=2, h=01, y(t)=-3+5¢",

(© v -fy=1 y()=1, h=02 y(t)=2~t

(d) ¥ = 145 y(1)=2, h=01, yt)=vt?+8-1.

2. Formulate the Euler’s method for systems of differential equations.

3. Solve the following system of differential equations using Euler’s method, and give the
error of the approximation (using the given solution):

@ Y L e ) =1 p0)=-5
h=0.1, y(t)=—3e! +4e yo(t) = —4e’ — el.
o Y DRl el mO)=1 mO =0
Yo = 3uy1+ 2y,
h=0.1, y1(t) = e* cos3t, ya(t) = e* sin3t.

4. Give the equivalent system of differential equations for the following scalar differential
equations. Compute the approximate solution of the system using Fuler’s method, and
give the error of the approximation (using the given solution).

(a) y'=3y'+2y=2, te0,1] y(0)=1, y(0)=-1, h=01, y(t)=1+e-e*,
(b) " =2y +5y=0, tel0,2], y(1)=1, ¢ (0)=3, h=0.2, y(t)=e'sin2t+
e

t cos 2t.

5. Let t; = to + th be an equidistant mesh of the interval [tg,T], {z;} be the corresponding
Euler sequence, and z(t; h) be the linear spline function which interpolates the values z;:
z(ti;h) = z;, 1 =0,1,...,n. Prove that

sup |y(t) — z(t;h)| — 0, as h — 0.
te(to,T)
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10.3. Effect of Rounding in the Euler’s Method

In practice in the application of the Euler’s (or any other) method the rounding error
can effect the numerical result of the computation. First, when we store the initial value
Yo in the computer, there can occur a rounding error when we replace the number with
a machine number. In each step of the computation, we may also observe rounding
error in the output. Let z; denote the exact value of the Euler sequence, and w; be the
numerically computed value of the sequence. Furthermore, let wg be the machine number
stored instead of yo. Define dg := 19 — wp, and let d; be the rounding error in the ith step.
Then we have that

Wi1 :wz+hf(tz,wz)+5,+1, 7::0,1,2,...771,—1. (1017)

Subtracting equations ((10.17)) and ((10.4)) we get
Wip1 — Zip1 = w; — 2 + h(f(ti, wi) — f(ti, i) + Oiga
Suppose f is Lipschitz continuous in its second variable with the Lipschitz constant L.
Let 0 := max{|01],|d2],...,|dn|}. Then the triangle inequality yields
(wit1 = Zip1| < Jwp — 2| + b f(E, wi) — f(E, 20)| + 0541
< |w; — 2| + hL|lw; — z| + 0, i=0,1,2,....
Hence Theorem [10.3] gives the next result.

Theorem 10.6. Let f: [to,T] x R — R be continuous, Lipschitz continuous in its
second variable with the Lipschitz constant L, and be continuously partially differentiable
with respect to both vartables. Then

LT-t) 1 (WM, §

N sl <
ly(ti) — wi| < : .

where My := max{|y"(t)|: t € [to,T]|} and 6 := max{|01],|d2|,..., |0}

The factor % + % in Theorem is no longer linear in h, moreover

hM.
lim ( 2—|—§>:oo.

h—0+ 2 h

Hence if h is too small, then the effect of rounding in the Euler’s method can be significant.
If the step size is much bigger than the rounding error, then the effect of the rounding is
small in the output.

Exercises

1. Work out the details of Theorem [I0.6

2. Draw the graph of the function g(h) = % + % which appears in Theorem What is
its minimum point?

3. Using the optimal step size obtained in the previous exercise compute for the problem of
Example assuming ¢ = 0.00001.
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10.4. Taylor’s Method

The results of Section [10.2] can be repeated for more general methods. Motivated by
the Euler’s method, we define the following general one step method to approximate the

solutions of the IVP ([10.1)):
Ziy1 = 2z + hE(t;, zi; h), 1=0,1,...,n—1, 20 = Yo, (10.18)

where F': [to, T] x R x [0, H] — R for some H > 0. (For the Euler’s method F'(t,z;h) =
f(t,2).) In this section we formulate the methods for the case of equidistant mesh points,
but the methods can be generalized for the case of non-uniform mesh points too, i.e., for

Similarly to the Euler’s method, we define the local truncation error for the method

(10.18]) at the ith mesh point by

tiv1) =yt :
Ti+1 = why()_F(thy(tz)ﬂh): Zzoala"'an_L (1019)

where y(t) is the exact solution of the IVP ([10.1)).

Clearly, Theorem can be extended to the general one step method if F
is continuous and Lipschitz continuous in its second variable. The computations after
Theorem can also be generalized, and inequality holds too. If we also assume
that holds too (it is not automatic), then it yields a result similar to Theorem [10.5]
We can prove the following result.

Theorem 10.7. Let F': [ty, T|xRx|[0, H] — R be continuous and Lipschitz continuous in
its second variable, and be continuously differentiable with respect to its first two variables.
Suppose the local truncation error of is of order «, i.e., there exists a constant
Ky > 0 such

|Ti1] < Koh®

for alli=0,1,...,n— 1. Then the approximate solution converges to the exact
solution of the IVP in order «, i.e., there exists a constant K > 0 such that

ly(t;) — 2| < Kh?, i=0,1,...,n.

How can we select F' so that the conditions of Theorem be satisfied? It is natural
from method (i) presented for the Euler’s method to consider higher order Taylor polyno-
mial approximation of the solution (assuming it is sufficiently many times differentiable):

y(t) = y(t) + o/ (L)t — t:) + %y//(ti)(t — )2+ ...+ 59@ (5t — 1)°
! ﬁy(aﬂ)(&)(t — 1)t

where §; € (t,t;). How can we compute higher order derivatives of y? We know that
y'(t) = f(t,y(t)). Computing the derivatives of both sides we get relation (10.16)). If
we compute the derivatives of the right hand side of (10.16)) and using relation y'(t) =
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f(t,y(t)) we get an expression for 3" (t) in terms of ¢, y(t), f and the partial derivatives
of f. We introduce the notation

i

£t y(6)) = o (£ (0), (10.20)

(i.e., fO(t,y(t)) denotes the ith derivative of the composite function f(t, y(t)) with respect
to t). f(t,z) denotes the formula which we get when in the formula of f@(¢,y(t)) we
replace y(t) with z. Using this notation we get y®(¢) = f0=(¢,y(t)), and hence

tier) = (8 + F (b y (D + 5 F Oty (G - f D 1y )
1

= fle)e. ) pott
Suppose f € C% and define F' by
1 1
F(t,z;h) = f(t, 2) + éf(l)(t, 2)h+ ...+ Jf(afl)(t, 2)h* L, (10.21)
Then
1

Tit1 = mf(a)(fhy(fi))ha,

and hence the local truncation error is of order a in h. The method defined by ((10.18])
and (|10.21)) is called Taylor’s method of order «.

Example 10.8. Consider again the problem of Example ((10.8)), and apply the second-order
Taylor’s method for it. First compute f(1):

d

Wt u(t)) = —
FRE ) = 2 (
= (4y
Hence the numerical method is defined by
2

2y(t) — 10£* + 2t) = 2y/(t) — 20t + 2
(t) — 20t% + 4t) — 20t 4 2 = 4y(t) — 20t% — 16t + 2.

Zi+1 = % + h(QZZ — 102512 + 2751‘) + %
In Table[10.2 we listed the numerical values of first few terms of this method and the error of the
approximation corresponding to step sizes h = 0.2 and 0.1. We can see that when the step size
reduces to its half, then the error reduces to its quarter, which demonstrates that the method
is of order 2. Comparing to the errors presented in Table [I0.I] we can see that the errors here
are better than that in the Euler’s method.

Next we apply the third-order Taylor’s method for the same problem. Simple calculations
yield

<4zi—20tf—16ti+2>, i=0,1,2,..., 2=1

d
FOt,y(t) = p (4y(t) — 20t* — 16t + 2) = 4y/(t) — 40t — 16 = 8y(t) — 40t — 32t — 16.

Hence the third-order Taylor’s method is defined by:

h? h3
Gl = 2+ h(QZi — 1082+ 2t;) + & (4,21- — 2042 — 16t; + 2) + (82— 4087 — 32t — 16),
for i = 0,1,2,..., and zg = 1. The numerical results can be seen in Table We observe
smaller error then in the previous example. O
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Table 10.2: Second-order Taylor’s method

h=02 h=0.1
ti o y(t) | Zi ly(ti) —zi | ¢ Zi ly(ti) — zil
0.0 1.00000 | 0 1.00000 0.0000e-01 0 1.00000 0.0000e-01
0.2 1.50818 | 1 1.52000 1.1825e-02 2 1.51160 3.4247e-03
0.4 2.17446 | 2 2.20960 3.5141e-02 4 2.18467 1.0206e-02
0.6 2.87988 | 3 2.95821 7.8325e-02 6 2.90270 2.2813e-02
0.8 3.44697 | 4 3.60215 1.5518e-01 8 3.49229 4.5325e-02
1.0 3.61094 | 5 3.89918 2.8823e-01 | 10 3.69537 8.4425e-02

Table 10.3: Third-order Taylor’s method

h=0.2 h=0.1
ti y(ta) | i % ly(ti) —zi| | @ Zi ly(ti) — 2
0.0 1.00000 | 0 1.00000 0.0000e-01 0 1.00000 0.0000e-01
0.2 1.50818 |1 1.50933 1.1580e-03 2 1.50834 1.6959e-04
0.4 2.17446 | 2 2.17791 3.4538e-03 4 2.17497 5.0596e-04
0.6 2.87988 | 3 2.88761 7.7257e-03 6 2.88102 1.1321e-03
0.8 3.44697 | 4 3.46233 1.5361e-02 8 3.44922 2.2518e-03
1.0 3.61094 | 5 3.63958 2.8634e-02 | 10 3.61514 4.1989e-03

Exercises

1. Solve the IVPs presented in Exercise [I] of Section [10.2] using the second- and third-order

Taylor’ method.

2. Formulate and apply the fourth- and fifth-order Taylor’s method for the IVP ((10.8)).

10.5. Runge—Kutta Method

The difficulty in the application of the Taylor’s method is the computation of the deriva-
tives f). Here we can get complicated formulas which can require a lot of computational
time, which may result in the accumulation of the rounding errors too. The Runge—Kutta
methods will preserve the high convergence rates of the Taylor’s method, but reduce the
computational complexity. The idea is presented for the second-order case:
Let f € C?, consider the formula of the second-order Taylor’s method

F(t,z;h) —f(t,z)—l—g(

of
ot

(t,z) + 0

dy

(t,2)f(t, z)) .

Here, as usual, g—£ denotes the partial derivative of f with respect to its second variable.
Compare this formula to the following Taylor formula:

ft+a,z+b) = f(t,2)

F. Hartung, University of Pannonia

+ 8—f(t, z)a+ 5=

ot dy

of

(t,2)b+ E(t, z,a,b),
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where the error is of second order

82 2
oCnab+ g0 (10.22)

1 (0% 9
E(t,Z,CL, b) = 5 (ﬁ(&an)a +2
for some & € (t,t+a) and n € (z,2z+0b). If we use the parameters a« = h/2 and b =
f(t,2)h/2, we get

f(t+ g,z—l— gf(t,z)) = F(t,zh) +E<t7z,g,gf(ta 2)) ,

so the essential part of f (t + %, z+ %f(t, z)) coincides with F'(¢, z; h). But the significant
difference is that it is much simpler to evaluate f (t + %, z+ gf(t, z)) than F'(t,z; h). This
motivates to define the approximation sequence

h
Zitl = %5 + hf(tz + —

h
5 Zi + §f(tz, Zl)> , 1= 0, 17 2; ceey Z0 = Yo- (1023)

This is called the midpoint method. Let ;.1 and 7;;1 be the local truncation error of the
midpoint and the second-order Taylor’s methods, respectively. Then

= M) g Byt + St
= el 2V i) = B (tw(e). 5. 5 000 )

= Tiy1 — E(tiay<ti> flta, y(t >

We know from the previous section that |i+1] < Kh?, and and f € C? imply
that there exists K such that |E(t;,y(t), 2 2,5 (tl,y ))| < Kh2 But then |r;,1| <
(K + K Jh? holds, and therefore, the method converges quadratically, assuming
that the Lipschitz continuity needed in Theorem also holds. This is clearly satisfied
if f is Lipschitz continuous in its second variable. (See Exercise )

Now we define F' in the following way:

F(t,z;h) nyj (t,z; h),

Gi(t,z;h) = f(t,z), (10.24)
j—1

Gj(t,z; h) == f(t + ajh,z + hz,ﬁjka(t,z; h)) , j=23,...,p.
k=1

The class of methods defined by formulas ((10.18)) and ((10.24)) is called (explicit) Runge—
Kutta methods. The goal is to select the parameters so that we get high order local
truncation errors.
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Consider now the case when p = 2. Then

F(t,z;h) =vf (t,2) + vf(t +arh, z + Buhf(t, 2)).

(If 4 =0, %2 =1, a; = f11 = 1/2, then we get back the midpoint method.) We try to
select parameters so that we get third-order local truncation error. We apply the second
Taylor formula for the right hand side:

Flt,i) = (#9269 + (o 5 (12) + Buf (695 (8.2))

ot
h? 02 0?
+ 772 (Oé% 8;20 (t Z) -+ 20(1511]0(15 Z) atéf ( ) (1025)
2
4 B G5(02)) + Bz aih fukf(t,2),

where F is a third-order error term. Compare it to the formula of the third-order Taylor’s
method

Bt =h) = f(t,2) + 1 (2{( >+Z—§<t,z>f<t,z>)
+ b (gt& 2)+2f(1, )a%y(t,z) (10.26)

b TR+ a5 6 + (Fea) rie).

We can see that all the terms of F with at most second order appear in the formula of F.
2
But the opposite case is not true: the terms Bf - (t, z)af (t,z) and (g—i(t, z)) f(t, z) which

appear in m have no corresponding term in ((10.25). This means that we cannot
replace all second-order terms of the Taylor’s method with the second-order terms of F,

so the local truncation error can only be quadratic. But we try to identify as many terms
of (10.25)) and ({10.26)) as possible. Therefore, we assume

1 1
N+ =1, 2= g, Y2b1 = 3 (10.27)
and . X X
Y2 Yo
EO‘% = 6 Vo211 = 3 35?1 = 6 (10.28)

For example, v; = 75 = 1/2 and oy = f1; = 1 satisfy ((10.27)), but not ((10.28)). But since

all the first-order terms are identified, we get a second-order method. The corresponding
method

h
Ziv1 = % + = (f(ti, 2) + f(tig1, zi + hf(ts, Zz)))a 1=0,1,2,..., 20 = Yo (10.29)

2
is called modified Euler method.
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If we use the parameter values 74 = 1/4, v = 3/4 and oy = (1; = 2/3, then both
(110.27) and ({10.28)) are satisfied. The corresponding method, the so-called Heun’s method
is defined by

h 2h 2
Zivl = % -+ Z (f(tl,,%) + 3f<tz -+ ?, 2 + ghf(tz, ZJ)) s = 0, 1, 2, ceey

20 = Yo- (1030)

Both methods are so-called second-order Runge-Kutta methods (since their local trunca-
tion error is of second order).

The geometric meaning of the modified Euler method is the following: Suppose the
point (;, ;) is given in the ith step of the method. If we used the Euler’s method, then we
would take one step along with a line through this point with slope f(t;, z;), and we would
move to the point (¢;41,w;4+1) where w1 := 2z; + hf(t;, z;). The slope of the tangent line
to the graph of the exact solution at this point is f(¢;11,w;11). We compute the average
of the two slopes, and move one step along with a line of such averaged slope starting
from the point f(#;, z;). See Figure [10.1]

A

\J

Figure 10.1: Geometric interpretation of the modified Euler method

Following the idea presented above, we can define several other Runge-Kutta methods.
It can be shown that for different parameter values p the corresponding methods of the
form can have at most the order of the local truncation error given in the following table:

8§ 9 10
6 7 7

p 1
1

6 7
maximal order of the method ‘ 5 6

2 3 4 5
2 3 4 4
One of the most popular ODE approximation method of the form (10.24)) is the “clas-
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sical” Runge-Kutta method:

Z0 = Yo,
w;1 = f(ti, Zi),

h h
wip = f\ti+ 5,2+ w1,

2 2
h h
Wiz = f(tz + 5% + 5%’,2) ; (10.31)

wia = f (tiz1, 2 + hw;3),

h
Zitl = & + g(wm -+ 2wi72 -+ 21[}1'73 + ’Ll)i74)7 1= 0, 1, 2, e

It can be shown that this method has a fourth-order local truncation error (if f € C%).
The derivation of the method and the proof of its order is not presented here.

Example 10.9. For the IVP (10.8) we applied the modified Euler, Heun and the classical
fourth-order Runge-Kutta methods using step size h = 0.1. The numerical results are presented

in Table [10.4] O

Table 10.4: Runge-Kutta methods

modified Euler Heun classical
ti  y(ts) 2 ly(t:) — i Z ly(ti) — il Zi ly(t:) — 2
0.0 1.0000{1.0000 0.0000e-01{1.0000 0.0000e-01{1.0000 0.0000e-01
0.2 1.5082|1.5005 7.6753e-03(1.5042 3.9753e-03|1.5082 1.1773e-05
0.4 2.1745|2.1570 1.7415e-02|2.1663 8.2078e-03|2.1744 2.6024e-05
0.6 2.8799|2.8505 2.9398e-02(2.8679 1.1995e-02|2.8798 4.2338e-05
0.8 3.4470|3.4035 4.3486e-02(3.4331 1.3882e-02|3.4469 5.9304e-05
1.0 3.6109(3.5521 5.8862e-02|3.5998 1.1100e-02(3.6109 7.3610e-05

Exercises

1. Solve the IVPs presented in Exercise [I] of Section [10.2] using the midpoint, modified Euler,
Heun and the classical fourth-order Runge—Kutta methods.

2. Prove that if f is Lipschitz continuous in its second variable, then the function
1 h h
F(t,z;h) == — —
(i) = 31 (14 5.5+ 10.9))
of the midpoint method is also Lipschitz continuous in its second variable.
3. Similarly to the method (iii) of the Euler’s method, derive formula ({10.29)).

4. Show that the midpoint method, the modified Euler and Heun method gives back the
same approximation for all step sizes for the IVP

y=2-t—y, y(0)=1
5. Find a geometric interpretation to the classical fourth-order Runge-Kutta method.

6. Show that if f depends only on ¢, then the classical fourth-order Runge-Kutta method
reduces to the Simpson’s rule.
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