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ABSTRACT. This note is prepared to give a lecture on Applied Numerical Anal-

ysis.

1. ROOTFINDING

We consider the solution of nonlinear equation in one unknowns :

(1.1) Given a function f, find a value for = such that f(z) = 0.

Such an z is called a zero of the function f or a root of the equation f(xz) = 0. This
problem is known as the root-finding problem.

If f is linear in z, i.e, f = Az + B for some constants A and B, the problem
is easy to solve. x = —B/A. The difficulties come from the nonlinearity of f with
respect to x. For example, if f is quadratic, still doable. However, if f is a cubic
polynomial in z, then how would you do?

For nonlinear systems, there is rarely a direct method of solution, i.e., an algo-
rithm that terminates at the exact solution. Hence we must use iterative methods
which produce a sequence of approximate solutions xg, z1, -+ for which, hopefully,
lim z; exists and equals a root x of f.

The first such technique that will be discussed is the Bisection method.

1.1. The Bisection Method. The most basic algorithm for the root-finding prob-
lem is perhaps the bisection method. The main idea behind this algorithm is the

well-known Intermediate Value Theorem.

Theorem 1.1. Let f be a continuous function over the closed interval [a,b], and
let k be any real number that lies between the values f(a) and f(b). There there

exists a real number ¢ with a < ¢ < b such that f(c) = k.

Note that this theorem just says that a continuous function on a closed interval
assumes every value between the values achieved at the endpoints of the interval.

To demonstrate how the aforementioned IVT can be used, we take a simple

example. Let f(z) = 2% + 222 — 3z — 1.
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e The first task is to find an interval containing a zero. It can be achieved

by finding say [a, b] for which the following holds:

fa)f(b) <O0.

Namely, such an interval should contain a zero (maybe more than one).
For example, the interval [1,2] satisfies the aforementioned property, i.e.,
f(1) = —1 and f(2) = 9. Hence a zero lies in between (1, 2).

e The second task is to systematically shrink the size of that root enclosing
interval until we hit a zero. Most natural approach should be reducing the
interval size by halving it and repeat this process. The mid-point of the

shrinked interval shall be chosen as iterates x;’s.
We can write such a process as the following psuedocode:

(1) Input two endpoints a and b for which f(a)f(b) < 0 and set i =0, a; = a
and b; = b.
(2) Set x; = (a; +b;)/2
If f(xz;) =0, then z; is a zero
Else check the sign of f(a;)f(z;) and f(z;)f(b;)
If f(a;)f(z;) <0, then goto (1) with b;11 = x;;a;401 = a1 =1+ 1;
If f(x;)f(b;) <0, then goto (1) with a;41 = @;;b;41 =bi;i =i+ 1;
Several remarks on the Bisection method are in order.
e Bisection method is called the enclosure method.
e The guess root in each iterations is the average of end points of closed
interval containing a zero.
e Bisection finds only one root even if there are more.
e The stopping criterion should be used with the following choices
(1) (b; —a;)/2 < tolerance.
(2) |f(x;)] < tolerance.
(3) |z — xi—1| < tolerance.
(4) |z; — xi—1|/|z:| < tolerance.
Some stopping criterion listed in the above might have some drawback. The

most desired stopping criterion will be (4), which I will call relative error.

Example 1.1. Let f(z) = (z — 1)1% 2 =1 and z,, = 1 + 1/n. Show
that f(z,) < 1073, whenever n > 1 but that |x — x,| < 1073 requires that
n > 1000. Now consider the iterates {xz;}; defined by x; = 22:1(1/1’5)- We

can show that x; diverges. But lim;_ o |2; — x;—1| — 0.
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The main question that needs to be addressed is whether or not the bisection
procedure will provide an approximate solution that is close enough to the real

solution. The answer is yes.
Theorem 1.2. Suppose that f € Cla,b], and f(a)f(b) < 0. Then the bisection
method generates a sequence {p,} approzimating a root p of f with

b—a
on -

Ipn — p| <

Proof. For each n > 1,

1

(b_ a)a and p € (an,bn)'

Since p,, = é(an + by,) for all n > 1, it follows that

1 b—a
o =0l < 5 (b = an) = o

O

We conclude that the Bisection method always converges to p. Furthermore,
based upon the theorem discussed above. One can deduce how many iterations

shall be needed for any given tolerance.
Example 1.2. Figure out how many iterations are necessary to solve
flx)=2®+42> —10=0
with accuracy 1073 using a = 1 and b = 2. In other words, we wish |p—p,| < 1073.
Note that we have a bound that
1
‘p - pn' < 27
We wish to find n for which 1/2" < 1073. Namely

2" > 10° = nlog2 >3 =n > 3/log?2 ~ 9.96
We then conclude that about 10 iterations are needed to achieve the tolerance.

1.1.1. Some notes on the speed of convergence of sequences. Let x; be a sequence
that converges to . For k > 1, we say that the sequence converges to x with order

k if there is a constant C' and a number N such that
i1 — all < Cllas — all*, Vi > N,

For k = 1, a sequence would then be said to be convergent linearly to x if there
is r <1 and N such that

leiss — 2l < rllei — 2, Vi >N
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This one is norm-dependent. In order to avoid the norm-dependency, we note
that the above definition imply that there exists C' such that |z; — z|| < Cr® for
all i. Observe that it holds true that ||z; — z|| < r* " N||zy — z| for all i > N.
Equivalently, ||z; — x| < Cor? for i > N where Cop = rN||zy — z|. Set C =
max{Co, maxo<;<n ||z; — z||/r'}. We shall take this as our definition for the linear
convergence.

Namely, in order to find the order of convergence k, we need to show that
|z;41 —x| is approximately equal to some constant ¢ times the previous error |z; —z|"
when i is sufficiently large. If k is one, then one need to show that the constant c

is less than one to validate the convergence is at least linear.

Question 1.1. How to obtain a convergence order given errors?

_ In(ent1/en)
In(e,/en—1)

How to obtain the convergence rate given errors?

Cn+1

€n

Example 1.3. If e; = 5.000 * 107!, e = 2.500 % 107!, e3 = 1.2500 * 107, ey =
6.2500% 1072, e5 = 3.12500% 1072, eg = 1.5625% 1072, e7 = 7.8125% 1073, then what

is the convergence speed?

Note that the calculation done in the example is based on the upper bound
given in the theorem. It takes fewer iterations. We remark that in each iteration
of bisection method, we cut the interval in half. For speediness, it is best to start

with an interval [a,b] as small as you can, but it is difficult part.

Example 1.4. Consider to find a root of f(z) = 223 — 22 + 2 — 1 =0. We see
that f(—4) < 0 and f(4) > 0. However, it is the case that f(0) <0 and f(1) > 0.
Note that [—4,4] is 8 times bigger than [0, 1] hence we save 3 iterations.

1.2. Newton’s Method. Newton’s method for finding a root is one of the powerful
tool. We will discuss two ways of introducing the idea behind it.

Suppose that f € C?[a,b] and let py € [a,b] be an approximation to the solution
p to f(z) = 0 such that f'(po) # 0 and furthermore |p — po| is small enough. We

then take the Taylor expansion of f around pg and evaluate at p to obtain

f"(€(p)

f(p) = f(po) + f'(po)(p — po) + T(P —po)?,

where £(p) is in between p and pg. Since f(p) = 0, we have

f"(€(p)

0= f(po) + ['(po)(p — po) + —5 (P — p0)?,
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Now since |p — po|? much smaller than [p — po/, it can be ignored to obtain that

0~ f(po) + f'(po)(p — po)
Now if we set

f(po) + f'(po)(H —po) =0
Then we expect that p should be closer to p than pg since pg is a wild guess while p
has been obtained by the aforementioned reasoning. Indeed, it is the case (will be

shown later and also graphically soon) and p shall serve as the next iterate of pg.

, f(po)
(1.3) p1=D=po— :
f'(po)
Repeating the above procedure, we can have the following recursive relation starting
from pg :
f(pnfl)
1.4 Pn =Pn-1— ——>, Vn>1.
( ) f/ (pn— 1)

The functional iteration formula (1.4) indicates that there can be another inter-
pretation of the Newton’s method. Note that the p™ is nothing but a zero of the
tangent line of curve y = f(x) that passes through (p,—_1, f(pn—1)), namely,

Y- f(pn—l) = .f,(pn—l)(-jU _pn—l)-

(1) Input initial approximation pg; Set n = 1;

(2) Compute the next iterate as follows:

f(Pn-1)

fpn-1)

(3) If |pn, — pn-1l/|pn| < tol then we found an approximate solution p,,, else set
n =n+ 1; and goto (2).

(15) Pn = Pn—1 —

Example 1.5. What is the Newton’s iteration scheme for finding a root of f(x) =
23 — 222 — 5. Note that f'(z) = 32® — 4z. Hence,

3 2
Pn—1— 2pn—1 -9
1.6 Pn =DPn-1— .

(1.6) L3Pl —pay

. P . . inz _ 1
Example 1.6. What is the Newton’s iteration scheme for finding a root of *3* = 3.

Find a Newton’s iteration scheme to find an approzimation to *v/3.

Example 1.7. Let f(x) = cosx —x. Write a Newton’s iteration scheme for finding

a root for f(x).
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We now study the convergence of the Newton’s method.

Theorem 1.3. Let f € C?[a,b]. If p € [a,b] is such that f(p) =0 and f'(p) # 0,
then there exists a 6 > 0 such that Newton’s method generates a sequence {py}
converging to p for any initial approzimation py € [p — d,p + 0]. Furthermore, the

convergence rate is quadratic.
Proof. One may view the Newton’s method as the functional iteration scheme with

Pn=9{pn-1) n=>1,

where
_ . f@)
9@ == Fey
Note that g(p) = p and also
(1.7) [P =l = Ipn = 9(P)| = l9(Pn—1) = 9(p)| = g (€(Pn—1))llPn—1 — pl,

where £(p,,—1) lies in between p and p,—1. Our goal is to find 6 > 0 such that for
allz € [p—6,p+4], |¢'(z)] < k < 1. Then we are done! (Why?). This will end the
proof since then with the initial guess py € (p — 0, p + §), we see that

Ipn —p| = |9(Pn=1) — | = 9(Pn-1) — 9(p)|
= 19 (E@n-1)|[Pn-1 — p| < k|pn_1— 1|
< - <E"po —pl.

Under the assumption f’(p) # 0, there exists d; > 0 such that

(1.8) f(x) #0, Vr € [p— d1,p + 51
Note that due to (1.8), ¢'(x) is well-defined on [p — d1,p + d1] and it is given as
follows:
, "(z)f(x) — f(z)f"(x x)f"(z
o =1 LOLE I _ S
Note that
g'(p) = 0.

Hence, there exists a constant 0 < é < §1, for which

(1.9) lg'(x)| <k<1, Vzel[p—27dp+d.
Note that
(1~10) En+1 = |Pn+1 —p|

- ‘p B (p" - f%)))‘
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Note that since pq is sufficiently close to p and {p,} are all close to p, and hence

f'(pn) # 0 for all n. Now we taylor expand f(p) around p,, to obtain that
[ (&)

F©) = F(on) + /(o) (P = pn) + =50 = pn)”.
Since f(p) =0, we have
Fpa) = =1 @) 0~ p) — e (2.

2

Plugging this expression into the equation (1.10), we obtain that

_ =S Pn) (P —pn) — ) () p,)?
p Dn o)

Ent+1 =

= |p- (pn +p—pn)+ 2 pn)2> ‘

2f'(pn)
_ | ) 2
Namely, we have
enr | fE&) | () 2
i 2= i 3] = [ 0 )
This completes the proof. ([

Remark 1.1. Note that if f'(p) = 0, then the problem immediately arises in the

convergence. The function f is very smooth near by zero.

Remark 1.2. It is crucial how to choose the initial iterate, pg so that at least
Ip1 — p| < |po — p|. First of all, it may not be less than one and hence break down
in the convergence if one chooses a crude initial iterate. Consider the problem to

solve xe™*

= 0 with different initial gquess. Secondly, the iterative process can be
proceeded only if f'(pn) is not zero and also the evaluation is available in each

iteration.

The theory does not help in choosing py. In practice, we guess py and see if it is

convergent or divergent.

Example 1.8. Consider the root finding problem for f(x) = x3 —x — 3 with initial

condition —3 (Cycling!)

The major drawback is in whether or not the initial condition is nearby the
root. Another drawback should be in that the evaluation of f and also f’ should

be expensive.
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1.3. Secant Method. Recall the Newton’s method is given by

f(pnfl)
1.11 Pn =Pn-1— .
(A b P pas)
The main drawback of Newton’s method (1.11) lies in the computation of f/(p,)
for each n. We use the following approximation:
f(it) — f(pn—l) ~ f(pn—Q) — f(pn—l)

1.12 "(pp_1) = lim ~ .
( ) f ( " 1) T—Pn—-1 T —Pn—-1 Pn—2 —Pn-1

By replacing f'(p,—1) by the approximation given in (1.12), we obtain that

_ _ f(pn—l)(pn—Q - pn—l)
(113) P = P f(pn—2) = f(Pn-1)

This functional iteration (1.13) is called the secant method. Note that we need

, Vn>2.

two starting values, pg and p;.

Example 1.9. Write a functional iteration of the Secant method to find a solution
to x = cosx.

Example 1.10. Write a functional iteration of the Secant method to find a solution
tosinz —e * =0.

Remark 1.3. The secant method is not enclosure method and hence it is similar
to Newton’s method. The drawback of the Newton method or the Secant method
is that the convergence is guaranteed only if the initial iterate py is close to the
real solution. In this regard, the bisection method can be used effectively since it
is always convergent once the initial closed interval that contains a zero is found.
Moreover, it can be used to shrink the interval size. Having used the bisection
method and sufficiently small interval that contains zero, we can now apply the
Newton’s method or the Secant method. Why does it help? Since Newton’s method

is faster than the bisection method.

In the preceding discussion, we made the restriction that f/(p) # 0, where p is

the solution to f(x) = 0. Let us look at details arising if f'(p) = 0.

Definition 1.1. Assume that f(x) and its derivatives f'(x),---, f'™) are defined

and continuous on an interval about p. A solution p of f(x) = 0 is a zero of
multiplicity m of f if and only if f(p) = f'(p) = --- = f= =0 but f(™ #£0.
Example 1.11. Find the multiplicities of roots for each of the following:

(1) (z—2)2, root at v = 2.

(2) 2t — 623 + 1322 — 122 + 4, root at x = 2

(3) sin(x), root at x =0
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(4) xcos(zx), root at x =0
(5) z2sin(x), root at x = 0.

(6) e* —ax —1, root at x = 0.

Theorem 1.4. If p is a root of multiplicity m of f(x), then f(x) can be written as
f(x) = (z — p)"q(z) with lim,_., q(x) # 0.

Proof. If p is a root of multiplicities m, then by definition, f(p) = --- = f(m=D(p) =
0 with f(™)(p) # 0. Expand f(x) around p to obtain that

S (p)

fle) = f)+FP)(z-p)+-+ m(x—]?)m+l+"'
() plme) N
= (z—p) <W+M($—P)+"'>:($—P) q().
Note that lim,_., ¢(x) # 0. This completes the proof. O

The quadratic convergence has been guaranteed if p is a simple zero for f(z).

One method of handling the problem of multiple roots is to define

Moreover, p is a simple zero of p. (Why?)

m

Remark 1.4. To show p is a simple zero for u, we may set f(x) = (x — p)™q(x)

and f'(z) = (z — p)™ r(x), for which q(p) # 0 and r(p) # 0. We now observe
that

(z

~

Q

p(@) = f(x)/f'(x) = (x - p)

7

~—

(z

<

where q(p)/r(p) # 0. This implies what we want.

Example 1.12. If f(x) = 22, then x = 0 is double root, but u(z) = f(z)/f'(x) =

x/2 has a simple root x = 0.
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Newton’s method can then be applied to u to give

_ M@
(1.14) glx) = 1 (2)

_ f(@)/f' (@)
(1.15) - [f/(2)]2 = [f(@)][f" ()]/[f"(2)]?
(1.16) = x- /@) (@)

[f"(@)]? = f(a)f"(x)
In practice, multiple roots can cause serious round-off problems since the de-

nominator of the equation (1.16) consists of the difference of two numbers that are

both close to zero.

2. ROUND-OFF ERRORS AND COMPUTER ARITHMETIC

Some motivating examples from my computer arithmetic are

Example 2.1. In computer arithmetics,
1.00000000000000001 —1 =10
although the answer should be 0.00000000000000001. Furthermore,

(1.00000000000000001 — 1) % 10'7 = 0

although the answer should be 10'°°.

V3 = 1.73205080756888
but (1.73205080756888)2? = 3.00000000000001 with 13 zeros in it.

What went wrong? To understand why this is the case, we must explore the
world of finite-digit arithmetic. Arithmetic performed by a machine is different

from the arithmetic we do in our heads in many cases. For us, 24+2 =4,4 x4 =16

and (v/3)? = 3. But for the computational world (v/3)? # 3. This is because each
representable number has only a fixed and finite number of digits.
In most cases, it is fair to say that the machine arithmetic is satisfactory and

passes without notice or concern, but at times, problems might arise.

Definition 2.1. The error that is produced when a calculator or computer is used

to perform real number calculators is called the round-off error.

The two most common floating-point binary storage formats used by Intel proces-
sors and later standardized by IEEE organizations are Both formats use essentially
the same method for storing floating-point binary numbers, so we will use the Long
Real as an example in this discussion. PCs store a real number by so-called long

real. It is 64 bit (binary digit) long, namely 64 1’s and 0’s.
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IEEE Short Real : 32 bits 1 bit for the sign, 8 bits for the exponent,

and 23 bits for the mantissa. Also called single precision.

IEEE Long Real: 64 bits 1 bit for the sign, 11 bits for the exponent,

and 52 bits for the mantissa. Also called double precision.

TABLE 2.1. Floating-Point Binary

2.1. Review on binary (base 2) notation. A binary number is a sequence of 1’s
and 0’s, where the places represent powers of 2. For example, the binary number

1011001 actually means from right to left,

Ix204+0x22+1x22+1x24+0x224+0x2 +1x2°
which is
64+ 16 +8+1 = 89.

In our usual base 10 notation, it is

8 x 10" +9 x 10°.
Another example: 111111, which corresponds to 63.
e The Sign, First bit : The sign of a binary floating-point number is rep-

resented by a single bit. A 1 bit indicates a negative number, and a 0 bit
indicates a positive number. A sign indicator denoted by s.
e The Exponent, Next 11 bit : Exponent denoted by c¢ and called the
characteristic (See the remark below).
e The Mantissa, Next 52 bit : Binary Fraction, f called the mantissa.
It is useful to consider the way decimal floating-point numbers represent their man-
tissa. Using —3.154 % 10° as an example, the sign is negative, the mantissa is 3.154,

and the exponent is 5. The fractional portion of the mantissa is the sum of each

digit multiplied by a power of 10:

2 3
1 1 1
.154—110-1-5(1()) +4(10> .

A binary floating-point number is similar. For example, we consider the number
+11.1011 * 23. Before storing a floating-point binary number correctly, we need to
normalize it. The process is basically the same as when normalizing a floating-point
decimal number. For example, decimal 1234.567 is normalized as 1.234567 * 10® by
moving the decimal point so that only one digit appears before the decimal.

The number +11.1011 * 23 shall be normalized into +1.11011 % 2%, for which
the sign is positive, the mantissa is 1.11011, and the exponent is 4. The fractional

portion of the mantissa is the sum of successive powers of 2. In our example, it is
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Binary Value | Normalized As | Exponent | Biased Exponent
1101.101 1.101101 3 1026
.00101 1.01 -3 1020
1.0001 1.0001 0 1023
10000011.0 1.0000011 7 1030

TABLE 2.2. Normalizing the Mantissa

expressed as:

1 1\? 1\°? n\*
1011 =1= - 1(= (=) .
m=13+0(3) +1(3) +1(3)

Note the following formula holds true :

N
Z on = oN+1 _q
n=0

Namely, the exponent of 11 binary digits gives a range of 0 to 2!! — 1 = 2047, since

the largest exponent will be

11111111111 =210 499 ... 4 20 = 211 __ 1 = 9048 — 1 = 2047.

The exponent is always positive. However, using only positive integers for the expo-
nent would not permit an adequate representation of numbers with small magnitude
and to ensure that numbers with small magnitude are equally representable, 1023
is subtracted from the characteristic, so the range of the exponent is actually from
—1023 to 1024. In conclusion, using this system, a floating-point number is given

in the following form:

(—1)%2°71023(1 1 ).,
Namely, we store the biased exponent.
Remark 2.1. Note that the number of decimal points that can be stored is related to
the fractional portion of the mantissa. With base, 2 and since the smallest decimal
point number that can be stored is in base two will be 2752, which is about 2.e — 16,

we can assume that any normalized number represented in this system has at most

16 decimal digits of precision.

Example 2.2. Consider, for example, the machine number

0 10000000011 10111001000100000--- .

The leftmost bit is zero, which indicates that the number is positive. The next 11

bits gives the characteristic:

c=1x204+...+1x2+1x2%=1027.
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The exponent part of the number is therefore 2102771023 — 24 The final 52 bits

specify that the mantissa is

) ) ) )
Written as a decimal floating point number, it is
27.56640625.
Nezt smallest machine number is
0 10000000011 10111001000011111---
and next largest machine number is
0 10000000011 10111001000100000---1.

In decimal, these are

27.5664062499999982 - - - and  27.5664062500000017 - - - .
What about the elements of the real number between these? Effectively, they get set

to the closest machine number.

2.2. Overflow/Underflow. Smallest normalized positive machine number : Take
s=0,c=1land f=0

(71)02171023(1 + 0) ~ 107308'

The largest normalized positive machine number can be obtained by setting s = 0,
c=2046 and f =1-—27°2:

(_1)021023(2 _ 2752) ~ 10308‘

Numbers occurring in calculations that have a magnitude less than 271922

get
set to zero which is called the underflow. Numbers greater than 21023(2 — 2752)
result in overflow and typically cause the computations to stop. Note that two
representations for number zero are given as follows:

e (positive zero) s = 0,¢ =0 and f = 0 (smallest positive number)

e (negative zero) s = 1,¢=0 and f =0 (largest negative number).
Namely, £271023,
2.3. Error in number storage. For simplicity, we assume that machine num-

bers are represented in the normalized decimal floating point form (k-digit decimal

machine numbers) with some abuse of definition :
iO.d1d2~-~dk><10”, 1§d1§9and0§di§9,

where i = 2,--- | k.



14 YOUNG-JU LEE

Note that the fractional portion of the mantissa can only be accurate 27°2, in
decimal, which is about 10716, namely, when storing true decimal numbers v, it
should be converted to machine decimal number in general fi(y) called the floating-
point form. In general, it is done by chopping or rounding.

Chopping : y = 0.d1ds - - - dpdgr1dk12 - - - X 10™ becomes fl(y) = 0.d1dsy - - - dj, ¥
10™, i.e., keep only first k-digits.

Rounding : Add 5 x 10"~ +1 0 4 and then chop the result to obtain a number
of the form : fl(y) = 0.6162 - - - 6 x 10™. Namely, when rounding, if dj; > 5, then
we add 1 to dj to obtain fI(y); that is we round up. When dg11 < 5, we merely
chop off all but the first k& digits; that is we round down. When rounding down,
0; =d;fori=1,--- k.

Example 2.3. The decimal expression for w is

m = 3.14159265 - - - .

The normalized decimal form is
7 =0.3141592 - - - x 10"
The float-point form of m using five digit chopping is
fl(m) = 0.31415 x 10" = 3.1415.
Rounding however gives
fl(m) = (0.31415 4 0.00001) x 10* = 3.1416.
The error resulting from the chopping or rounding is called round-off error.

Definition 2.2. If p* is an approzimation to p, the absolute error is |p — p*| and

the relative error is |p — p*|/|p|, provided that p # 0.

Example 2.4.
p p* lp — p*| lp — p*|/Ipl
(2.1) 0.3000 x 10* 0.3100 x 10! 0.1 0.3333 x 10~ 1
’ 0.3000 x 1073 0.3100 x 102 0.1 x 10~% 0.3333 x 10!

0.3000 x 10*  0.3100 x 10* 0.1 x 10*  0.3333 x 107!

What we can conclude is that although relative error is the same, the absolute errors

widely vary. Relative error may be more meaningful.

Example 2.5. Find the largest interval in which p* must lie to approximate ™ with
relative error at most 1074,
| —p|
m

<1074

Hence
T —p*| <70t -7 x107* < p* <7+ 710"
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More examples

Example 2.6. Find the largest interval in which p* must lie to approrimate 100w

with relative error at most 107%.

Example 2.7. Find the largest interval in which p* must lie to approrimate 100w

with absolute error at most 1074,
We shall now consider how much error is introduced by k-digit chopping for
y = 0.didg -+ - didpy1 -+ x 10™.
The relative error is given by

‘O.dldg ce dk-dk-+1 <o x 10™ — O.dldg cee dk- X 10n|
|0.d1d2 tee dkdk+1 e X 10n|

rel error

|0.dk+1dk+2 cee X 10n—k|
‘O.dldg cee dkdk+1 cee X 10"|

— |O'dk+1dk+2 e | 1071@
0.d1ds - - - dypdpy1 - - |

Upper bound on nominator in the last quantity is one and the lower bound in the

denominator is 0.1. Hence the relative error is bounded by the following :
rel error < ilO_k =107k
— 0.1 '

For the rounding error, it is 0.5 x 107%*!  which will be assigned as Homework.

(Matlab seems to take this storage).

Remark 2.2. This relative error is mainly dependent of the digits we keep in the
normalized form. For instance, for 8 digit chopping on the real number, 0.3141592 x
10!, the mazimum relative error will be 0.01 and also for the number 0.3141592 x

103, we have same mazimum relative error.

2.4. Error in Computer Arithmetics. We shall assume that the floating-point
representations fI(z) and fl(y) are given for the real numbers x and y. The notation
@, O, ®, and © represent machine addition, subtraction, multiplication and division

operations, respectively. A finite digit arithmetic is given by

coy = fUfl(x) + fly), xoy=fL(fl(x)x fl(y))
voy = [fl(fli(z) = fiy), woy=fI(fl(z)/fl(y))

The arithmetic described above corresponds to performing exact arithmetic on
the floating-point representations of x and y and then converting the exact result

to its finite-digit floating-point representation.
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Example 2.8. Let us consider 5 digit chopping: Let u = 0.714251 and x = 5/7 =
0.714285714.... In such a case :

flu) = 0.71425 x 10°

fl(x) 0.71428 x 10°

Now with
rou = fI(fl(x) — fl(u)) = £1(0.00003 x 10°) = 0.30000 x 10~*
z—u = 0.0000347142857... = 0.34714... x 107%.

Absolute error is 0.471...x 107° but the relative error is approzimately 0.1358, which
is 13.5%

Now we consider a multiplication by a large number, for example v = 98765.9
for which fI(v) = 0.98765 x 10°.

(rOu)®v=0.29629 x 10'
The actual value is 0.34285 x 10', hence the absolute error is 0.465 but the relative
error is 0.1358 still 13.5%.

Remark 2.3. Several Observations are in order:

e Subtracting two nearly equal number results in large relative error.
12345678912345678 — 12345678912345677 = 1 real answer

12345678912345678 — 12345678912345677 = 2 scilab answer

Here, the abs error is 1, but relative error is |2 — 1|/1 =1
o Subsequent multiplication by large number or division by small number mag-

nifies absolute error.

100(12345678912345678 — 12345678912345677) = 100 real answer

100(12345678912345678 — 12345678912345677) = 200 scilab answer

Abs error is now 100 but the relative error is still 200 — 100|/|100| = 1.
e Addition of large and small number results in large absolute error (but small

relative error).

100000000000000000 + 100 = 100000000000000100.
But scilab shows

100000000000000000 + 100 = 100000000000000000.

Hence relative error is now 100/100000000000000100 = 1.10~15. but abso-

lute error is 100.
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Most common error-producing calculations involves the subtraction of nearly
equal numbers. Hence, we conclude that such an operator should be avoided.
Remember the Newton’s method for the multiple root case. This operation is not
very accurate since we need to subtract nearly equal numbers. Such a price should

be often paid to overcome some known drawbacks of the algorithm.

Example 2.9. Try the following example: 0.1207 x 10 +0.9654 x 1073 by 4 digit
chopping.

0.1207 x 10" +0.9654 x 107* = 0.12079654 x 10"
£1(0.1207 x 10" 4+ 0.9654 x 107%) = f1(0.12079654 x 10') = 0.1207 x 10"

The absolute error will be 0.96539.. x 1075, The relative error will be 0.96539.. x
107°/0.12079654 x 101 = 0.799195... x 1075. Therefore, the relative error is not

much big.

The natural question is how to avoid such a numerical inaccuracy ? The answer
is simple, avoid such a calculations as much as possible !.

The loss of accuracy due to round-off error can be avoided by a reformulation of
the problem, as illustrated by the next example.

Recall that for az? + bx + ¢ = 0, we have the following two solution

_ —b+Vb? —4dac —b—Vb% — dac

e 2a 2a

o =

Let us assume that a = 1,b = 62.10 and ¢ = 1, namely, we are considering to

solve 22 4+ 62.10x + 1 = 0 with 4 digit chopping. Note that the true solutions are

approximately
x1 = —0.01610723 and zo = —62.08390.

Observe that b? is large compared to 4ac, hence vb2? — 4ac will be very close to
b. More precisely,

Vb2 — dac = /(62.10)% — 4(1.000)(1.000) = 62.0678 = 0.620678 x 10°.

Hence four digit chopping gives us 0.6206 x 102. We then have
—62.10 +62.06 _ —0.04000

l = = = —0.0200.
fUla) 2.000 2.000 0.0200
The relative error is then approximately
| —0.01611 + 0.0200] ~ 94 % 10-1.
| —0.01611]
—62.10 — 62.06 —124.2
fl@2) = = = —62.08.

2.000 ~2.000
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Year 1940 1950 1960 1970 1980 1990
Population (in 1000) | 132,165 | 151,326 | 179,323 | 203,302 | 226,542 | 249,633

TABLE 3.1. Population in Years

Hence

| — 62.08390 + 62.08] 6.2 x 1075.
| — 62.08390|

The remedy is to reformulate the formula especially for x; as follows:

b+ Vb2 —dac [ —b— Vb —4dac\ b — (b? — dac)
B 2a —b—Vb? — 4ac 2a(—b — Vb? — dac)

Z1

From this formula, we get

—2.000 —92.000
I(2y) = - — —0.016100.
Fi#1) = 6510 7 62.06 — 1242
The relative error is now
— 0.01610723 + 0.0161
| —0.01610723 + 0.0161 _ oo oy

| = 0.01610723]

3. INTERPOLATION AND LAGRANGE POLYNOMIAL

Let a census of the population of the U.S. is taken every 10 years. The following
table lists the population, in thousands of people, from 1940 to 1990.

In reviewing these data, we might ask whether they could be used to provide
a reasonable estimate of the population, say in 1965, or even in the year 2010.
Predictions of this type can be obtained by using a function fitting the given data.
This process is called the interpolation.

The most natural choice of interpolation tool is perhaps, the algebraic polyno-

mials,
(3.1) Po(2) = anz™ + an_ 12"t -+ ayx + ap.

Oftentimes, due to its simplicity, the polynomials are used to replace any given
functions. We note that if f is nice, one can always find right polynomial that

approximate it well.

Theorem 3.1 (Weierstrass Approximation Theorem). Suppose that f is defined
and continuous on [a,b]. For each &€ > 0, there exists a polynomial P(z), with the

property that
|f(z) —p(z)| <e, Vxé€la,b].
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n |0]1]2[3[4]5
P,(3) | 1[-1]3[-5 11|21

TABLE 3.2. Taylor polynomial of 1/x at zg = 3

Note that for any given data (x;,y;) for i =0,1,--- | N, with x; < x;41, our goal
is basically to find a polynomial passing through the data, i.e.,

We can also interpret such a polynomial as follows: For a given function, f(x), we
can construct a polynomial that has the same values with f at specific nodes, x;’s
with ¢ = 0,--- , N. In such a case, we say that the polynomial is an interpolation
of the function f at nodes z;’s.

The Weierstrass theorem does not say anything about how to find a nice and
appropriate polynomial so that it is close to the given function. For instance, we
consider the Taylor polynomial at o = 0 to approximate f(xz) = e*. Namely,
construct the interpolation polynomial of f at zg by the Taylor polynomial.

The Taylor polynomials are

po(z) = 1
pi(z) = 14z

2

T
paz) = lta+—

x? 28

= 1 — _

p3(x) +x+ > + 6

Although better approximations are obtained for f(z) = e*, if higher-degree Taylor
polynomials are used, this is not the case for all functions.

Consider f(z) = 1/x expanded about 2y = 1 to approximate f(3) = 1/3. Note
that f*)(z) = (=1)*klz=*~1 and the Taylor polynomials are

n (k.) n
o) = LW = S e - 1)

k=0 ’ k=0

The values of P, (3) are listed in Table, 3.2. The reason why the Taylor polynomial
introduce such a dramatic error is that it is designed to approximate a function
at a specific point. We are then directed to spread out the nodes at which the

polynomial interpolates the given function.

3.1. Lagrange Polynomials. The Lagrange interpolation polynomial is the poly-
nomial that is determined simply by specifying certain points on the plane through

which they much pass.
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More precisely, we construct a polynomial of degree at most n that passes
through the n + 1 points.

(3.3) (@0, f(x0)),- -+, (zn, f(zy)), with z; # x; for i # j.

Note first that the polynomial of degree at most n that interpolates the given n+1

data can be shown to exist uniquely. To see this, we set
(3.4) P(z) = ao + a1x + agx® + -+ + a,z".

Since we wish P to interpolate (z;, f(z;)) for i = 0,--- , N, we arrive at the

following systems of equation:

1 ZTo 1‘% e x’g ao f(x())
]. I "E% - x? ay f(xl)
(3.5) Coeee e e : _ :

It is well known that the system matrix given in the equation (3.5) is called the
Vandermonde matrix which is always invertible if z; # x; for ¢ # j. Hence, it shows
the unique existence of the polynomial that interpolates the data (z;, f(x;)) with
1=0,---,xN.

Such a polynomial P is called the Lagrange interpolant of f at the x;. While
the proof of unique existence of a Lagrange interpolant just given was indirect, it is
straightforward to derive a formula for the solution. We begin by a simple example

below.

Example 3.1. We consider to construct a polynomial passing through (xo, f(xo))
and (z1, f(x1)) by a first-degree polynomial.

First, we define linear functions Ly o and Ly 1 so that Ly ,o(xo) =1,L10(x1) =0
and L1 1(x0) =0,L1(x1) =1 as follows:

r — I r — X

Ll,o(.’b) = and Llyl(ac) =

XTo — T1 1 — To
and then define
Py(x) = f(zo)L1o(w) + f(z1)L11().

It is then easy to check that Py is linear and passing through the given points.

In general, to construct a polynomial passing through points (3.3), we first con-

struct L, r(z) so that it is n—th degrees of polynomials and

Lnyk(xk):l, Ln_’k(l'g)zo, V€:1,~~~,k71,k+1,~~~,n
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and then define
f

—~

z0)Lno(x) + -+ f(xn)Ln,n(x)

f(@r) L k(z),

I
M=

>
Il

0

where

T — T
Ly i (%) = Ho<m< Nmath ——
T — Tm

We consider how to construct L,, ,(x) with the aforementioned properties: First

of all, Ly, x(x) contains the following numerator:

(@ —zo)(@ — 1) (& — 2p—1)(F — Thy1) -+ (¥ — @),

To satisfy Ly, p(zr) = 1, the denominator should be given so that

e r)@ ) (@) (@ = apg) (T 2n)
(36)  Lux(@) = (z1 — xo)(z — 1) - (T — Tp—1) (T — Thg1) -+ (T — )

We call Ly, ;, the k— Lagrange basis functions.

Example 3.2. Construct the quadratic polynomial that interpolates f(x) = 1/x at

nodes xg = 2,x1 = 2.5,x0 = 4. We first construct three Lagrange basis functions

as follows:
L) = (e
Li(z) = éfiiﬁiﬁifﬁb
L) = o)

We then construct P(x) = f(xo)Lo + f(x1)L1 + f(z2)Ls.

3.2. Error formula for the Lagrange interpolant. We shall now consider some
error analysis here. Recall that Rolle’s theorem says that between any two points
where the graph of the differentiable function f(z) cuts the x-axis there must be a

point where f/(z) = 0.

Lemma 3.1. If f is continuous and differentiable with two roots f(x1) = f(x2) =0,
then there exists x1 < ¢ < xo such that f'(c¢) = 0. Furthermore, if f(x) =0 atn+1
points in [a,b] and f € C"([a,b]), then there exists ¢ € [a,b] such that f"(c) = 0.

Theorem 3.2. Let x;, i = 0,1,--- ,n be distinct points and let p € P, be the

Lagrange interpolant of some function f at the points x;. Let x € IR and suppose
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f € C"L(I) for some interval I containing x and x;’s. Then there exists a point
& in the interior of I such that

1

f(z) —p(x) = mf("ﬂ)(f)(x —x0) (T — Tp).

Proof. We may assume that « differs from all the x;’s, since the theorem is obvious

otherwise. Let w(z) = (z — o) -+ (v — z,,) and set

G(t) = [f(z) = p(@)lw(t) = [f ) — p(t)lw(z).
Then G has n + 2 distinct zeros, the ;s and x. By repeated application of Rolle’s
theorem, there exists & strictly between the largest and the smallest of the zeros
such that d" DG /dt™+D(¢) = 0. Since p(**t1) = 0 and W™D = (n 4 1)!, this
gives
[f (@) = p(@))(n + 1)l = FD (E)w(a).
This completes the proof. O

Remark 3.1. If all the x; tend to the same point a, then p tends to the Taylor
polynomial of degree m at a, and the estimate tends to the standard remainder

formula for the Taylor polynomial

where & is between a and x.

The error bound in particular indicates that if a < minz; and b > mazz;, then
1 = Pllocost < et 17 ool — al ™
DPlloo,[a,b] = (n+1)! 00, [a;b] )
no matter what the configuration of the point z; € [a,b]. This gives a useful
estimate if we hold n fixed and let the points x; tend to the evaluation point z,
from which a rate of convergence of order n + 1 can be attained.

Another interesting question, closer to the approximation problem we have con-

sidered asks about the error on a fixed interval as we increase the number of inter-
polation points and so the degree of the interpolating polynomial,

vy <oy

2 2
o < x7 < @5

all belonging to [a,b]. Then we let p, € P, interpolate f at z* and inquire about

the convergence of p, to f, as n — oco.
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Whether such convergence occurs, and how fast, depends on the properties of
the function f and on the particular arrangement of points.

A famous example using equally spaced interpolation points was given by Runge:
a= —5and b =5 with 27 = —=5+10i/n, f(z) = 1/(1+2?). He proved the existence
of a number £ = 3.63338 such that lim,, . p, () = f(x) if and only if |z| < k.

If the function is not smooth, the results may be even worse: in 1918, S. Bernstein
proved that equidistant interpolation to f(z) = |z| on [—1,1] does not converge at
any point except x = —1,0, 1. Fortunately, as we shall see in the next section, there
exist much better choices of interpolation points than equally spaced points. But
in 1914, Faber showed that no choice of points works for all continuous functions.

Will there be no hope? If points are well-chosen and also f is required to have
a little smoothness, then convergence can be obtained.

Let us focus on one specific points and do well for this points.

Example 3.3. Let us for now assume that f is very smooth. Increase the accuracy

by adding more points. How much should we add the degree of polynomials?

To approximate f at a specific points, we can generate polynomials successively
in order to achieve a desired numerical value. However, we do not know the actual
error. It is hand-waiving method. However, when doing so, we wish to use the

previous information. This can be done.

4. NEWTON’S DIVIDED DIFFERENCE

Oftentimes, the iterated interpolation can be used to generate successively higher
degree polynomial approximations at a specific point. The divided-difference meth-
ods can be effectively used for such a purpose.

For zg, 21,22, -+ ,x, given in an interval [a,b], suppose that mg,ma, -+, myg
are k distinct integers, with 0 < m; < n for each i. We shall denote the La-
grange polynomial that agrees with f(x) at the k points Z,,,, - ,Zm, is denoted
by Prg.ma, my (T)-

Let f be a real-valued function on an interval [a,b] and let P, ... m, € Pk be
the Lagrange interpolating polynomial for f at the nodes xm,, -, ZTm, -

Our goal is to generate higher order Lagrange interpolating polynomial that
P, ,m, that interpolate f(z) at an additional point myy1, say P, ... mys, (T)-
This can be done by finding the correction function C(z) that relates functions

Py, .my and Py . namely,

ME+1)

(4.1) P, smisr = P, my, + C().

It is then easy to see that C(x) is given as follows:
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C($) = Omyyq ({E - xmo)(w - xml) e (.’t - xmk)'

To find @y, ,, we use the fact that P ... m.; (Tmyyy) = f(Tm,,,) and hence,

f(xmk+1) B P’mow' ;M (mmk+1)

(mmk+1 - J317%0)('%'771k+1 - xm1) e (xmk+1 - xmk) '

a’mk+1 -

We denote apm,., = flTmg, " ,%m, .| and call k 4 2-th divided difference of f
relative to @y, s Tynyps -
We shall now start from the P, (x), which is a constant function, for which

there is no lower degree polynomial from which it is obtained, hence, we have
Py = amy = f(xmo) = f[xmo}'

Now to construct Py, m, (z), we use the fact that

Pron () = Fltma] + fltmgs 2@ — )
Promoma(@) = Slmo] + flomos ) — o)
+ [T, Tmy s Tong ) (T — Ty ) (T — ;)
Prgmymams(®) = flTme] + fTmgs Tm,](T — Tm,)
+  flTmos Tmy s Tmo | (T = Ting ) (T — Tiny )
4+ fl@mos T s Tmg s Tmg ) (T — T ) (T — Ty ) (T — Tny)

We then obtain the following for instance when mg =0, m; =1,---mg =k, - -m, =
n,

Py.... n(x) = flrol+ flzo, z1](x —x0) +- - -+ flxo, 21, - s xp)(x —20) - -+ (T — XTp—1).

The natural question is now reduced to how to find the divided difference coef-

ficients. The idea comes from the following recursive relation :

f[zmu"' 7xTnk] _f[xmov"' 7Imk71]

Tmy, — Tm,

(4'2) f['rmo’ e 7xmk] =

k 0

Proof. Prove it. O

The recursive relation basically says that the coefficient for the Lagrange poly-
nomial can again be computed by the data f[xzg], - , f[zn].

Let us assume that we are looking at the Lagrange interpolating polynomial at
nodes T_o,x_1,xg,x1, T2 of f. Then each divided difference can be obtained by

the following;:
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x [ 00]02]04] 06
Fx) | 15.0] 21.0| 30.0| 51.0

TABLE 4.1. Values of f

Example 4.1. Let the following data for f is given at nodes vy = 1,21 = 2,29 = 3
with f(xo) = 3, f(x1) = 2 and f(x2) = 1, compute the Lagrange interpolating

polynomial of f at xg,x1, x3.

Example 4.2. Use the Lagrange interpolating polynomial to approzimate f(0.3)
based on the following data (4.1):

Example 4.3. Do the excercise number 17.

5. NUMERICAL DIFFERENTIATION AND INTEGRATION

5.1. Numerical Differentiation based on Lagrange Interpolating polyno-
mials. The objective of this section is to approximate f’(z) by using the value of f.
More precisely, we consider the following problem that given nodes, xg,x1, - , Zn,
we evaluate f/(z;) for some 4, using f(x¢)’s with £ € {0,1,--- ,n}.

In the following discussion, we shall simply assume that z; = x;—1 + h with

h > 0.
We consider to approximate f'(xz() using two data f(xg) and f(x1). First con-

struct the Lagrange polynomial Py () for f, with error term:

(x — x0)(x — 21)

flx) = Poi(z)+ o1 f(&(x))
_ )@= (2o + 1) flzo+ )=o)
(zo — (w0 + 1)) (o 4+ h — o)
+ (I - ZC())(JI - (IO + h))f"(f(x))

2!

By taking derivative, we have that

o St g (@ a)a—a ),
fla) = Kb fo, p, (2o =l ). )
Flao W)~ (o) | (2 —w0) b,
— Hnor b= flm) | (Hem ) 2R ), )

+ e, (e
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By plugging zo in =, we obtain that

flx) = f(x0+h2_f(x0)+Dx<(x—xo)(x—x0_h)

f(x +h)_f(x) —h "
I 1 (S e

If h is small and |f”(z)| < M then the difference quotient M can be

used to approximate f’(xg) and the error is given as below:

f(xo +h) — f(xo)
h

<

(5.1) (o) = M = O(h).

This is called the forward difference. Note that if we choose h — —h, then the

same argument can be made to show that

f(zo —h) — f(z0)
—h

52) |-

This is called the backward difference.

Example 5.1. Let f(z) = In(x) and g = 1.8. The forward-difference formula is

Dy f(1.8) = f(1'8+h}1_f(1‘8) ~ f/(1.8).

h = Djf(18) f'(1.8)

0.1 = 0.5406722 0.555555- -
0.01 = 0.5540180 0.555555- -
0.001 = 0.5554013 0.555555---

Example 5.2. Use the forward difference or backward difference to determine the

missing entries in the following:

z o fl@) o f(x)

0.5 0.4794
0.6 0.5646
0.7 0.6442

Now, if we wish to increase the accuracy, we use more higher order Lagrange
interpolating polynomials (The choice of nodes in taking LIP is oftentimes crucial

in reducing the error.)

Example 5.3. Suppose we approzimate f'(xo) using the value f(xo), f(x1) and

f(z2), namely we shall derive three point formulas for f'(xq).
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To do so, we construct the Lagrange interpolating polynomial Py 12 of f at xg, 21

and xs.
@ = Praa@) + D @@ ) - 2)
M e A e s
+ (@) (z - 2;&_—?) fm(:,f,( D (& — 20)(@ — 1) (& — 2).

We then take the derivative of f at xg to obtain that

faoy = fla) Tt e o) oo o)

(wo — 1) (w0 — 72) Y @r — @) (@1 — 22)
(x —20) + (. —x1) | ["(£(2))
+ f( ) (JZ‘Q—QZ‘())(J?Q—J?l) + 3 (xo_xl)($0_$2)|ﬂ70‘

Suppose x1 = xg + h and xo = xg + 2h. Then we have

;o —3h —2h
flao) = 1) gy T Gy
+ f(xz)% + f’"(g'(x)) (=h)(=2h)

Namely,

Flanf = 4 (oflan) 426w - 1)) + B (@

Let us assume now that x1 = z9 — h and zo = ¢ + h.

—h h (&)
Chyamy ) ey e (ER

_ i(;f(x—&—h)—;f(x—h)) —%h?

To obtain general derivative approximation formulas, given n + 1 distinct points

flzo) = f(z1)

{zg, -+ ,zn}, then we have

(9= 3 o bate) + 5T )
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Taking derivative

" (x —xg) - (x—x

fl@) = D flaw)Lilx) + (n+1)!

k=0

n) f D) (¢ (2).

n

= / (x —20) - (¥ = Tn) | w(n1
= kz:;)f(l‘k)lzk(l‘) + D, CES 1F D (€(2))

(@ —20)- (T =2n) ot
+ arr DT @)

For z;, we evaluate f, then

= 3 seialey) + DA ) £ )

This is n + 1-point formula to approximate f(z;).

5.1.1. Numerical Differentiation is not robust. Suppose we take numerical differen-

tiation on a finite precision computer and so there is round-off error in evaluating
I
Then
flwo+h) = [fl(f(zo+h))+ E(xo+h)
flwo—h) = [fl(f(zo—h))+ E(xo—h)

So total error will be

iy SUf(@o+h) = fi(f(zo—h)| _  E(xo+h)—E(zg—h)
1 (o) 2h - 20

h2 g
- e,

We then have with E(xg + h), E(zo — h) < e and f" < M,

h2
(5.3) Error < % + EM

Reducing h decreases the approximation error h?/6 however increases the round off
error.

Remark 5.1. Numerical differentiation is known as an unstable method because of
this phenomenon, however, it is essential ingredient to solve the differential equa-

tion.
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5.2. Extrapolation. Extrapolation can be used whenever it is known that an ap-

proximation technique has an error term with a predictable form to enhance the
accuracy.

Suppose we expand the function f in a fourth order Taylor polynomial about

To. Then
f(x) = flzxo) + f'(xo)(x — x0) + %f”(mo)(l' —x0)% + éf”'(fo)(ﬂﬂ — x0)?

ool — o) + o SOz — a0,

where ¢ in between x and x.

Evaluating f at x¢g + h and x¢o — h gives

flao+h) = fleo) + f ot o f (o) + & " o)

1 1
(4) 4 (5) 5
+ 24f (zo)h™ + 120f (&)n”,

and

fleo—h) = Jwo) = F'(eolt 3 " (wo)h? — " (o)’

1

+ o W@t — SO,
where g — h < & < 29 < & < x9 + h.
We can obtain that
Flao-+h)— flag—h) = 20f(wo) + o " (a)
b Zoe) + 19)
120

By the Intermediate Value theorem, we have

SUO@E) + 1) = 1)

Hence, we have
/ 1 h? " ht (5)
(54)  f(@0) = 55 [F(wo+ k) = flao = b)) = % £ @0) = 1 O(E).

Let us use nodes zg + 2h and xg — 2h to obtain that

2 4
(6:5)  J'(0) = g5 o+ 20) — Flao — 20)] = 2 ) —

(5)
)
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Multiplying 4 by the first f’(xo) and subtracting the second f’(x), we obtain that

f(zo —2h) = 8f(zo — h) +8f(xo + h) — f(zo — 2h)]

o) = g7l

Wt s
+ %f (6).

6. NUMERICAL INTEGRATION

In this section, we shall approximate f; fdz by the following sum:

Z aif(xi)'
i=0

The aforementioned sum is called the numerical quadrature. It depends on the
choice of nodes since the weights a; shall be constructed based on the interpolation

polynomials.

6.1. The quadrature rule based on the interpolation polynomials. Given

a set of distinct nodes {zq, -+ ,2,} from the interval [a,b]. We recall the following
identity:

- n FrrD(E(e))
(6.1) flx) = ; fxi) Liz) + Mo (2 — wi)m

We now take integration both sides to obtain:

FrD(E())

(n+1)! de

(6.2) /ab f(z)dx = Znof(a:i) /ab Li(z)dx + /ab Iy (z — x;)

The quadrature formula shall then be given as follows:
b n b
(6.3) / fa)de ~ S fo) / Li(w) do
a i=0 a

Note that fab L;(z) dx = a; is the natural weight and the error term is given by

FrD(E()

CES

b
(6.4) E(f) = / g (2 — ;)

For error analysis, we shall use the following integral mean value theorem that if
u € C([a,b]) and w is an integrable function on [a,b] which does not change sign,

then the following holds true: there exists 7 € (a, ) such that

(6.5) / ’ w(z)w(z) dz = u(y) / b w(z)dz.



APPLIED NUMERICAL ANALYSIS 31

Example 6.1. The Trapezoidal rule is given by choosing xo = a and r; = b.
It is two point rule. To derive the formula, we consider the linear interpolating
polynomial for f given as follows:

xr — I

(6.6) Pul) = — f(wo) + — -

f(z1).

We then have

b T _ _
/f(fﬂ)dx = / T o) + —— f(ay) da

Lo — X1 1 — o

. /:@xoxle)f@)(a(x))dx

1

= @U’(m) + f(x1)] + ;/mo (z = mo)(z — 1) fP) (£(2)) da

To investigate the error term, since (x — xo)(x — x1) does not change its sign, we

apply the integral mean value theorem to obtain that

B [ @) - @) de = 30 [ @ a)o o) dn

2 0 Zo

By change of variables (x — x¢)(xz1 — xo) = t, we have that

E = —(h*/12)f"(©).

Remark 6.1. Since the error term for the Trapezoidal rule involves f”, the rule
gives the exact result when applied to any function whose second derivative is zero,

that is any polynomial of degree one or less.

We now look at the Simpson’s rule with nodes 29 = a,z1 = a+ (b — a)/2 and
To = b.
To obtain Simpson’s rule, we form the quadratic interpolating polynomials of f

at the aforementioned nodes and then take integrations

(6.7) /abf(x) d = /ab Pr(z) da:+/:E(x, 1) da.

The quadrature rule will be then as follows:

b b—a
(6.8) /f(ﬂ?)dx% 5 (Fla) +4f((a+1b)/2) + f(b)).

By construction, an interpolatory quadrature with n + 1 points has degree of

precision at least n. Note that by degree of precision, we mean more precisely that
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Definition 6.1. The degree of precision or accuracy of a quadrature formula is the
largest positive integer n such that the formula is exact for any polynomial of degree
less than or equal to n.

Note that the quadrature rule is of the degree of precision n, if and only if
the quadrature rule is exact for z* for & = 0,1,--- ,n(Why?). Note that the
degree of precision is independent of the interval in which the integration is taken.
Therefore, in order to find out the degree of precision for any given quadrature rule
NIj, 4}, simply take any interval [a,b] and check what is the maximum k for which

the following holds true :

b
(6.9) / a¥ dx = NI, 4 (2F).

Example 6.2. Find the degree of precision of the Simpson’s rule. To do so, we

check the exactness for each polynomial, 1,z,z2,---

1
/1dm = 1:1(1+4+1)
0 6
! 11
zdx = —==(0+4(1/2)+1)
0 2 6
v, 1 1 )
éde = —==-(0+4(1/2*+1)
0 3 6
v 1 1 5
xwder = —-=-(0+4(1/2)"+1)
0 4 6

! 1,1
/ gtder = —#-(0+4(1/2)* +1)
0 576

Namely, for some choices of nodes, a higher degree of precision can be achieved.
The Trapezoidal and Simpson’s rule are based on using the equidistant nodes. In
general, a class of interpolatory quadrature rules based on using n + 1 equi-spaced
points including end points is called the closed Newton-Cotes rule. For n = 1, the
Trapezoidal rule, for n = 2, it is Simpson’s rule. By construction, the Newton-Cotes
rule has degree of precision n. But, if n is even, it has the degree of precision n+ 1,
which is due to symmetry, namely, one more higher degree of precision is like free
lunch obtained by the symmetry. To be more precise, we shall show that if n is

even, then n + 1 interpolatory rule is exact for 2”*!. First note that

b b n+1
/x”“dx = /(m—a;—b) + g(x) da
b

/g(ac)dx,
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where g(z) € P,. On the other hand, for n 4+ 1 equidistant nodes, the Lagrange

interpolating polynomial for "1 will read:

n n n+1
Zwix?+l = Zwi <<$z - a;—b) +g(xi)>

i=0 =0

Il
=
&
T~
8
\
S
|+
S
~
3
Jr
=
+
=
&
©
=R
&8

Note that

n

n+1 b
Z(@a;b) / Li(z)dx =0,

1=0

which can be proven by observing that

wo = wWp, (zo—(a+0b/2))=—(r,— (a+b)/2)
w1 = Wp—1, (2171 — (a -+ b/2)) = 7(I’n_1 — (a =+ b)/2)
Wp2 = Wy, (Tnja—(a+0)/2)=0.

and n + 1 is odd (more detailed proof is left for an exercise). We have that

b b
(6.10) / 2" Hdr = / g(x)dx = Zg(mi)wi = Zx?“wi.

We now consider another simple quadrature rule, called the mid-point rule, which
is defined to be

b
(6.11) / F@)de ~ (b— a)f((a+b)/2).

For the mid-point rule on [0, 1], the interpolant is simply the constant value
f(1/2) and so we get:

(6.12) B [ 1@ -1 = [ rew)e-1/2d

For this, we may not use the integral mean value theorem since (x — 1/2) changes
its sign.

A simple approach for the mid-point rule is to use Taylor’s theorem. Assuming
that f € C%(]0,1]), we have

(6.13)  f(x) = f(1/2) + f/(1/2)(x — 1/2) + %f”(f(f))(sC ~1/2)*, z€(0,1)
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By taking integration, we obtain that

/ f) - £1/2) = / LPe) @ —1/2)%d
= 1) / (x—1/2)2dw=if”(n)-

If we apply the mid-point rule in the interval [0, h], then we have the following

h
[ s@-som = [ Lree-nra

h 3
= 35 [ @R de = 5o ).

The point is that the most of quadrature rule is not accurate if we use it for

evaluating fab f(z) dz with b—a being large. The key idea to overcome this drawback
is to divide and conquer. It is worth remarking that to enhance the accuracy, it is
better to divide the domain as many as possible and then apply the quadrature rule
that requires small nodes, but maximum degree of precision (Gaussian Quadrature

rule).

6.2. Composite Numerical Integration. We consider to approximate f; f(z) de.

As indicated, we first divide the interval into n equal subintervals of size h.
Let us first check what is h in terms of a, b and n. Since nh = b—a, h = (b—a)/n.

More precisely, we have

b a+h a+2h a+nh
dr = d de + - - d
/a f(z) do / f()do + / L SEde / oy, s

n a+ih
= Z/ f(z) de.
1 Jat+(i-1)h

i=1

The composite Trapezoidal rule is then given by applying the Trapezoidal rule

for each integral defined in each subinterval.

/:f(x)dsc

n

a+ih
Z /a+(z'—1)h flw)de

i=1

Q

S 8 (Flain) + F().

i=1

where x; = a +th with ¢ =0,--- | n.
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Now, we shall take a look at the error given by the following:
n

S

i=1

dx_ (f(xz 1)+f(lﬁ))‘ =

< Z|h3 //§z|_7MhQZh
=1

= iMhQ(b— )

= 12 a).

We shall now list several quadrature rules and their composite rules.

left endpoint rule : fb f~(b—a)f(a).

right endpoint rule : f f~(b—a)f(b).
b)/2).

trapezoidal rule : f f~b7[ (a) + £(D)].

Simpson’s rule : [} f ~ Y52[f(a) + 4f ((a +b)/2) + f(b)]

midpoint rule : f f=~ Vf((a+

The composite version of each rule is given as follows:

o left endpoint rule : [ f r S0 (2 — xio1) f(ia).

right endpoint rule : f FaY (=i fz).

midpoint rule : [ f xS (2 — 2 1) f (i + 2i-1)/2).

trapezoidal rule : [7 f e S0 BEEA[f(r 0 + f()].

o Simpson’s rule : [} f & Y0y BEEEL 1) +Af (w11 +20)/2) + (1),

where x; =a+ih fori=0,--- ,n.

Example 6.3. Use the Composite Trapezoidal rule with four equal subintervals to
approximate ffxsin:vdm. First of all, 4h =2 —1, so h =1/4. Set z; = 1+i/4
withi=20,1,2,3,4.

2 4 PRp— .
/ rsinzdr = Z % (i1 sin(x;—1) + 2; sin(x;))
1 i=1

_ 24:14—@'/4—(14—(2'—1)/4)

(21 sin(x;—1) + 2; sin(x;))

. 2
i=1
=
= 3 (zi—1sin(x;—1) + x; sin(z;)) .

i=1
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6.3. Gaussian Quadrature. In this section, we shall ask a question on the maxi-
mal possible order of precision that can be obtained by applying n point quadrature
rule. We have seen that the choice of nodes is important to achieve higher degree of
precision. Since the degree of precision is independent of the interval in which you
take the integration and once the quadrature rule is made at a specific interval, it
can be transformed to other intervals, we shall restrict our concern on the interval
[—1,1].

6.3.1. Bottom-up Approach. We shall ask how to choose w;’s and z;’s so that
1 n
/ fdx:Zwif(xi), Vi€ Puax.
-1 i=1

To do so, by linearity of the integral operator and summation operator, we may

need to make sure

1

(6.14) / o de = waf, Vk=0,--- ,MAX.
-1 i=1

First of all, we note that the maximum degree of precision that can be obtained

with such w;’s and z;’s are 2n — 1 since we have 2n degrees of freedoms. Namely,

one can possibly solve 2n equations for k = 0,1, --- ,2n — 1. For more equations to

be satisfied, the problem is over-determined.

Example 6.4. Suppose that we want to determine wi,ws,x1 and xo so that the

integration formula
1
/ f(x)dz ~ w1 f(z1) + wa f(x2)
-1

gives the exact result for f € P3. Note that 2 x 2 —1 = 3. We then form the

following set of equations:

1
/ ldr = 2=w;+ws
-1
1
/:L'dx = 0=wiz1 + waxs
-1
! 2
/xngc = gzwlx%—i—ngg
-1

1
/ Bdr = O:wle—l—ng‘;’
—1
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A little algebra shows that this system has the unique solution

V3 V3

w1:w2:1, 3?1:—?7152:?.
This is called the 2-point Gauss rule.

For the arbitrary interval [a,b], the 2-point Gauss rule reads and in fact, it is

the interpolatory quadrature rules at z; and x2. (Note that L1 = (z — 1) (29 — 1)

and f_ll L; = 1. Same is true for L,.)

o [0 (e ) (430 ).

It is highly non-linear equations and very difficult to find w; and x; for which the

maximum degree of precision can be achieved. We would now ask a question if there
is a simpler way to find the quadrature rule of the maximum degree of precision? In
fact, there is a systematic way to find n—points in the interval [—1, 1] from which
we can obtain the interpolatory quadrature rule which has the maximum degree of
precision.

To motivate the readers, the nodes x; can be given by n—points of roots of some
well-known polynomials called the Legendre’s polynomials. The weights w; are

given by integrating the Lagrange basis that corresponds to node x;’s.

6.3.2. Top-down approach. Our observation from the above simple example is the
quadrature rule of the maximum possible degrees of freedom can be obtained by
an interpolatory quadrature rule with special nodes, which is the roots of Legendre
polynomials. Namely, n—point rule with 2n — 1 degree of precision can be achieved
by choosing n—points as roots of n-degree Legendre polynomial and constructing
the interpolatory quadrature rule based on such n—points.

Our top-down approach is based on this observation. In order to construct
n—point quadrature rule of the maximum degree of precision. We simply need
to find the roots of the Legendre polynomial of degree m and to construct the
interpolatory quadrature rule, which is called the n—point Gauss rule. It will then
be crucial to know what is the Legendre polynomials, whose studies shall show our
observation is in fact true and no other n— point quadrature rule can beat the
n—point Gauss rule. We shall first recall the well-known class of polynomials called

the Legendre Polynomials. We consider the following function space

(6.16) V:{f:/lldex<oo.}.
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We now introduce an inner product for the space V. The inner product (-,-) :
V x V — IR is defined to be as follows:

1
(6.17) (f.9) = /_ fods, .geV.

We now observe that P, ([—1,1]) C V and that {1,z,22,--- 2"} is the basis for
Pn([—1,1]). We wish now to construct {qo,q1, - ,qn} C Pn([—1,1]) such that

(6.18) (¢i,q5) =0, i#j.
In that case, we say that g; is orthogonal to ¢; and denote ¢; Lg;. In fact, we shall
construct ¢; in a way that ¢; = 27 + lower order term € P;. In such a case, the
relation (6.18) tells that ¢; LP;_;.

These can be achieved by the well-known Gram-Schmidt process. More precisely,

we start from ¢p = 1 and

QO(.’E) - 17
a(z) = =z,
Tqn—1,9n—2
@o(z) = mqn_l(x)—qu_gm, 2.

Note that it is easy to check that these polynomials are monic and mutually or-

thogonal. These polynomials are called the Legendre polynomials.

(JO(J?) = 17
Q1(ZE) = &
1
) = @,
3
@x) = xg—g.

By linear scalings, we can obtain the Legendre polynomials on an arbitrary interval.
We normalized the Legendre polynomials by taking their leading coefficient as 1.
More commonly, the Legendre polynomials are normalized to have value 1 at 1,
which shall be denoted by py with £ = 0,--- ,n. Then the following recursion can

be shown to hold true:
(n+ Dpnia1(z) = (2n + Dapp(x) — npn—1(z),
starting with pg = 1, p1(z) = .
We list some properties of the Legendre’s polynomials.
(1> pn<1) =1, pn<_1) = (_1)n.
(2) more...
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(3) Let ¢1 < w2 < -+ < x, denote the roots of P,, then these are distinct and
belong to [—1,1].

We shall now show that the maximum possible degree of precision 2n — 1 can be
achieved by a unique n-point rule. We may restrict to the interval [a,b] = [—1,1].
Our chief tool will be the Legendre polynomials p,(x). Let 1 < 29 < -+ < z,
denote the roots of p,, then these are distinct and belong to [—1,1]. These are

called the n Gauss points on [—1,1].

First, we define a quadrature rule (the n-point Gauss rule) by

(6.19) /11 [~ /11 I.f,

where I, f € P,_1 is the Lagrange interpolating polynomial of f at x1, -, z,.
Theorem 6.1. The n-point Gauss rule has degree of precision 2n — 1.
Proof. Given f € Ps,_1, we can write
f(x) = h(x)pn(z) +r(x), h€EPp_1,7 € Pp_q.
Then

/_11 fdv = /1 q()pn (@) + r(x) de = /l r(z) da.

-1 -1

We now note that any n—point rule has degree of precision n — 1, hence,

/1 r(z)de = iwlr(xl)

-1

However, since z;’s are root for p,, we have that

/11T(x)dx - iwif(ﬂfi)—/llf(x) da.

O

Theorem 6.1. The n-point Gauss rule is the unique n-point rule with the degree

of precision 2n — 1.

Proof. We suppose that there are n—points for which

n 1
4 i) = d7 v n—
;wf(x) [1f$ [ € Papn

Then if we choose f(x) = q(z)II}_; (x — ;) with ¢ € P,,_1, the following holds true
that

1
/ q(2)II_y(x —x;)de =0, Vq€& Ph_;.
1
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This implies that II?" ; (z — ;) is a multiple of p,,. Hence z; should be n— Gauss

points. [

Note that there is no quadrature rule of the form Y. | w;f(z;) with degree
of precision 2n. We assume that there exists a n—point quadrature rule with 2n

degree of precision. Then

1 n
(6.20) /1 fdur=>" f(zi)wi, Vf€E Pan.
- =1

However, it can not be true since for f = I, (x — x;)? € Pa,, we are led to a

contradiction since
1 n
0#/ e, (z — ;)2 dm#Zwi(xi—xi)z =0.
-1 i=1

Example 6.5. Construct two points Gauss quadrature rule on [—1,1]. Since
p2(z) = (322 — 1)/2, by solving p2(z) = 0, we obtain that x1 = f% and xo = %

Now with these two points, we construct the Lagrange interpolating polynomial

Iyf = f(z1)L1 + f(22) Lo

and by taking an integration, we obtain that

1
[ fa)do = f(@) + f(a2)

Example 6.6. Construct 3-point Gauss point rule on [—1,1]. Since g3 = 2°—3x/5,

the roots are given by x1 = —%,l‘g =0 and x3 = % Now with these two points,

we construct the Lagrange interpolating polynomzial

Lyf = f(x1)L1 + f(x2) Lo + f(x3)L3

and by taking an integration, we obtain the three point Gauss-rule, which is left as

an exercise.

[ @) do s ) + waf (@) + (o).
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Note that with x1 = —/3/V/5, 20 = 0 and x3 = \/3/V/5, we have
R e e (”” - ﬁ) =g
/11 fade = / e e e / 3 (=-3) =3
[ = [ ezt [ (2R )=

7. DIRECT METHODS ON NUMERICAL LINEAR ALGEBRA

We consider to solve the following linear system of equation:
(7.1) Ax = b,

where A € IR™™*" and b € IR".
For an example, we can consider the following problem:

Ty —Tp+2rx3—24 = —8
221 — 222+ 323 — 34 = 20
T1+r2+2x3 = —2
Ty — 22+ 4r3+3r4 = 4

This can be rewritten as follows:

1 -1 2 -1 ) -8
2 -2 3 -3 x| | 20
1 1 1 0 s | T -2
1 -1 4 3 4 4

Definition 7.1. Annxm (n by m) matriz is a rectangular array of elements with

n rows and m columns.

T, L]

A of the following:

ailr @iz o Aim

a21 G222 - A2m
A=

anl DY ... anm

Example 7.1.

2 -1 7
A(3 1 0>

is 2 X 3 matriz with a11 = 2,a12 = —1,a13 = 7,a21 = 3,a22 = 2 and a3z = 0.
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We are interested in solving the following system of equations:

ailp Gai2 - Qim € b1
G21 A2 - G2m T2 by
an1 Tt Tt Anm Tn bn

This corresponds to the set of equations
FE;:a;n1x1 4 aipxe + -+ Qim T = b
In solving the aforementioned linear system of equations, the following three
operations produce equivalent systems.
e Equation FE; can be replaced by AF; for A # 0. (AE;) — E;
e Equation F; can be multiplied by any constant A and added to equation
E; with the resulting equation used in place of E;. (AE; + E;) — E;.

e Equations F; and E; can be transposed in order. (E; < Ej).
Example 7.2. Give an example here.

This process can be understood as a matrix form by constructing the augmented

matrix:
1 1 0 3 4
2 1 -1 1 1
3 -1 -1 2 -3
-1 2 3 -1 4
1 1 0 3 4
0 -1 -1 -5 -7
0o -4 -1 -7 —15
0 3 3 2 8
1 1 0 3 : 4
o -1 -1 -5 : =7
0 0 3 13 : 13
0 0 0 -13 : -13
Observe that we use a1 to eliminate as1,as1,- - ,an,1 and from the new matrix,
using asgg, we eliminate aso,a4o, -+ ,an2, and so on. This process is called the

Gaussian elimination with backward substitution.
We now consider the following linear system:

Example 7.3.
1 -1 2 -1 1 -8
2 -2 3 -3 2 | | —20
11 1 0 z3 | -2
1 -1 4 3 Ty 4
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We form the augmented matrixz of the following form:

1 -1 2 -1
2 -2 3 =3
1 1 1 0
1 -1 4 3

-8
—20
-2
4

By (E2 — 2E1 — EQ, E3 — El — Eg, E4 — E1 — E4), we obtain

-1 2
-1
-1

2

-1
-1
1

1
0 0
0 2
0 0 4

-8
—4
6
12

43

We are in trouble since we have ase = 0, which is called the pivot element. But, it

is 0.k. since we can apply Eo < E3 to obtain that

1 -1 2 -1 -8

0o 2 -1 1 6

0o 0 -1 -1 —4

0o 0 2 4 12
Apply By + 2E3 — FEy4 to obtain

1 -1 2 -1 -8

0o 2 -1 1 6

o 0 -1 -1 —4

o 0 0 2 4
From this, we have x4 = 2, 3 = 2,29 = 3 and 1 = —7.

7.1. LU decomposition.

0 0 0 0

agé) agg) agg) bgo)

Al e | o
a3zp  Qzy  Aazg bs

1 1 1 1

a§1) agz) ag:s) bg)

o [ 0 o) o oy
1 1 1

0l o)l

2 2 2 2

K

O I
2 2

0o 0 af : o

by B — (%) /a\Q)Ey — B, Bs — (

by B3 — (a$y Jayy))Es — E3

We call mg; = ag)/aﬁ), msy = agp/agg) and msza = aglg)/a%) multipliers.

Consider the following augmented system of equation:

(©
asy

In case the Gaussian elimination has been performed (namely, the pivot elements

are nonzero) on the linear system Az = b without row interchanges, the matrix A

VJai)) By — By
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can be factored into the product of a lower-triangular matrix L and an upper-
triangular matrix U, so that

A=1LU,
where U is the triangular matrix generated by the Gaussian elimination and L =
(L;j) with L;; = m,; for ¢ # j and L;; = 1.

1 2 1 0
[A:b] < 2 2 3 3
-1 -3 0 2
1 2 1 :0
<~ 0o -2 1 : 3 by FEy —2F; — Eo, E5 — (71)E1 — F3
0 -1 1 : 2
1 2 1 0
= 0o -2 1 3 by Es3 — (1/2)Ey — Es
0 0 1/2 1/2
‘We can check that
1 2 1
A = 2 2 3
-1 -3 0
= LU
1 0 0 1 2 1
= 2 1 0 0 -2 1
-1 1/2 1 0 0 1/2

Let us assume that we have factored A into LU, then how can we use this
factoring to solve the system of equation:

To solve Az = b or LUx = b, we first introduce the substitution y = Ux. Then,
we have Ly = b, having solved the equation Ly = b for y, we can solve x by solving
y=Uzx.

8. INITIAL VALUE PROBLEMS

The general form of an IVP that we shall attack is

y = flty), a<t<b
y(a) = wo.
Theorem 8.1 (Well-Posedness). Let f(t,y) be continuous for all (t,y) in D =

I xR with I = [a,b] and furthermore, there exists a constant L such that for all
(ta yl) and (tva) in I % R7

If(t,y2) — f(t,y1)| < Lly2 — 1.
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Then the following holds true

(1) For any yo € R, there exists a unique solution y(t) throughout the interval
I = [a,b] for the IVP. Moreover, the solution is differentiable.
(2) The solution y depends continuously on the initial data, namely, if § is the

solution to

g = ftg), a<t<bd
g(a) = o
Then
ly(t) — §(8)] < e"*[y(0) — 5(0)].
The solution is not so sensitive with respect to the initial data.

(3) Let § satisfies, more generally, a perturbed ODE, namely

g = ft9)+rtg), a<t<b

g(a) = o

Moreover, 1 is bounded on I x R, more specifically, ||r|| < M, then the
following holds true :

M

ly(t) = 5(B)] < e |y(0) = §(0)| + (e — 1).

Proof. We shall omit the proof here. But notice that the most crucial factor is the

Lipschitz constant of the function f in the second variables. O
We shall now discuss the Lipschitz condition in more details.

Definition 8.1. A function f(t,y) is said to satisfy a Lipschitz condition in the

variable y on a set D C R? if a constant L > 0 exits with

|f(t,y1) — f(t,y2)] < Llyr — 2l

whenever (t,y1), (t,y2) € D. The constant L is called a Lipschitz constant of f.

Example 8.1. Let D = {(t,y): 1 <t <2,-3 <y <4} and f(t,y) = tly|, then we
have
[f (1) = F(Ey2)l = [ty = tlyell = [Ellya] = [y2ll < 2y — val-

Note that if f € C1(I x IR) and 0f/dy is bounded, then f satisfies a Lipschitz
condition on I x IR in the Theorem 8.1. (Why?)

Example 8.2. Consider the initial value problem

y' =1+tsin(ty), 0<t<2, y(0)=0.
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Is it well-posed? To answer the question, we check the Lipschitz condition for f.
|f(ty) = f(ty2)l = |(1+tsin(tyr)) — (1 + tsin(ty2))]
|t(sin(ty1) — sin(tyz))| = [¢|] sin(ty1) — sin(ty2)|

t? cos(t&)|y1 — yo| < 4ly1 — yal.

Example 8.3. Consider the initial value problem
Y =y—t*+1, 0<t<2, y(0)=05
Is it well-posed? To answer the question, we check the Lipschitz condition for f.

0
or_ .
dy
Notice that many simple, smooth functions f on I x IR such as f(t,y) = ty? or
f(t,y) = y? fail to satisfy a uniform Lipschitz condition with respect to its second
variable since df /9y is unbounded. For such functions, we can not assert the global

existence and uniqueness.

8.1. Some Preliminary. Given an interval I = [a,b] in which the IVP is well-
posed. We first decide the times at which approximations to y(t) are to be made,
namely,

a=tg, - ,tN =b.
These sets of times {tg,t1,---,tn} are called mesh points. Note that once the
approximate solution is obtained at the points, the approximation at other points
are obtained by interpolation.

Assume that the mesh points are equidistant with distance h, then
ti=a+1th, with i=0,1,---,N.

Note that since ty =b=a+ Nh, his (b —a)/N.

We shall use y,, by the numerical approximation of y(¢) at the mesh point ¢,.

8.2. Derivation of Euler’s Method. In this subsection, we shall discuss several

derivation of Euler’s method.

8.2.1. Geometric Derivation : A solution to

d
T =fty), a<t<b yla) =y

can be considered to a function whose graph passes through (to,yo) and at each

point, is tangent to the line segment at that point determined by the slope field by

7.
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Start its graph at the initial point, extending it in the direction of, say, increas-
ing t, along the line through that point with slope f(¢9.yo). This determines an
approximate solution on a short time interval [tg, o + h] as

y"(t) = yo + hf(to,yo), to <t <to+h.

If h is sufficiently small, this should not differ much from the true solution y(t)
since a curve does not differ much from its tangent in a small interval.

We may then repeat the process starting from ¢; := ty + h and using the slope

at (t1,y1) where y; = y"(t1) = yo + hf(to-yo)-
Note that it can not be generalized to give other numerical methods.

8.2.2. Taylor’s Ezxpansion. Note that the exact solution satisfies

Y(tni1) = y(tn) + hy'(ta) + O(h?).
Neglecting the O(h?) term, we get
Y(tni1) = y(tn) + by (tn) = y(tn) + hf (8 y(tn)).
This suggests the method
Y (tnr1) = y(tn) + hy'(ta) = y(ta) + hf (8, y(ta)).

or

Yn+1 = Yn + hf(tnayn)

8.2.3. Numerical Differentiation. Approximating the derivative y'(¢,) by the for-
ward difference [y(t,+1) — y(t,)]/h leads to

M ~ f(tn,y(tn)%

or
y(tn+l) ~ y(tn) + hy/(tn) = y(tn) + hf(ta y(tn))
Interchange y(t,) and y,, we obtain that
Ynt1 = Yn + hf(tn, Yn)-
8.2.4. Numerical Integration. Note that the exact solution satisfies the integral con-
dition

Y(tng1) = y(tn) +/t " f (&, y(¢))de.

n

Approximating the integral by the left endpoint rule, we get again

Y(tnt1) = y(tn) + hf(tn, y(tn)).

Interchange y(t,) and y,, we obtain that

Yn+1 = Yn + hf(tnayn)
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8.2.5. Implementation of Fuler’s method. We consider to approximate the solution

to the initial-value problem
Y =y—t2+1, 0<t<2, y(0)=05
with N = 10. Note that h = 2/10 = 0.2 and ¢; = 0.2i.

Algorithm 8.1. Seta=0,b=2,N =10 and h = (b—a)/N;

e Set mesh points t(n+ 1) =a+nh forn=0,1,--- /N —1
e Set initial condition y; = y(1) = 0.5

e Compute the approximate values yp4+1 forn=1,--- /N —1:

Yny1 = yn+1)=y(n)+hf(tn),yn))
y(n) + h(y(n) —t(n)* +1)

form=0,1,--- /N —1.

8.2.6. Numerical Error Analysis. In this section, we discuss how much the approx-
imate solution obtained by Euler method differs from the exact solution.

We assume that f € C(I x R), I = [a,b], and satisfies a uniform Lipschitz
condition with respect to its second variable. In order to indicate the numerical
approximate solution is dependent on the mesh size h, we use the following notation
that for any h > 0, define N = N = (b—a)/h so that ty is the largest break point
in I and define y,, = y"(t,,) for 0 < n < N by Euler’s method. The error is

‘We shall measure the error in the discrete max norm

le* oo = | maxc [e" (tn)

Definition 8.2 (Local Truncation Error of Euler’s method). FEuler’s method is

given as follows :

Yn = «

Yn+1 = yn+hf(tn,yn)7 Vn:O, 7N71

The local truncation error is defined by the following :

y(tn—H) - (y(tn) + hf(tnay(tn))
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Note that

ron(h) = Yln1) = (yltn) R (En,y (En))

= D6 =0) € (tntur).

It is local relative error of the Fuler’s method. Namely, we compare the exact
solution and approzimate solution of the Euler’s method starting with the exact

solution at the beginning step.

Lemma 8.1. Let A, B, no,--- ,nn be non-negative numbers satisfying
Moy1 < Anp+B, n=0,1,--- , N —1.
Then
n—1
77n§A”’I70+<ZA1>B’ n=20,---,N.
i=0

For A # 1, then the quantity in parenthesis is equal to (A™ —1)/(A —1).
Theorem 8.2 (Convergence of Euler’s method). Assume that |y”| < M, then
lim [|y" — y/loo,n = 0.
Lim [y = ylloo,n

and moreover,

hM
< 7

" () — (ta)| < St 1]

Proof. Define the local error at (n 4 1)st step by the equation
Y(tnt1) = y(tn) + hf(tn, y(tn)) + T
Since Euler’s methods read
Yn+1 = Yn + hf(tn,yn)

we have the following error equation

ent1 = en +h[f(tn, yn) = f(tn, y(tn))] — T
Setting T' = maxo<p<n—1|T»| and using the Lipschitz condition, we have

lent1] < (14+hLD)|e,|+T, 0<n< N -1,

Since we start with the exact initial value, ey = 0.

Applying the lemma, we get

(1+hL)™ —1

<
len] < hL

T, n=0,1,---,N.
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Now since 1+ z < e”, we have

elltn=al 1T
n < K
enl < —7—73
and now, it is clear that
T h
— < =M.
h =2
This completes the proof. ([l

Remark 8.1. The error bound is often very pessimistic compared to the outcome
of actual computation, but the first order convergence is not. This is the principal
importance of the theorem given above. Consequently, diminishing the step size

should give correspondingly greater accuracy to the approrimations.
Example 8.4. Consider the IVP given by the following :
Yy =y—t*+1, 0<t<2, y(0)=0.5

Note that

(0 = £ = G 0) + (6 yle) - Fity(o)

For this problem, the ezact solution is y(t) = (t+1)% — 3e’. so y"(t) = 2—0.5¢".
and

ly"(t)] < 0.5¢% — 2.
Let us choose h =02 and L = 1 and M = 0.5¢2 — 2. We then have
len] < 0.1 % (0.5¢% — 2)(ef» —1).

8.3. Higher Order Taylor Methods. All single step methods may be written in

the form:
(81) Yntl = Yn + hq)(f7 tns Yn, h)
and the local truncation error is defined to be

y(thrl) - [y(tn) + h(I)(f7 tna y(tna h)]
h

(82) Tn+1 =

If 7,41 = O(hP), then we say that the method is of order p. Recall that the Euler’s

method is of order one.
Suppose the solution y(t) to the initial-value problem

Yy =f(ty), a<t<b, yla)=q,
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has n+ 1 continuous derivatives. The Taylor series expansion about t = ¢,, leads to

y(t’ﬂ+1) = y(tn) + hy/(tn)
h? R () R
t g (tn) +---+ Y (tn) + my (&n),

where gn € (tnathrl)'
Since y(™ (t) = f™=V(t,y(t)), we have the following relation

2
Wtaes) = olta) 4w y(ta) + o F (1 y(t)

hn-i-l

+ oy %f("_l)(tn, y(tn)) + 1 (6 y(€n)),

(n+1)
From this, we derive the Taylor method of order n as follows:

Yo = «

Yn+1 = yn+h¢(tnayn)v Vn=0,1,---,

where

n—1

h e
¢)(tnayn) = f(tna yn) + §f/(tn7yn) +ot Tf( 1)(tn7yn)
Theorem 8.3. Assume that the solution y(t) to
y'(t) = f(tyt), a<t<b yla)=a,

belongs to C"ta,b] and the Taylor’s method of order n is used to approximate the

solution with step size h, then the local truncation error is O(h™).

Example 8.5. Apply Taylor’s method of orders two and four to

y=y—t>+1, 0<t<2, y(0)=05.

Note that
ftyt) = y—t2+1
flly) = ¢ —2t=y—t"+1-2t
f'tyt) = ¢y —2t—2=y—t>-2t—1
"t yt) = y—t2—2t—1.
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Hence

h
T (t,,yh) = f(tn,yf;)+§f(tmyf;)

(HZ)(yZ—tiH)—htn

h h® h3
O = (14545 +5;) 0k =)
h2 2 h?)
- (1+3+12)htn+1+—6—24.

Remark 8.2. Note that Taylor method has been derived by taking Taylor expan-

sion y(t) around t, and evaluate it at t,y1. The explicit implementation could be
done by using the relation v/ (t) = f(t,y(t)). This leads to the relation y™ (t) =
FrB(t,y(1)).

Note that f'(¢,y(t)) = fi(t,y) + fyy’ = D' f and
"ty@) = fulty)+ fiy& )y + (For + Fou¥ )Y + [y

fio + 2fif + fyuf* + fufo + 15 f
= D?f

etc.
More precisely, the Taylor method of order n reads:

h? a0
(83) Yn+1 = Yn + hfn + ?Dfn 4+ ' D(n_l)fn-

n!
This method can be implemented in some cases, but requires evaluation of the

partial derivatives of f, and is not commonly used.

9. RUNGE-KUTTA METHODS

9.1. Heun’s method. Let us consider the Heun’s method, which is given by the
following:

(91) Yn+1 = Yn + h(f(tna yn) + f(tn+1a Yn + hf(tnv yn)))/2
To find out the order of the Heun’s method, we recall the following :

Lemma 9.1. Assume that f(t,y) and all its partial derivatives of order less than

or equal to n + 1 are continuous on D = {(t,y) : a < t < byc <y < d} and
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(to,yo) € D, then the following holds true :

ft,y)

~
—
o~
(=)
<
(=}
~

k
1 k k—j O f
+ ME:(j>Ut@ﬂ@%wmhmw%w@

, gl
) (t—to)"* ' (y - yo)jm(foa &1)

= Pn(t, y) + R’rb(t7y)’

where &y is in between t and to and &1 is in between y and yg.
The first two terms are called the nth Taylor polynomial in two variables for the

function f about (to,yo) and the last term is the remainder term.

Let (I)(tna yn) = (f(tna yn) + f(t7L+1a Yn + hf(tna %)))/2 and by expanding the

second term around (¢, y,), we obtain that

0

F(tn,yn) + (tngr — tn) fe(tn, yn) /2 + hf (tn, yn)fy(tm Yn)/2 + O(hQ)

F(tn, yn) + fe(tn, yn)/2 + hf(tn, yn)fy(tnv Yn)/2 + O(hQ)

- ﬁ+gwh+om%

By comparison with Taylor method of order two, we immediately, notice that the

Heun’s method is of order two. Note that if we expand ® out to terms of order h2,

we get

h h?

The coefficient of h? does not agree with D?f/3!, so Heun’s method is definitely
not of higher that second order.

9.2. The second order explicit Runge-Kutta’s method (Mid-point method).
In this section, we study the derivation of the second order Runge-Kutta method.

Note that the following is the second order Taylor’s method reads
Yn+1 = Yn + h(I)v

where

= f(t,9) + 5 (hlt.9) + Fy(t.0)9') = F(t.) + 5DV
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9.2.1. The mid-point method. To derive the second order Runge-Kutta method, we

shall determine values a1, a1, 31 so that

@t any+ ) = F(69) + 5 () + (6 p)y') + O(2)

Such determinations shall lead to more efficient method without spoiling the order
of accuracy. Expanding f(¢t + a1,y + (1) in its Taylor polynomial of degree one
about (t,y) gives

arf(t+oan,y+61) = af(ty)
+ araifi(t,y) +arBify(t,y) +arRi(t + ax,y + 1),

where

8

2
Ri(t+ o1,y + 1) = %ftt(ﬁ,u) +afifey (& m) + 5

fyy(fhu)'

Matching coefficients, we are led to have

h h
a; =101 = 3 B = §f(t7y)’

Moreover, Ry = O(h?) if the second order derivative of f is bounded.

The mid-point rule is given as follows:
w = a

h h
yhoo = yh+hft+ 5,1/2 + §f(tn,yfi))-

One can derive it using the numerical integration using the mid-point rule. It is

oftentimes called the mid-point method.
Example 9.1. Use the mid-point method to solve y' =y —t?> + 1 with 0 <t < 2
and y(0) = 0.5.

The mid-point method reads

h h
Yn+1 :yn+h<yn+2[yn_ti+1] _(tn+2)2>'

9.2.2. Modified-Euler Method. If we used a1 f(t,y) + ao f(t + ao,y + d2 f(t,y)), then

we obtain the Modified Euler method, which corresponds to a; = as = % and

a9 = 09 = h. The modified Euler’s method reads:

h
Yn+tl1 = Yn+ 5 [f(tm yn) + hf(tn+1a Yn + hf<tn7yn)] :
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9.2.3. The general explicit RK method. The derivation of the general form of an

explicit RK method can be obtained by setting

where

and
M
72
3
Tq

Yht1 = Yn + h(b1d1 + -+ 4+ bydy),

¢; = f(tn +cih,m;)

y’ﬂ7
Yn + has 191,

Yn + h(az, 101 + az202),

Yn + hlagidr + -+ agg—10¢4-1)-

To specify a particular method of this form, we must give the number of stages
q > 1, the coefficients b;,c; with 1 <i < g, and a;5,1 <1 < ¢q,1 < j <. The b; is

called the weights, c¢; or the points t,, + c;h, the nodes and the n; or ¢; are called

the stages of RK.

One can try to match (with ¢; = 0) b1 + bado with the second order Taylor’s

method for which

upto O(h?) where

= f(t.y) + o f () + O(R?),

big1 +baga = bif(t+cih,y) +baf(t + cah,y + haf(t +cih,y))
= bif(t,y) +baf(t + coh,y + haf(t,y))
Note that if we succeed to find constants by, bs, - - -, we obtain method of accuracy
of order 2.

Recall that

blf(tay) + b?f(t + C2h7y + haf(tvy)) = blf(tvy)

From this, we obtain that

Hence, we have

+ ba(f(t,y) + cohfi + (ha) f£,) + O(h?)

= T+ R ) o),

b1 + by =1,bycoh = g, bghaf = gy/.

1 1
b1+b2:1,b202:§, bga:§.
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We then obtain by =by =2 andco =a=1orb; =1, by=2 and ey =a =2

g.
The first choice shall lead to the modified Euler’s method

h
Yn+1 = Yn + 5 (f(tna yn) + f(tn+layn + hf(tnayn)) .

and the second choice shall lead to the Heun’s method

h
3 (o) 437004 3 + 307000 )

Yn+1 = UYn + 4

Example 9.2. Solve y’ =y —t2+ 1 with 0 < t < 2 and y(0) = 0.5 using Heun’s
method and Modified Euler method.
The Modified Fuler Method reads

h
Yntl = Yn+ §(yn — 2+ 14 yn + hf(tn, yn) _ti+1 +1)

h
= Z—,/n+§(yn*ti+1+yn+h(yn*ti+l)*ti+1+1)

and the Heun’s method reads

h h 2
Yn+l = Yn+ 1 <yn - ti +1+ 3(yn + gf(tmyn) - (tn + gh)2 + 1))

h h 2
= nt <yn—ti+1+3(yn+3(yn—ti+1)—(tn+3h)2+1)>

The most popular method is the Runge-Kutta method of order Four :

Definition 9.1 (RK of order four).

o1 = f(tn,yn)

b2 = flin+mount 560

b5 = [t wynt 500)

¢4 = f(tat1,yn + ¢3)

Pt = Y s (61 + 262+ 205+ 6u).

Note that since it is of order four, if we let ® be the Taylor’s method of order

four, then

% (1 + 20 + 203 + da) = @ + O(h*).
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10. STIFF EQUATIONS AND ABSOLUTE STABILITY

Recall the error analysis for the Euler’s method, for which the convergence result
has been given as |e,| < Ch for some constant C. The problem is that it may not
give a quantitative indication of what happens when we actually compute with a
time step size h, which is not very small.

For large step sizes, the difference equation should mimic the behavior of the

differential equation in the sense that their stability properties should be similar.

Example 10.1. Solve y' = Ay using Fuler Method with h = 2.1 when A = —1.

What happens if you increase the magnitude of A keeping its sign negative ?

What we are seeing is the stiffness problem.

10.1. Stiffness. The stiffness problem can be characterized as the following: The
solution contains rapidly varying transients which decay quickly, but for some rea-
son require us to take small step sizes even after they disappeared from the solution.
Namely, the problem is not from the accuracy, but from something else. Such a stiff
problems are important, because they arise in a number of applications including
chemical reaction modeling, numerical solution of parabolic and hyperbolic PDEs,
control theory, and electric circuit modeling, etc.

The goal is to find a method which can handle such stiff problems. Since the
stiffness problem is as mentioned identified to be related to the stiff decays of the

solution, we have taken the model problem

y =Xy, y(0)=1.

where Re(A) < 0. This example shows clearly why the realization of numerical
solution that respect the correct behaviour of the given IVP is so important and
the scheme should be made in a way that the scheme produces the approximations
that have the property of the exact solution as much as possible.

More concrete reason for the breakdown of the Euler’s method for Example 10.1
is given as follows : We notice that e~*" is being approximated by (1 — h)"™ with
tn, = nh. Now if h << 1, this is a reasonable approximation. Then e™ ~ 1 — h
and e~"" a (1 — h)™. But if h is not so small, then (1 — h)™ does not behave at all
like e~ In fact, if h > 2, then 1 — h is a negative number of magnitude greater
than one, and so (1 — h)™ is exponentially growing, and alternating sign.

This can be avoided for example if we choose |1 — h| < 1. Note that this requires
small time step used.

Consider the following model problem.

(10.1) y =Xy, y(0)=1.
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The exact solution is
At

Y(tn) = e,
The euler’s method with a uniform step size h gives

In case Re(\) < 0, |y(t)| decays exponentially. The numerical solution y,, should
decay, as n increases. Generally this shall imply some restriction on the step size

and A is negative with larger magnitude, the restriction of the step size are more
severe.
This yields an additional absolute stability requirement,

Ynl <lyn—al, n=12---.
Now, for virtually any method, the values of y,, depends only on the product hA.
Definition 10.1 (Region of absolute stability). Consider the model problem

v =Xy
with Re(X) < 0, the absolute stability region is defined to be
(10.2) S={hAeC: lim y, =0,}
n—o0
where Yy, is the numerical solution to (10.1) with step size h.
For the forward Euler method, we obtain the condition that

(10.3) |1+ hA| < 1.
Now, consider the improved Euler method,
(10.4) Yn+1 = Yn + h[f (tn,yn) + (o1, Yn + 1 (tn,yn))]/2-
Applied to the equation ¢y’ = Ay, this becomes
(10.5) Yni1 = Yn + h[AYn + Myn + BAY))]/2 = yn (1 + 2 + h?) /2,

where h = h\. The region for stability for the improved Euler method is S = {h €
C: |1 +h+h?% < 1}. Let us now consider the backward Euler method given as

follows:
(10.6) Yn+1 = Yn + hf(tns1, Yni1)

Applied to the equation ¢y’ = Ay, this becomes
(107) Yn4+1 = Yn + h>\yn+1 = Yn + }_lyn—&-la

where h = h\. Note that y,1 = (1/(1 — k)™ and the stability region is S = {h €
C :|1/(1—h)| < 1}, the left half plane. This means that for any h > 0, the stability

requirement holds true.
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Finally, we consider the implicit Trapezoidal method:

B Pt yo) + Fltsts gnsn)

(10.8) Yos1 = Vo + 5

Applied to the equation ¢y’ = Ay, this becomes

h h h
(10.9) Yn+1 = Yn + E(Ayn-i-l + AYn) = Yn + §yn+1 + Eyna

for which the solution y,41 = (1 + h/2)/(1 — h/2)y,. It is easy to see that the

method is A-stable.
Several remarks are in order:

e A method is called A-stable if its region of absolute stability contains the
entire left half plane (so whenever the exact solution decays, so does the
numerical solution).

e All the explicit methods can be shown to have the bounded region of sta-
bility. Namely, only implicit methods can be A-stable.

e The unreasonable behavior of numerical solutions obtained with certain
mesh size for which the AS violates has nothing to do with the local error

of the numerical method. The step size should be depressed not by accuracy
but by instability.

Example 10.2. Try to solve the following equation using explicit Euler.

(10.10) y' = —100(y —sin(t)), t>0, y(0)=1.

11. MULTISTEP METHODS

Euler’s method is an example of a one-step method : the numerical solution y, 41
at t,y1, the current time is determined from the numerical approximation at the
single preceding point ¢,,. More generally, we can consider methods with a constant

step size h and determine y” 41 using the values from several preceding steps :

(111) Yn+1 = (I)(fa tna Yn+1:YnyYn—15""" s Yn—k, h)

Here y,,+1 depends on k+1 previous numerical approximations Yn, Yn—1, " » Yn—k,
so this is called a k + 1 step method. Notice that we have allowed y,,+1 to appear
in the right hand side of the equation as well as the left. When this happens,
the method is called an implicit method, and need to solve, in general, a nonlinear
equation to determine y, 1. In any case, we need to determine the first k41 values
Yo, - Yk by some other method, such as a single step (higher order) method.

If ® does not depend on ¥,,41, the method is called an explicit method. A simple

example of explicit method is the explicit Euler’s method:

Ynt1 = Yn + hf(tng1, Uns1),
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and an example of implicit methods can be the trapezoidal method:

ﬁ(f(truyn) + f(tn+1>yn+1)'

Yn+1 = Yn + D)

These are all one-step method.

11.1. linear multistep methods.

(11.2) y' ) = —aoyn — @1Yn—1+ -+ — @xYn—k + h[b_1 fus1 +bofn + -+ br frr.]

is called the linear multistep methods with constant step size. For an explicit linear
multistep method b_; = 0.

It is also convenient to define
k k
> ajyn—j=h Y bifu i
j=—1 j=—1

where a_1; = 1. One obvious question concerning implicit linear multistep methods
is whether or not the method determines y, 1. The answer is yes if & is sufficiently
small. (Why? : Define

Ynt1 = F(Ynt1),

where
j k
F(Yni1) ==Y ayn—j +h Y bif(tnjsyn—j)-
§=0 j=——1

If F is contractive, then by the fixed point theorem, there is a unique fixed point,
which is y,4+1. This is however, true when h is sufficiently small. The contraction
mapping theorem also implies that the solution can be computed by fixed point
iteration and this is often done in practice. Of course, only few iterations are

made.)

Example 11.1. Show that if h s sufficiently small, the implicit Euler method
Ynt1 = Yn + hf(tns1, Yns1)

determines yYn4+1 uniquely.

11.2. Adams’ Method. An important example of the multistep method can be
Adams method.

Example 11.2. Given yg,y1,y2 and ys,

h
Yn+1 = Yn + ﬁ (55f(tn7 yn) - 59f(tn—17 yn—l) + 37f(tn—27 yn—2) - 9f<tn—3a yn—3))

This is called the fourth order Adams-Bashforth method.
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Example 11.3. Given yo,y1 and yo,

h
Yn+1 = Yn + ﬂ (9f(tn+17yn+1> + 19f(tn7yn) - 5f(tn717yn—1) + f(tn72a yn72))

This is called the fourth order Adams-Moulton method. In this section, we shall

study how to derive such Adams’ method in general.

11.2.1. Derivation of Adams method. Note first that the initial value problem

y(t)=f(t,y), a<t<b, yla)=1yo

is equivalent to

W(tnsr) = y(tn) + / Tyt de = / ) dt

n n

The main idea in the derivation of Adams Method is to approximate the inte-
grand by an appropriate approximating polynomial, which will be chosen to be the
Lagrange interpolant for f(t,y(t))

We recall the formula of the Lagrange interpolant: Consider we are given n+1
distinct points tg < t; < to < --- <t, and n+ 1 values g; with ¢ =0,--- ,n. Then
there exists a unique polynomial p(t) such that g(¢;) = g; for 0 < i < n, which can
be given as follows:

- t—tm
(11.3) pt) = 9ilomnmhy—
k=0
Example 11.4. For n = 1, namely, two distinct points are interpolated, then the
Lagrange interpolant is given by
t—t t—to
to— 1 gltl —to

p(t) = go

and n =2, then

(1) gt =t t—ty t—t t—ty t—t
P 0t —ts T —tots —ty | Pl —toty—ty

We now assume that y; is known for 0 < j < n, let p(t) € Pi denote the

Lagrange interpolating polynomial satisfying
p(tj) = fj = f(tjvyj)aj =n,n— 17 , L — k.

We then define

tn41
(11.4) Yn+1 = Un +/ p(t)dt,
t

n
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where
il t—t
(11.5) p(t) = Z fr—ilo<m<k mA T _n;m
=0 n—j n—m
The better form will be
Kk
Yn+1 = Yn + hzbjfn—ja
j=0
where
I t—tnom
bj - E/t Hogmgktnfj_tnfm
m#
! m+t
= Mo<m<k mz; ——dt.
/0 SR

The more compact form is

by = (—1p! ki (jjl )(_1)i/01< = )ds.

i=j—1

(j)S(s—l)'~-i(s—i+1)’( 8)1

This shall lead to the Adams-Bashford method. For k = 0,1, we have

Recall that

Yn+1 = Yn + hfn
3 1
Yn+1 = Yn +h <2fn - 2fn1)

The Adams-Moulton methods are constructed similarly, except that p € P inter-

polates f,_; at t,—; for j = —1,--- k. The first few formulas are
h
Yn+1 = Yn + §(fn+1 + fn)

5 2 1
Ynt+1 = Yn + h <12fn+1 + gfn - 12fn—1>

Example 11.5. Derive a single step Adams-Moulton methods. The Lagrange in-

terpolating polynomial of f at t, and t,11 are given as follows:

t_tn +fn t_tn+1
n 4

thrl -t n tn+1 '
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The numerical method will then be obtained from the following relation that

(11.6) Y(tner) ~ y(t) + /t ) dt.

n

Simple calculation leads to

s " —t t—t
/ pt)dt = / b g f—— it
t

n+1 - t tn - tn+1

g(fn + frt1)-

11.2.2. The order of Adams method. 1t is easy to check the order of the Adams
methods. For example, for the k£ + 1 step Adams-Bashford method, let

L@hh¢n>=L[”+quﬁxw>—pandu

n

where p € Py interpolates f at t,,--- ,t,—x. By the Newton error formula for

Lagrange interpolation,

fty(t) —p(t) = DAL ()t =) - (= ),

(k+1)

so using the integral mean value theorem,

1 Ent1
L(y, h,tn) = Dk / t—tn) o (t =ty g)dt = RFT2,
(o ta) = G D) | ) (Ot =
For example, 71 = %, Yo = 15—2, -+ . Therefore, we conclude that
tni1
(117 ) =u(ta) + [ ey
t

n

has the following local truncation error:

yltnsn) = (ulta) + [ p(t) dt)

o h
ylta) + [0 F(ty®) e = (y(ta) + J7 p(o) dt)
B h
L Ay de = [ p(t) dt
B h

L(y, h,t,
_ (y7h7 ) — '_Yk+1hk+1 _ O(hk+1)
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The computations of local truncation error and the conclusion is that the Adams
method has order of accuracy equal to O(h**1!). For a k step Adams-Moulton
method,

Liy.hyty) = / U () — po) dt,

n

where p € Py, interpolates f at t,,41,%n, -+ ,t,_(x—1). Similarly, using the Newton’s

error formula:

1

DkJrlf(n)(t - tn+1) T (t - tn—(k—l))a

and
L(ya h7 tn) = 7;+1hk+2
and we achieve the local truncation error like

= L(ya hvt’ﬂ) _ ’Y*hk+1.

h

Hence, the order of accuracy is still £+ 1. However the coeflicient in the local trun-
cation error is significantly smaller for the Adams-Moulton method. (Homework
Iv).

11.3. BDF method. Adams methods and various other linear multistep methods
have small regions of absolute stability. Other kinds of linear multistep method is
preferred. The most popular are the backward differentiation formular method or
BDF methods of the following form :

k
Z ajyn_j = hfn+1.
j=—1

The coefficients a; are determined by interpolating y,—; at t,—; with j = —1,0,--- , k

by a polynomial p(t) of degree k and evaluating p’(¢,,+1) and set
(11.8) p/(tn-i-l) = fat1-
The first two BDF method is

Yntl —Yn = hfny1
(Syn-‘rl - 4yn + yn—l)/2 - hfn-i—l-

k step BDF method is of order k.
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11.3.1. The Predictor-Corrector Scheme. The implicit methods have the inherent
weakness of first having to convert the method algebraically to an explicit repre-

sentation for y, 1. Let us consider the following example :
y=¢eY, 0<t<0.25 y(0)=1.

Since f(t,y) = €Y, the three-step Adams-Moulton method is given as follows:

h
Yntl = Yn + ﬂ (9eyn+1 + 196yn _ 561/71—1 + eyn—Z) .

In practice, the implicit methods are seldom used. The most common method is
to solve the equation approximately using a small number of fixed point iterations
starting from an initial approximation obtained by an explicit method can be given

as follows:

1. prediCt Pn+1 :E(y7L7yn—17"' 7f7L7f7l—1"' 7)

2. evaluate  fP | = f(tns1,Pns1)

1
correct yT(Lle = I(ynvynfla"' s £+1vfn7fn71"' 7)

= W

evaluate f7(:21 = f(tnt1, y7(11-§)-1)

2 1
5. correct y,(wzl =I(Yn,Yn—1,""" » 7§+)17fn,fn—1

6. evaluate fr(i)l = f(tn+1,y,(12421)

As a simple example, consider the PEC method with a 2 step Adams-Bashford

predictor and a 2 step Adams-Moulton corrector.

This gives :
Pn+1 = Yn+t h[gf(tnv yn) - f(tn—h yn—l)]/z
Yn+1 = UYn + h[5f(tn+17pn+1) + Sf(t’rwyn) - f(tn—layn—l)}/12-

One can then obtain the nonlinear 2-step method as below.
Excercise 1. Compute the local truncation error of this scheme?

Remark 11.1.
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12. SYSTEMS OF DIFFERENTIAL EQUATIONS

An m-th order system of first order initial value problems has the form

du? m
ﬁ(t) = fl(t7u17"'au )a
dut

E(t) = f2(t>u1,"' ,um)’
du™

dt t) = fm(taulv"' ;u™),

for a <t < b, with the initial conditions
u'(a) = a1, ©?(a) =ag, - ,u™(a) = apn,.

Let U(a) = (u'(a), -~ ,u™(a)”, U(t) = (u'(t), -, u™(t)", and F(t,U) =
(fL(t,U),---, f™(t,U))T. Then we may write the system of equation as the fol-

lowing compact form:

U
(12.1) — = F0),

which looks like the initial value problem that discussed in the previous section.

Theorem 12.1. Suppose

D ={(t,u*,u? - u™):a <t <b —o0o<u' <oo, foreachi=1,--- ,m},
and
(12.2) I1F(@t,U) = F(t, 2)|| < LU - Z]|,
where L is some constant and || - || is norm defined by the following, for X =
(Xt xmT,

m

X1 = 1x7.

i=1
Then system has a unique solution subject to the initial conditions.

We now introduce some numerical scheme to solve the system given above. Such
problems can be solved by some generalizations of the methods that have been

discussed in the previous section.

For example, the Euler method is given as follows:

(12.3) Upi1 = Un + hF(tn, U,).



Note that
Un
F(t,,U,)

Upy Upyy =0 W

(fl(tn’u’,lz’... 7uz7’)7...
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; n)

»fm(tmu:w e »UZR))T

This can be written explicitly as follows:

1

unJrl

2
unJrl

m
U’n-i—l

ul + hf (e, ul w2, u™)

n’ “'no

u + hf(tn,ul, w2, u™)

n’ n? b n

= u" +hf (b, bz, u™)

ny Uny Yns s Un

Now, we shall write the RK method of order four for the system of ordinary differ-

ential equations.

Uo
D

®,

D3

Dy

Un+1

We suppose now that the
L, for k=1,2,3,4.

Ul(a)
F(t,,U,)

h 1
F (tn + 3 U, + 2hq)1>
h 1
Flt,+=,U,+=-h®
( , T+ 5 U, + 5 2>
F(tny1, U, + h®3)

h
— (P71 +2P5 + 205 + Dy) .

Un
+6(

approximants are known as U, at time step n and set

Then one can compute U,11 with 1 < i < m as follows explicitly : For each

@k:(@lw...
1=1,---,m,
o
)
¢}
¢
[
n+1

h
( 57 'n+ h¢17"'7
+h

s

fz ( n+17un +h¢3a' .

m 1 m
m 1 m
Lt ghoh +2h¢2)

"L—f—h(b )

ho . , , ,
+ 5 (91 + 205 + 205 + ¢4)



68 YOUNG-JU LEE

Example 12.1. Solve the following second order initial value problem using the
FEzxplicit Euler method.

(12.4) y' =2 +2y = eMsin(t) for0<t<l,

subject to the boundary conditions y(0) = —0.4 and y'(0) = —0.6. It is well-known
that the second order initial value problem can be reformulated into the first order
system of initial value problem. Introduce u'(t) = y(t) and u?(t) = y'(t). Then the

equation (12.4) becomes :

2
= t
o u”(t)
du?(t
“dt() = esin(t) + 2u2(t) — 2ul(b),
subject to the initial conditions u'(0) = —0.4 and u?(0) = —0.6. simple Euler
method reads :
Unt1 = Up+hF(t,,Uy),

where with f1(t,U) = u%(t) and fo(t,U) = e* sin(t) + 2u?(t) — 2ul(t), we have

U, = (ul,u?)

n»-'n

< fl(tnauf}mugz)

u2
) - ( exp?!n sin(t,) + 2uZ — 2ul ) ’

Excercise 2. Try to write an explicit form of RK method of order four for the

F(tn, Un)

f2(tnvurlwu%)

above example.

13. FINITE-DIFFERENCE METHODS FOR LINEAR PROBLEMS

In this section, we study the discretization of the linear second-order boundary

value problem

(13.1) y' =p@)y +q@)y+r(@), a<z<db yla)=a, yb) =4
We first look at the simple example

(13.2) y'=r(x), a<z<b vyla)=a, yb)=4.

To solve such a problem numerically, the first step is to choose nodes (N will be
number of interior nodes) . z; = a+ih, fori =0,--- ,N+1with h = (b—a)/(N+1)
at which we shall find the solution, say y;, only finite number of solutions. In
between solution can be obtained by e.g., the linear interpolation.

Secondly, we consider the equations at each node:

y'(z;) =r(x;), Vi=0,--- ,N+1
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Thirdly, we approximate y” (x;) by certain finite difference using y(z;), y(x;—1), y(zi+1)
etc.

13.1. Centered Difference Formula. In general, y”(x;) is often approximated

by the following centered difference formula:

(13.3) /() % o (y(aien) — 29(e0) + y(wi1)).

Let us set N = 3 and construct the linear system of equation for y” = r. Note
h=(b—-a)/4dand vg =a,z21 =a+h,z9 = a+2h, x5 =a+3h and 4 = a+4h = 0.
At the boundary node z¢ and x4, the equations are given as y(a) = « and

y(b) = B. At the interior points, we have
/(@2) = r(0) ~ 5 (o) — 2(1) + y()
e (y(z1) — 2y(22) + y(23))

Y (5) = r(zs) ~ o (u(w2) — 2y(zs) + ()

We then form the following linear system of equation:

1 0 0 0 0 Yo «
1 -2 1 0 0 Y1 h2r(xy)
(13.4) 0 1 -2 1 0 ya | = | h%r(z2)
0o 0 1 -21 Y3 h2r(z3)
0 o 0 1 Ya B
Or equivalently,
-2 1 0 Y1 h2r(z1) — «
(13.5) 1 -2 1 y2 | = h2r(xs)
0 1 =2 Y3 h2r(xzs) — B

We also approximate y’(z;) by a centered-difference formula in a similar manner

(13.6) (@) ~ o (ylaen) — ylwi)).

We now see how accurate the centered difference formula as an approximation.

2 h3 h4
y(wip1) = y(xi+h)=y(z) + hy'(z:) + ?y”(fﬂz‘) + gy'"(xz‘) + ﬂy(4)(§+),
h? h? [z
y(xic1) =yl —h) =y(e) — hy'(z:) + ?y//(%‘) - yym(xi) + ﬂy( )(fi)a
Therefore,
2 At 4
y(@ir1) +y(mic1) = 2y(x:) + % (@) + D (EN) +yW (€)),

24
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This implies that (by intermediate value theorem)

i)~ 29(@) Fy@m) = 3@+ D E) )
= )+ )
Similarly,
(@) = 5y i) — ylw)) — ")

Example 13.1. Apply the centered difference scheme to discretize the differential
equation

y' +y =2+2z, 0<z<1, y(0)=0,y(1)=1.

y(rcz)—-2y(:c1)+y(:vo)_1L y(w2) — y(xo)

02 2h = 2
y(xs) — 2y(w2) +y(o1) | y(as) —ylxy)
h2 -|— 2]7, = 2 + 21’2
y(xa) — 2y(w3) +y(wa) | y(xa) —ylxe)
h2 —+ 2h = 2 -+ 21’3
szN)—-%K$N71)+4K$N72)+ZK$N)—4KxN72) 24+ 20y
hZ 2h
y(@n41) = 2y§1x21v) +tylen—) | y(xNH)z_hy(xN*l) = 2+ 22y

As the linear system of equation, we have the following: Ax = b, with

1

—2 1
1ﬁ1 h2j—2ﬁ 101 8 O 8
T om e wtoaon
A= 0 ’ . 0 0
0 0 m-m % wtw
0 0 0 . 2
r = (y1,y2, - ,yn)T  and
b (24 2z1 + ( 1+1) 2+2
= T —— + = T
1 12 thoy 25
1 1
24 2eNo1,2+ 22N + (— 5 JUN+1)

h2  2h
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14. NORMS OF VECTORS AND MATRICES

A vector x in IR" is given by

T
T2
X = . with z; € R.
In
A vector norm on IR" is a function, |- || from IR™ to IR with the following properties

|x|| > 0 for all x € R™,

||| = 0 if and only if x = 0,

lax|| = |a|||x]|| for all @ € R and x € R",
Ix+yll < [lx]| + [[yll for all x,y € R".

Example 14.1. The ls and lo norms for the vector x = (xq,- - ,l‘n)T are given

by

n 1/2
||x||2—<§_ ) and x| = max [z
1=

Excercise 3. Show that {5 and {-, are norms.

Example 14.2. The vector x = (—1,1,-2)T € R® has norms

2 = \/(—1)2 +(1)2+(-2)2= NG

and
[%[loo = max{| — 1[,[1[,| — 2} = 2.

Theorem 14.1. The following holds true :
x'y =x-y = [x]2]ly2 cos,

where 0 is an angle between two vector x andy.

Definition 14.1 (Distance between two vectors). If x = (z1,--- ,1,)7 and y =
(y1, -+ ,yn)T are vectors in R", then ly and lo, distances between x and y are
defined by
" 1/2
Ix = yll2 = (Z(Jsz - y¢)2>
i=1
and

e = ¥lloo = max |oi —uil.
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This concept is useful to measure how much two vectors are different. For ex-

ample, consider the following linear system of equation :
Ar=b

Now assume that the actual solution is # = (1,1,1)T but, by some numerical
scheme, you obtained 7 = (1.2,0.99,0.92)7. Then the error between the real solu-
tion and computed one can be quantitatively given in terms of {5 or £, norms as
follows :

e — #llo =
e — #lloo =7.

Definition 14.2. A sequence {x*} of vectors in R™ is said to converge to x with

respect to norm || - || if, given any € > Othere exists an integer N(g) such that
|x* —x|| <e, forall k> N(e).

Theorem 14.2. x* —x in || - |l or | - |2 if and only if x; — x for all i.

Proof. The case || - || is clear. For || - ||2, we need the following result :

oo < lIxll2 < v/nlx[[oc-

Example 14.3. Let x* € R* be defined by

T
1 3
xk = (1,2 + T ﬁ,e_k sink) .
As k — oo, where does x* go with respect to || - |loo ?-

Definition 14.3. A matriz norm on the set of all n X n matrices is a real-valued

function, || - || defined on this set, satisfying the following :
o [|A]l = 0;
o ||A]| =0, if and only if A =0, the matriz with all zero entries;
o [ladA] = [alAl;
o [A+ Bl <[All+]Bl;
o [AB|l < [[AlllB]-
Theorem 14.3. If || - || is a vector norm on R"™, then
A
1A = max || Az = max A2
llz]|=1 240 |||

s @ matrix norm.
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We remark that the matrix norm induced from the vector norm is called the
natural matrix norm.

Example 14.4. Two natural norms of the matrix induced from Lo, and €s are

respectively given by

[Alloc = max Az
lzlleo=
and
[Alls = max || Az|
llzll2=1
Note that in case A is symmetric, then ||All2 = p(A) = max{|\1], -, ||}, where

Ai’s are eigenvalues of A.

Theorem 14.4. If A = (a;;) is an n x n matriz, then ||A||eo is the mazimum row

sum, namely

1<i<n

n
[A]loo = max > ;]
j=1

Example 14.5. If

1 2 -1
A=|0 3 -1,
5 -1 1

then compute ||Al|«. Note that each row sum is 4,4 and 7. Hence | Al = 7.

15. ITERATIVE TECHNIQUES FOR SOLVING LINEAR SYSTEMS
In this section, we consider some classical iterative methods to solve
Au = f,

where A € IR™*" and f € IR". The main assumption that we shall take for A is
that it is symmetric and positive definite. This is because it is in practice an
important case and also the theory is far simpler and better developed in that case.

The main example we shall take is the following :

10 -1 2 0 6

-1 1 -1 3 25
(15.1) A= 9 1 10 -1 and b= 11

0 3 -1 8 15

Consider that we are asked to solve
Au = f.

The solution u = (1,2, —1,1)T.
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15.1. Some Notation. In this subsection, we shall discuss the matrix splitting :
Assume that A € IR*** for simplicity.
ailr a2 a3 a4
A= | @ a2 axs axn

az1 asz G33 434
(41 Q42 Q43 Q44

One can decompose A into several parts as follows :

a1 O 0 0 0 0 0 0
A = 0 as2 0 0 . —ag 0 0 0
o 0 0 ass 0 —asi —as2 0 0
0 0 0 au —a41 —ag2 —ag3 O
0 —ai2 —aiz3 —au
B 0 0 —a3s —aa | _  + ;T
0 0 0 ~asy =D-—-L-L".
0 0 0 0

15.2. Classical Iterative Process. A single step linear iterative method which

old

uses an old approximation, u®® of the solution u, to produce a new approximation

new

u™" is given as follows:

e — uold + B(f _ AuOld).
Here B is a matrix which can be thought of as an approximate inverse of A. If

B = A~ then one iteration will produce a solution.

15.2.1. Residual correction procedure. Let us assume that u°? is given as an ap-

proximate solution. The iterative process consists of the following three steps :

Given an old approximation, u°?, of the solution u, to produce a new approxi-

mation, u¢", we perform the following three steps :

(1) Form 74 = b — Ay°ld

(2) Solve Ae = r°!4 approximately : é = Brold with B ~ A~!.

(3) Update u"e? = u°ld + é.

This process can be written as a single line :
WY — uold + B(f . AuOld).
Algorithm 15.1. Given u° € R",
ubFtt = uF + B(f — AuF), k=0,1,2,---,

We say that an iterative scheme converges if limy_, o u* = u for any u® € R™.

We have two contradicting conditions for B.
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e B should be as close as A~!, or B~! should be as close as A

e B should be easy to compute, or B~! should be easy to invert.

Example 15.1. Let A = (a;;) € R™™" is the usual SPD matriz. We write A =
D — L — L'. The easiest approzimate inverse of A are perhaps B = D™! or B =
(D —L)~Y. The first choice is for Jacobi and the second choice leads to the Gauss-
Seidel method.

15.2.2. Matriz splitting. Another understanding of the classical iterative process is
based on the matrix splitting, Keller (1965). Namely, we split the matrix A as

follows :

Now consider the equation

It can be written as follows :
B lu=Cu+f
Now we put some index :
Bty = Ccufld 4 f.
We then have
u"" = BCu®' 4+ Bf = Tu? + ¢,

where T'= BC'. This is the approach that the text book take.

We now note that it reduces to our first derivation.
YL - BCUOld 4 Bf — uold _ uold + BCUOld + Bf
uold + B(OuOld +f _ B*luold)
_ uold + B(f _ (B71 _ C«)uold)
— uOld+B(f—Au0ld).
15.3. Implementation. In this section, we discuss the implementation of various
iterative method for the model problem
_u// — _2

subject to the boundary condition «(0) = 0 and u(1) = 1. As is easy to verify, the

analytic solution is u(z) = x2.
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The discrete system corresponds to the aforementioned differential equation is

given as follows:

2 1
2 L g 0
" $ 1 0 u1 -2+ 75Uq
IITHE v I
R 0 :
: e 0 N ’
0 ... 0o -1 2z _1 UN-1 —2
e uN —24 7wy
0 0 -5 =

where u, and wu, are left and right boundary conditions. For the description of

algorithm, we introduce the notation of the decomposition of A as follows:
A=D-L-L".

Algorithm 15.2 (Richardson). Fori=1: N,

N
SO R ol
uz U, + p(A) fZ jz::lawuj

This corresponds to

Algorithm 15.3 (Jacobi). Fori=1:N,
N
uf“ = uf + a,ﬁl fz — Zaijuf
j=1

This corresponds to

u' Tt =uf + DT — Aub)

Algorithm 15.4 (Gauss-Seidel (forward)). Fori=1:N,
i—1 N
it =l +a;t | fi - Z aijug‘H - Z aijuﬁ
j=1 j=i

This corresponds to
u'tt =o' + (D - L) (f - Au').
(Why?)

Example 15.2. Consider the following equation:

(15.2) A“<—21 _21>(Z;>(})
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Note that u = (1,1)7 is the solution. Starting an initial guess u® = (0,0)7, compute

u? by applying the Jacobi and Gauss-Seidel methods.

Note that the aforementioned G-S method is equivalent to

(D — Lyu*™t = (D — L)u® + f — Au®

— Dut' =Lu"' +(D—- L'+ f—(D-L- L")
— Dutt =Du' — Duf + Lu*t + f — (—LT)u’
— Du'tt =Du' + f — (Dut — Lu*T — LT
— u'Tl =u' + D7N(f — (DU’ — LutTt — LTuY))
Note that
N
(D — L)ue = Zaijuﬁ
j=i
and

i—1
LTyttt = E aijuﬁ‘H.
Jj=1

Remark 15.1. As is always, we need to construct the stopping criterion.

propose the following as the good stopping criterion:

If — Au¥]|
T < tol
If = Au?|

which is called the relative residual error.

15.4. Convergence of the iterative method. We first recall that

Theorem 15.1. The following statements are equivalent :

(1) A is a convergent matriz.
(2) p(4) <1
(3) lim,— oo A"z = 0.

We note that the error satisfies the following equation that
u—u® = (I — BA)*(u —u°),
from which we obtain the following convergence result :

Lemma 15.1. The iterative scheme converges if and only if

p(I — BA) < 1.

We
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In fact, we have the following relation that for any natural norm || - ||,

lu=u*| = (I =BA(u—u)|| < (I = BA*|[lu—u°|
< = BAFu -
Therefore, the convergence rate of the method with respect to || - || is || — BA|| and

the convergence is guaranteed if ||I — BA| < 1.
We consider a simple example called the Richardson iteration, which is perhaps

the simplest possible iterative method:

k+1 _  k w k _
ut=u 4+ ——(f - Au”), k=12,
oyt A

To guarantee the convergence of the method, we need to choose w appropriately.
Note that if {A1, -+, A,} are the eigenvalues of A, then

Ai
U(I—BA):{I—wm:z:1,~-~,n}.

For the convergence, we should have that
[1—whi/p(A)] <1
for all 4 = 1,--- ,n. We then conclude that 0 < w < 2/p(A). Furthermore, the
convergence rate is given by
(15.3) 6 = max{|1 — whmin/p(A)], [1 — @Amaz/p(A)]}
Therefore, the optimal choice of w can be made if
11— whmin/P(A)] = 11 = wAmas /p(A)]

Namely, we have
2
)\min + A7naa: .

However, it is difficult to check the spectral radius is less than one since finding

w =

eigenvalues are difficult in general. We rather ask if (B~1)T + B~ — A is symmetric

and positive definite. If so, we have convergence.

Theorem 15.2. If the matriz (B~Y)T +B~1— A is symmetric and positive definite,

then the method is convergent with respect to A norm, i.c., || - ||a = (A-,)/2.
Proof. We consider the A—norm given by

(.7 ')A = (A7 )
Now we have the following relation :

lzl% = (1 = BA)z|} = (BAz, )4 = (BAz, Ax),
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where B= BT + B— BTAB=BT"(B"Y)T + B~' — A)B or
I —B=(I-BTA)(I - BA).

Note that if B is symmetric and positive definite, then, we have that for some

w >0, a constant,
(BAx, Az) > p(Az, Ax)

The difficult part is to show that for all x, there exists a constant v > 0 such that

(Az, Ax) > v(Ax,x). For now we assume it is true, then we have
% = I(1 = BA)z|%} = (BAz, )4 = (BAw, Az) > §(Az,x) = §[%,
where § = p - v. Then we have the convergence since, due to the aforementioned
inequality,
(1= 8)llzl%d > (1 — BA)z|l%,  Va.
This means that

[(f = BA)x||a
(eI

(2 = BA)|.a = max <ViTs<1

and therefore, we have the convergence since

¥4
lu—u'lla < |17 = BAJ4Jlu— ]l < VI fu—ufla — 0 as € — ox.

The conclusion can then be made, i.e., if (B~1)T + B~! — A is symmetric and
positive definite, we have the convergence.

We finally, show that (Ax, Az) > v(Ax,z). To show, let A = QAQT, where
A = diag(A1, A2, -+, ) with 0 < Ay < Ao < -+ < A, and @Q is the orthogonal
matrix and introduce A2 = QAY2QT, where AY/? = diag(/\}/g, e ,)\711/2). Then
it is easy to see that A = A1/241/2 and A'/? is symmetric and positive definite.

Now, observe that since (Au,u) > A\ (u,u) for all w,

(Az, Az) = (AY2AY 23 A2 AV 2g)
= (AYV2AVZAV 25 AV 2g)
= (AAY?z AV ?g)
> A (AY %z, AV ?g)

= M(AY2AYV2g 2) = A\ (A, 2)
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15.5. Error Bounds and Iterative Refinement. Asin all other iterative process
for the solution of Au = f, we need to construct the stopping criterion for the
algorithm to complete and also the initial guess.

In general, for the initial guess, we use zero vector and the relative residual
discussed in the previous section is used for the stopping criterion:

— Auf
If — AuO||

Note that if u* be the k—th iterate. The quantity r* = f — Au” is called the k—th

residual. It is our intuition that if

Ir*ll I — At
IOl = Au?

is small, then u”* is close to u. In fact, in most of the practical problem, it can be
a good stopping criterion, but for some special problem, it may not be.
The following theorem says that if || A||||A=!|| is small, the relative residual can

be a good stopping criterion.

Theorem 15.3.

Iz — 2] —ay LIl
o < IANAT

]| I

Proof. Since Au = f, we have || f|| = ||Au|| < ||A||||lul|. Therefore,

)
= (I
and
o —a*| = A7 A — 2®)[| < [[A7H[[I7]l-

O

Definition 15.1. The condition number of the nonsingular matriz A relative to a

norm || - || is

K(4) = [l Al A~

The following example shows that the quantity ||A[|||A~!|| can be very large for

some special matrix.

Example 15.3. Consider the solution of the following equation:

Au — 1 2 (751 o 3
“= 1\ 1.0001 2 us )\ 3.0001
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Note that ||A]|eo = 3.0001 and since

A1 —10000 10000
~\_ 5000.5 —5000

|A=1|oo = 20000. Therefore, K(A) = 60002.

The condition number also measures the sensitivity of the solution to perturba-
tions in A and also f. We first consider the perturbation of f.

If we perturb f to f: f 4+ 0f, then this will lead to a change in u to u defined
by Au = f If the relative error

17— £l _ 171
]

is small (measured in some vector norm), what about the relative error in wu:

il _ AN - plAu] _ o IF =1
Tl e = A

Theorem 15.4. Suppose A is nonsingular and ||[A7'5A|| < 1 and @ is the solution
to (A+dA)u= f. Then A+ 5A is nonsingular and

A+ o4 < Al
11— ||A-18A|°
Moreover,
[lu — all [6A]
— < K(A)+—-.
[lal] [y

Proof. Note that I — E is invertible if ||E|| < 1 and
(I-E)Y'=I+E+E>4+E*+F* ..

Moreover,
=B <) BN = -
2 T B
Note then that
1
A+5A) 7Y =T +A A A < 1A |———.
A+ 347 = 10+ A7A) ™ A7) < A7 g
Note that
u—u=A"15Ax.
Therefore, we have that

_ 6A
<4~ lo4) < Kol

(15.4) [[u —uf

[l
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d

There is no way to accurately solve the system of equation that is ill-conditioned.

16. DISCRETE LEAST SQUARE METHODS
Assume that a set of data is given as follows:
(16.1) {(ziyys) i =1,2,--- ,;m}.
Now we consider data fitting problem by an algebraic polynomial
P, (z) =ap+ a1z + asr® + -+ apa™.

By data fitting, we mean that we choose coefficients so that the given data y; at x;
is 7close” to the values of P,(z;) for all i. It is easy to see that if the degree n is
greater than m—1, then since we can exactly fit the data. However, in general, there
are so many data for which it should be expensive to use higher order polynomials
and it is preferable to use less degree of polynomials.

We need the notion of ”closeness” and it can be given in many different ways.
For example, one may wish to measure such a closeness by the following quantity

(maximum norm):

Eyo = ax lyi — Pp(x;)].

Another choices can be with the following:

m

E, = Z lyi — P ()]
=1
or

By =Y |y — Pal@:)|*.
i=1

All of these can be a tool to measure how good is your fitting for the data by the
polynomial. In the finite dimensional space, all of the measure introduced above are
equivalent. Namely, there exists some constants ¢; and ¢y such that the following
holds true:
by < Eg <cE,,

where o and § can be 1,2 or cc.

The least squares approach is to determine the best approximating line by min-
imizing the closeness measure Es. We consider the best least squares line to a

collection of data {z;,y;}", involves minimizing the total error,

m

Es(ag,a1) = Z[yz — (a12; + ao)]*.

i=1
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For a minimum to occur, we need

0 g
(162) %Eg(ao,al) = T@EQ(QOyal) = O

We then obtain two equations and two unknowns to be determined naturally.
Example 16.1. Find the best least squares constant for the data (1,1) and (2,2).
The equation derived above, (16.2) is called the normal equation.

16.1. Derivation of Normal Equation. To formulate some general abstract
framework, we recast the above problem as the general best approximation prob-
lem. Let V' be an inner product space with an inner product (-,-) and an induced
norm || - || = (-,-)*/2. We now consider the subspace P of V.
Now we consider the following question:
e For a given f € V, does there exists p € W minimizing || f — p|| 7

e Could there exist more than one minimizer ?
e Can the (or a) minimizer be computed ?

e What can we say about the error ?

The best discrete least squares approximation can be characterized as follows :

Theorem 16.1. Let V be an inner product space, P be a finite dimensional sub-
space, and f € V, then there exists a unique p € P minimizing || f — p|| over P. It

is characterized by the normal equations,

(r,q) = (f,q), VYqeP.

Proof. To obtain the characterization, note that

If =p+eql® = IIf = plI* +2¢(f = p,a) + €lqlf?

achieves its minimum at € = 0. If p and p* are both best approximation, then we
have

(p—p"q)=0 VgeP
This means that p = p*. 0

In the course of the proof, we showed that the normal equations admit the unique

solution. To obtain the solution, we select a basis ¢1,-- - , ¢, of P, we then set

n
p=>_ aidi
=1

Now

(163) (¢j7¢i)aj = (f» ¢2)

1

J

n
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The equation (16.3) is oftentimes called the normal equation. This is clearly a

nonsingular matrix equation.

16.1.1. Discrete Least Squares by Polynomials. Now, we get back to our best least
square fitting problem by polynomials. To derive the normal equation explicitly,
we need to specify the spaces V and P, an inner product on V' and also the basis
for P. Given distinct points {z;}, in the interval [a,b]. We consider the space of

polynomials determined by completely by the values at the given points. Namely,
V =span{l,x, 2%, - - 2™ '}

Define an inner product on V' by the following:

m

(f,9) =Y f(zi)g(x:), f.9€V.
i=1
We also define an induced norm || f||? = (f, f). Check if it is a norm.
We now consider the subspace of V' denoted by P of the space of polynomial of
degree n with n < m — 1. We can then interpret our discrete least squares by the
polynomials as to find the polynomial p € P such that

. 2
min — .
min £ - p|

It is shown that the unique existence of the minimizer denoted by p and it satisfies

the following characterization:

(16.4) (p.q) = (f.q) VqeP

We need to have the basis. Because we wish to find ag,aq,--- ,a, which are
coefficients of polynomials z* with i = 0,1,--- ,n. We simply consider the set of
polynomials

P =span{l,z,2%,--- ,2"}.

We now set p= > a;,z’. Using the equation (16.4), we obtain the following n+ 1

equation:

n

(16.5) Zai(mi,mk) = (f,2*) Vk=0,---,n.

=0

In a matrix format, we have the following linear system of equations:

(xO’xO) ([El, x()) (m2,x0) (mn’x()) ao (f7 xO)
(Iovxl) (xlaml) ($27:C1) (xTL?wl) ai (f7$1)
@) (Y (e @ |

(@2") (ha") @%a") - @he") )\ an (f.z")
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where 29 =1,

(xivxj) :sz.’ti and (fvxz) :Zf(xk)x;c? Vl,j :07"' ,
k=1 k=1

16.2. Another look. Now, we shall look at the above problem in a different point
of view. Givendata b = (f(z1), f(22), -+, f(zn)) and Ay = (p(z1), p(22), -, p(Tm)),

with y = (ag, a1, - ,an), then A can be explicitly written as follows:
1z - af

(16.7) A= | b T T g
1 Tm e x:Ln

The polynomial least square data fitting problem can be recast into the following

equation : Find y € R"*! such that

i, 16— Aylle2,

Now the characterization of the minimizer for the problem leads to
(Ay,Az) = (b,Ax) Va eIR".
From this, we have
(AT Ay, z) = (ATb, x),Vz € R™.
Therefore, we have the following equation:
(16.8) AT Ay = A”b.

The equation (16.8) is called the normal equation of Ay = b. One can in particular
show that the matrix given in the equation (16.6) is the same with AT A and the
right hand side is equal to ATb.

17. THE SOLUTION METHOD FOR THE NORMAL EQUATION : QR FACTORIZATION
AND GRAM SCHMIDT PROCESS

In this section, we discuss how to solve the normal equation of Ax = b in general,

where A € R"™*"™ with m > n.

17.1. QR decomposition by Gram-Schmidt process. he method that shall

be taken is so-called the QR decomposition.

Theorem 17.1. Let A be m by n with m > n. Suppose that A has full column

rank. Then A can be QR decomposed. More precisely, there exist a unique m by n
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orthogonal matriz Q with (QTQ = I) and a unique n by n upper triangular matriz
R with positive diagonal r; > 0 such that

A=QR.
This is called the QR decomposition of A.

17.1.1. Illustrations. The algorithm is indeed contained in the proof of the above

theorem.
The main tool to decompose A into QR is as discussed the Gram-Schmidt pro-

cess. We shall illustrate the procedure by taking three by three matrices.
Given a matrix A = [a1,az,as] with a;’s are linearly independent. The Gram-
Schmidt process makes g, g2 and g3 so that (g;,q;) = ¢F ¢; = 0 for i # j. Namely,

q;’s are mutually orthogonal.
We first set §; = a; and define
(17.1) L
: q1 = 7=741-
]

We then look for the orthogonal vector g3 to g1 in the plane spanned by as and ¢ .
Set first

g2 = az — aqi.
Using the requirement that ¢s-q; = 0, we obtain that 0 = ¢; - G2 = ¢1 - a2 — «, hence

Q= (1 - ag.

We then conclude that §o = as — (¢q1,a2)q1. Set now that

1
(17.2) G2 = m(@ —(q1,a2)q1).

Finally, we look for orthogonal vector of both ¢; and ¢ from the space spanned by

asz and ¢, and ¢o.
g3 = az — Bgr — Vq2.

Here, 8 and 7 can be determined by the following two requirements:

O=q-@=q a3—Bqa ¢ —v70" ¢
and

0=¢2-G3=q2-a3 — B2 1 — 792 @2
Namely,

B =q a3 and v =gz as.

Finally, we set that

1
g3 = m(as —(q1,a3)q1 — (g2, a3)q2).
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We now write it in terms of ay, a2 and as to obtain that

ar = |@ll¢
az = |@llg2 + (q1,a2)1
az = |[|gsllgs + (q1,a3)q1 + (g2 - a3)qe.

In the matrix form

@l (q1,a2) (q1,as3)

(17.3) A =lay,a2,a3] = [q1, 2, q3] 0 g0 (g2,a3)
0 0 1G]]
We can deduce the general form, namely, if A = [a1, a2, - ,an_1, ay], with a;’s

being linearly independent, then we can decompose A into QR as follows:

lall (q1,a2) (q1,a3) -+ (q1,an)
0 ||52|| (QQv a’3) e (q27 an)
A:[Q17q2a"'aqn] . . 5
0 0 . i :
00 al

- j—1
where ¢; = a; — Efczl(%, aj)Qk~

Example 17.1. Apply QR decomposition of the following matrix.
(17.4) A= -1 2 -1

The solution is given here.

2/V/5 2

q1 = fal = 71/\/5 with al =a; = -1
i / .

Note that
17.2. The solution by QR factorization. In this section, we discuss how to
apply QR decomposition to solve the linear system of equation. Recall the normal
equation is given by
AT Az = ATh
We decompose QR for A. Then,
(QR)" (QR)z = (QR)"b = RTQTQRx = R"Q"b = Rx = Q"b

Hence the solution x is given by

z=R1Q"p.
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Example 17.2. Solve the following minimization problem by QR factorization :

(17.5) zrg}ilgzﬂb—A:cHez,
where
1 0 2
(17.6) A= -1 2 and b= 1
0 -1 -1

Note that the solution x = (1,1)T.

18. A SHORT INTRODUCTION TO DISCRETE FOURIER APPROXIMATION AND FAST
FOURIER TRANSFORMATION (FFT)

In this section, we shall discuss the approximation of the continuous function by

trigonometric polynomials.

18.1. Continuous least squares approximations by trigonometric polyno-

mials. Let V' be an inner product space defined as follows:
V={fR—~R: feC[-mn|},

in which the inner product (,-) is given through
(18.1) (f.9) = fgdz, Vf,geV

—T

and the induced norm is defined by

™ 1/2
1l = (7, Y2 = ( [ f(x)de) .

We introduce a subspace W of V' defined by

W= span{wOa wla T a¢2n—1}’

where
Yo(x) = 1,9 (z) = coskx, for each k=1,2,--- | n,
and
Ynir(z) =sinkz, for each k =1,2,--- ,n— 1.

The space W is called the set of trigonometric polynomials of degree less than or
equal to n. Note that some text includes the function 19, = sinnz.

We shall consider the following minimization problem : for a given f € V|

18.2 in || f — ql|.
(18.2) ;glvgllf qll
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Note that this type of problem is often called the continuous least squares approxi-
mation by functions in W. Recall the characterization of the minimizer implies the

following equation holds true: Assume .S, is the minimizer, then

(Sn,q) = (f,q9), YgeW.
Note that in general, S,, can be written as follows:
n—1

S, = ag+ a,cosnz+ Z (ay, cos kx + by sin kx)
k=1

n—1
= ago + antn + Y (arthe + bptnsk)

k=1
2n—1
= E ki,
k=0
where ¢y = ay for k=0,--- ,nand ¢,y =bg fork=1,--- ,n—1.

Therefore, we need to determine 2n coefficients and the normal equation leads

to exactly 2n equations:

(Sn, ;) = (fyhi) Yi=0,---,2n—1.

We may write it as the linear system as before :

SC=F,
where
(¥°,9°%) (¥, 4°%) (v*,4°) i T
(CRT! (¥h,9h) (¥4 P2l gt
S= (¥°, 4% (', 4% (v*,4?) (™" 9%)
(¢0,¢2n71) (w17¢2n71) (¢27¢2n71) (w2n717w2n71)

Co (fa 7/10)

C1 (f7 ¢1)

C= C2 and F = (fv ¢2)

Canet (f, 02 1)

One crucial property of the basis 1/ is that they are orthogonal each other with

respect to the inner product (-,-). Namely,

(i, 05) =0 if i # 4.
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The reason for this is from the following relation:

1
sin(kz) sin(jz) = i[cos(lm — jx) — cos(kzx + jz)],
) 1 ) )
cos(kx) cos(jx) = B [cos(kx — jx) + cos(kx + jz)],
. . 1. . . .
sin(kx) cos(jz) = i[sm(kx — jx) +sin(kz + jx)].
Furthermore, we can easily compute (;,1;) for all i = 0,--- ,2n — 1. Observe that
11)0’¢0 dxr = 2m.

—T

™ 71'1
wkwkdxz/ idm:ﬂ'.

—T —T

Therefore, we have

C=S"'F.

Namely,
1 s
o= — f(x)dx

2 J_,
and for all k =1,--- ,2n — 1, we have

1 s

Cr = f(z)y de.

Definition 18.1. lim, . S, is called the Fourier series of f.

Example 18.1. Find the continuous least squares trigonometric polynomial Sa(x)
for f(z) = |x| on [—m,].

Set Sy = ifofl cpy, where g =1, Y, = coskx for k =1,2 and ¥y = sinkx
for k=1.

1 ™

7r
co — % . |$|d:C = 5
1 [" 2 i
c = = |z| cosxdr = —=[(-1)" = 1] fork=1,2
T k2
1 [" .
= f/ || sin(kz)dz =0,  for k= 3.
)7

Therefore, we have

SQ(JJ) =

COS T

0ol
e~
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Example 18.2. Find the continuous least squares trigonometric polynomial Sa(x)
for f(z) = 2% on [—m, 7.

18.2. discrete least squares approximation. In this section, we study the dis-
crete least squares method. One may think that the function f is not known

everywhere but known at some specific nodes, i.e., a finite set of data is available.

More precisely, one has the following 2m data set :

{(@s, flea))yiZe ' = {(zapa) 25
For simplicity, we shall assume that x;’s are in [—m, 7] and moreover,
i
Tr; = —m+ —m.
m

To make our discussion more rigorous, we may need to redefine the space V as

follows :
Vi, CV,

in which V}, is the set of functions that are completely determined by the values

specified at 2m nodes. We can then define the corresponding discrete ¢ inner

product on V3, namely,

2m—1

=0

This shall naturally, induce a norm on V}, :

Ifll = (f, H? Yf eV

Now we shall consider the following minimization problem:
min —Sull,
Juin 17 = Sl

where m > n in general (Note : We assume m > n so that 2n # 2m) and

2n—1
Sn=") cxt.
k=0
Note that the norm || - || is nothing else than the discrete 2 norm, i.e.,
2m—1
2
1 = Sull® =D (Fw) = Sulan)”-
k=0
To find the coefficients ¢ for k = 0,--- ,2n — 1, we consider the characterization

of the minimizer, namely, the minimizer S,, satisfies the following characterization
property:
(Sm?/fk):(fﬂ/fk), Vk:0a32n71



92 YOUNG-JU LEE

The solution to the above problem is called the discrete least squares problem
since the evaluation of the inner product is made by the finite set of data sets. The

determination of the constants is simplified by the fact that the set {¢o, - ,¥2n—1}

2m—1

is orthogonal with respect to summation over the equally spaced points {z;};

n [—m,n]. By this we mean that for k # ¢, then

2m—1
(o) = Y vi(a;)ibe(;) = 0.
j=0
If K = ¢, then we have
(Y, 1) = m.

More precisely, we have

Lemma 18.1. If an integer r is not a multiple of 2m, then

2m—1 2m—1
Z cos(re;) =0= Z sin(rz;).
§=0 §=0
Moreover, if r is not a multiple of m, then
2m—1 2m—1
> (cos(rz;))? =m = (sin(rz;))*.
j=0 j=0

Proof. The idea is to consider the Euler’s identity:

exp'® = cos z + isin z.

and
1 _ an+t1
1+T+7‘2+~~~+Tn = #
1—r
Note that
2m—1 2m—1
Z cos(rz;) +isin(rz;) = Z exp""¥i
Jj=0 j=0
2m—1 )
_ Z expir(fﬂdr%fr)
j=0
2m—1 2m—1

. 1_K2m
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where K = exp”(%). Note that

2m

K2m — expir m T — 1.

If r is not a multiple of m, then we have that from the trigonometric identity :

2m—1 2m—1 1
Z (cos(rz;))? = Z 5(1 + cos(2rx;)) = m.
§=0 §=0
O
By a simple application of the Theorem, we obtain that
Theorem 18.1. The constants in the summation
n—1
Sp(x) = ag + an, cos(nz) + Z(ak cos(kx) + by sin(kzx)).
k=1
that solves the following minimization problem :
Ey = mi —
¢ qrél}/gh 1f = allez
. . 1 2m—1
is given by ap = 5~ =0 Yis and
1 2m—1
a = Z yjcos(kx;) foreachk=1,--- n,
7=0
1 2m—1
b, = — g , —1.--- m—1.
% - Z y;jsin(kz;) foreachk=1,--- ,n—1
7=0
Proof. Set S,, = ijo c;j¥;, where ¢, = ap for k = 0,--- ,n, chyp = by for k =
1,---,n—1 and ¢, = cos(kx) for k = 0,--- ,n and ¢, = sin(kzx) for k =
1,---,n — 1. Since S, satisfies the following characterization property:
(Sn7q) = (f7 Q)a vq € Wh7
where f(z;) = y; for i = 0,---,2m — 1, the normal equation can be formed as

follows: We may write it as the linear system as before :

SC=F,
where
(4%, 4°) (', 9°) (%, 4°) e (P 0)
(¢07¢1) (1/1171#1) (1/]271/)1) e (1/’2717171/11)
S = (°, %) (', 9?) W% - (>t 9

I R S e S 1
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Co (f7 ¢0)
C1 (fv ¢1)
C= 2 and F= (fv 77&2) ,
Con—1 (f7 ,(/)2n—1)
where the inner product is the discrete £? inner product at nodes {z; 12;”0_1.

We shall first see that

2m—1

(%o,%0) = Y 1=2m,

j=0
Now for k=1,--- ,n— 1, we have

2m—1

(Vg, k) = Zcos(kxj)cos(kxj)

2m—1 1
= Z 3 (14 cos(2kx;)) = m.
j=0
Furthermore, for k =1,--- ,n — 1, we have
2m—1
(Ynth Yrsk) = Z sin(kz;) sin(kx,)
§=0

2m—1 1
= Z 3 (1 — cos(2kx;)) = m.
3=0

Now, for k = n,

2m—1 2m—1

(Q/Jnﬂ/fn) = Z COS(TL(EJ')COS(TL{EJ-) = Z

Jj=0 Jj=0

(14 cos(2nz;)) = m.

The normal equation shall be written as follows:
O

Example 18.3. Let f(z) = 222 —9 for x € [—m,n]. Find the discrete least squares
trigonometric polynomial of degree 2, So(x). For m = 3.

For m = 3, the nodes are
r;=—m+ e y; = f(z;) = 233? -9 forj=0,1,2,3,4,5.
m
The trigonometric polynomial is then

Sa(x) = 50 + ag cos(2x) + (aq cosx + by sinx),
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where
13
ap = 3 Zyj cos(kz;), k=0,1,2,
7=0
and

5
1 .
by = 3 ;:O y; sin(kx;).

18.3. Fast Fourier Transform (FFT) by Cooley and Tukey. The interpo-
lation of large amounts of equally spaced data by trigonometric polynomials can
produce very accurate results. Note however that the direct calculation technique

2 additions. More calcula-

requires approximately (2m)? multiplications and (2m)
tions produce more round-off errors. In 1965, Cooley and Tukey wrote a paper on
new method that requires only O(mlog, m) multiplications and additions. This
method by Cooley and Tukey is known as either as the Cooley-Tukey algorithm
and the fast Fourier transform (FFT) algorithm.

In this section, we assume that n = m. The following so-called the Euler’s

Identity shall be crucially used.
e = cos z + isin z.
The main idea of FFT is given as follows:

Step 1. Compute the complex coefficients ci in

1 2m—1
(18.3) — cret™®,
m
k=0
where
2m—1 )
(18.4) cr = Z yje””%, for each k =0,1,---,2m — 1.
§=0

Step 2. For each k=0,1,--- ,m, we have

1 1 .
7ck(_1)k = 7Ckefz7rk = ap +ibg.
m m

Example 18.4. Consider the FFT technique applied to 4 = 22 data points {(z:,v:) }o_o

where
T = —7r+7r%, 7=0,1,2,3.

Since we assumed that n = m = 2, we have

Sa(x) = 500 + ag cos(2x) + aq cosx + by sinz.
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To apply the FFT, we first compute

3
cr = Zyjeik”%, k=0,1,2,3.
§=0

To recover ag, a1, as, by, we use the relation that

—1)*
ak+ibk:ck( ) k=0,1,2.
m
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