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PREFACE

This course booklet on Numerical Methods has been prepared for second-year LMD Electrical Engineering students
in Electromechanics (ELM) and Electrotechnics (ELT) within the framework of Semester 4, in accordance with the
2021/2022 curriculum. It serves as an educational support designed to complement in-person lectures and to facilitate
the understanding of fundamental concepts in numerical methods applied to scientific and engineering problems. The
module framework is as follows: Semester 4, Teaching Unit UEF 2.2.2, Subject: Numerical Methods, Contact Hours:
45 h (Lectures: 1 h 30, Tutorials: 1 h 30), Credits: 4, Coefficient: 2.

The main objective of this booklet is to present, in a clear and progressive manner, various numerical techniques,
namely: Methods for Solving Nonlinear Equations, Numerical Integration, Polynomial Interpolation, Numerical
Solution of Ordinary Differential Equations, Direct Methods for Solving Systems of Linear Equations, and Approximate
(Iterative) Methods for Solving Systems of Linear Equations. Each chapter includes practical examples and exercises

to help students consolidate their knowledge and develop autonomy in applying the methods studied.

This booklet does not replace lectures but serves as a useful reference tool for preparing tutorials and examinations.

Students are encouraged to supplement their reading with specialized textbooks and additional educational resources.



CHAPTER 1

METHODS FOR SOLVING NONLINEAR
EQUATIONS

In this chapter, we focus on the approximation of the zeros of a real-valued function of a real variable. In other words,

we aim to numerically solve the following problem:

Let f be a real-valued function of a real variable,

Find o € R such that f(a) = 0.

(Pr)

We will study three numerical methods for solving nonlinear equations in one variable, also known as transcendental
equations. Examples of such equations include f(z) = sin(z) + x = 0 and f(z) = In(z) — 22 + 3 = 0. These
equations generally do not have exact solutions that can be obtained analytically. Therefore, numerical methods are
used to compute approximate solutions. The accuracy of these solutions can be improved as needed, especially with
the help of computational tools.

These numerical methods generally compute only one root within a carefully chosen interval. Hence, if the
equation has multiple roots, it is necessary to first locate them within appropriate intervals, and then compute each

root separately.

All the methods for solving problem (Pr) that we will present are iterative methods, meaning they are based on

the construction of sequences (zy,),>0 defined by a recurrence relation of the form:

Tn+l = F<$n>

Under certain conditions, these sequences are expected to converge to the desired solution «, that is:
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lim =z, = .
n——+oo

With the exception of a few rare cases of simple equations (such as a quadratic equation: az? + bx + ¢ = 0),
nonlinear equations are particularly difficult to solve analytically. For this reason, approximate solution techniques—called
numerical methods—are employed.

In this chapter, we present three numerical methods for solving nonlinear equations of the form f(z) = 0, namely:
* the Bisection method (or Dichotomy),
* the Fixed-Point method (or Successive Approximations),

¢ and Newton’s method.

1.1 Introduction to Numerical Errors and Approximations

Traditionally, mathematics introduces us to theories and methods that enable the analytical solving of various problems,
such as integration and equation solving. These approaches typically yield exact results for a given problem. In
contrast, numerical analysis often produces approximate solutions, as the methods employed depend on several
parameters that influence the accuracy of the outcome. A central concern in numerical analysis is therefore to control

the effects of the errors introduced, which generally arise from three main sources:

1.1.1 Absolute and Relative Errors

in IN 1,3,6,7;
- 13 11,
Exact numbers ¢ in Q 15, 159
m R V8, e;

Let x be an exact number and z* an approximate value of x, we write:

T TH or TR Tk
e If xx > x, x* 1s called an overestimate.
e If x+ < x, x* 1s called an underestimate.

Examples:% ~ 0.6666, T ~ 3.14, v/5 ~ 2.23 are underestimates, but e /= 2.72 is an overestimate.

1.1.1.1 Absolute Error

Definition 1.1. The absolute error of the approximate value x* of a number x is the positive real quantity, denoted
by A(z), defined as:
A(x) =z — x|
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Comment: The smaller the absolute error, the more accurate the approximation x is.

Example 1.1. For the exact value x = %, the approximate value 7 = 0.666667 is 1000 times more accurate than the

approximation x5 = 0.667. Indeed, we have:

2 1
NA(z) = |z —ai| = |§ —0.666667| = g10—6.

2 1
No(x) = |z — 25| = ‘g —0.667| = g10*3.

1.1.1.2 Relative error

Definition 1.2. The relative error of the approximate number x* of the real positive quantity =, denoted r(x), is
defined by:
I AN )

] |z

r(z)

Comment: The relative error is often expressed as a percentage (relative precision) by:
% = r(x) x 100

Example 1.2. For exact values x = % and y = % we consider the approximate values z* = 0.67 and y* = 0.07,
respectively.

The corresponding absolute errors are:
2 1 1 1
Alr)=lz—2*=|2-067|=2-10"2, A(y)=|y—y*|=|-—-—-007 =5 102
(@) =l - = |3~ 067 = 31072 A =y -7 = |5 - 0.0 =

The corresponding relative errors are:

_ |z —a _ vy

|y

r(x) =05-1072=0.5%, 7(y) —5.102=5%

]

Thus, although the absolute errors are equal, 2* is a 10 times more precise approximation for x than y* is for y.

1.1.1.3 Upper Bounds of Absolute and Relative Errors

If the exact value is known, one can determine the absolute and relative errors. But in most cases, it is not. The
absolute and relative errors then become unknown, and to estimate them, we introduce the notion of upper bound of

the absolute and relative error.

Definition 1.3. We call an upper bound of the absolute error of an approximate value x* of a positive real number z,

any positive real number Az such that:

Alz) = |z — 2| < Ax
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or equivalently:

- Arx<z<z"+ Az

and we write:

x=2z"+ Az whichmeans: z € [z* — Az, 2" + Ax]

Remark 1.1.

1. The smaller Ax is, the more accurate the approximation x* is. Therefore, in practice, one chooses the smallest

possible Ax.
2. Since x >~ x¥, in practice we take r, ~ %, which is an upper bound of the relative error of x*, and we write:

x ="+ |z"|r,

3. When the absolute (or relative) error is not known, the effective error Ax(ry) is abusively referred to as the

absolute (or relative) error of T*.

1.1.2 Separation of the roots of f(x) =0

Let f(z) : R — R be a given function. We are looking for one or more solutions of the function f(z) = 0. In the
rest of this chapter, we assume that f(z) = 0 is a continuous function and that 2* is the unique solution of f(x) =0
in the interval [a, b].

The separation of roots of f(x) = 0 involves determining the different intervals, each containing a single root. To
do this, we use one of the following two methods: - The graphical method: We plot the curve of f(x) and locate
(separate) the interval [a, b] where the solution lies - The algebraic method: Separation of roots of f(x) = 0 using the

intermediate value theorem.

f)

a, L ﬁ b, N

Separation of roots (r; and r2) of a function f(z) = 0: 1 € [a1,b1] and r; € [ag, b1].

10
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For all numerical methods used to solve (Pr), one must first perform a very important step, which consists in
finding intervals of the form [a;, b;] in which the equation f(x) = 0 admits one and only one solution. This step is

called the separation of zeros. To achieve this, we rely on the following theorem.

Theorem 1.1. (Intermediate Value Theorem)

Let f be a function defined and continuous on the interval [a, b)].

e If f(a)- f(b) <O, then there exists at least one real number o € [a, b] such that f(«) = 0.

e Furthermore, if f(x) is monotonic on the interval [a,blif f'(x) # 0 for all x € [a,b]), then the solution is

unique.

Remark 1.2. If f(a) - f(b) > O, then either f has no zeros in [a, b], or it has an even number of zeros in that interval.

f(x)

Figure 1.1: A function f(x) is monotonic on the interval [a, b].

1.2 Bisection Method (or Dichotomy Method)

The bisection method is based on the Intermediate Value Theorem. It is used to determine a root of a function f(z)
by iteratively eliminating subintervals where the function does not change sign. The core idea of the bisection method
also known as the half-interval method is to divide the interval in half at each iteration by selecting its midpoint. Then,
using the Intermediate Value Theorem, we identify which of the two subintervals contains a sign change, and hence
the root. Specifically, we retain the subinterval where the function values at the endpoints have opposite signs. The
algorithm terminates when the length of the interval becomes smaller than a prescribed precision e.

The method is illustrated in Figure 4.1 and proceeds as follows. We start with an interval [a, b] such that f(a)f(b) < 0,
and set ag = a, bp = b. Let ¢; = (ap + bp)/2 be the mid-point of the interval [ag, bg]. Since f(ag) > 0, f(by) < 0,

and f(c1) < 0, out of the two subintervals, [ag, ¢1] and [c1, bg], the first one is guaranteed to contain a root of f. Hence,

11
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we set a; = ag, by = c1, and continue the search with the interval [aq, b1]. For the mid-point ¢y of this interval we
have f(c2) < 0, therefore there must be a root of f between a; and co, and we continue with [ag, ba| = [a1, c2]. After
one more step, we obtain [ag, bs] = [c3, bo] as the new search interval. If bs — ag < €, then ¢4 = (a3 + b3)/2 is output

as an approximation of the root z*.

flaz)

f(bo)

Figure 1.2: An illustration of the bisection method.

1.2.1 Convergence conditions

The bisection method is applicable and guaranteed to converge only when the following three conditions are satisfied.

* f(x) is continuous on the interval [a, b].
* The solution « lies in the open interval [a, ], i.e., & € [a, b].
* The function takes opposite signs at the endpoints: f(a) - f(b) < 0.

The bisection algorithm produces a set of centers cy, ..., Cx, ... such that klim ¢, = x*, where x* € [ap, bo] is a
—00

root of f. Since at iteration n of the bisection method the root z* is in the interval [a,, b, and ¢, is the mid-point of
this interval, we have [2* — ¢,,| < (b, — an).

Also,

1
bn — Qp = i(bnfl - anfl) = 7(bn72 - an72) == 7(b0 - aO)-

Hence,

. 1
|27 = en| < 5 (bo — ao), (1.1)

and the bisection method converges. Moreover, (1.1) can be used to determine the number of iterations required

to achieve a given precision € by solving the inequality:

12



1.3 Example: Solving with the Bisection Method 13

1
27(1)0 —ap) < ¢,
which is equivalent to
bg—ap
bo — ap In ( € )
1 = . 4.12
n > 10gy ( . > 2 (4.12)
For example, if [ag, bo] = [0, 1] and € = 107>, we have:
51n(10)
—= = 16.6
Z T2 ’

and the number of iterations guaranteeing the precision € is 17.

1.2.2 Algorithm

Let f be a continuous function on the interval [a, b], such that f(a)f(b) < 0. The objective is to find an approximate

root of f within a given tolerance € > 0.

Step 1: Initialization. Set the tolerance € > 0, and initialize: ag = a, by =0, k=1.

. A0 a _ aptb
Step 2: Compute the midpoint. ; = “:2%.

Step 3: Check stopping condition. If |by — ai| < €, stop the algorithm. The approximate solution is x* = cy.

Step 4: Determine the new interval.  « If f(ay)f(zx) < 0, then set: ag+1 = ardp+1 = Ck.

* Otherwise, set: ax+1 = Cibp+1 = bi.

Step 5: Increment. Set k = k + 1, and return to Step 2.

1.3 Example: Solving with the Bisection Method

We aim to solve the following equation using the bisection method f(x) = 23 + 22 — 3z — 3 on the interval [1, 2].

We compute f(1) =13 +12-3x1-3=-4, f(2)=8+4-6-3=3
Therefore, f(1) - f(2) = —4 x 3 = —12 < 0, which confirms that a root exists in the interval [1, 2].

13
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First iteration (k = 1):

142
01:?:1.5

f(1.5) = (1.5)3 + (1.5)2 = 3 x 1.5 — 3 = —1.875 Since f(1.5) < 0 and f(2) > 0, the sign changes in the interval

[1.5, 2]. We take this as the new working interval.

Second iteration (k = 2):

1.5+2
2

f(1.75) = (1.75)% + (1.75)% — 3 x 1.75 — 3 = 0.171875
Now, since f(1.75) > 0 and f(1.5) < 0, the sign changes in [1.5, 1.75].

=1.75

Cy) =

Third iteration (k = 3):

154175
- 2

£(1.625) = (1.625)3 + (1.625)2 — 3 x 1.625 — 3 ~ —0.863

c3 =1.625

So, the new interval is [1.625, 1.75]. If we want an absolute error smaller than 0.5 x 1072, we need to perform

log(za—w1)—log(e) __ log(2)—log(0.5x10-2)
log(2) o log(2)

guarantee this level of precision.

at least: n > 1 =~ 7.643856. So we must perform at least 8 iterations to

The following table summarizes the results:

n T Ch T f(z1) f(ex) f(xz2) | [Tem) — Teno)|

1 1.000 1.500000 2.000 -4.000000 | -1.875000 | 3.000000 -

2 1.500 1.750000 2.000 -1.875000 | 0.171875 | 3.000000 0.250000
3 1.500 1.625000 1.750 -1.875000 | -0.943359 | 0.171875 0.125000
4 1.625 1.687500 1.750 -0.943359 | -0.409423 | 0.171875 0.062500
5| 1.6875 | 1.718750 1.750 -0.409423 | -0.124786 | 0.171875 0.031250
6 | 1.71875 | 1.734375 1.750 -0.124786 | 0.022029 | 0.171875 0.015625
7| 171875 | 1.726563 | 1.734375 | -0.124786 | -0.051755 | 0.022029 0.007812
8 | 1.726563 | 1.730469 | 1.734375 | -0.051755 | -0.049572 | 0.022029 0.003906

An 1llustration of the bisection method.

1.4 Fixed Point Method

In this section, we discuss the fixed point method, which is also known as simple one-point iteration or method of

successive substitutions. We consider an equation in the form
flx)=0. (1.2)

14
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where f : [a,b] — R, and suppose that the interval [a, b] is known to contain a root of this equation. We can always
reduce (1.2) to an equation in the form

z = g(x). (1.3)

Theorem 1.2. Let [a,b] be a non-empty interval of R, and let g be a mapping from [a, b] into itself.

If g is continuous, then there exists £ € [a, b such that g(§) = &; this is called a fixed point of g.

Consequently, under certain conditions, approximating the zeros of f is equivalent to approximating the fixed
points of g. A common method for determining fixed points consists in constructing a sequence {x,, }n>0 using the

following iterative process:

Zo : given initial approximation
Tn1 = g(Tn)
Remark 1.3. It should be noted that there are infinitely many ways to choose the function g. However, the choice of

g must ensure that the sequence constructed by the fixed-point method converges.

1.5 Convergence Criterion for the Fixed-Point Method

Theorem 1.3. Let g be a function of class C* on the interval |a,b]. Let xo € |a,b] and define the sequence by

i1 = g(x), k> 0. If the following two conditions are satisfied:

First condition Contraction condition: There exists a constant M € [0, 1] such that |¢'(z)] < M < 1, Vz €

[a,b], with M = max |g'(z)].
z€[a,b]

Second condition Stability condition: g(x) € [a,b] for all x € [a,b].

Then, the function g has a unique fixed point T in [a,b], and the sequence {zy}r>0 defined by xii1 = g(xy)
converges to T for all xy € |a,b].
Moreover, the following formula provides an upper bound for the error at iteration n.:
k

— <
|k =2l < 77

|.T1 *330’.

Proof. Let (x;,) be a sequence defined by:
Tnt1 = g(Tn)
and let «v be the fixed point. If ¢ is fonction continuous with constant M € [0, 1], then the sequence converges to «,

for all zo € [a, b], and the following error estimate holds:

n

o — x| <

< 1_M|$1—ﬂl’0

15



1.5 Convergence Criterion for the Fixed-Point Method 16

where M is the M = max |¢'(x)].
z€[a,b)

1. Existence:
We have:

|Tpt1 — xp] < M2y — 20|, VneN

Since z;41 — x; = g(x;) — g(x;—1) and M = max |¢'(z)|, then:

z€[a,b]

Tna1 — | < Mzn — 1| < MP|ap1 — 2po| < -+ < M™|21 — 20
Therefore, for any n,p € N:

|Tnip — Zn| < |Tpyp — Tngp—1| + -+ |Tny1 — 25
S (MM M)y — |

= M"(M + M?+ - 4+ MP)|z; — x|

M"(l—Mp)‘ |
= ‘11—«
— 1= %o
n
Sl M!xl—xg\—ﬂ) as n — +oo(because :0 <M< 1)

So the sequence (x,,) is a Cauchy sequence in R, hence convergent (since R is complete). Let o be the limit of
the sequence. By continuity of g, we get g(a) = «, hence « is a fixed point.

By fixing n and letting p — oo, we get:

o — x| <

1-M

2. Uniqueness:

Let o1 and o be two fixed points of g. Then:
lag — as| = [g(a1) — g(a2)| < Ma; — ay

and since M < 1, it implies that a; = ao.

1.5.1 Geometric interpretation

Finding « such that g(a) = « amounts to finding the intersection of the graph of g (i.e., y = g(z)) with the line
y = x, which is equivalent to finding the fixed point of g.
It is clearly observed that the slope of the curve y = g(x) in the neighborhood of the root « is small, that is,

¢'(z) < 1, and the iteration converges to the unique solution c.

16



1.5 Convergence Criterion for the Fixed-Point Method 17

g'(x)=0

y=g(x)

' '
L ' L1

Xp xp x2x3d

"R

Figure 1.3: Geometric Interpretation of the Fixed Point Method.

1.5.2 Algorithm
* Step 1. With the defined approximation error, o € [a, b], we set k = 0.

* Step 2. Compute x5+ = g(xg)-
If |z;41 — x;| < &, stop the iterations, the solution is * = z;41.

Otherwise, set k = k + 1 and return to Step 2.

1.5.3 Termination criterion

The computations for the fixed-point method are stopped when the absolute difference between two successive
iterations is less than a given tolerance e:

’xn - m'71—1’ <e
The number of required iterations n is calculated using this relation:

MTL
1-M

‘.’L‘l —370’ <€

Indeed,

M™ 1-M
1 M\xl—xolge — M"<

—_—E€
|z1 — @0

Hence, the number of iterations n required to achieve a given accuracy ¢ satisfies:

1-M
" (o)
Tr1 — X
>
"= In M

Example 1.3. Consider the equation f(z) = 22 — 2 = 0.

17



1.5 Convergence Criterion for the Fixed-Point Method 18

* Solving with the Fixed-Point Method.

« Find the approximate value of the root of this equation using the fixed-point method with an error of 10~

Solution:
Choice 1

2 2

" —2=0c2=—=g¢g (1)
x

Verification of Condition 1: Is gi(x) a contraction on [1,1.5] ?
* g1(x) is continuously differentiable on [1, 1.5] .. ... oot satisfied
* max |¢}(x)] = max‘;—ﬂ =2=M,M >1,Vr € [1,1.5] .couui i not satisfied

Therefore, g () is not a contraction on [1, 1.5], and the first condition is not satisfied. Thus, with the choice of

g(xz) = % the algorithm will never converge.

Choice 2

1
$2—2:0<=>(.%'—1)2+2.T—3=0:>:U=—5((:(}—1)2—3):92(3?)

Verification of Condition 1: Is g2(x) a contraction on [1,1.5]?

* ga(x) is continuously differentiable on [1, 1.5] .. ......ooii i satisfied

e max|gh(z)| =max|z—1| =3 =M, M <1,Ve € [1,1.5] ....oooiiiiiiiiiiiiiii i, satisfied

Then g2 () is a contraction on [1, 1.5], and the first condition is satisfied.

Verification of Condition 2: Is g2(x) stable within [1,1.5]?

It can be observed that Vz € [1,1.5], g(z) € [1, 1.5] = condition satisfied.

Both conditions are satisfied, so with the choice of g(z) = —1((2 — 1)? — 3), the algorithm will converge after a

few iterations.

v = glo) = —5 (@~ 12 = 3)

Setting zo = 1.0000 :

18



1.6 Newton’s method 19

1

k=0, o=~ 1)% = 3) = 1.5000, |z; — 20| = 0.5000 > 0.0001
1

k=1, 2y =—;(( - 1)2 = 3) = 1.3750, |xz — x1| = 0.1250 > 0.0001
1

k=2, a3=—5((@2- 1)2 —3) = 1.4297, |a3 — 23| = 0.0547 > 0.0001
1

k=3, wa=—5((zs - 1)2 —3) = 1.4077, |z4 — 3] = 0.0220 > 0.0001
1

k=4, x5= —5((954 —1)? = 3) =1.4169, |z5 — x4) = 0.0092 > 0.0001
1

k=5, wxg= —5((:55 —1)2 = 3) =1.4131, |z — x5 = 0.0038 > 0.0001
1

k=6, 7= 1)2 = 3) = 1.4147, |x7 — x| = 0.0016 > 0.0001
1

k=17, as=—5((r - 1)2 —3) = 1.4140, |zg — 7| = 0.0007 > 0.0001
1

k=8 mg=—((zs— 1)2 —3) = 1.4143, |z9 — 5| = 0.0003 > 0.0001

1
k=9, x10=—=((wg —1)* = 3) = 1.4142, |z19 — x| = 0.0001 > 0.0001
2

1
k=10, zn=—5((z10- 1)2 —3) = 1.4142, |x11 — 210/ = 0.0000 < 0.0001

Since |x17 — 10| = 0.0000 < € = 0.0001, the solution is z* = 17 = 1.4142.

1.6 Newton’s method

This is the fastest method, but requires analytical computation of the derivative of f(x).

1.6.1 Principle of the Method:

The principle of this method consists in approximating f(z,_1) forn = 1,2, ... by the tangent line to the curve of f
such that the intersection of this tangent with the z-axis is the point z,,. The condition is that f is differentiable and
f’ does not vanish in the considered interval [a, b].

Given the approximation x,_; (n > 1), the next approximation x,, of the root Z is obtained as follows:

f(wn-1) Y _ B f(xn-1)
7%1—1 = f(xn—1) = zp=zp1 7)@,(1:”_1)-

Note that Newton’s method is a particular case of a fixed-point method by setting

_ f@)
f'(=)

We can derive Newton’s Method graphically, or by a Taylor series. We again want to construct a sequence xg, X1, T2, . . .

Zn = g(zn-1) with g(z) =2

that converges to the root z = r. Consider the x,,+1 member of this sequence, and perform a Taylor series expansion

of f(zy41) about the point x,,. We have:

19



1.6 Newton’s method 20

f@ng1) = flzn) + (@ne1 — 20) f1(20) + -

To determine z;,41, we drop the higher-order terms in the Taylor series and assume f(x,41) = 0. Solving for

Tpt1, WE get:

T Pl
n

Starting Newton’s Method requires an initial guess xg, hopefully close to the root x = «.

1.6.2 Convergence Criterion of Newton’s Method

We present the convergence criterion in the form of a theorem.

Theorem 1.4. Let f be a C? class function on the interval [a, b]. Let xq € [a, b], and define the sequence by

Tnt+l = Tp — ;‘/((:;Z)y n > 0.

If the following three conditions are satisfied:

Condition 1) f(a)f(b) <0
Condition 2) f'(x) # 0 for all x € [a, b] (this implies that f is strictly monotonic)

Condition 3) f"(x) # 0 for all x € [a, b] (the concavity of f has a consistent sign, see Figure 1.3),

then the sequence (,)n>0 generated by Newton’s method converges to & for any x € [a,b] such that f(x¢) f" (zo) >

0. Moreover, the convergence is quadratic (of order 2):

2n — & < M|zy_q — 7%

4
Jnax |7 ()]
2 min |f'(z)|’

xgl[ﬁ}lf ()]

with M =

First condition and second condition ensure that there exists a unique Z € [a, b] such that f(Z) = 0.
Second condition guarantees that the sequence (z,,),,>0 is decreasing and bounded below by  if f”(x) > 0 (i.e., f is

convex), and increasing and bounded above by 7 if f”(z) < 0 (i.e., f is concave).

Proof. Let us now demonstrate the quadratic convergence stated in Theorem (1.3). Using the second-order Taylor

expansion of f at the point x,,_1, we obtain:
1
fla) = f(xn—1) + (. — xn_l)f/(g;n_l) + i(a _ H?n—1)2f"(c)

20



1.6 Newton’s method 21

for some ¢ between x,,_1 and .

Since f(a) = 0, we get:
Flen1) + (@ = n ) (ent) + 50— an1)27€) = 0.

Dividing by f’(z,,—1), we obtain:

f(@n—1) (o = xn1)*f"(c)
—— t(la—zp_1)+ =0.
Flan) T TG
Therefore,
o <x L f<mn1>> _a—m )"0
" f'(Tn-1) 2f"(zn-1)
Using Newton’s recurrence relation z,, = -1 — }f/((ﬂfn—l)) , we finally obtain:
Tn—1
f"(c)
‘l‘n - Oé‘ = ’W_l) ’xn_l — 06’2 S M’.’L‘n_l — 2.
max | f"(z)]
with M = 258 0
2 min_ [f/()]’
z€[a,b]

Remark 1.4. 1. If xq is chosen sufficiently close to x, Newton’s method converges very rapidly to o because the

convergence is quadratic.

2. If f'(a)) = 0, Newton’s method converges only linearly (i.e., with order 1) to o in a neighborhood of .

1.6.3 Geometric Interpretation of Newton’s Method

The idea is to replace a small arc of the curve y = f(z) with its tangent drawn at a certain point on the curve.

Vi

L

Figure 1.4: Geometric Interpretation of the Fixed Point Method.

21



1.7 Example: Solving with the Newton’s Method 22

From a well-chosen point 2y € [a, b], 1 is the x-coordinate of the point where the tangent to the graph of f at

(xo, f(x0)) intersects the x-axis. Hence:

(o) flxo) o
=To0—T1 = T1 =T9— Gf f'(xg 0).
f (o) Fagy 07
Repeating the process at x1, we obtain a new point x2, and so on.
The sequence of points (x,),en satisfies the recurrence relation:
fen) 019,

It T )
n

This is the most commonly used Newton-Raphson formula for finding roots.

1.6.4 Newton’s Method Algorithm

1. Step 1. With the defined approximation error ¢ and initial guess x € [a, b], set k = 0.

2. Step 2. Compute:
f(zg)

Le41 = Tk — f’(xk)

3. Step 3. If |zx+1 — zk| < &, stop the iterations. The solution is ™ = zj1.

4. Otherwise, set k = k + 1 and return to Step 2.

Algorithm 1: Newton’s Method Algorithm

1.6.5 Termination criterion

The Newton method iterations are stopped when the absolute difference between two successive iterations becomes

smaller than a given precision €:

|Ty — Tp_1| < e.

1.7 Example: Solving with the Newton’s Method

Approximate the solution « of the equation
22 422 —1=0, z¢€][0.3,0.5]
using Newton’s method with a precision ¢ = 1073, We can choose zg = 0.5.

» We have £(0.3)f(0.5) = —0.278 x 0.412 < 0, and the derivative is f'(z) = 2xe® + x%e® + 2 > 0 for all

x € (0.3,0.5), hence the solution « is unique in [0.3, 0.5].

22



1.8 Exercises 23

* The second derivative is f”(z) = x2e* + 4we® + 2¢* > 0 for all z € (0.3,0.5), so f is convex.

* Therefore, the Newton sequence defined by

r2e*n 4 2z, — 1
2xpetn + x2etn + 2

Tntl = Tn

converges to the exact solution a.

Let us now perform the iterations:

x%e"o +2x0—1
2x9e®0 +zgeg”0 +2

Iteration1: 2o =0.5 = 21 =x9— = 0.3985.
We have |21 — 29| = 0.101 > 1073, so the stopping criterion is not satisfied.

x%ezl +2x1—1

Iteration 2: We compute the next iteration: xo = 1 — e Falet 3 0.3887.
We have |22 — 21| = 0.098 > 1073,
. . . x2e®24+2z9—1

Iteration 3: We compute the next iteration: x3 = x9 — —2 = 0.3886.

2x0e”2 +:v§ez2 +2

We observe that |23 — x| = 10~* < 1073, Therefore, the process is stopped.

The approximate solution is x3 = 0.3886, thus a ~ x3 = 0.3886.

1.8 Exercises
Exercise 1.1. Let f(z) = 22° — x — 5.

1. Plot the graph of the function f.

2. Show that the function f has a root in the interval [1, 2].

3. Using the Bisection Method on the interval [1, 2] with a precision e = 1072, compute the zeros of this function.
Exercise 1.2. We want to approximate the solution of the following equation:

In(z) + 2 = 0.
1. Show that there is only one solution 2o € RT.

2. Apply the Newton-Raphson method on the interval [%, %] for the first five iterations.

23
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24

Exercise 1.3. We want to find the zeros of the following function:

f(x) =e" —4x”.

1. Study graphically the equation f(z) = 0. Deduce that there is a root in the interval [0, 1].

2. Study the convergence of the sequence generated by the Fixed Point Method and determine its order of convergence.

3. Study the convergence of the sequence generated by Newton’s Method, specifying the order of convergence.

4. What conclusion can you draw?

1.9 Solutions to the Exercises

Solution to Exercise 1

Consider the function f(z) = 22® — x — 5, which is continuous and differentiable on R.

On the interval [1, 2], we have

which shows that f is strictly increasing on [1, 2]. Moreover,

By the Intermediate Value Theorem, there exists a unique ¢ € (1, 2) such that

f(1)

—4 <0,

f'(z) = 62% —1 >0,

f(2)=9>0.

f(e) = 0.
Bisection Method with ¢ = 1072
We apply the method on the interval
1,2
. The required number of iterations is
SW(E) .
"= e )
Iteration | Interval [ay, bg] | Midpoint “’“;b"‘ f (“’“;rb’“> New Interval
0 [1,2] 3 1>0 [1,3]
1 1, 5] i ~% <0 [, 3]
5 3 11 301 1 3
2 35 3] 5 — 56 <0 (53]
11 3 23 1017 23 3
3 53] 1 — 018 < 0 16 ]
23 3 47 2161 47 3
4 (%6 2] 52 ~ 16381 < 0 [53- 3]
5 [%, 3 = ~ 0 Root € [%, 3

24



1.9 Solutions to the Exercises 25

Thus, after 5 iterations, the approximate root is
95
~ — ~ 1.484.
S

Solution Exercise 2
The function f(x) = x + In(z) is defined, continuous, and strictly increasing on R*. Moreover,

lim f(z) = —o0, lim f(x)=4oc.

x—0t T—r+00

By the Intermediate Value Theorem, there exists a unique ¢ € R such that f(c) = 0.

We now apply the Newton—Raphson method on the interval I = [%, %] . The Newton—Raphson iteration is given
by
T — f(zn) o Tn +In(z,) xn(l —|—1n(:cn))
T P, T T L T4an

Starting with xg = % we obtain:

1 ~ 0.56438239352.

[ xo ~ 0.567138987716, x3 ~ 0.567143290399, x4 =~ 0.567143290410, x5 ~ 0.5671432904098 =~
0.567143290410.
We observe that with x5, we already obtain 10 exact decimal places.

Solution Exercise 3

1. Let f(z) = e — 422 be a function defined on R. We observe that f(—z) = f(), i.e., the function f is even.

Therefore, we can restrict our study to the interval [0, +o0].

On the other hand, f is continuous and f(0) = 1 > 0 and f(1) = e — 4 < 0. Therefore, by the Intermediate
Value Theorem, 3¢ €]0,1[: f(c) = 0.

2. Let us study the convergence of the fixed-point sequence of the equation f(x) = 0:

1 22
& 4 =0 = 2r=+Ve? — w—§e2
We set
1 22
= — 2
9(z) = 5e2,
which is C1([0, 1]).
For 0 < z <1, we have
122 11
OSEGQ S§€2<1

Hence, ¢([0,1]) C [0,1].
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x 22
()] = [5¢3

thus g is contractive.
Therefore, by the Fixed Point Theorem, the sequence defined by
Tn+1 = g(xn), To € [07 1]1

is convergent to the root ¢ € |0, 1].

On the other hand,
g'(c) = cg(c) = & #0,

hence the fixed-point method converges only with order 1.

. We define the Newton sequence of the function f as follows:

2
PR () I e U
n+ " f/(xn> " anex% — 8Tp

=X

Since c is a simple root of f, the Newton method has order 2.

= |zg(x)] < o] <1,

2
T 2
en — 4z

" 2Ty, (e‘”% — 4)'

4. We conclude that the Newton method is more efficient than the fixed-point method.
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CHAPTER 2

NUMERICAL INTEGRATION

The objective of this chapter is to compute definite integrals numerically. Let f be a function defined and continuous

on the interval [a, b]. We consider the following definite integral:

b
If—/a f(z)dx. (2.1

In many situations, the computation of Iy by analytical methods is very complicated, or even impossible. For
example, f02 e~** dx cannot be calculated using exact methods, since [ e~ dx

does not have an explicit antiderivative (e*"’D2 admits no primitive). Consequently, numerical methods are used to
approximate the integral I.

Let us first subdivide the interval [a, b] into small subintervals [x;_1,x;], fori = 1,2,... ,n such thata = xg <

1 <+ < xp_1 < xn = b. We define the step size by h; = x; — x;—1. It is clear that
b T T2 Tn
If:/ f(:v)d:z::/ f(:n)dx+/ f(x)d:z:+~-+/ f(z)dx (2.2)
a x0o x1 Tn—1

S [ fwan. (23)

n
i=1 7 %i-1
The principle of numerical integration is to approximate (or simply replace) f on the interval [z;_1, ;] by a
polynomial p of degree d > 0 (i.e., f(z) ~ p(z) on [x;_1, z;]).
In this chapter, we present three of the most commonly used numerical integration methods, namely: the rectangle

method with its three variants (left, right, and midpoint), the trapezoidal rule, and finally Simpson’s rule.

27



2.1 Rectangle Methods 28

2.1 Rectangle Methods

2.1.1 Riemann Sums

The so-called rectangle approximation methods are natural and rely on the notion of Riemann sums. Let us briefly
recall this notion.
Let f : [a,b] — R be a piecewise continuous function. A subdivision o of [a, ] is a finite set {ao, ..., ax} such

that

a=ag<ar<ag<---<ap=>0

We denote |o| = max 1(ai+1 — a;) the length of the subdivision. If for every i = 0,...,k — 1 we choose
1=0,....k—

x; € |ai, aj+1], we say that o? = (o, (x;);) is a tagged subdivision of [a, b].

We the n define

T
L

Sor(f) =) f(@i)(ai+1 — a;).

i

Il
o

This sum is called the Riemann sum associated with the tagged subdivision ¢?, see Figure 2.1. The foundation of

Y
/!

A
\\\

)
m

[

E—
S

[----=-----K

Figure 2.1: Riemann sum associated with the tagged subdivision o?.

the theory of Riemann integration states that

Theorem 2.1. If f is piecewise continuous, then for any sequence (oh ), of tagged subdivisions of [a,b] such that

loh| — 0 asn — oo, we have

b
lim Sy»(f) :/ f(z)dx.

n—o0

28



2.1 Rectangle Methods 29

2.1.2 Left and Right Rectangles

The left and right rectangle methods are based on Theorem 2.1, where we respectively choose the following tagged

subdivisions:
» k(b —a)
* Left rectangles: o7, = {ao, ...,a,} where a, = a + ———= and z}, = ay,
n
) » k(b — a)
* Right rectangles: o7, = {ao, ..., a,} where ay = a + ——— and z, = ag41.
n

a
, and we choose

In other words, we divide the interval [a, b] into n segments of equal length, each equal to
as points x, the left endpoints (respectively, the right endpoints) of each subinterval.

We denote simply Sj and S,‘f the corresponding Riemann sums, i.e.,

n—1

b— k b—a k
S9 = na f(a—l—n(b—a)), and 59 = na f(a—i—n(b—a))
k=0 k=1
MERS 77'_25.
Figure 2.2: Left rectangles Figure 2.3: Right rectangles

2.1.3 Error Analysis for Left and Right Rectangles

We know that the two sequences (S7),, and (S%),, converge to f; f(z) dz. The question is therefore to estimate the

error if we take one of these values as an approximation.

Proposition 2.1. Let f : [a,b] — R be a C* function and let My = SUPycap) | (z)|- Then, for any n,

S Ml(b— a)2

7 < Ml(b—a)2‘
2n -

o @2.1)

b b
[ t@a—s; | f@de s

k
Proof. We prove the result for S5, the proof being the same for S%. We set ar = a + — (b — a). First, note that M;
n
is indeed a finite number. In fact, since f € C 1 we know that /' is continuous on the segment [a, b], and therefore
bounded there.

By Chasles’ relation and the triangular inequality, we obtain
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2.1 Rectangle Methods 30

-1

n ak+1 h—
x)dr —SI| = Z/ x)dr — naZf(ak)

k=0 " %k k=0
n—1 ak+1

- / — flay)) dz
k=0"
n—1 @k+1

< X [ - el da.
k=0 " %k

By the Mean Value Inequality, we can write, for every k and for every x € [ak, agt1],

|f(z) — flar)| < Mi(z — ag).

Hence,
n—1 agt1
xz)dr —SI| < MlZ/ (x — ag)dx
k=0
M n—1
< o5 (a1 — ax)®.
k=
. —a .
Since a1 — ap = ——, we obtain
n
Ml(b — a)2
der -S89 < ———~,
z) dz K 2n

O

Remark 2.1. One can show that the error bound is optimal in the sense that there exist functions f for which equality
holds in (2.1). For this to happen, all the inequalities in the proof must be equalities. This is the case if f is affine.

For example, if f(x) = x on [0, 1], we have

-1 1
i and Sd:n+

59 =
" 2n " on ’

1
1
while / rxdxr = > We then find that
0

1 1 1 Mi(b—a)?
/mdw—SZ:/:L‘da:—Sg::M.
0 0 2n 2n

Example 2.1. Let us consider the function
fla) =a?.
Compute the approximate value of the integral of f(x) over [a, b] = [0, 1] using the composite rectangle method with

n = 6.
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Solution.
We have
b n—1
I= [ flx)yde~h)_ fi,
a i=0
where
b— 1
ZL‘i:a—i-’L.h, h = a:7> fz f('rl)a Z_O7 15
n
Thus,
To=a=1U, leé, 9622%7 373:%7 I1?4=%, 375:%
— 02 — ()2 _ 1 —(2)2_ 4
fo=0"=0, fi (6) — 36 f2—(6) — 36
3\2 9 4\2 _ 16 5\2 __ 25
=) =% fi=G) =% =G =%
Therefore,

1 1 4 9 16 25
0

1 55 55
- — = — ~ (0.2546.
6 36 216 02546

The exact value of the integral is
L, 411
I:/ ?dr = || =14 ~03333.
0

The relative error is
B |0.3333 — 0.2546]

~ 0.236 ~ 23.6%.
0.3333 0236 3.6%

Er

2.1.4 Midpoint Method

In the left and right rectangle methods, the convergence appears to be slow. However, the actual error may in principle
be much smaller than the one given by (2.1).

Indeed, to obtain the latter we estimated the error committed on each subinterval [a, ai41] and then added these
errors. However, these errors may “compensate” each other, some being positive and others negative.

In the left rectangle method, the error is negative on intervals where f is increasing (in the sense that bfT“ flag) <
faa:“ f(z) dx) and it is positive when f is decreasing.

Conversely, in the right rectangle method, the error is positive on intervals where f is increasing and negative
when f is decreasing.

In particular, if the function f is increasing on [a, b] or decreasing on [a, b, there is no compensation of errors

between the intervals, which explains why the error bound (2.1) can be attained.

31



2.1 Rectangle Methods 32

negative error {777 positive error

[
h
h

Figure 2.4: Errors in the left and right rectangle methods.

The midpoint method provides a significant improvement in the rate of convergence compared to the left or right

rectangle methods. The idea here is to subdivide the interval [a, b] again into subintervals of equal length, i.e., we still
ag + ag41
—
Whether on an interval [ay,ar+1] the function f is increasing or decreasing, there will be a form of "partial

setay, = a + —(b — a), but we choose the points zj, at the midpoint of the subintervals, i.e., xj =
n

compensation" within the interval itself.

Y4,

SO
A

Figure 2.5: Errors in the midpoint method.

(CLk + ak+1)

We denote my, = the midpoint of the interval [ag, ap+1], and

2.1.5 Error Analysis for Midpoint Method
b
The associated Riemann sum. Again, Theorem (2.1) ensures that the sequence (.S]"),, converges to / f(z)dz, and
a

we wish to estimate the error

[ e sy
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Proposition 2.2. Let f : [a,b] — R be of class C?, and let My = supme[a’b]|f”(m)|. Then, for all n,

Mg(b — a)3

o) 2.2)

<

[ e - st

Proof. The same computation as in the proof of (2.1) gives
Ak+1

b n—1
[ t@as—sp =3 [ (1) - fm) da.
a k=0~ %k

For each k, we apply the Taylor—Lagrange formula between = and my,: there exists c; between = and my, such that

o) — flm) = £ lmg) = i)+ T 2

Hence,
b n—1 Af41 ag+1 £I c
/ f(x)dx—szZ(f’(mk)/ (x—mk)d:c+/ / (Qk)(w—mk)2dx>.
a k=0 ag ag

Since my, is the midpoint of [ag, ag+1], we have

/ak+1(l‘ —my) dz = %((akﬂ —m)? — (ay, — mk)z) _o,

ag
which yields
b n—1 af41 1"
/a flz)dz — S| = Z/a f(zck)(x—mk)zdx
k=0 "%
n—1
M. Ak+1
< Z;/@ (x — my)?* da
k=0 k
Mg(b — CL)3
- 24n?

O

Remark 2.2. One might think that the improvement in the error compared to the left or right rectangle methods comes
from using the second-order Taylor expansion. This is not the case. If we apply the same strategy to the left rectangles,

for instance, the first-order term gives

Tht1 1 (b—a)?
[ e ade = Gl - a2 = 2525

ag

Thus, we obtain

b n—1 —a 2 n—1 akt1 f1(e
[ r@ae—sp =3 ran U Y [T ES G a2
a k=0

2n o
The second term on the right-hand side can be bounded by (bgn a2)3, and is therefore also of order n—12 However, the

first term is a priori bounded by
n—1 2 2
, (b—a) Mi(b—a)
E < .
— fax) 2n?  — 2n

This recovers exactly the error obtained in (2.1).
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2.2 Trapezoidal Method 34

Example 2.2. We evaluate numerically, for n = 3, the integral

™

I(f) :/02 sinz dz,

whose exact value is I(f) = 1.

Wehavea =0,b=5,n=3,h = ,

Thus,

We obtain the following tables:

i |z "’“’Z‘—l; ey (5) = sin(@:) | f (mi_l; x>
010 '

. sin{s = \/61\/5
1|5 :

. sin = @
2| % @

%r sin%r = M
315 1

For the integral, we compute:

By=hY_ flain) = 2 (0+3+ %) = —5~m ~ 0.7152402,

3
- 3+ V3
Ry = hZf(fUz) — % (% + @ + 1) — 12\[7r ~ 1.238848,

R =0 f(B555) = % (sings + sinf +sin3F) =~ 1.011515.

2.2 Trapezoidal Method

The previous methods are based on the notion of Riemann sums, and therefore on the idea of approximating, on each
subinterval [ag, ai+1], the function f by a constant function (equal to the value of f at the chosen point). It is natural

to try instead to approximate f not by a constant, but by an affine function (or even a higher-order polynomial, see

Chapter 3).
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Once again, we consider only the case where the intervals [ay, ax41] all have the same length, i.e. ax = —(b—a).
n
We denote by f, the affine function that interpolates f at the points (ag, f(ax)) and (ag+1, f(ax+1)). In other words,

flags1) — flax)

Ap41 — Ak

fr(z) =

(z —ax) + flak).

We will take f, as an approximation of f on the interval [ay, ax+1]. The approximated value of the integral of f

is then given by

n—1 api1
Toi=) / i fr(z) da. (2.3)

N

Figure 2.6: Trapezoidal Method.

We can easily compute (this is the area of a trapezoid, see Figure 2.6)

/akH fi(x) du = %(f(akﬂ) + f(ar)) (ar+1 — ax) = boa
Thus we obtain
n—1 1
T, = bQ—na Z (f(ak+1) + f(ak)) _ bQ—na (f(a) + ZZf(ak) + f(b)) )
k=0 k=1

2.2.1 Error Analysis for Trapezoidal Method

We then have the following upper bound for the error.
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2.2 Trapezoidal Method 36

Proposition 2.3. Let f : [a,b] — R be of class C? and let Mo = SUPgefap) |f" (2)|- Then, for all n,

< Ms(b —a)?

< 192 24)

/abf(af)dw—Tn

Proof. The beginning of the proof is the same: using Chasles’ relation and the triangle inequality, we write

Ak+41

b n—1
/ f@yde—T, < 3 / (F(2) - fu(a)) du.
a k=0 "%

The idea is then to estimate each term
Af41
/ gr(x)dx, where gi(x) = f(x) — fr(x),
ay
by first performing an integration by parts. We first note that, by construction, gi(ax) = gr(ag+1) = 0, so there is no
boundary term in the integration by parts. Thus we can write

[ a@ar=- [T G@)e - dn

ag a

1
By parts, still without generating boundary terms. The primitives of v(x) = x — ¢ are of the form i(x —c)? +d,

and therefore

/akﬂ gr(z)de = —/ak“ gz(x)(a:—c)dx/ak“ gi(@) (A(z — 0)? + d) da

ag 23 ak

= —[st@) (= +a)]

Ak41

ag

In order for the new boundary term to vanish, it suffices that the polynomial %(ZC — ¢)? + d vanishes at a;, and

aj+1- In other words, we choose c and d so that
Sa—e)+d=3(v—ap)(z— ars1).

We then have

1 A1

< 5 [T @ - e - a)| ds
ag

My

2
Ma(agi1 — ag)®
12

Ms(b —a)?

12n3 7

g1
/ gr(z) dz

ag

/ak+1(m’ —ag)(ag41 — x) dx

ag

where in the second line we used the fact that f}, is affine and therefore |g;(z)| = | f"(z)| < Moa.
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2.2 Trapezoidal Method 37

Finally, we obtain

n—1

<y
k=0

k1 Mg(b — CL)3
da| < 220 =47
/ak 9(2) x‘ =T 1202

/abf(af)daf—Tn

Example 2.3. Consider

1
I:/ e~ de.
0

1. Approximate [ using the trapezoidal rule for n = 5 with a uniform step size.

2. Determine the maximum error committed by the trapezoidal rule.

fxiz1) + f(@)

Solution. We provide in the following table the values of x;, f(z;) and for n = 5 with the step size

2
h=12=02.

, \ | fQ@io) £ f(6)
:L‘Z f(-:UrL) 2

0 | 1.0000 0.9803
0.2 | 0.9607 0.9064
0.4 | 0.8521 0.7749
0.6 | 0.6976 0.6124
0.8 | 0.5272 0.4475

1 |0.3678

By applying the trapezoidal rule formula given by (2.7), we obtain the following approximation:

5
Ir=hY" f@“l); @) .9(0.9803 + 0.9064 + - - + 0.4475) = 0.7443.
1=1

—x

. . . . 2
To determine the maximum error, we need to compute the second derivative. For f(z) = e™*", we have

fl(x) = —2ze ", f(x) = e (422 — 2).

Thus,

V= "(z)) = = (4a? —2)| = |£"(0)] = 2.
25 1= gyl =B =10

Therefore, the maximum error of the trapezoidal method is given by

1% 2 0.04
- a)h? = it 0)(0.2)* = =5 A 0.0066.
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2.3 Simpson’s Method 38

2.3 Simpson’s Method

We conclude this first chapter on numerical integration with Simpson’s method. In this case, the idea is again to

approximate the function f on each interval [ay, ax1], with a, = %(b — a), by a “simple” function. We have already

used a constant function, or a polynomial of degree at most 0, in Section 2.1, and an affine function, or a polynomial
of degree at most 1, in Section 2.2. It is natural here to choose a polynomial of degree at most 2.
Given an interval [c, d], we consider the polynomial P € Ry[X] that interpolates f at the points of abscissa c, d,

and m, — % Thatis, P(X) = a + AX +~X? such that P(c) = f(c), P(m) = f(m), and P(d) = f(d).

Lemma 2.1. There exists a unique P € Ry[X] which interpolates f at the points with abscissas ¢, d, and m. It is

given by

(X —m)(X —d)
(c—m)(c—d)

(X —¢)(X —d)
(m—c)(m —d)

(X —¢)(X —m)

P(X) = () (d—m)(d—c)

+ f(m)

+ f(d)

2.9)

This formula is a particular case of the Lagrange interpolation polynomial. We will return to this in Section 3.1. A

straightforward computation shows that if P is given by (2.5), then

d —c
/P(:c)d:v:dG (f(c) +4f(m)+ f(d)). (2.6)

As in the previous sections, on each interval |ay,ay1] we approximate f by the corresponding interpolation
polynomial and the integral of f by that of the polynomial. Thus, Simpson’s method consists in approximating

ff f(x) dx by (where for each k we have ay11 — a = IFT“)

n—1
b—a

S i= TS (flan) + 4 (mi) + F (b))

6m
k=0

2.3.1 Error Analysis for Simpson’s Method
The error estimate is based on the following lemma

Lemma 2.2. Let  : [c,d] — R be a function of class C* and let M, = SUPgc(e,d] | £ 9 (x)]. Then

d . — o)
[ e S5 (e a3ty st | < Ml

6

By applying the lemma on each interval [a, axt1], we immediately obtain:

Proposition 2.4. Let f : [a,b] — R be of class C* and let My = SUPye[a,b) |fD(x)|. Then, for all n,

< M4(b — CL)5

b
/a f@)de = Sal < —oggn

The Simpson’s method has an error of order h*. It is the most commonly used method in practice because its
error converges very quickly to zero as h — 0, compared to other methods (the trapezoidal rule of order h? and the

rectangle rule of order h or h?).
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2.3 Simpson’s Method 39

Example 2.4. e Compute [ = f02 x2e® dx using Simpson’s method for n = 8 with a regular step.

* Determine the maximum error committed by Simpson’s method.

flaim1) + f(JUz), and f(&;) = f(m>

Solution We present in the following table the values of z;, f(z;), 5 5

for n = 8 with the step h = Q—go = 0.25.

v | fl) f(xil);L S (i) 5 = xl%m £(5)

0 0 0.0802 0.125 0.0177
0.25 | 0.0802 0.4924 0.375 0.2046
0.50 | 0.4121 1.6029 0.625 0.7297
0.75 | 1.1908 3.9090 0.875 1.8366
1.00 | 2.7182 8.1719 1.125 3.8983
1.25 | 5.4536 15.5374 1.375 7.4775
1.50 | 10.0838 27.7072 1.625 13.4102
1.75 | 17.6234 47.1796 1.875 22.9247
2.00 | 29.5562

Applying Simpson’s formula, we obtain the following approximation:

O))\D
Il
| =
(]

(f(zi-1) + f(xi) +4f (7))
1

= ((0.0802 oo+ 47.1796) 4+ 4(0.0177 + - - - + 22.9247))

[N
DO .
o ||

= 12.7783.

2

To determine the maximum error, we need to compute the fourth derivative. Since f(z) = x°e”, we have:

fl(x) = 2% 4 2ze®,  f'(x) = 2%e® + 4xe® + 267,
FO () = 22® + 6xze® + 667, [ (x) = 2%e” + 8xe® 4 1267,

We get

W = max |f®(z)| = max (z2e” + 8ze” + 12¢") = FW(2) = 236.4498,
xE[a,b] me[O,Q}

because f(*) () is strictly positive and strictly increasing on [0, 2].

Therefore, the maximum error of Simpson’s method is given by

W 4, 236.4498

— (b — = 2 — .25)* ~ 0.0006.
28800~ Y ags0 (2~ 0)(025) 0
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2.4 Exercises

Exercise 2.1. Let the function f(x) be defined by the following table:

s s 3T
0 8 1 E3

f(z) | 0]0.382683 | 0.707107 | 0.923880

e

1. Determine fgr /2 f(x) dzx using the trapezoidal rule and then Simpson’s rule.

2. Knowing that f(z) = sin x, compare the obtained results with the exact value.

= /07r sin(z) dx.

Exercise 2.2. Let the integral

1. Compute the exact value of I.
2. Using the composite trapezoidal rule and the composite Simpson’s rule with step size h = 7:

(a) Compute the approximation of I.
(b) Provide an upper bound for the error.

(c) Evaluate the error.

3. Determine the step size h and the number of subdivisions of the interval [0, 7] such that the error obtained by

the composite trapezoidal rule (respectively, the composite Simpson’s rule) is less than 5 x 1074

2.5 Solutions to the Exercises

Solution Exercise 1
1/ Calculation of the integral using the trapezoidal rule

b—a

n—1
Ir(f) = — fla)+ f) +2> fz)|, h=—=-"15=
=1

Thus,

Ir(f) = 35 O + 1(5) +2(F(5) + £(5) + F(3)].

Ir(f) = % [0+ 1 + 2(0.382683 + 0.707107 + 0.923880)] ~ 0.987116.

- Calculation of the integral using Simpson’s rule
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2.5 Solutions to the Exercises 41

n—1 n—2
Is(f) = b f(a)+ f(b) +4Zf(1’i) +2 Z )|, h= g
1=1 =2

i odd ieven

Is(f) = o= [FO0) + £(5) + 4 (F(5) + £(35)) +2£(3)].

Is(f) = % [0+ 1+ 4(0.382683 + 0.923880) + 2(0.707107)] ~ 1.000135.

2/ Comparison

The exact value is

/2
Iexact = / sin(a:) dx = [ - COS(:L’)]O
0
Errors:

| Texact — I7| = 1 — 0.987116 = 0.012884,

[ Iexact — Is| = 1 — 1.000135 = 0.000135.

We conclude that the approximation of I by Simpson’s rule is more accurate than the trapezoidal rule.

Solution Exercise 2

2. I) We start with the Trapezoidal Rule:

(a)
" (Flao) + Flaa) +2(f (1) + ) + f(22))),

I trap — 9

withwg =0, 21 = §, 20 = 5, 13 = ‘(%r, and x4 = 7. Thus:

i = & (FO)+ () +200(5) + £(5) + () = T (1 + V2) ~ 1896,

(b) We have:
h2
E= -5 —z0)f'(€), 0<&<m
Hence:
73 °
| = ﬁlsin(é)\ < ——~0.16149, 0<¢< .

— 192
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(c) The relative error is:

Erel = Texact — Itrap ~ 0.1038.

II) Simpson’s Method

(a)
Tsimp = 15 () + J(m) + 2 (3) + 4(/ () + F(5F))) = T(1+4v/2) ~ 3.4855207.
(b) We have:
E——h—5f(4)( ), 0<¢<
TR
Thus:
& B
|| = ol sin(€)] < 5o ~0.00033205, 0< €<

(c) The relative error is:

Erel = Iexact - ISimp ~ 1.4855207.

3. Let us compute the step size 4 and the number of subdivisions n of the interval [0, 7] for e = 5 x 1074,

Trapezoidal Method
We have:
h2
B =—T(an—z0)f'(§), 0<€<nm
Thus:
|E| = Zh2|sin(€)| < —h2 ~0.0005, 0<¢&<
12 — 12 ’ -
Hence:
9 12
h® < —-0.0005, h <0.044.
T
Therefore:

T
— =~ 71.8.
n>h 71.8

Thus, the number of subdivisions of the interval [0, 7] is n > 72.

Simpson’s Method
‘We have:

E=—nfde), o<e<m

90
Thus:
IE| = = h4sin(€)] < —h* ~0.0005, 0<¢<m.
90 90 ’ -

Hence:

4 90

h* < —-0.0005, h <0.4111408.
T
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Therefore:

T
— =& 7.64116.
n>h 7.64116

Thus, the number of subdivisions of the interval [0, 7] with Simpson’s method is n > 8.
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CHAPTER 3

POLYNOMIAL INTERPOLATION

For example, consider an experiment in which the distance traveled by an object is recorded as a function of time.

The results are given in the following table:

t(sec)‘O 1 2 3 4
X(m)‘O 5 15 0 3

We want, for instance, to calculate the position of the object at time ¢ = 2.5 seconds, or the velocity of the
object at a given time. For this purpose, we need an analytical expression of x as a function of ¢, namely X (¢). This
4
function must at least match the points given in the table. Then we can compute X (2.5), / X (t) dt, or the velocity
0

v(t) = Cu;f(t)

In this chapter, we will consider approximating X (¢) by a polynomial expression, that is:

X (t) = ap + a1t + agt® + - - - + apt™,

where the coefficients a; (¢ = 0, ..., n) are to be determined.
The polynomials we will study differ only in the way the coefficients a; are computed. For any given table of

values, the interpolation polynomial is unique.

3.1 Interpolation or Approximation

Definition 3.1 (Interpolation). Unlike interpolation, approximating a function does not require the sought curve (of
the approximated function) to pass through the points (x;, y;), but it requires that a certain approximation criterion be

satisfied (e.g., least squares criterion).
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3.2 Lagrange Interpolation Polynomial 45

Definition 3.2 (Approximation). Unlike interpolation, approximating a function does not require the sought curve
(of the approximated function) to pass through the points (x;, y;), but it requires that a certain approximation criterion

be satisfied (e.g., least squares criterion).

e

flx) 1

Figure 3.1: Polynomial interpolation.

=

fx)

Figure 3.2: Function approximation.

3.2 Lagrange Interpolation Polynomial

Let (n + 1) distinct points zg, z1, . . . , T, be given, and let f be a function whose values at these points are
f(zo), f(x1),..., f(xy). Then there exists a unique polynomial of degree less than or equal to n that coincides with
the interpolation points, i.e.,

fzr) = Pu(zi), k=0,1,2,...,n.
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3.2 Lagrange Interpolation Polynomial 46

This polynomial is given by:

Pa(x) =Y f(ws) Li(x) = f(zo)Lo(x) + f(w1) L1 (@) + -+ + f(@n) Ln(),
i=0

where
n
Xr — Iy r — X0 Tr — T r — X1 T — Th+1 r — Tp
Lk(x):H — . : , (k=0,...,n)
iso Tk —%i Tk —To Tk — T Tk — Th—1 Tp — Tkl T — Tp
i#k

The functions Ly (x) are called the Lagrange basis polynomials. They are orthogonal in the sense that:

Lk(xj) =0 fOI‘j 75 k, Lk(xk) =1.

3.2.1 Example:

Let us take again the table given at the beginning of the chapter and try to compute the Lagrange interpolation
polynomial for this table. Note that for (n + 1) points, the degree of the interpolation polynomial is less than or equal

to n. In our case, we have 5 points, which gives a polynomial of degree at most 4.

4
X(t) ~ Py(t) = D f(t:) Li(t) = f(to)Lo(t) + f(t1)La(t) + f(ta) La(t) + f(t3) La(t) + f(ta) La(t).
i=0
Since the coefficients f(t;) are simply the values of X (¢;) at the given points, we substitute them to obtain:
X(t) ~ P4(t) =0- L()(t) +5- Ll(t) +15- Lg(t) +0- Lg(t) +3- L4(t).
Next, we compute the Lagrange basis polynomials.

4

t—t;

Lo(t):Ht —
=0 0 T
i£0

Note that it is unnecessary to compute L(t) and L3(t) because they will be multiplied by zero in the interpolation

formula.

4
t—t; t—0 t—2 t—3 t—4 1
Lyi(t) = L = - : : = —= (t* — 9> 4 261> — 24t) .
1) gtl—ti 1-0 1-2 1-3 1—4 6( 96" + 26 )
i1

Lo(t) = = . . : =— (7" —8t° + 19t — 12t) .
2(t) th—ti 2-0 2-1 2.3 2-4- 1! * )
£
L4(t) = = . . . = — (t" -6t 11¢t* — 6¢) .
4®) H)t4—tl- o i-11-2 13 2! * )
i£4
Finally, substituting the computed Lagrange polynomials, we obtain:

X (t) ~ Py(t) = —25.75t + 50.95833 % — 23.25¢° + 3.04167 .
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3.3 Newton Interpolation Polynomial 47

3.3 Newton Interpolation Polynomial

We have seen that the Lagrange polynomial uses (n + 1) polynomial coefficients, which are themselves polynomials
of degree less than or equal to n. Computing these polynomial coefficients is also a delicate task, which is why it is
useful to employ a more flexible formulation: the Newton interpolation polynomial.

The construction of the Newton polynomial begins with a polynomial of degree 1, P; (), which passes through
the first two points. This polynomial is then used to compute another of degree 2, P»(z), which passes through the
first three points, and so on, until the final polynomial of degree less than or equal to n, P, (z).

We have the following recurrence relation between two successive polynomials, P;_1(z) and P;(x) for i =

2,3,...,n+ 1

Pi(x) = ag + a1(x — xp),
Py(x) = Pi(x) + az(x — z9)(x — x1),

Ps(x) = Py(z) + ag(x — zp)(x — 1) (z — x2),

P,(z) = Ppo1(x) + an(z — x0)(x — x1) - - (. — Tpp—1).
We observe that the coefficients ag (K = 0,...,n) are the essential elements in the computation of Newton

polynomials. These coefficients are the divided differences of order k of the function f.

3.4 Computation of the Divided Differences of a Function f

The divided differences of a function f based on the points zg, 1, . . ., z, are given by:

k

Yi
ak:f[$0,$1,...,xk]: -%
; [Tj=o(i — ;)
J#i
In practice, for a limited number of points, the divided differences are computed using a table of the following

form:
2 | f(zx) = flzx] | DDI DD2 DD3 DD4
0 o]
T fla] flzo, 1]
T2 flz2] flz1, 2] | flzo, 1, 2]
3 [fls] flw2, x3] | fle1, w2, 23] | flwo, 1,22, 23]
4 [l flzs, za] | flw2, w3, 24] | flT1, 72,73, 74]
With:
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3.5 Interpolation Error 48

flwo, 1] = M Fflr, 2] = M
T i) 9 x

flxo, z1,x2] = f[xl,xxgz] : i([)m,m]v o1, wo,x5] = f[m,xji : le,@]?

f[l‘o,l'l,xg,xg] — f[$1,:6’2,.%'3] — f[x07$17m2]7 f[x17x2,$37x4] _ f[.%'g,.%'g,x4] — f[$1,3727$3]’
T30 Ty — a1

- f[x1,f132,x3,374] —f[.’L'(),.’L'l,.fQ,xg]
flwo, x1, 02, 23, 24] = .
T4 — X0

3.5 Interpolation Error

This is the error made when replacing the function f by the corresponding interpolation polynomial. It is denoted
by e(x) because it varies from one point to another within the interpolation interval. This error must be zero at the
interpolation points, i.e., e(x;) = 0fori =0,...,n.

If the function f is continuous and (n + 1) times differentiable on the interpolation interval [a = zg, b = x,,],

then for every x € [a, b] there exists z € [a, b] such that:

n

H(x — ;)

e(z) = |f(z) — Pa(z)| = % f(nﬂ)(z)

If | f ) (2)| < M Vz € [a, b], we can write:

n

H(x — ;)

e(z) = |f(z) — Pa(2)] < %M

In this case, M is an upper bound for the function f(*1)(z) on the interval [a, b].

3.5.1 Example:

Let us take again the table given at the beginning of the chapter and try to compute the Newton interpolation
polynomial for this table. Note that for n 4+ 1 points, the degree of the polynomial is less than or equal to n. In
our case, we have 5 points, which gives a polynomial of degree less than or equal to 4. Let us write the Newton

polynomials:

48



3.5 Interpolation Error

49

P1(t) =ag + al(t — tO)
Pz(t) = Pl(t) + a,g(t — to)(t — tl)
Pg(t) = Pz(t) + ag(t — to)(f — tl)(t — tQ)

P4(t) = Pg(t) + a4(t — to)(t - tl)(t — tg)(t — t3)

The coefficients a; are the divided differences of order i.

Let us compute the divided difference table:

t| f(t)= i) | DD1 | DD2 | DD3 |  DDM4

0 0=ag

1 5) 5 =aq

2 15 10 |25=a

3 0 15 | 125 | —5—ag

4 3 3 0 | 71667 |3.04167 = as

By substituting the a; and ¢; values into the Newton polynomials, we obtain:

Pi(t) = ap + ai(t —tg) = 0+ 5(t — 0) = 5t

Py(t) = Pi(t) +az(t —to)(t —t1) = 5t + 2.5(t — 0)(t — 1) = 2.5¢* + 2.5¢

Ps(t) = Po(t) + as(t — to)(t — t1)(t — ta) = 252 + 2.5t — 5(t — 0)(t — 1)(t — 2)

= 53 + 17.5¢t% — 7.5t
Py(t) = Ps(t) + aa(t — to)(t —t1)(t — t2)(t — t3)
= —5t% + 17.5t% — 6t + 3.0417(t — 0)(t — 1)(t — 2)(t — 3)

= 3.04167t* — 23.25¢3 + 50.95833t% — 25.75¢
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Figure 3.3: Plots of the Newton interpolation polynomials.
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CHAPTER 4

NUMERICAL SOLUTION OF ORDINARY
DIFFERENTIAL EQUATIONS

Differential equations are among the most important mathematical tools used in modeling problems in the physical
sciences. Finding the solution of an ordinary differential equation (ODE) is a common problem, often difficult or
impossible to solve analytically. It is therefore necessary to use numerical methods to solve such equations.

The accuracy of the various solution methods presented in this course is proportional to the order of these methods.
We begin with the simple Euler method (which has a geometric interpretation) that will gradually lead us to more
complex methods such as the fourth-order Runge—Kutta methods, which allow us to obtain highly accurate results.

In this chapter, we focus on first-order differential equations of the form:

y'(t) = f(ty(t).

The Cauchy problem (initial value problem) consists in finding a function y(t) defined on the interval I = [a, b]

such that:
WO _ pt,y(t), tel, ylt)€ER,
y(to) =yo, to€l,yo€R.
The condition y(ty) = ¥ is called an initial condition or Cauchy condition.
If we assume that the function f is continuous with respect to both variables ¢, y, and that f satisfies a Lipschitz

condition with respect to y, that is:

JK > Osuch that V¢ € [a,b], Yy1,y2 € R, |f(t,y1) — f(t,y2)| < Kl|y1 — v,
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4.1 Numerical Methods 52

then, in practice, to verify this condition, one computes:

K =
t€la,b], yER

of(t,y) ‘
oy |

Under these assumptions, the solution of the Cauchy problem exists and is unique on [a, b] (this is the Cauchy

theorem).

4.1 Numerical Methods

4.1.1 General Principle

Consider the following initial value Cauchy problem:
y/(t) = f(t,y(t)),
y(to) = vo-

We assume that this problem admits a unique solution on the interval [a, b].
To obtain a numerical approximation of this solution y(¢) on the interval [a, b], we divide the given interval into n

equally spaced points tg, t1, t2, ..., tn, With tg = a and ¢,, = b, which determines the integration step

and the abscissa of point ¢; is given by
ti=a+ih, (i=0,1,...,n).
The exact solution at point ¢; is denoted by y(t;), while the approximate solution is denoted by
Yi = y(ti).

A numerical method is a system of difference equations involving a certain number of successive approximations
Yns Yn+1s - - - s Yntk, Where k denotes the number of steps of the method.

-If k = 1, we speak of a single-step method: these allow the computation of ¥, using only the value of y,. -
If k > 1, we speak of a multi-step method: these allow the computation of ¥, 1 using the values ¥, Yn—1, - - -, Yn—k
(for a fixed k).

The solution to be estimated can be approximated using a Taylor series expansion. The Taylor expansion of
y(tn+1) up to order m around the point ¢,, is written as:

h? Bm
Y(tnt1) = y(tn) + hy/ (t) + Spy"(tn) + -+ ™ (tn) + O™ ).
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4.1 Numerical Methods 53

4.1.2 Euler’s Method

Euler’s method is the oldest and simplest of the numerical methods for approximating first-order ordinary differential
equations. If the functions y(¢) and y(¢) are continuous, we can write the Taylor series expansion of y(t) in the

neighborhood of ¢,,:

Y(tas1) = y(ta) + hy' (ta) + O(h?).

The term O(h?) represents the error term of order 2. Neglecting the second-order terms, we can rewrite this

equation as:

Y(tnt1) = y(ta) + 0y (ty).
Let y; be an approximation of y(¢;), i.e., y; =~ y(t;). The first-order Euler method is written as:
Yo = y(t[)),
yz+1:yz+hf(tzayz)7 Z4:071727"'

4.1.2.1 Geometric Interpretation

The Euler method consists of locally replacing, at each point ¢;, the solution curve passing through y; by its tangent.

Vi | ¥
|

Yyt
i P e
L
2 .Ir_:')
e Ef‘fb_]‘_’i]_?"- — Yoft
! _h h o R
Iy t t '

Figure 4.1: Euler’s Method.
The tangent to the curve y = y(t) at t = ¢, has the equation:
Y (t) = y(to) + ¥/ (to)(t — to).
Since 4/ (to) = f(to, y(to)), we can write:
Y (t) = y(to) + f(to, y(to))(t — to)-
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4.1 Numerical Methods 54

Or equivalently:
Y (t) = yo + f(to,y0)(t —to).
At the point ¢ = #;:

Y (t1) = yo + f(to, yo)(t1 — to)-

Since t1 — tg = h, this becomes:

Y (t1) = yo + hf(to, vo)-
Approximating Y (¢1) ~ y1, we obtain:
Y1 = Yo + hf(to, o)

Similarly, considering the tangent line at ¢t = ¢;:
Y(t) =y(t) +y' (t)(t — t1).

Att = ty:
Y (t2) = y1 + f(t1, y1)(t2 — t1).

Thus:
Y (t2) = y1 + hf(ti,11).

By proceeding in the same way, we obtain the recurrence relation:
Yit1 = Yi + hf(ti, yi)-
Example 4.1. Consider the initial value problem:
y(t)=—yt)+t+1, y(0)=1

1. Approximate the solution of this equation at £ = 0.5 using Euler’s method, by subdividing the interval into 5

equal parts (perform the computations with six decimals).

2. Compare the obtained results with the exact solution:
y(t) =e P 4 t.

Solution:
We have:
y'(t)=—-yt)+t+1, y(0)=1, n=>5, andtheintegration intervalis [0,0.5].

Let us verify the Lipschitz condition on ¢ € [0,0.5] and y € R:
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4.1 Numerical Methods 55

Notice that the function
flty) = —y(t)+t+1

is continuous on [0, 0.5] x R. Moreover, it is Lipschitz with respect to y on [0, 0.5] with Lipschitz constant K = 1.

Indeed, for all t € [0,0.5] and y1,y2 € R, we have:

1Fty) — Fty)| ==y +t+1—(—ya+t+1D)| =|—y1 +ya| = [y1 —v2| <1-|y1 — vo|.
Also,
0 0
i(tay)Z—l, = max —f =1=K.
dy dy

Condition verified. Hence, the Cauchy problem admits a unique solution.

Computation of the approximate solution using Euler’s method: We have:

b— 0.5—0
flty)=—y®)+t+1, to=0, y=y0)=1, h= na: — =01

Euler’s method is given by:

ti=to+1th, 1=0,1,...,5,
Yirr =Y + hf(tiyi) =vi+h(—yi+t+1).
Using this method, we successively obtain approximations of y(0.1),4(0.2),y(0.3), ..., denoted y1, y2, y3, - - ..
i=0: yi=vo+h(-yo+to+1)=1+0.1(—-1+0+ 1) = 1.000000,

i=1: ys=uyi 4+ h(—y +t + 1) = 1.000000 + 0.1(—1.000000 + 0.1 + 1) = 1.010000.

The following table summarizes the results of the first five iterations.

Exact solution: The analytical solution of this differential equation is:
y(t) =e "+t

This allows us to compare the numerical (approximate) and analytical (exact) solutions and to observe the growth
of the error.

Thus, the approximation of y(¢) at ¢ = 0.5 using Euler’s method is:

ys = 1.090490
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4.1 Numerical Methods 56
i | t; | y; (Approximate Solution) | y(¢;) (Exact Solution) | |y; — y(t;)]
0100 1.000000 1.000000 0.000000
1] 0.1 1.000000 1.004837 0.004837
2102 1.010000 1.018731 0.008731
3103 1.029000 1.040818 0.011818
4104 1.056100 1.070302 0.014220
5105 1.090490 1.106531 0.016041

Table 4.1: Comparison between approximate and exact solutions using Euler’s method.

4.1.3 Runge-Kutta Method

Runge-Kutta methods are generalizations of Euler’s method to higher orders (higher accuracy). These methods

provide greater precision (they generate numerical solutions closer to the analytical solutions) than Euler’s method.

These methods are of the form:

where

Yir1 = Yi + b1k1 + boka 4 bsks + - - -

kl — h’f(xzvyl)a

ko = hf(x; + cah, yi + c2k1) ,

k3 = hf(x; + c3h, yi + az1k1 + azzks) .

4.1.3.1 Second-Order Runge-Kutta Method: RK2

The second-order Runge-Kutta methods are of the form:

ki =hf(ti+cih, yi + ki),

ko = hf (t; + cah, yi + c2k2) ,

Yit1 = Yi + brk1 + boko,

where by, by, 1, co, k1, and ko are determined.

The computation of the values by, ba, c1, ¢, k1, and ks requires the calculation of y(2),y(3), and y(4) from 3 =

f(z,y) and the Taylor expansion. We obtain:
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kl - hf(tﬂyl)?
k? = h’f<t1 + h7 Yi + kl)v
1
Yirl = Yi + 5(7431 + ka).

The numerical scheme of the second-order Runge-Kutta method is given as follows:

yo = y(to) given,

Ky = f(ti—1,9i-1), Ko = f(tic1 +h, yi-1 + hKy),

h .
\yi:yi—1+§(Kl+K2), ’L:].,...,’I’l.

Example 4.2. Solve the previous initial value problem using both the RK2 and RK4 methods to compute the first five

values of the solution, taking the integration step h = 0.1.

Compare the numerical results with the exact solution.

Solution: We have: f(t,y) = —y(t) +t+ 1, y(0) = 1land h = 0.1.
The RK2 method is given by:
ki = hf(tla yz)7

k? == hf(tz + hvyl + kl)a

ki +k
Yit1 = Yi + s 5 2.

Using this method, we obtain the successive approximations yi, y2, - - - , ¥s5.
For i = 0:

k1 =0.1f(0,1) =0.1(-1+0+1) =0,

ka =0.1f(0.1,14+0)=0.1(—14+0.14+1) = 0.01,
0+0.01
yi=1+ 7+2 — 1.005.

For: = 1:

k1 = 0.1£(0.1,1.005) = 0.1(—1.005 + 0.1 + 1) = 0.0095,

ky = 0.1£(0.2,1.005 4 0.0095) = 0.1(—1.0145 4 0.2 + 1) = 0.02855,

0.0095 -+ 0.02855
ys = 1.005 + +2 = 1.019025.

The following table summarizes the results of the first five iterations:
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4.1 Numerical Methods 58

i | t; | y; (approximate solution) | y(t;) (exact solution) Error

0] 0.0 1.000000 1.000000 0.000000
1] 0.1 1.005000 1.004837 0.000163
2102 1.019025 1.018731 0.000294
3103 1.041218 1.040818 0.000400
4104 1.070802 1.070302 0.000482
5105 1.107075 1.106531 0.000544

Thus, the approximation of y(¢) at ¢ = 0.5 using the RK2 method is y5 = 1.107075.

‘We observe that the error is smaller with the RK2 method than with the Euler method.

4.1.3.2 Runge-Kutta of order 4: RK4

This is the most accurate and most widely used method, of order 4. It computes the value of the function at four

intermediate points according to:

;

kl = hf(tlvyz)a

h k1
ko =h t; o Y1 - |
2 f( +2y+2>
h ko
k3_hf<tl+2>yz+2>v

k4 == hf(tz + hﬁ% + k3)7
k1 4 2ko 4+ 2ks + kg
5 .
The numerical scheme of the Runge-Kutta of order 4 method is given as follows:

Yi+r1 = Yi

Yo = y(to) given,

Ky = f(ti, i),
Ko=f(ti + 5, yi+ 1K),
Ks=f(ti+ %, vi+2K)),
Ky=f(ti+ h, yi + hK3),

h
Yi+1 :yiJFE(Kl + 2K+ 2K3+ Ky) .

Example 4.3. Solve the previous initial value problem using both the RK4 and RK4 methods to compute the first five
values of the solution, taking the integration step h = 0.1.

Compare the numerical results with the exact solution.

58



4.1 Numerical Methods

59

Solution:

The RK4 method is given by:

ki = hf(tivi),
k‘zzhf<ti+%, yi+%>>
kszhf<tz‘+%7 yz'+%2>7
ky = hf(t; +h, yi + k3),

1
Yitl = Yi + 6(k1 + 2ky + 2ks + ka).

-Fori=0:
kl == hf(t()v ?JO) = 07
ky = hf (to +h g+ ’;—1) — 0.005,
ks = hf (to+ 4,00 + %) = 0.00475,
ky = hf(t() + h,yo + kg) = 0.00952.
Thus:
y1 = yo + g (k1 + 2k + 2k + ka) = 1.004837.
-Fori=1:
ki = hf(t1,y1) = 0.09516,
ko = hf (tl B+ ’“—21) — 0.0140404,
ks = hf <t1 + oy + ’f—;) — 0.013814,
ka = hf(ty + h,y1 + ks) = 0.018730.
Thus:

Yo = y1 + & (k1 + 2k + 2ks + k) = 1.01873.

The following table gathers the results of the first five iterations:
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i | t; | y; (approx. solution) | y(t;) (exact solution) Error
01]0.0 1.000000 1.000000 0.000000
1]0.1 1.004837 1.004837 0.819 x 1077
210.2 1.018730 1.018731 0.148 x 1076
3103 1.040818 1.040818 0.210 x 1076
4104 1.070320 1.070302 0.242 x 1076
510.5 1.106530 1.106531 0.274 x 1076

Thus, the approximation of y(¢) at t = 0.5 using the RK4 method is y5 = 1.106530.

We observe that the error is of the order of 10~%, which compares favorably with the errors obtained using lower-

order methods (Euler, second-order Runge-Kutta).

4.2 Exercises

Exercise 4.1. Let us consider the initial value problem (IVP):

1. Compute the approximate solution of this equation at ¢ = 1 using Euler’s method, by subdividing the interval
[0, 1] into 10 equal parts.
2. Knowing that the exact solution is

y(t) = 2e" —t — 1,
compare the obtained result with the exact solution.

Exercise 4.2. Let us consider the following Cauchy problem:
y'(t) =y(t) — ¢,

y(0) = 1.

1. Compute the approximate solution of this equation at ¢ = 0.2 using the second-order Runge-Kutta method
(RK?2) with step size h = 0.2.
2. Knowing that the exact solution is

y(t) = 2e" +t+1,
compare the obtained result with the exact solution.
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Exercise 4.3. Let us consider the following Cauchy problem:

y(t)=e"—yt), tel01],

1. Show that f(¢,y) is Lipschitz continuous with respect to y, uniformly in ¢, and provide a Lipschitz constant.
2. Prove that this problem admits a unique solution.
3. Determine the exact solution of this problem as well as the value of y(0.2).

4. Apply Euler’s method to this problem and compute the approximation y2 of y(0.2) using the discretization step
h =0.1.

5. Compare the obtained result with the exact solution.

4.3 Solutions to the Exercises

Solution to Exercise 1
1. Compute the approximate solution of the differential equation at ¢ = 1 using Euler’s method:

We have:

fty)=y+t.
The interval is [0,1] = h =1 =0.1.
Euler’s method is given by:

ti=to+1th, y=1,

Using this method, we successively obtain approximations of (0.1), (0.2),4(0.3), ..., denoted by y1, y2, Y3, - - - .

For¢ = 0:
y1 =yo + h(yo +to) =1+0.1(1 +0) = L.1.

For: = 1:

Yo =y +h(yr +t1) = 1.1+ 0.1(1.1 +0.1) = 1.22.

The following table summarizes the results of the first ten iterations:
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it Yi

0 | 0.0 | 1.0000
1 10.1] 1.1000
0.2 | 1.2200

0.3 | 1.3620
0.4 | 1.5282
0.5 | 1.7210
0.6 | 1.9431
0.7 ] 2.1974
0.8 | 2.4871

© 00 N O Ot k= W N

0.9 | 2.8158
1.0 | 3.1874

—_
ja)

Therefore, the approximation of y(¢) at ¢ = 1 by Euler’s method is y10 = y(1) &~ 3.1874. 2/ Comparison of the

obtained result with the exact solution: The exact solution is: y(t) = 2e~¢ — 1

y(1) =2e~ 1 —1=0.7358 (exact)

Therefore, the error is:

E = Yoxaet(1) — Yapprox (1) = 0.7358 — 0.4867 = 0.2491

Solution to Exercise 2
1/ Computation of the approximate solution of the differential equation at ¢ = 1 using the Runge-Kutta method of
order 2:

We have:

fty) =—3y, y(0)=1
The interval is [0, 0.2], with step size h = 0.2.
The RK2 method is given by:

ki =hf(ti,y:), ke=hfti+hyi+k), yis1=y+ 3k + ko).

Using this method, we obtain the successive approximations yi, Y2, - - - , Ys.
For: = 0:
ki =hf(0,1) =0.2(—-0.5x 1) = —-0.1

ko = hf(0.2,1+ (—0.1)) = 0.2(=0.5 x 0.9) = —0.09
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y1 =yo+ (k1 + ko) =1+ 1(~0.1 - 0.09) = 1.1866
Thus, the approximation of y(¢) at t = 0.2 by the RK2 method is:

y1 = y(0.2) =~ 1.1866.

2/ Comparison of the obtained result with the exact solution:

The exact solution is:
y(t) = 27"

At t = 0.2, the exact solution is:
y(0.2) = 2¢7%2 = 1.1832 (exact).

Therefore, the error is:

E = Yapprox(0-2) — Yexaet (0.2) = 1.1866 — 1.1832 = 0.0034.
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CHAPTER 5

DIRECT METHODS FOR SOLVING
SYSTEMS OF LINEAR EQUATIONS

In this chapter, we present various direct methods for solving systems of linear equations. Direct methods are

techniques that allow us to calculate the solution of the system
Ax =10

in a finite number of operations (the solution is exact).

Let’s consider solving a linear system of m equations with n unknowns z;,¢ = 1,...,n:

a117¢1 + ajoxe + -+ + a1pxy, = by

2121 + ax2 + - - + a2 Ty = b

Am1T1 + AmaT2 + + + + AmnTn = by, (5.1
This system of linear equations can be written in the following matrix form:
Ax =10 (5.2)

where A is a matrix of dimension m X n,  is a vector of dimension n X 1, and b is a vector of dimension m x 1.
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air a2 ... Qain T b1
a1 ago e aon T2 b2
A= , X = , b=
[am1 am2 ... Qmn | | Zn | | bm |

Therefore, we have the matrix equation:

a1 a2 ... aip | |71 b1
a1 a9 N o) To bg
=1 . 5.3)
[am1 am2 ... Gmn| [Tn] | bm |
The problem is to find the values of the unknowns x;, ¢ = 1,. .., n, that satisfy the m equations simultaneously.

Three cases can arise depending on the relationship between the number of equations m and the number of unknowns

n:

* m > n (the number of equations is strictly greater than the number of unknowns): no solution.
* m < n (the number of equations is strictly less than the number of unknowns): an infinite number of solutions.

* m = n (the number of equations is equal to the number of unknowns): a unique solution.

5.1 Préliminaires

5.1.1 Cramer’s System

A system of linear equations with an equal number of equations and unknowns (m = n) and with a non-zero
determinant of the coefficient matrix (|A| # 0) is referred to as a Cramer’s system. Most physical linear systems fall
into the category of Cramer’s systems.

Remark 1: In this course, we are only concerned with Cramer’s systems.

5.1.2 Homogeneous System

A system of linear equations in the form:

Ax =0, ie.b=0

is called a homogeneous system of linear equations. All homogeneous systems admit at least one solution where

x; = 0@ =1,...,n). This solution is known as the null or trivial solution.
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5.2 Matrix Operations and Properties

¢ Matrix:

A matrix of dimensions n X m (denoted A,,«.,,) is a table of numbers with n rows and m columns. The numbers
that make up the matrix (a;j, wherei = 1,...,nand j = 1,...,m) are called elements or coefficients of the

matrix.

* Square Matrix:

A square matrix is a matrix that has the same number of rows and columns (n = m).

* Matrix Diagonal:

(To be completed: definition of the diagonal of a matrix.)

¢ Main Diagonal:

The main diagonal (or simply the diagonal) of a matrix A is the set of elements a;; of the matrix.

* Diagonal Matrix:
A diagonal matrix is a square matrix in which all elements outside the main diagonal are zero. The elements

on the main diagonal may or may not be zero.

¢ Identity Matrix (Unit Matrix):
The identity matrix is a diagonal matrix in which all elements on the main diagonal are equal to 1, denoted as
a;; = 1.

* Addition and Subtraction of Matrices:
Only matrices of the same dimensions can be added or subtracted. Consider two matrices A and B of the same

dimension:

Addition: C = A + B, ¢ = a;; + b;j
Subtraction: D = A — B, dij = a5 — bij
¢ Transpose of a Matrix:

The transpose of a matrix A of dimensions n x m is denoted by A” and has dimensions m x n. It is obtained

by interchanging the rows and columns of the original matrix:

ail] ... Qilm ail o Qpi
Anm=| 1 = 1 = AL,=

mxn

anpl .- Qpm Alm -+ Apm
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¢ Scalar Multiplication of a Matrix:

The product of a matrix by a scalar is obtained by multiplying each element of the matrix by that scalar.

* Matrix Multiplication:
Matrix multiplication of A,,«,, by B, is only possible if the number of columns of A equals the number of
rows of B. The resulting matrix C,,,, has the same number of rows as A and the same number of columns as
B:

Cn><p = An><m X Bm><p

5.2.1 Matrix Examples and Properties
5.2.1.1 Example 1: Matrix Multiplication

Consider two matrices A and B:

b1 b1
a1 a2 a3 c11 €12
Agyz = , Bax2= |by boa|, Cox2=
as az a3 - ca1 €22
31 b3

The elements of C = AB are given by:
c11 = a11bi1 + a12ba1 + a1zbs1, ci2 = a11bi2 + ar2baz + a13b32,
c21 = a21b11 + ag2ba1 + azzbs1, c22 = az1b12 + azebaa + a3bsz.
The transpose of a product satisfies:
(AB)T = BTAT

Matrix Trace The trace of a square matrix is the sum of the elements on its main diagonal:

tI‘(A) = Z i

Minors The minor M/;; of a matrix A is the determinant of the matrix obtained by removing the -th row and j-th

column from A.

5.2.1.2 Example 2: Minors and Cofactors

Consider the matrix

ail a2 a3
A= a1 Q22 Qas3
az1 asz2 as3

Some minors of A are:

azy a3 az a3 air a3
Mo = , Moy = , Mz =

az2 Aass as; ass a21 a3
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Cofactor The cofactor D;; of A is defined by:
Dij = (=1)"™ Mj

Remark: The minor and cofactor have the same absolute value; the difference is only in the sign.
Determinant of an n-th Order Matrix Let A be a square matrix and D;; its cofactors. The determinant of A

can be computed using the cofactor expansion:
n
det(A) = Z a1;D1; = a11 D11 + a2 D12 + -+ - + a1n D1y
j=1
1. Choose a row or column of A. To simplify calculations, select the row or column with the highest number of

Zeros.
2. Multiply each element a;; of the chosen row or column by its corresponding cofactor D;;.

3. Sum up all these products:

det(A) = >~

j€E€row/column

aijDij-

5.2.1.3 Example 3: Determinant Calculation

Calculate the determinant of the matrix
ail a2 a3
A= lan ax a3
asz; asz ags

By choosing the first row:

det(A) = a1 D11 + a12D12 + a13D13

az2 Q23 a1 as3 az; a2
_ 1+1 1+2 1+3
= all(—l) +a12(—1) +a13(—1)
azz ass asy ass asy  as2
az2 Q23 a1 a23 a1 a2
= ai —a12 + a3
asz ass asr ass asr as
By choosing the third column:
det(A) = a13D13 + ao3 D93 + ag3Dss
a1 Qg ai; a2 ai; a2
1+3 243 343
= a13(—1) + + a23(—1) + + a33(—1) +
az1 as2 as; as2 az; a2
a1 a2 ailr a2 ailr a2
= a13 — a3 + ass
azr  as2 a3r as2 a21 a2
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5.2.1.4 Example 4: Determinant and Adjoint Matrix

Calculate det(A) for the matrix
ail a2 ais
A= lan azx asg
azy azz2 ass

By choosing the first row:

det(A) = a1 M1 + a2 Mz + a13Mas

az2 Q23 a1 a3 a1 a2
= a1 — a12 + ais
az2 ass as1 ass asy as2

¢ Adjoint Matrix (Cofactor Matrix):

The adjoint matrix, also called the cofactor matrix, is obtained by taking the cofactors of each element of A and

arranging them in a matrix:

D11 D12 Das
adj(A) = |Dg; Doy Dos|
D31 D3z Dsg

where D;; = (—l)iﬂ M;; is the cofactor corresponding to element a;;.

Let A be a square matrix of order n:

a1 a2 ... Qip

a1 ago oo A92np
A p—

_anl an2 ... a,m_

The adjoint matrix of A, denoted adj(A), is defined as:

Dll D12 “ .. Dln
adj(4) = D‘21 D.22 D‘Qn |
Dyt Dus ... Dy

where D;; = (—1)i+j M;;j is the cofactor of the element a;;, and M;; is the minor of a;; (the determinant of the

matrix obtained by removing row ¢ and column j from A).

¢ Inverse of a Matrix:

A square matrix A of order n is invertible (or nonsingular) if there exists a matrix B of the same order such that
AB = BA =1,
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5.3 Direct Methods for Solving Systems of Linear Equations 70

where I, is the identity matrix of order n. The inverse of A is denoted by A~! and is given by the formula:

adj(A)"

Al =
det(A)’

where det(A) # 0 and adj(A) is the adjoint matrix of A.

5.3 Direct Methods for Solving Systems of Linear Equations

In the case where m = n, the system of linear equations can be written as:

ailr a2 ... Qin T b1
as1 a2 ... aon| |x9 by
Az=b o - , (5.4)
[@nl An2 ... GQnn| [Tn] _bn_

where a;; and b; are known, and n is the order of the system (the number of unknowns, which is equal to the number

of equations). We are seeking the values of the unknowns z;,7 =1,...,n.

5.4 Gauss Method

This method involves transforming the system Az = b into an upper triangular system (i.e., eliminating all elements

of A below the main diagonal) starting from the augmented matrix:

a1l a2 ... Qinp bl
asy a9 N ¢ Xe) b2
[On1  Qn2 Gnn bn_

Notations

e L; : denotes the ¢-th row of the matrix.
* Lj < L; : interchange the k-th and j-th rows.

e L+ L; — 0Ly : replace the ¢-th row with the i-th row minus a multiple § of the k-th row.

5.4.1 Algorithm of Gauss Method
Initialization: £ = 1

1. Step k:
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5.4 Gauss Method 71

* If the pivot ay;, = 0, interchange rows Ly, <+ L; (with j > k such that a;;, # 0) and go to step 3.

¢ Otherwise, continue.

2. Fori =k +1,...,n, perform the elimination:

ik
ALk

LZ‘<—L1'— Lk

3. Increment k < k + 1.

e If K <n — 1, return to step 1.

* Otherwise, stop: we obtain the upper triangular system

ay; ajp, ... aj, b
0 a3 ... a3, b
|00 App bp
Backward Substitution
Once the upper triangular system is obtained, the solution x’ = [x1,29,...,2,] is computed by applying

backward substitution:

by 1 -
_ n _ * * .
xn—a* ) zi—af* b; — E GimTm |, t=n—1,n—-2...,1

m=1+1

5.4.2 Example:

Solve the system of linear equations using the Gauss method:

To+ x3 =2

2.1‘1 — X9 — T3 = 0

1+ —23=1
Solution

The system can be written in matrix form as follows:

0 1 1| |m 2
2 —1 —1| |z2| = |0
1 1 1] | 1

Starting from the augmented matrix:

71



5.4 Gauss Method 72
0 1 1 ]2
2 -1 =110
1 1 =111
Stepl: k=1

The pivot a1 = 0, so we swap rows Ly <+ Lo:

2 -1 -1]0
0 1 112
1 1 —-1]1

The new pivot is 2, and we eliminate all elements below this pivot:

* Row 2: the element below the pivot is already zero, so Lo < Lo.

* Row 3: the element below the pivot is 1, so we make it zero:

1
Lg(—Lg—*Ll

2
2 -1 -110
0 1 1 |2
0 32 -1]1

Step2: £ =2

The pivot age = 1 # 0. We eliminate the element below the pivot:

3/2 3
L3<—L3—{L2:L3—2L2

The resulting augmented matrix is:

0 1 1|2 |=[A%|p
0O 0 -—-2|-2

The matrix A* is now in upper triangular form, so we stop the elimination process. The system can be written as:

2 -1 —1| |z
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5.4 Gauss Method 73

Backward Substitution

—21‘3 = -2 = xr3 = 1

To+r3=2 = x9=1

200 — 1o —23=0 = x1=1

1‘1:1,1'2:1,{53:1

5.4.3 Gauss Method with Partial Pivoting Strategy

At step k, the pivot element is chosen as the largest (in absolute value) element in the k-th column from rows k to n:

pivot, = a,p = max |agl
i=k,...,n

where r is the row index corresponding to this maximum value.

We then swap rows r and k:

Lr<—>Lk

and continue the elimination process using the standard Gauss algorithm.

5.4.4 Example: Gauss Method with Partial Pivoting

Solve the system of linear equations using the Gauss method with partial pivoting strategy:

To + x3 =2

2$1 — X9 — I3 = 0

T1+ax9s—x3=1
Solution

The system in matrix form:

0 1 1 1 2
2 =1 —1| |21 = |0
1 1 —-1| |z3 1
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Starting from the augmented matrix:

0 1 1 |2
2 -1 =110 Ly, Ly, L3
1 1 —-1]1

Step 1: k£ = 1 Partial pivoting: pivot = max;—1 3 |a;x| = max(|0], |2|, |1]) = 2 Swap rows: Ly <> Lo

2 -1 -1|0
0 1 1|2
1 1 -1]1

Eliminate elements below pivot: - Lo <— Lo — %Ll (unchanged) - L3 < L3 — %Ll

0 1 1 2
0 3/2 —-1/2|1
Step 2: k& = 2 Partial pivoting: pivot = max(|1],|3/2|) = 3/2 Swap rows: Lo <+ L3

2 -1 -1 |0
0 3/2 —1/2|1
0 1 1 |2

Eliminate element below pivot: L3 < L3 — ﬁLg = L3 — %Lg

2 -1 -1 0

0 3/2 —-1/2| 1

0 0 4/3 | 4/3
Step 3: Backward Substitution From the last row: %wg = % = x3=1
Second row: %l‘g — %333 =1 = %:cg - % =1 = x9=1

Firstrow: 201 — 290 —23=0 — 221 —1—-1=0 = z1 =1

1‘1:1, $2:1, .ngl

2 -1 -1 1 0
0 3/2 —1/2| [z2| = | 1
0 0 4/3 x3 4/3
From the last row:
4 4

§$3:§ - x3:1
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5.4 Gauss Method 75

Second row:

3 1 —1:>3 1—1: =1
912 T T = 272737 2=

First row:

200 — 10 —23=0 = 221 —-1—-1=0 = z1 =1

1'1:1, 1'2:1, .%'3:1

5.4.5 Gauss Method with Composite Partial Pivoting

At step k, the pivot element a;; is chosen as:

pivot;, = max |a;kl,
1=

[ARES}

and within the row 4, the element a;; with the largest absolute value is selected:

di = max \aij|.
7j=1,..,n

We then swap the rows ¢ <+ k and continue the elimination using the standard Gauss algorithm.

5.4.6 Gauss method with total pivoting strategy

At step k, the pivot element a;;, is chosen as:

pivot, = max |a;;l
i=k,...,n
j=k,...,n
Once the pivot a,, », is identified:

e Swap rows 1 < k.

o If m # k, swap columns m <> k and also swap the corresponding unknowns z,, <> xj, in the vector x.

After pivoting, continue the elimination process using the standard Gauss algorithm to reduce the matrix to upper
triangular form.

This method ensures maximum numerical stability by selecting the largest available element in the remaining

submatrix as the pivot.
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5.4.7 Determinant of a Matrix Using the Gauss Method
The determinant of a square matrix A can be computed using the Gauss elimination method:

n

det(A) = (~1)° [ [ as

=1

where:
* a;; are the pivot elements (diagonal elements of the upper triangular matrix after elimination),

* « is the total number of row swaps performed during the elimination process.

5.5 Gauss-Jordan Method

This method involves transforming the matrix A into an identity matrix. The solution is obtained directly from the

last column of the augmented matrix.

Algorithm
1. Initialization: k = 1.
2. If the pivot ay;, = 0, swap row k with arow j > k such that a;;, # 0.
3. Divide row k by the pivot agy.
4. For all rows ¢ # k, replace L; < L; — a;;. L to make all elements in column & zero except the pivot.

5. If A has become the identity matrix, then the solution is
€T, = b: N

where b are the elements of the last column of the final augmented matrix.

6. Otherwise, set k <— k + 1 and return to step 2.

5.5.1 Example:

Solve the system of linear equations using the Gauss-Jordan method:

To+ x3 =2

201 —x0 —x3 =0

T1+ax9—23=1
Solution:

We write the augmented matrix:
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0 1 1 2
[Apl= |2 -1 -1 0

1 1 -11
Step 1: Pivot in column 1. Swap L; <> Lo:
2 -1 -1 0
0 1 1 2
1 1 -1 1

Divide L; by the pivot 2:

1 —-1/2 —1/2 0

1
Ll%iLl:»o 1 1 2
1 1 -1 1

Eliminate column 1 for L3: L3 <+ L3 — Lq:

1 —1/2 —1/2 0
0 1 12
0 3/2 -1/2 1

Step 2: Pivot in column 2. Eliminate column 2 for L3: L3 + L3 — %LQ:

1 —1/2 -1/2 0

Divide L3 by —2: L3 < L3/(—2):

Step 3: Eliminate above pivots:
1
Lo < Lo — L3, Ll(—L1+§L3
1 0 01

0101
0011
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Solution:

1'1:1, $2:1, 1‘3:1.

5.5.2 Inverse of a Matrix Using the Gauss-Jordan Method

Let A be a square invertible (non-singular) matrix. Its inverse is denoted as A~

To compute A~! using the Gauss-Jordan method, we form the augmented matrix with the identity matrix:

[Al1],

where I, is the identity matrix of order n. Then, we apply Gauss-Jordan elimination to transform A into I,,. The

resulting augmented part will be the inverse:
[I,|AY.

5.5.3 Determinant of a Matrix Using the Gauss-Jordan Method

The determinant of the matrix A, det(A), can be computed during the Gauss-Jordan process. It is given by:

det(A) = H (the elements used to divide the rows to achieve pivots of 1).

That is, multiply all the pivot divisors used in the elimination steps to get the determinant.

5.5.4 Example: Inverse and Determinant Using Gauss-Jordan Method

Calculate the inverse and the determinant of the matrix

05 0 2
A=10 05 1
1 1 2
Solution:
We start by forming the augmented matrix [A|[]:
05 0 2|1 0 O
0 05 1|10 1 0
1 1 2|0 0 1

Step 1: Divide L; by the pivot 0.5:
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1
L1+ —L
o5t

1 0 4/2 0 0
0 05 1]0 1 0
1 1 2|0 0 1

Step 1: Eliminate below and normalize the first pivot:

L2<—L2, L3<—L3—L1

0 05 1|0 10
0 1 -2|-2 11
Step 2: Divide Ly by 0.5:

1
Lo —1I
25 052

10 412 00
01 2]0 20
01 -2]-2 11

Step 3: Eliminate elements in column 2:
L1<—L1—4L3, L3(—L3—L2

1040 -2 -1
01 2|0 2 0
0 0 1/05 05 —0.25

Step 4: Backward elimination to get identity on the left:
L1+ Ly — 4L3, Lo+ Ly —2L3g
10 0[]0 -2 -1

01 01 1 0.5
0 0 1/05 05 —-0.25
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Result: The inverse of A is

0 -2 -1
A'=11 1 05
05 0.5 —0.25

Determinant: The determinant is the product of the pivots used:

det(A) = (0.5) - (0.5) - (—4) = —1

5.6 Crout method (LU Decomposition)

Applicability Condition: The Crout method can be applied (i.e., the system admits an LU decomposition) only if all

leading principal minors of A are non-zero:

det(A;Q#O, kzl,. ,
For example, for n = 3:
a1 a2 ais
ail a2
Ay=an #0, Ay= 70, Az=lag; azp axs|#0
az1 a2
azy as2 ass
LU Decomposition: We decompose A as
A=1LU,

where L is lower triangular with non-zero diagonal and U is upper triangular with unit diagonal:

Li; 0 0 1 U2 Uiz
L= Lo1 Loo 0, U=1]0 1 Uas
L3y L3z Lss 0 0 1

Solving the System: For Ax = b, we have

Ar=b = LUz =b.

We introduce y = Uz, leading to two simpler systems:

Ly =10 (lower triangular system)

Uz =y (upper triangular system)
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5.6 Crout method (LU Decomposition) 81

These two systems can be solved easily using forward and backward substitution, respectively.
Identification of Elements: In Crout’s method, the elements of L and U are computed sequentially to satisfy
A = LU, ensuring all pivots are non-zero.

Then the product LU gives:

L1 O 0 1 Uiz Uiz a1 a2 a13
LU = |Lyy Lay O 0 1 Uss| = |a21 a2 a3
L31 L3z L3zz| |0 0 1 as1 azz as3

Procedure to Identify Elements

1. Determine the first column of L and the first row of U.
2. Determine the second column of L and the second row of U.

3. Determine the third column of L and the third row of U.

Solving the System

Once all elements L;; and U;; are determined:

Ly =10 (solve for y using forward substitution)

Uz =1y (solve for z using backward substitution)

Here, the vector y is obtained from Ly = b, and then the vector x is obtained from Uz = y.

Example :

Solve the system of linear equations using the Crout method (LU decomposition):

To+ x3 =2
201 —x0 —x3 =0
T1+ax9s—x23=1

The coefficient matrix is:

0 1 1
A=12 -1 -1
11 -1

Check applicability of the Crout method:
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is:

The Crout method requires that all leading principal minors of A are non-zero. The first leading principal minor

Al = |CL11| = |0’ =0.

Since A; = 0, the Crout method cannot be applied to this system.

Example:

Solve the system of linear equations using the Crout method (LU decomposition):

z1 + 3x9 + 33 = —2
201+ 2x0 4+ dx3 =7

3x1 + 2x9 + 623 = 12
Solution:

The coefficient matrix and the right-hand side vector are:

3 2 6 12
Check applicability:
1 3 3
1 3
det(A1) = 1| =1#0, det(As2) = =—4#0, det(A3)=1|2 2 5/=5#0.
2 2
3 2 6

Since all leading principal minors are non-zero, the Crout method can be applied.

LU decomposition:

l17 0 O 1 wigs w3
L= l21 122 0 5 U= 0 1 u23
l31 I32 33 0 0 1

Step-by-step identification:
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e Column 1 of L: l11 = 1,121 = 2,[31 = 3.

e Row 1 of U: lj1u12 = 3 = u12 = 3, l1iu1z = 3 = w13 = 3.

e Column 2 of L: lojuia + log = 2 = log = —4, 31012 + l30 = 2 = l30 = —T.

* Row 2 of U: la1u13 + laguoz = 2 = ug3 = %.

* Column 3 of L: l31u1s + lspuos + l3g = 6 = lg3 = —2.

Final matrices:

5
3 =7 —3
1 0
L=12 —4
3 —7 —5/4
Solve Ly = b:
1 0 0 Y1 -2
2 -4 0 ya|l = | 7
3 =7 =5/4| |ys 12
Step 2: Solve Uz =y
13 3

U=10 1 1/4],

0 0 1
Solve Uz = y:
1 3 3 x1 -2
0 1 1/4| |z2| = |—-11/4
X =

1 3 3
1
4
1
—2
7
12
11
Y2 = _Zv Y3 =
—2
—11/4
1
To = —3, r1 = 4
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5.6.1 Inverse of a matrix using LU Decomposition (Crout)

Let A = LU and assume L~! = L. Then we solve:

A=yl =UTL

Using forward substitution, the elements of L~ are obtained step by step:

R 1 . LotLyi 1
L = T Loy = — , Log = —,
11

Similarly, we compute U ~! and finally:

Al =yttt

This completes the computation of the inverse using the Crout (LU) method.

5.6.2 Determinant of a Matrix using Crout Method

If a matrix A admits an LU decomposition, A = LU, then the determinant is given by:

det(A) = det(L) det(U)

For the Crout method, L is a lower triangular matrix with unit diagonal in U (or U has 1 on its diagonal depending

on convention). Therefore:

det(U)=1 = det(A)=det(L)

Since L is lower triangular, its determinant is the product of its diagonal elements:

n

det(A) = H L;;

i=1
5.6.3 Example: Inverse and Determinant using Crout Method
Solve for the inverse and determinant of
1 3 3
A=12 2 5
3 2 6
Solution:

Perform LU decomposition (Crout method):
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I =

Inverse of L

Let L1 L then solve LI = I:

Inverse of U

LetU ! = U,then solve UU = I:

Inverse of A

2
3

A=

Determinant of A

0 0

—4 0
7 —5/4

1
L=1|1/2
—2/5

1

U= o
0

U—lL—l —
= det(L

det(A) = det(L) det(U)

5.7 Cholesky method

Applicability Conditions

The Cholesky method can be applied if the matrix A satisfies:

1. Aissymmetric: AT = A.

13 3
, U=10 1 1/4
00 1
0 0
—1/4 0
7/5 —4/5
—3 —9/4
1 —1/4
0o 1
2/5 —12/5 9/5
3/5 —3/5 1/5
—2/5 7/5 —4/5

HLZZ =

4)(~5/4) = 5.
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2. A is positive definite (all leading principal minors are positive), i.e.,

Al = a1 > 0,

Decomposition

We set

where L is a lower triangular matrix:

Solving the System Ax = b

Let

Set

which gives two triangular systems:

a1l a2 a3
aip ai2

AQ - > O, Ag = l|a21 G922 Q23 > 0, e
a1 ag2
aszr agzz2 as3
A=LL",
i 0 0

b=Ar — b= LL z.

Ly=b and LTz =y,

1. Solve Ly = b for y (forward substitution).

2. Solve LTz = y for x (backward substitution).

Identification of Elements of L

The elements of L are determined similarly to the Crout method, replacing U by L”. Once L is known:

* Solve Ly = b for y.

* Solve LTx = y for x.

5.7.1 Example: Solve a System Using the Cholesky Method

Solve the system:

r1+x0=1
T+ 229 + 23 =0

To + dry =2

86



5.7 Cholesky method

Solution

The system can be written as Az = b with

Applicability Conditions

Check positive definiteness (leading principal minors):

110
11
A =|1]=1>0, Ag= =1>0, Az3=1]1 2 1|=5>0.
1 2
01 5
Hence, the Cholesky method can be applied.
Cholesky Decomposition
We seek A = LL”, where
li 0 0
L=ly lpn 0
ls1 32 33
By term-to-term identification:
=1, la=1 In=0,
log =1, lI3p=1, lI33=2.
So
1 00 110
L=|1 10, L"=1]0 1 1
01 2 0 0 2
Solve Ax =b
1. Forward substitution: Ly = b
1 0 0] |y 1
3
1 1 0 Y2 | — 0] =— un :17 3/2:—17 Y3 = 5

01 2| |y 2
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2. Backward substitution: LTz =y

1 1 0] [z 1

3 7 11
01 1 To| — -1 :>-7)321, $2:—Z, $1:Z.
00 2| |z 3/2

5.7.1.1 Inverse of A Using Cholesky

Let A=! = LY (LT)~!. The elements of L~ are obtained using forward substitution. Similarly, (L?) " is obtained

using backward substitution.

5.7.1.2 Determinant of A
det(A) = det(L) - det(L”) = (] lu)* = (1-1-2)? = 4.
i=1
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CHAPTER 6

APPROXIMATE METHOD FOR SOLVING
SYSTEMS OF LINEAR EQUATION

In this chapter, we introduce various indirect methods (also referred to as approximate or iterative methods) for
solving systems of linear equations. Iterative methods involve calculating a sequence of vectors z(¥) that converge
after a certain number of iterations to the solution x* of the system Ax = b (approximate solution). In comparison to
so-called direct methods, these approaches are better suited for implementation on a calculator.

To solve systems of equations in the form Ax = b, we can proceed in a manner similar to solving equations of
the type f(x) = 0, where we constructed a numerical sequence z,+1 = g(z,) that converged to the solution o of

f(x) = 0. Indeed, the system Az = b can be equivalently transformed into the form f(x) = 0, where
r=Ex+P,
with = being a matrix and P a vector. This way, we construct the recursive sequence known as the iterative process:

T+l = Exn +P.

Typical iterative schemes are obtained by splitting the matrix A into A = M — N, where M is chosen invertible
and easy to solve with, which yields the iteration

Tpe1 = M Nz, + M~ 10

Depending on the choice of M and N, classical methods such as JACOBI and GAUSS—SEIDEL are recovered.
Convergence of the iterative process typically depends on the spectral radius p(Z); a sufficient condition for convergence

is p(2) < 1.
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6.1 Recap on the calculation of matrix norms

Let M be a matrix defined as

mi Mmiz o Mip
mai ma2 T man
M =
| im1 Mm2 - Mimn |

The matrix norms are defined as follows:
n n
1M]ly = max <Z |mz‘j!> » o [IM]lee = max > Imijl
i1 j=1

6.2 Préliminaires

6.2.1 Characteristic polynomial of a matrix
The characteristic polynomial of a matrix M of dimension n X n is defined as:
P(\) =det(M — \I),
where I is the identity matrix of dimension n X n.
This polynomial is of degree n and has real or complex conjugate roots.
6.2.2 Eigenvalues )\; of a matrix
The characteristic polynomial of a matrix M of dimension n X n is defined as:
P(\) =det(M — \I),
where [ is the identity matrix of dimension n X n.
This polynomial is of degree n and has real or complex conjugate roots.

6.2.3 Spectral radius of a matrix

The spectral radius of a matrix M is defined as:

p(M) = max [Ai,

)

where \; are the eigenvalues of M, and |);| denotes the complex modulus of \;.

(6.3)
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6.2.4 Strictly diagonally dominant matrix

A matrix M = [m;;] is said to be strictly diagonally dominant (SDD) if:

n
miil > > mil, Vi=1,2,....n,
Jj=1
J#i
where m;; are the elements of the matrix M.

6.3 Indirect methods for solving systems of linear equations

6.3.1 Jacobi Iterative Method

Consider the system of linear equations:

Az = b,
where
a1 a2 - Qip 1 b1
a1 a2 - a2y x2 bo
A= - b=
|An1 Gn2 - Qnn | | Ln | _bn_

The Jacobi iterative process, which allows us to compute the solution iteratively, is obtained as follows:

 Ensure that a;; # 0 for all i; otherwise, interchange two rows.

* Decompose the matrix A of the system Ax = b into the form:
A=D+L+U,

where:

— D is the diagonal part of A,
— L is the strictly lower triangular part,

— U is the strictly upper triangular part.

Let A = D + L + U, where the matrices D, L, and U are defined as:

_0 a2 aiz -+ Qin ] -an 0 o --- 0 ] [ 0

0 0 asg - aon, 0 axyxy O --- 0 asi
U=1|: = . . : , D=10 0 ag3 --- 0|, L=lasn

0 0 - 0 ap-1n

o o - 0 0 | | 0 0 0 -+ apn | an1

0 0
0 0
asn 0
Gn2 Aan3
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The system Az = b can thus be written as:
(D+L+U)x=h.

Rearranging terms:
Dr=b—(L+U)z = z=D7'b—(L+U)zl.

We set:
J=-DYL+U), C=D".
Hence, we obtain the matrix form of the Jacobi algorithm:
25D = J2) 4 o, (6.5)
where J is called the iteration matrix of the Jacobi method (or Jacobi matrix).
The elements of J are defined by:
a:

Ji =0, Jijz—a—?, 1<i<n,i#j (6.6)
X3

The components of the solution vector can be computed directly using:

1 i—1 n
k+1 k k ;
2 = bi_E aij$§)— E az‘jx§') ;o 1=1,2,...,n.
QAiq T _
]_1 j—l+1

6.3.1.1 Convergence conditions

The sufficient conditions for the Jacobi method to converge are:

¢ e <1
s [Jlh <1

¢ The matrix A of the system is strictly diagonally dominant (SDD).
In cases where the sufficient conditions are not met, the Jacobi process still converges for all initial vectors z(%) if:
p(J) <1,

where p(J) denotes the spectral radius of .J.
6.3.1.2 Number of necessary iterations
One can estimate the number of iterations required to achieve a given accuracy € as:

(=)
k>1g< i) .
= Tog(l 1)

Remark 1: The theoretical estimation of k required to achieve the given accuracy often proves to be exaggerated in

practice.
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6.3 Indirect methods for solving systems of linear equations 93

6.3.1.3 Stopping Criterion for the Jacobi Iterations

We stop the iterations when:

(k1) _ (R
121?5% ‘xz x, ‘ <e, (6.9)
where ¢ is the desired accuracy.
The solution vector is then given by:

)]
1
(k)

x

2(F) — 2
o)

6.3.1.4 Example: Solving a System using the Jacobi Method

Consider the system:

Az = b,
where
3 1 -1 x1 2
A=11 5 2|, == ||, b=|17
2 -1 -6 3 —18
0
We solve this system using the Jacobi method with an accuracy of ¢ = 10~2 and initial guess 0 = |p].
0
Solution: decompose A =D + L +U
30 0 0 0 O 01 -1

D=10o 5 0o, L=1J1 0 0, U=|0 0 2
00 —6 2 -1 0 00 O

Compute Jacobi Iteration Matrix and Vector:

1/3 0 0 0 0 0 01 -1 0 -1/3 1/3
J=-DYL+U)==|0 1/5 0 1 0 o/+{0o0 2|[=]|-1/5 0 -2/5
0 0 —1/6] \|2 -1 0 00 0 /3 —1/6 0

/3 0 0 2 2/3

C=D""%=1]0 1/5 0 17 | = [17/5

0 0 -1/6]|-18 3
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Iterative Formula:

The Jacobi iteration formula is:

2B = g2 B 4 o

Convergence Conditions:

For the Jacobi iteration matrix J:
|J]|lcc = max(2/3,3/5,1/6) = 0.67 <1, |J]3 = max(2/15,1/2,11/15) =0.73 < 1.
The matrix A is strictly diagonally dominant (SDD):
Bl > [+ =1 5> [1[+]2, [6]>[2[+]-1].
Since these three sufficient conditions are satisfied, the Jacobi process converges for any initial vector xy € R™.

Spectral radius check:

-\ —1/3 1/3
det(J —A)=|-1/5 —A —2/5/=0 = X\ =-058 Ayz=-029=+0.10i
/3 —=1/6 -\

p(J) = max(0.58,0.30) = 0.58 <1 = Jacobi converges.

Jacobi Iterations

The iteration formula is:

2/3
25D = 128 o 0= |17/5
3
Iteration 1:
0 -1/3 1/3 0 2/3 0.67
2 = g0 L o= -1/5 0  =2/5[ |0| + [17/5| = [3.40
1/3  —1/6 0 0 3 3.00

max |z\") — 2| = max(|0.67 — 0], ]3.40 — 0], |3.00 — 0]) = 3 > & = 0.01
(2

Iteration 2:

0 -1/3 1/3 | |0.67 2/3 0.53
2@ =W rC=|-15 0 —2/5| [3.40| + |[17/5| = |2.07
1/3 —1/6 0 | |3.00 3 2.65
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Iteration 3

0o -1/3 1/3 | |053 2/3 0.86
2@ =P =15 0o —2/5| 207+ |[17/5| = |2.23
1/3 —1/6 0 | |2.65 3 2.83

max (|0.86 — 0.53|, |2.23 — 2.07|,|2.83 — 2.65|) = 0.33 > 0.01 = ¢

Iteration 4 -

0.87

2@ = 720 £ 0= [2.09 ) max|x§4) — xgg)’ =0.14 > 0.01
(]

2.91

Iteration 5 o
0.94

2® = J2®W 1 0= |206|, max|z!” —2¥|=007>001

2.94

Iteration 6 L
0.96

2® = J2® 1+ 0= |203|, max|z!® =2 =0.03>001

2.97
Iteration 7 ) )
0 -1/3 1/3 | |0.96 2/3 0.98
2D =72®+Cc=|-15 0o -2/5| |2.03| + |17/5| = [2.02
1/3 —1/6 0 | |2.97 3 2.98

max (]0.98 — 0.96],]2.02 — 2.03|,|2.98 — 2.97|) = 0.02 > 0.0l = ¢

Iteration 8

0 -—1/3 1/3 | |0.98 2/3 0.99
e® =72+ C=1-1/5 0o —2/5| [2.02]| + |17/5| = |2.01
1/3 —1/6 0 | |2.98 3 2.99

max (|().99 —0.98/,]2.01 — 2.02],2.99 — 2.98\) =0.01<001l=¢
Conclusion We stop the Jacobi process, and the approximate solution is:
0.99
T~ |2.01
2.99

The exact solution is:
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6.4 Gauss-Seidel method

The Gauss-Seidel method is an improved variant of the Jacobi method. For simplicity, we consider a system of three

equations with three unknowns and an initial guess

First Iteration

In the first iteration, we substitute a:éo) and :c:go) into the first equation, giving:

1
$§1) = — (bl — a12$é0) — alg.l'z())o)) .
aii

It is this new value xgl), and not a:§°), that is then substituted into the second equation of the system to compute

1
xgl) = — (bg — a21$§1) — aggl‘go))
a22

Similarly, in the third equation, we substitute acgl) and l‘gl) (not the initial values xgo) and Igo)) to obtain:

1
(L‘gl) = — (bg — aglfL‘(ll) — a32$(21)>
ass

This iterative process continues, which ensures much faster convergence compared to the Jacobi method.

General System with n Equations

For a system of n equations with n unknowns:

i—1 n
k+1 1 Z k41 Z k
l‘l( ) = — bl — aij$§ ) - aij$§ ) s QAiq 7& 0
(4373 T =
7=1 Jj=i+1

Otherwise, we swap two equations.

Matrix Form

The Gauss-Seidel process can be expressed in matrix form:
gkt = p-1 (b — Lokt — Ux(k)), where A=D+L+U

Or equivalently:
25 = gz 4 F
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6.4 Gauss-Seidel method 97

with
G=—-(D+L)'U, F=(D+L)"

G is called the iteration matrix of the Gauss-Seidel method.

6.4.1 Convergence conditions of Gauss-Seidel Method

The sufficient conditions for the Gauss-Seidel process to converge are the same as for the Jacobi method:
* IGlleo <1
* G <1
* The matrix A of the system is strictly diagonally dominant (SDD)

In cases where the sufficient conditions are not met, the Gauss-Seidel process still converges for any initial guess
z(0) if:
p(G) <1
where p(G) is the spectral radius of G.

Remark 2: If the matrix A of the system Az = b is symmetric and positive definite, then the Gauss-Seidel method

converges regardless of the initial guess (%),

6.4.2 Number of Necessary Iterations
One can estimate the number of iterations required to achieve a given accuracy €:
2 —a*|
log (Hx<°>—x*u
log(p(G)~)
where G is the iteration matrix and p(G) is its spectral radius.
6.4.3 Gauss-Seidel Method: Termination Criterion
We stop the iterations when the maximum change between successive iterations is less than or equal to the desired

accuracy €.

k+1 k
max a:z(»+)—xl() <e
1<i<n

The approximate solution is then:
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x§k+1)_
(k+1)
x
21 2'
w%k—i—l)
6.4.4 Example: Gauss-Seidel Method
Consider the system:
Ax=b
where
3 1 -1 1 2
A=11 5 2|, z=|x|, b=]17
2 -1 —6 T3 —18

0
9 = |o
0
Solution
Decompose A as A = D + L + U, where:
30 0 0 0 0 01 -1
D=1fo5 o, L=1J1 0 0|, U=]0 0 2
0 0 —6 2 -1 0 00 O
The iteration matrix G is defined as:
1/3 0 0 01 -1
G=—-(D+L)'U=-|-1/15 1/5 0 00 2
11/90 —-1/30 —-1/6| [0 0 O
The iteration matrix G' and vector C' are given by:
0 -1/3 1/3 1/3 0 0 2 2/3
G=10 1/15 -7/15|, C=(D+L)"b=|-1/15 1/5 0 17 | = | 49/15
0 —11/90 17/90 11/90 —-1/30 —-1/6| [—18 241/90

The Gauss-Seidel iteration is:

25+ = gz 4 C.
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Convergence Conditions

The sufficient conditions for convergence are:

* ||G|loc = max(2/3,8/15,28/90) = 0.67 < 1,

* ||G]|1 = max(0,48/90,89/90) = 0.98 < 1,

 The matrix A is strictly diagonally dominant (SDD): 3| > |1| + | — 1|, |5| > |1| + 2|, |6] > |2| +| — 1.

All three sufficient conditions are satisfied, thus the Gauss-Seidel process converges for any initial guess z(*) € R.

Spectral Radius Check

-\ —1/3 1/3
det(G—-A)=|0 -A+1/15 -2/5 | =0
0 —11/90 —X+17/90

Eigenvalues:

A1 =0, A2=1/15~0.0667, A3 =17/90~ 0.189

p(G) = max(0,0.0667,0.189) = 0.189 < 1,

so the Gauss-Seidel process converges to z* for any z(?).

Iteration 1

0o -1/3 1/3 | |0 2/3 2/3
2W =G0 +C=10 115 —7/15| |o| + | 49/15 | = | 49/15
0 —11/90 17/90| |0 241/90 241/90

Iteration matrix G and vector C:

0 -1/3 1/3 2/3
G=10 1/15 -7/15|, C=|49/15
0 —11/90 17/90 241/90

The iterative process is:

kD) — g™ 4 ¢

Iterations

Iteration 1:

0 0.67
z =Gz L ¢ = 0l = 2 = 3.26|, max (|x(1) — ;E(O)]) =3.26 > 0.01
0 2.67
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Iteration 2:

22 —

Iteration 3:

Iteration 4:

Iteration 5:

[0.47]

Iteration matrix G and vector C"

GaW +C = |2.23], max(]z® —2W]) =1.03 > 0.01
2.78
[0.85]
23 =qz®@ 0= 1919 ,  max (\x(‘g) — x(2)]) =0.38 > 0.01
2.93]
[0.94]
Gz® 4+ 0 = |2.04|, max(jz®¥ —23)))=0.09>0.01
12.97]
[0.97]
Gz 1+ C = 1203 ,  max (|x(5) — x(4)]) =0.04 > 0.01
2,98
0 -1/3  1/3 2/3
G=10 1/15 -7/15|, C=|49/15
0 —11/90 17/90 241/90

The iterative process:

Iterations

Iteration 1:

L)

Iteration 2:

2D = Gg®) 4 ¢

0.67
Ge® +C = [326], max(|z) —2]) =3.26 > 0.01
2.67
0.47
2® = [223], max(|2® —zM])=1.03 > 0.01
2.78
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6.4 Gauss-Seidel method 101

Iteration 3: ~ _
0.85

2@ = l212], max(jz® —z?]) =0.38 > 0.01
2.93

Iteration 4: -~ _
0.94

2@ = 1204|, max(z®¥ —23))=0.09 > 0.01
2.97]

Iteration 5: ~ _
0.98

2®) = (201, max(]z® —2zW])=0.03>0.01

2.99

Iteration 6:
0.992

26 — 20121 , max(\l’(G) — :1:(5)|) =0.01 <0.01
2.99

Convergence: The process stops as the desired accuracy € = 0.01 is reached.

0.992

Approximate solution: z ~ |2.012

2.99

1

Exact solution: x = |2

3
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