Chapter 1 Solutions of Equations and Optimization Methods
1-1 Fixed-Point Iteration Method

Fixed-point theorem Suppose g(x) € C[a,b] and g’(x) exists on [a,b] with
lg’(X)|=k<1, Vxe(ab), and then the sequence can be defined by Xn=g(Xn-1),
Xo € [a,b] converges to the unique fixed point x in [a,b].
(Proof) | x, —x[=[9(X, 1) —9() = 9"(e) | -] Xy = XIS k[ X, = X]

X, —X[€K|X ;= X|IKK?|X, _, —X|<--<K"|X, —X|

" k<1, .. %, —x[>0e{x, |7, converges to x.

Eg. Solve x?-2x-3=0.
(Sol.) 1. Rearrange x?-2x-3=0 into X = +/2x + 3 =ga(X)

<l=x>-1

6100 | ——
' J2x+3
Select x,=4=x, =336 =X, =3104 = ---= X, >3

2. Rearrange x?-2x-3=0 into x = % =02(X)

3 X>2+\/§
-—<1l=
(x-2) X<2-4/3

Select X, =4=x,=15=X,="-6=-=%X=-10083= -=x, >-1

19:(¥) =

2

3. Rearrange x?-2x-3=0 into X = X =03(X)
lgs(X) H xl<1l=-1<x<1
Select X, =4 =X, =6.5= x, =19.635 = x, =191.0, ..., .". diverges

A C++ Program (developed by K. -Y. Lee) of solving x?-2x-3=0 is listed as
follows.
#include <stdio.h>
#include <math.h>
main()
{
int i,lop; float x;
printf("The initial value of x is\n"); scanf("%f",&x);
printf("The loop number is\n"); scanf("%d",&lop);
for (i=1;i<=lop;i++)
{
x=3/(x-2);
printf("The root is %f \n" x);
}

}
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3x; —C0S(X,X;) —% =0

Eg. Solve {x?-81(x, +0.1)* +sin x, +1.06 =0.

107-3

e +20x, + 0

1 1
X, = gcos(x2x3) +6

(Sol) Ix, = %\/xf +5sin X, +1.06 — 0.1
1 ., 10x-3

X, =——e e =
20 60

A C++ Program (developed by K. -Y. Lee) of solving the system of equations is
listed as follows. o+ "D:\Program Files\Microsoft Visual Studio\Debugitest exe™

initial values of x, y, and z are
11
loop number is

#include <stdio.h>

#include <math.h>

) roots 8.180101 9.854517 -0.523110
main() roots #.333198 -0.808954 —B.523748
roots ©.333330 -0.008985 -0.523749

{ roots @.333330 -0.008985 -0.523749
roots ©.333330 -0.008985 -0.523749

P ) roots ©.333330 -0.008985 -0.523749
int i,lop; float x,y,z; roots @.333330 -0.008985 -0.523749
. - roots ©.333330 -0.008985 -0.523749
printf("The initial values of x, vy, voots #.333330 —0.008985 —B.523749
and z are\n"); roots @.333330 -0.008985 -0.523749

roots ©.333330 -0.008985 -0.523749

" . ) roots ©.333330 -0.0P8985 -0.523749
scanf("%f %f %f", &x, &y, &z); — #.333330 -9.008985 —@8.523749
) ) roots ©.333330 -0.008985 -0.523749
printf(*The loop number is\n"); poots ©.333330 -0.008985 -B.523749
roots ©.333330 -0.008985 -0.523749

scanf("%d",&lop); roots 9.333330 -9.BB8985 -B.523749
roots 9.333330 -0.0P8985 -0.523749

for (i=L:i<=lop:i++) roots ©.333330 -0.008985 -0.523749
roots 0.333330 -0.008985 -0.523749

{ Press any to continue

x=c0s(y*z)/3+1/6; y=sqrt(x*x+sin(z)+1.06)/9-0.1;
z=-exp(-x*y)/20-(10*4*atan(1)-3)/60;
printf("The roots are %f %f %f \n",x,y,2);
b
b
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1-2 Newton’s Method

Newton’s method: Solve f(x)=0 by Xn=Xn-1-f(Xn-1)/f’(Xn-1), then {xn} converges to
the root if an appropriate initial value is selected.

Eg. Solve x3+4x2-10=0 on [1,2].

(Sol.) F()=x+ax2-10, T (X)=3X48X, X, = X, , — )
F0%)

Choose x, =1.5= x, =---= X, =1.36523001

f (Xn—l)(xnfl — Xn—z)
f (Xn—l) —f (Xn—Z) .

Secant method: Solve f(x)=0 by x, =x, _, —

Newton’s method of solving a system of equations: Solve F(x)=0 by
afl (X)/axl "'afl(x)/axn

Xk=Xk-1-J 1 (Xk-1)F(Xk-1), where J(X)=| : , and X=[X1,X2,...,Xn]".
of , (x)/0ox, ---of  (X)/ X,

3x —cos(yz) —% =0

Eg. Solve  {x*-81(y+0.1)* +sin(z) +1.06 =0.
107-3

e +20z+ 0
3 zsin( yz) ysin( yz)
(Sol) J(x,y,z)=| 2x -162(y+0.1) cos(z) | and
-ye™ —-xe™ 20

3x —cos(yz) — %

F(x,y,z) =| x* =81(y +0.1)* +sin(z) +1.06
e +20z + (107 —3)/3

_ 1
X | %] 3 2y S(YiaZe1) Vi SNV Z) | | 3¥ea = 008(YiaZis) =5
Y Yia 2X -162(y,, +0.0) C08(z,.,) X, —81(y,, +0.1)> +sin(z,_,) +1.06
Zy Zoa ] =Y —xeTee 20 e 1207, | + (107 —3)/3

Xo 0.1 X5 0.33333333
Select |y, |=]| 0.1 [=-- =]y |= 0
Z, -0.1 Zg —0.52359877
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1-3 Complex Roots of an Equation
Conventional method of obtaining the complex roots of equations:
Eg. Solve x?+x+1=0.
(Sol.) Set x=a+hi, a, beR
x> +x+1=(a* —b” + 2abi) + (a+bi) +1
=(@*+a-b*>+1)+(2ab+hb)i=0
a’+a-b*+1=0 . . .
= is a system of nonlinear equations.
2ab+b=0

The system of equations can be solved by the preceding mentioned method.

Eg. Solve (i+1)x?+x=i.
(Sol.) Set x=a+hi, a, beR
(i+Dx*+x=(a’*-b*+a—-2ab)+i(2ab+a* —b* +b) =i
a’-b*-2ab+a=0
—
2ab+a’—-b*+b-1=0

Five-point (SOS) method and nine-point method to obtain the complex roots of
f(x)=0:

(a) Shrink: If the central point xc=a+ib such that [f(xc)| is the smallest of all grid
points, and then shrink the distances between the grid points.

Im Im

Sk .

Re Re

(b) Shift: If one of the side points xs=c+id such that |f(xs)| is the smallest of all
grid points, and then let the side point be come the new central point.

Im Im

B
D e =
|
x

Repeat (a) and (b), the complex roots of f(x) can be found.
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Eg. Solve x*+i=0 by the 5-point (SOS) method.

A Fortran Program (developed by K. -Y. Lee) is listed as follows.
call fpoint
stop
end

subroutine fpoint
complex xc,x(5)
complex f
common h,x
external f,g
write (*,*) ‘x=?, h=?
read (*,*) xc,h
X(1)=xc
call patgen
n=0
1 rmin=g(x(1))
do 10 i=2,5
it (g(x(i)).le.rmin) rmin=g(x(i))
10 continue
if (9(x(1)).eg.rmin) then
h=h/2.
call patgen
else if (g(x(2)).eq.rmin) then
x(1)=x(2)
call patgen
else if (g(x(3)).eq.rmin) then
X(1)=x(3)
call patgen
else if (g(x(4)).eq.rmin) then
x(1)=x(4)
call patgen
else
x(1)=x(5)
call patgen
endif
n=n+1
if (h.ge.0.000001) goto 1
write (*,*) x(1),g(x(1)),n
return
end
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complex function f(x)
complex x
f=x**4+cmplx(0.,1.)
return
end

function g(x)
external f
complex x,f

g=cabs(f(x))
return

end

subroutine patgen

complex x(5)
common h,x
X(2)=x(1)+cmplx(h,0.)
X(3)=x(1)+cmplx(0.,h)
X(4)=x(1)-cmplx(h,0.)
X(5)=x(1)-cmplx(0.,h)
return

end

x=?, h=?
7.7> 8.3

(B.3826838.0.9238795> 1.3068692E-066
Press any key to continue

1-4 Optimizations

Optimization: Find the extrema of a function or functions.

It is proved that solving an equation or the system of equations is equivalent to an
optimization problem.

Eg. (a) Solve f(x)=0 < Find the minimum of |f(X)|.

(b) Solve {f(x’ y)=0

4(xy) =0 & Find the minimum of [f(X,y)[*+|g(X,y)|>.
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1-5 Simplex Method and Shift-or-Shrink (SOS) Method in Optimizations

Simplex method: Find the local extrema of f(xi,X2,...,Xn), it needs (n+1) initial
guesses.

Consider a 2-dimensional case of maximization. Initial 3 guesses are G, M, and S.
Suppose f(G)>f(M)>f(S).

(1) Reflection: Set newl is the image point of S with respect to the line connecting G
and M.

If f(newl)>f(S)= Expansion. If f(newl) = f(S)= Contraction

(2) Expansion: Extend newl to new?2 by twice distance.
If f(newl)>f(new2) = M, G, newl = Reflection
If f(newl) =f(new2) = M, G, new2 = Reflection

(3) Contraction: Set new2 is the middle point of S to the line connecting G and M.
If f(new2)>f(S)= M, G, new2 = Reflection
If f(new2)<f(S) = Shrink

(4) Shrink: Set newl is the middle point of S to G and newz2 is the middle point of M
to G. And use newl, new2, G = Reflection

Eg. Find the minimum of F(x,y)= x?+y2.
(Sol.) Min of F(x,y)= x?+y? < Max of G(x,y)=-F(x,y)=-x2-y?
There are 2 variables, so we choose arbitrary 3 points: (1,0), (0,1), (1,1)
G(1,1)=-2is S, G(1,0)=-1, G(0,1)=-1=
Reflection: reject S, then (0,0) is newl, G(0,0)=0>-2=

Expansion: | —,— | isnew2=G _—1_—1 :—l<0:>new2 is rejected
2 2 2 2 2

Now, 3 points are (0,0), (0,1), (1,0)=
Reflection: (0,-1) is newl, G(0,-1)=-1=G(0,1) = newl is rejected

Contraction: 0,l isnew2, G O,1 :—1>—1
2 2 4

Now, 3 points are (0,0), (0, %) 10 =

Reflection: (-1,0) is newl, G(-1,0)=-1=G(1,0)= newl is rejected
Contraction: E,O is new2, G E,O :_—1>—1
2 2 4

Now, three points become (0,0), (0,1/2), (1/2.0)= ---
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SOS method (by K. Y. Lee et al.):

Find the local extrema of f(X¢,X2,...,Xn), it Nneeds (2n+1) initial guesses as follows.
Choose a central point Xc=(Xic,Xzc,...,Xnc), and its neighboring 2n grid point:
(X1cth,X2cy e, Xnc), (X1e,X2cEN 0w e, Xnc), «eey (X1c,X2cse 0, XncED).

(a) Shift: If one of the side points makes f(x1,Xo,...,Xn) has the extremum of all
grid points, then let the side point become the new central point.

(b) Shrink: If the central point Xc=(Xic,X2cy.-«,Xnc) Makes f(X1,X2,...,Xn) has the
maximum or minimum of all grid points, then let h become less.

Repeat (a) and (b), the local maximum or minimum of f(Xz,X2...,Xn) can be
found.

Consider a 3-dimensional SOS method in the following figures. Figure (a) shows
a central point Xc=(X1c,X2¢,X3c) and its neighboring 6 grid point: (Xicth,X2c,X3c),
(X1e,X2cth,X3c), and (Xic,X2¢,X3cth). Figure (b) presents that one of the side points
makes f(X1,X2,x3) has the extremum of all grid points, then let the side point
become the new central point. Figure (c) describes that the central point Xc
makes f(x1,X2,x3) has the maximum or minimum of all grid points, then let h
become less.

A X3
h
X,
> X,
X1
(a)
A X3 A X3
P
™ o o
> X, > X,
X1 X1

(b) (©)
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Eg. Find the minima of f(x)=x2-2, F(x,y)=x2+y?-1, and G(X,y,z)=x?+y?+7%+1,

(Sol.) (a) For f(x)=x?-2, we may select x;=1 and h=1, then we have 3 initial guesses: 1,
and its neighboring 2 grid point: 0, 2.

f(1)=-1, 1(0)=-2, f(2)=2= xc=0 and h=1, then we have 3 points: 0, -1, 1. (Shift)
f(0)=-2, f(-1)=-1, f(1)=-1=x=0 and h=0.5, then we have 3 points: 0, -0.5, 0.5.
(Shrink)

f(0)=-2, f(-0.5)=-1.75, f(0.5)=-1.75= x.=0 and h=0.25, then we have 3 points: 0, -0.25,
0.25. (Shrink)

f(0)=-2, f(-0.25)=-1.9375, f(0.25)=-1.9375= x.=0 and h=0.125, then we have 3 points:
0, -0.125, 0.125. (Shrink)

The 3 points converge to 0 and f(0)=-2 is the minimum.

(b) For F(x,y)=x?+y?-1, we may select x.=(1,0) and h=1, then we have 5 initial guesses:
Xc=(1,0), and its neighboring 4 grid point: (0,0), (2,0), (1,-1), (1,1).

F(1,0)=0, F(0,0)=-1, F(2,0)=3, F(1,-1)=1, F(1,1)=1= x.=(0,0) and h=1, then we have
5 points: (0,0), (1,0), (-1,0), (0,-1), (0,1). (Shift)

F(0,0)=-1, F(1,0)=0, F(-1,0)=0, F(0,-1)=0, F(0,1)=0= xc=(0,0) and h=0.5, then we
have 5 points: (0,0), (0.5,0), (-0.5,0), (0,-0.5), (0,0.5). (Shrink)

The 5 points converge to (0,0) and F(0,0)=-1 is the minimum.

(c) For G(x,y,2)=x?+y?+z%+1, we may select x.=(1,1,1) and h=1, then we have 7 initial
guesses: xc=(1,1,1), and its neighboring 6 grid point: (0,1,1), (2,1,1), (1,0,1), (1,2,1),
(1,1,0), (1,1,2).

The 7 points converge to (0,0,0) and G(x,y,z)=1 is the minimum.

Eg. Minimize f(x1, X2, X3, ..., Xn)=X1+X2+X3+...+Xn by SOS method.
(Sol.) A Fortran Program (developed by K. -Y. Lee) is listed as follows.
dimension gg(0:100),xc(50),y(100,50)

common x(50),h

call ASOS

stop

end

subroutine ASOS

dimension gg(0:100),xc(50),y(100,50)
common x(50),h

external g

write (*,*) 'N=?(N<=50)'

read (*,*) n

do 100 i=1, n
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write (**)i,"  x(i)=,
read (*,*) xc(i)
100  continue
write (*,*) 'h='
read (*,*) h
do 150 j=1,n
X(§)=xc(j)
150 continue
m=1
1 99(0)=g(n)
rmin=gg(0)
do 300 i=1,2*n
do 350 j=1,n
if ((2*)).eq.(i+1)) then
y(i.)=x()+h
elseif  ((2*j).eq.i) then
y(i.j)=x(j)-h
else
y(i.)=x()
endif
350 continue
300 continue
do 400i=1,2*n
do 450 j=1,n
x()=y(i.j)
450 continue
gg(i)=g(n)
if (gg(i).le.rmin) rmin=gg(i)
400 continue
if (9gg(0).eq.rmin) then
h=h/2
do 500 j=1,n
X(1)=xc()
500 continue
else
do 600 i=1,2*n
if (rmin.eqg.gg(i)) then
do 650 j=1,n



N=? (N<{=58>

1.6086068

1.608608

57151515 1%}

1.608608

5715151515}

6.58008008

5715151517}

8.25008008

5715151517}

8.12500608

5715151517}

6 .25008B0E-82

5715151517}
3.125000E-82

57151515 1%}
1.562580E-82

5715151517}
7.812500E-83

57151515 1%}
3.9862580E-83 11
57151515 1%}
1.953125E-83 12
57151515 1%}
2.765625E-84 13

Press RETURN to close window..._




N=7 (N<{=58>

1.680686

151515151515

1.680686 1.686086
15515151515

151515151515

1.680686 151515151515
15515151515

151515151515

8.5080000 151515151515
15515151515

151515151515

8.250000 151515151515
15515151515

15515151515

8.125000 151515151515
15515151515

151515151515

6 .250000E-82 151515151515
15515151515

151515151515
3.125000E-82 151515151515
15515151515

151515151515
1.562500E-82 151515151515
15515151515

151515151515
7.812500E-83 151515151515
15515151515

151515151515
3.986250E-83 151515151515
15515151515

1515151515 1%
1.953125E-83 151515151515
15515151515

15515151515
2.765625E-84 13 151515151515

Press RETURN to close window...




N=? (N<=58>

1.600608

1.600608

6.0860600

1.686068 2.6080680
1.66068

8.668060

8.6680680

1.6660608 1.6600608
8.0860600

6.0860600

6.0860600

1.686068 8.660680
8.6680680

8.6680680

8.668060

8.56060000 8.0860600
15 1515141515

6.0860600

8.660680

8.2568608 8.6680680
8.668060

8.660680

8.0860600

8.1250008 8.86600
8.0860600

8.6680680

8.6680680
6 .250800E-82 8.6680680
8.66060

15515151515

6.0860600

3.1256080E-82

8.668060

8.668060

8.668060

1.562500E-82 8.668060
8.080600

8.0860600

6.860600
7.812500E-63

8.6680680

8.6680680

8.6680680

3.986250E-83 8.6680680
8.0860600

6.0860600

6.0860600

1.953125E-83 8.6680680

6.0860868
6.06868
6.06868
?.765625E-04 14 6.0868008

Press RETURN to close window..._




il Plato . . e |

N=?(N<=58>

1.00000

1.00000

1.00000

0.00000

1.00000 3.00000
1.00000

1.00000

0.00000

0.00000

1.00000 2.00000
1.00000

0.00000

0.00000

0.00000

1.00000 1.00000
0.00000

0.00000

0.00000

0.00000

1.00000 8.00000
0.00000

0.00000

0.00000

9.00000

0.500000 0.00000
0.00000

0.00000

0.00000

0.00000

0.250000 0.00000
0.00000

0.00000

6.000060

0.00000

0.125000 0.00000
0.00000

0.00000

0.00000

0.00000
6 .250000E-02 0.00000
0.00000

0.00000

0.00000

0.00000
3.125000E-02 8.00000
0.0060008

0.000008

0.000008

0.06060008

1.5625808E-82 0.00000
0.0060008

0.00000

0.0060008

0.0060008

7.812508E-83 0.00000
0.00000

0.0606608

0.0060008

0.000008
3.906258E-83 0.00000
6.060608

0.000008

0.000008

0.00000
1.953125E-83

0.000008

0.000008

0.00000

0.00000
92.765625E-84 15 0.00000

Press RETURN to close window...
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i Plato . e e |

N=?(N<=58>

.B068
.A0008
.AB0608
.AB068
ala15 a0
.AB068
.9B068
.AB008
.ABB68
.9B068
.AB068
.9B068
.AB068
.ABR608
.9B068
.AB0e8
.ABR608
.9B068 2.00000
-90008
[alal5 e %]
.06
.00008
.ABP68
.06 1.060000
90008
[alal5 a5
[alalsla1%]
90008
.9B068
.AB068
[ala15 e %]
.00608
.AB068
[ala15 e %]
6.00000
6.500000 0.00000
@.00000
6.00000
09.00000
@.00000
08.00000
6.250000 9.00000

0.00000
0.00000
0.00000
0.00000
0.00000
0.125000
0.00000
0.00000
0.00000
0.00000
0.00000
6 .250000E-02 0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
3.125000E-02 0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.562500E-02
0.00000
0.00000
0.00000
0.00000
0.00000
?.812500E-03
0.00000
0.00000
0.00000
0.00000
0.00000
3.986250E-03 0.00000

0.00000

0.00000

1.953125E-83

0.00000

0.00000

0.00000

0.00000

0.00000

9.765625E-04 16

[Press RETURN to close window..._




Case 1 Find the maximum of f(c,w,u,v)=-(c-1)?>-(w+1)%-(u-2)>-(v+3)?> by C/C++
program.

#include<stdio.h>

#include<stdlib.h>

#include<math.h>

float f4(float c, float w, float u, float v)

float f4=-pow(c-1,2)-pow(w+1,2)-pow(u-2,2)-pow(v+3,2);

return (f4);

void ASOS()

intn,m;
float x[50],xc[50],h, rmax, gg[100],y[100][50];
n=4;

for (inti=1;i<=n;i++)

printf(" i=%d x[i]=", i);

scanf ("%f", &xc[i]);

printf("h=");
scanf ("%f", &h);

for (intj=1; j<=n; j++)



x[jl=xc(j];

}

m=0;

while (h>0.001)

{
ggl01=f4(x[1],x[2],x[3],x[4]) ;

rmax=gg[0];

for (int i=0; i<=2*n; i++)

{

for (int j=1; j<=n; j++)

if (2*j==(i+1))

{yli]jl=x[jl+h; }

elseif ((2*j)==i)

{yli][jl=xljl-h; }

else

{ylijll=x[l; }

for (int i=0; i<=2*n; i++)

~17~



for (int j=1; j<=n; j++)

x[j1=y[ilG1;

}

gglil=fa(x[1],x[2],x[3],x[4]) ;

if (gg[i]>=rmax)

{ rmax=ggli]; }

}

if (gg[0]==rmax)

{h=h/2;}

for (intj; j<=n;j++)

{

x[j]=xcl[j];

}

if (gg[0]!=rmax)

for (inti=1; i<=2*n; i++)

if (rmax==gg[i])

for (int j=1; j<=n; j++)

{

xc[jl=yli](];
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main ()

ASOS();

}
for (intj=1; j<=n;j++)
{

x[jl=xc[j];

m=m+1;

printf("%f %f %f %f \n", x[1],x[2],x[3],x[4]);

printf("%f %d %f \n", h,m,rmax);



|B© C\Users\USER\Desktop\SOS-4.exe ' “Im'li&‘

i=1 x[il=— -
i=2 x[il=1
i=3 x[i]1=8
i=4 x[il=-2
th=1
—1 .000000 1.000000 O.000006E -2 .000000
1.0000068 1 —13.000000
-1 .000006 1.0000AG 1.00000A —2.0A000R00
1.0000068 2 —10.000000
—1.000008 6.000000 1.000000 —2.000000
3 -7.8880608
0.000000 1.000006 -2 .0AR0B00
L et 351515151515
0.0000060 1.08000068 -3 .0800000
5
a
6

m

-3 .806600
-0PB0B0 2.800008 -3 .000000
-2 .880800
—-1.000600 2.0800000 515 151%]5]5)
7 —1.080606
-1 .6080006 2 .8000008 5 1%15151%]5)
8 -0.000000
-1 .080006 2 .80006008 iy 51%15151%]5)
2 -8.0808006
-1 .0000060 2 .08000008 5151515 1%]5)
16 -0.800000
-1 .080006 2.8000008 5 1%15151%]5)
11 -0.800008
—-1.000680 2.000000 - 806680
12 -8.80686008
-1 .080006 2 .08000008 5 1%15151%]0)
13 -0.6000608
—1.060006 2.8000008 iy 51%15151%]5)
14 -0.8008008
-1 .000006 2 .08000008 515151515 15)
15 -8.8008608
-1 .080006 2 .8000008 5 1%15151%]5)
16 —-0.800008
—-1.000680 2.0800000 - 800660
17 -8.80086008
-008068 2 .000000 5151515 1%]5)
7 951515141515

Process exited after 26.51 seconds with return value @
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Case 2 Find the maximum of f(c,w,u)=-(c-1)>-(w+1)?-(u-2)? by C/C++ program.
#include<stdio.h>
#include<stdlib.h>
#include<math.h>

float f3(float c, float w, float u)

float f3=-pow(c-1,2)-pow(w+1,2)-pow(u-2,2);

return (f3);

void ASOS()

intn,m;
float x[50],xc[50],h, rmax, gg[100],y[100][50];
n=3;

for (inti=1;i<=n;i++)

printf(" i=%d x[i]=", i);

scanf ("%f", &xc[i]);

printf("h=");
scanf ("%f", &h);

for (intj=1; j<=n; j++)



x[jl=xc(j];

}

m=0;

while (h>0.001)

{

ggl01=f3(x[1],x[2],x[3]) ;

rmax=gg[0];

for (int i=0; i<=2*n; i++)

{

for (int j=1; j<=n; j++)

if (2*j==(i+1))

{yli]jl=x[jl+h; }

elseif ((2*j)==i)

{yli][jl=xljl-h; }

else

{ylijll=x[l; }

for (int i=0; i<=2*n; i++)
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for (int j=1; j<=n; j++)

x[j1=y[ilG1;

}

gglil=f3(x[1],x[2],x[3]) ;

if (gg[i]>=rmax)

{ rmax=ggli]; }

}

if (gg[0]==rmax)

{h=h/2;}

for (intj; j<=n;j++)

{

x[j]=xcl[j];

}

if (gg[0]!=rmax)

for (inti=1; i<=2*n; i++)

if (rmax==gg[i])

for (int j=1; j<=n; j++)

{

xc[jl=yli](];
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main ()

ASOS();

}
for (intj=1; j<=n;j++)
{

x[jl=xc[j];

m=m+1;

printf("%f %f %f \n", x[1],x[2],x[3]);

printf("%f %d %f \n", h,m,rmax);
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|n C:\._Users\,USER\Desktoﬁi&)m"" "@%

i=1 x[il=—4.2 -
i=2 x[il=5.1
i=3 x[il1=-2.9
h=1.6
—4.200000 3.500000 -2.9200000
1.6800080 1 -71.299995
—2.600008 3.500008 -2.700000
1.6800088 2 -57.22060081
—2.600008 3.500008 -1 .3000008
1.600080 3 -44.1006082
—2.6000008 1.900008 -1 .3000008
1.600000 4 —-32.260002
—1.000000 1.700008 -1 .300000
1.600008 5 -23.300001
—1.0000060 1.700008 6.300000
1.600000 6 —15.300000
—1.000008 6.300000 6.3080000
1.600000 7 —-8.5800008
0.600000 B.300000 6.300000
8 —-4.740000
8.306008 1.900080
2 -1.860000
-1.300668 1.97006000
18 -8.2600008
-1.300668 1.9006000
11 -8.2608008
-1.300006 1.97000008
12 -8.2600008
-1.300006 1.97000008
13 -8.1086806
-8.900006 1.9000008
14 -8.820800
-8.900006 1.9000008
15 -0.620806008
-8.900006 2.10006008
16 -0.620806008
-8.900006 2.10006008
17 -8.820000
-8.900006 2.80006008
18 -0.6168008
—1.080006 2.80006008
19 -0.800800
-1.000668 2.0800000
28 -8.8080800
-1.000668 2.0006000
21 -8.80808008
—-1.000668 2.080060008
22 -8.8808008
-1 .000006 2 .08000008
23 -8.8080800
-1 .000006 2 .08000008
24 -8.8060800
-1 .000006 2.08000008
25 -0.88006008
-1 .000006 2.08000008
26 —0.0800000

21.91 seconds with return value 8




Case 3 Find the maximum of f(c,w)=-(c-1)>-(w+1)? by C/C++ program.
#include<stdio.h>
#include<stdlib.h>
#include<math.h>

float f2(float c, float w)

float f2=-pow(c-1,2)-pow(w+1,2);

return (f2);

void ASOS()

intn,m;
float x[50],xc[50],h, rmax, gg[100],y[100][50];
n=2;

for (inti=1;i<=n;i++)

printf(" i=%d x[i]=", i);

scanf ("%f", &xc[i]);

printf("h=");

scanf ("%f", &h);



for (intj=1; j<=n; j++)

{

x[jl=xc(j];

}

m=0;

while (h>0.001)

{

ggl0]=f2(x[1],x[2]) ;

rmax=gg[0];

for (int i=0; i<=2*n; i++)

{

for (int j=1; j<=n; j++)

if (2*j==(i+1))

{yli]jl=x[jl+h; }

elseif ((2%*j)==i)

{yli][j1=xil-h; }

else

{yli]ll=x[l; }
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for (int i=0; i<=2*n; i++)

for (int j=1; j<=n; j++)

x[j1=y[ilG1;

}

gelil=f2(x[1],x[2]) ;

if (gg[i]>=rmax)

{ rmax=ggli]; }

}

if (gg[0]==rmax)

{h=h/2;}

for (intj; j<=n;j++)

{

x[j]=xcl[j];

}

if (gg[0]!=rmax)

for (inti=1; i<=2*n; i++)

if (rmax==ggli])

~28~



for (int j=1; j<=n; j++)

{

xc[jl=ylilljl;

}

for (intj=1; j<=n;j++)

{

x[jl=xc[j];

}
m=m+1;
printf("5f %f \n", x{11 (2]}
printf("%f %d %f \n", h,m,rmax);
}

}
main ()
{
ASOS();
}
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|8 7 C:\Users\USER\Des ktoéi&)mt__-]—%,

i=1 x[il=—4.3 -
i=2 x[il=2.6
th=2
-2 .300000 2.600000
2 .000008 1 -23.850000
—2.300000 6.600000
2.000008 2 -13.450001
—0.300000 06.600000
2.000008 3 -4.250000
—0.300000 -1 .400000
2 .000008 4 —1.850001
-1 .400000
5 -8.650000
-1 .400000
6 —08.650000
-1 .400000
7 —-08.250000
-1 .4000060
8 —-0.250000
-0.9600000
9 -0.1000060
-0.9000060
18 -0.850000
-0.900000
11 -0.0850000
-0.960000
12 -0.912500
-0.900000
13 -0.912500
-1.0825000
14 -0.0883125
-1.625000
15 -0.883125
-1.625000
16 -0.000781
-1.0825000
17 -0.080781
-8.9937508
18 -0.000195
-8.993750
19 -0.000195
-8.9937508
20 —-0.000049
-8.993758
21 -0.000049
-1.0081563
22 -0.0800812
-1.0081563
23 -0.000012
-1.001563
24 -0.000063
-1.0081563
25 -0.0000063
-8.999609
26 —0.0000061
-8.999609
27 -0.08800061




Case 4 Find the maximum of f(c)=-(c-1)? by C/C++ program.
#include<stdio.h>
#include<stdlib.h>
#include<math.h>

float f1(float c)

float f1=-pow(c-1,2);

return (f1);

void ASOS()

intn,m;
float x[50],xc[50],h, rmax, gg[100],y[100][50];
n=1;

for (inti=1;i<=n;i++)

printf(" i=%d x[i]=", i);

scanf ("%f", &xc[i]);

printf("h=");
scanf ("%f", &h);

for (intj=1; j<=n; j++)



x[jl=xc(j];

}

m=0;

while (h>0.001)

{

ggl0]=f1(x[1]) ;

rmax=gg[0];

for (int i=0; i<=2*n; i++)

{

for (int j=1; j<=n; j++)

if (2*j==(i+1))

{yli]jl=x[jl+h; }

elseif ((2*j)==i)

{yli][jl=xljl-h; }

else

{ylijll=x[l; }

for (int i=0; i<=2*n; i++)



for (int j=1; j<=n; j++)

x[j1=y[ilG1;

gelil=f1(x[1]);

if (gg[i]>=rmax)

{ rmax=ggli]; }

}

if (gg[0]==rmax)

{h=h/2;}

for (intj; j<=n;j++)

{

x[j]=xc[j];

}

if (gg[0]!=rmax)

for (inti=1; i<=2*n; i++)

if (rmax==ggli])

for (int j=1; j<=n; j++)

{



xc[jl=y[ilGl;

}

for (intj=1; j<=n;j++)

{

x[jl=xc[j];

}
m=m+1;
printf("%f \n", x[1]);
printf("%f %d %f \n", h,m,rmax);
}

}
main ()
{
ASOS();
}
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IC C:\.lUsers\USER\Desktop\SOS-l..exe ' “l@'@l%

i=1 x[i]=-8 -

.500088 1 -42.250000
-3 .0000006
2.56000868 2 -16.0800006
—0.500000
2.500000 3 -2.250000
2 .800800
2.5000060 4 -1 .000000

m

5 -1.00060608

6 —-8.662500

7 -8.862500

8 -0.6862500

2 -8.083986

16 -0.683%266

11 -8.883966

12 -8.806244

13 -0.08808244

14 -0.806244

15 -0.6608015

16 -0.8080815

17 -8.8086815

18 -0.660061

19 -8.800801

28 -0.800001

21 -0.80808008

71515141515

Process exited after 21.24 seconds with return value @
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Eg. How can we obtain the optimal direct coupling
efficiency between an optical waveguide and a
fiber? It is desired to maximize

_ [oteyptyaf
[Jo* (x, y)dxdy- [[ 4% (x, y)dxdy
Waveguide mode: ¢(x,y)=C, -o,(X)p,(y), where

@, (x)= exp(— %j and o (y)= exp{— (y-b) af} - {2, y<b

3, y > b .
Fbe mOCIG . — X2 (y—C)j/

Utilize the formulae: _[Ae‘tzdt = ﬁerf (A IAe‘B‘Zdt = ﬂerf (AVB) |
0 2 0 2JB
j_° e A gt = %[1— erf (A)], and jo “e A gt = %[u erf (A)]
(Llye _(y=0)* (y-b)? _(y=¢)* (y-b)?
0 @m0 %0 W al b w2 a2 00 W2 a2
LI oot yyddy=C.C,[ e = ax[[ e ™ = dy+[e " * dy]
0 7(%+i2)x2
.[ e oA dX = —Wal\/; ’
- Jw? +a’
L 0= (b’ S U ) G af;wj " azzz(c—t;) 2
Jl e v a, dy=_[e w a, duze(a2 +W)_-[e w?a, a W g

_awl p{ (c_b)z] ol _aln ||
2- a2 +w? (87 +w*) w-qa,’ +w?

Similarly,

_(y=)® (y-b)? [u—(c-b)]* u? (c-b)? ag’+w® | ag’(c-b),
J‘we w? ay’ dy _ Jme w? a,” du=e (ag2+w?) . J‘we w?a,? a2 +w? du
b 0

awlr | exp{— ((C )] } - {1+ erf [—33 )

:2-\/a§+w2 aj +w’)

2
J‘_ J‘_ $%(x, y)dxdy =C,° ,%, and J'_ J‘_ 02 (%, y)dxdy=C,> - al(azzas)n |
2a,w?

— = (a, +a, )aZ +w?

)-(I1+I2)2,Where

a (c—h) } a,(c—b)
|, =—2—-exp| - Al-erf| 2 L
b faZ+w? [ (a2 +w?) [W-q/azz—sz

| :L.exp[_ (C_b)2 :| 1+ erf M
©faiw? (a2 +w?) w-y/a,” +w?



(Sol.)

Optimal Direct Coupling
from Single-Mode Fibers
to Ti:LiNbO, Channel Waveguides

KEH-YI LEE
CHYI-JIEH HSIEH
JYH-ROU SZE
GWO-JIUNN JAW

Department of Electrical Engineering

Chinese Culture University

Taipei Taiwan, Republic of China

We investigate the optimal direct coupling from single-mode fibers to Ti:LiNbO;
channel waveguides using a very general formula and a heuristic optimization
technique in this article. The coupling efficiency of the optical power depends on
both the fiber positions and the modal sizes of the incident fields. From our
numerical simulation, it is found that the optimal positions of the fiber axes are not
in alignment with the peaks of the waveguiding modal fields and that the coupling
efficiency can be improved by microlenses.

Keywords coupling efficiency, optimization
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1-6 Steepest Descent Method in Optimizations

Find the minimum of f(X1,Xz,...,Xn): Initial guess is xo=(x1%,x2%,...,x:°), and

of (x Ly, X of (x Ly, X
—Vf(Xl,---,Xn)z _ ( 1 n)’.“’_ ( 1 n)
% X,
Recursive formula: X,,; =X, — &, Vf(X,)
:>(Xlk+l,"',X:+l)— Xlk_ak'L!'“’Xrl:_ak' of
%, [CERE) %y (o)

Solve ax of —9— F (%, — e, Vf (x,)) = 0
de,

Eg. Find the minimum of f(x,y)= x?+y2.
(Sol.) —Vf(x,y)=(-2%,-2y),— , VI (X, ¥) = (-2, X,—2¢, Y)
Initial guess: (x°,y°)=(1,1)
d d

f(l-2a, -11- 20, -1) =
a, da,

[(1-20,)" + (- 20,)"] =0

1
=, =§ = (x',y") = (X =24 %o, Yo — 204+ ¥,) =(0,0)

In fact, (0,0) is the position of the minimum position of f(x,y)=x?+y?.

1-7 Optimizations in Constrained Problems
In the previous section, only unconstrained problems are encountered. If there
exist some constraints, some new methods are needed to solve them.

1. Lagrange Multiplier Method: Find the extrema of a function with some
constraint equations.

2. Penalty Function Method: Find the extrema of a function with some constraint
inequalities.

Eg. Find the minimum of f(x)=sin(x), w/2<x<7n/4.
(Sol.) Original problem has infinite local minima
Under the following constraints, only one minimum point by setting

. T
sin(x) , —<X<—
2 4
100000 , elsewhere

To sum up, imposing some appropriate penalty function outside the constraint
ranges, and then we can solve the constraint problem by the previous method as well
as the unconstraint ones.

9(x) =



Appendix-Genetic Algorithm(BEREE L)
FREEER
o IRFEALAERE H et e R B
o IEEEREERT AT DUE R 2R [ AR B e (R

SR A RS $45
« {#E#E (individual)
+ 1t (generation)
« JEBEAVIN (population size)
«  ZEZE (crossover rate)
«  ZEEEE (mutation rate)
o HEFELLEL (fitness function)

FENERAFREE
-
L - (EAEE
fi : (EESHEEHE (i=1,2,...,L)
— [T E T— AR

~39~



- K

B-EEFERH A ¢ (1) BEEASHT (one-point crossover) (2)5i E5 A i (two-point
crossover) (3)35 422 (uniform crossover)

==L
A% 3 B %
¥ w
A=101010 g—%iﬁﬁ A=101(101
|
B=001]101 B=001(010
B ATHC
L 3 B %
A=10/101]0 & 2 5 &P A'=10[1 10]0
>
B=00]1 1 0]l B=00[10 1]1
AR
$¥=| 00011
A=101010 iéjé‘_] 3 A, A=001001
'
B=001101 B=101110

FE2-011010

, X # ,
A=101010 > A=110000

l
R REA G HE HHAE - n] DURSCGEE IR i Boe e 22 53 -

Eg. Find the maximum of f(x)=-(x-11)? by the genetic algorithm.
At =0 ¢ LS i bits 2kFoR - 140 0=00000, ..., 31=11111
AL - iR A R T ARE
ERREREL © f(x)=-(x-11)

SKERAAE : fi(X)=-(x-11)?-min.
(Sol.) DAE&EEER A RTA + & x=11 1 - f(x) Z AR (B Ry O
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Genetic Algorithm
The first step

i B8 | BEREEE | x(E |f) | f()=-(-10%min | £ /> | £ T | BT
4o9E | AR {1
(s | — Uk ( H
HOSE B (2 iy #%
0O | i) B Y
{E 8 & h
UIED) AR
7E)
1| 01100 | 12 | -1 48 0.38 1.52 2
2| 01111 | 15 | -16 33 0.26 1.05 1
3| 01001 | 9 -4 45 0.36 1.43 1
4| 10010 | 18 | -49 0 0 0 0
WaF1 Y f =126
45 f =315

Max of f(x) = -1

SR LM - B AR x=18(=10010) > Mi%3E x=12(=01100) 7 2 {E

B

o1
|2
oz
04

SRR R

EBERRIRAY | COERERAY | BB | RECHVLER: | ELENE | x H
([Efgdmst | (EAE Bic (B8 | (FEtRECE) RR(CEf) | (R =
L) ® %
)

1 01100 4 1 01001

2 01100 3 4 01101

3 01111 2 4 01110

4 01001 1 1 01100

B35 — (IR o 9 X=14*(=01110) 5 4 HEPRIZE B By X=10(=01010)
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= The second step

fE B | 5 = x BT | fi)=-(-10)%min | £ /> f | T | EIE
o | HREE (=]
( H
i %
Eu
Al
A S
JE)
1 01001 9 -4 0 0 0| O
2 01101 | 13 -4 0 0 0| O
3 01010 | 10 -1 3 0.5 2 | 2*
4 01100 | 12 -1 3 0.5 2 | 1+1*
WaF1 D f, =6
S f =1.5
Max of f(x)=0

AR B AR x=9(=01001) 8 x=13(=01101) - fi FE x=10(=01010)
Bl x=12(=01100) & & 2 & - {H 2 & W {E x=10(=01010) 35 3& £ 22 & K
x=11(=01011) » i —{H x=12(=01100)2&% & x=8(=01000)

PR BRI e i ge s

B R Y | KOEERY | X HCHY | RECHIMLER: | rEAEAE | x |
([Efgdmst | (EAE Bic 1 (FE | (FEtRECE) M) (5B =
L) ® %

)

1 01011 3 2 01100 | 12

2 01011 4 4 01010 | 10

3 01100 1 2 01011 | 11

4 01000 2 4 01001 9
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= The third step

fE B | 5= x [l [f) | fi)=-(-10)%min | £ /> f | T | HIE
o | EEE {1
( H
o 1
Equ
mh
AR
JE)
1 01100 12 1 3 0.3 1.2 1
2 01010 10 1 3 0.3 1.2 1
3 01011 11 0 4 0.4 1.6 2
4 01001 9 4 0 0 0 0
4aF1 | f =10
5 f =25
Max of f(x)=0

PR AL - B 7K x=9(=01001) > M%JE x=11(=01011) & 2 {&

PR BRGSO B o
CORRIRAY | KCBRIEREY | R AT | KK ER: | MrE A E | x (&
(EfdmsE | (EE Bt (bE | (i) AR(—E(r) | (R
L) ® %
Bf)
1 01100 2 4 01100 12
2 01010 1 4 01010 10
3 01011 3 3 01011 11
4 01011 4 3 01011 11

TR AT x By DU AA{E H 5 —UBREE(12,15,9,18) 1 2
2% = UFEEE(12,10,11,9) - M5 VU{UKRER(12,10,11,11) » £f&
P RERZ s 11 > T FOO RIS A (B RITZ s 2 0
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HERFEERB/IME

#include <stdio.h>

#include <stdlib.h>

#include <time.h>

#include <math.h>

#define POPULATION_SIZE 100
#define MAX_GENERATIONS 1000
#define MUTATION_RATE 0.01
#define imax 4

/I Function to calculate the fitness value of an individual
// double calculateFitness(double x, double y, double z, double w) {
double calculateFitness(double x1, double x2, double x3, double x4) {
1 return2* ((x-3)* (x-3)) + ((y+5.1) *(y+5.1)) + 4 * ((z- 4.8) * (z- 4.8));
return x4*exp(-x1*x1-x2*x2-x3*x3-x4*x4);

}

/I Function to generate a random number between min and max
double getRandomNumber(double min, double max) {
return ((double)rand() / RAND_MAX) * (max - min) + min;

/I Structure representing an individual in the population
typedef struct {

double x[5];

double fitness;
} Individual;

/I Function to initialize an individual with random values
void initializeIndividual(Individual *individual) {

1 individual->x = getRandomNumber(-10, 10);

1 individual->y = getRandomNumber(-10, 10);

1 individual->z = getRandomNumber(-10, 10);

1 individual->w = getRandomNumber(-10, 10);

for (int i=1;i<=imax;i++)

{individual->x[i] = getRandomNumber(-10, 10);

}

individual->fitness = calculateFitness(individual->x[1], individual->x[2],
individual->x[4]);
}

/I Function to mutate an individual by adding a small random value

void mutatelndividual(Individual *individual) {

1 individual->x += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->y += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->z += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->w += getRandomNumber(-1, 1) * MUTATION_RATE;
for (int i=1;i<=imax;i++)

{ individual->x[i] += getRandomNumber(-1, 1) * MUTATION_RATE;

}

individual->fitness =  calculateFitness(individual->x[1], individual->x[2],
individual->x[4]);

}

/I Function to perform tournament selection to choose parents for reproduction
Individual selectParent(Individual *population) {
int tournamentSize = 5;
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int selected = rand() % POPULATION_SIZE;

for (inti=0; i < tournamentSize; i++) {
int index = rand() % POPULATION_SIZE;
if (population[index].fitness < population[selected].fitness) {
selected = index;

return population[selected];

/I Function to perform crossover between two parents to create offspring

Individual crossover(Individual parentl, Individual parent2) {
Individual offspring;

1 offspring.x = (parentl.x + parent2.x) / 2.0;

1 offspring.y = (parentl.y + parent2.y) / 2.0;

1 offspring.z = (parentl.z + parent2.z) / 2.0;

1 offspring.w = (parentl.w + parent2.w) / 2.0;

for (int i=1;i<=imax;i++)

{ offspring.x[i] = (parentl.x[i] + parent2.x[i]) /2.0;

}
offspring.fitness = calculateFitness(offspring.x[1], offspring.x[2], offspring.x[3], offspring.x[4]);
return offspring;

}

int main() {

srand(time(NULL));

Individual population[POPULATION_SIZE];

/I Initialize the population
for (inti=0; i < POPULATION_SIZE; i++) {
initializeIndividual(&population[i]);

int generation = 0;

/I Evolution loop
while (generation < MAX_GENERATIONS) {
/I Create a new population
Individual newPopulation[POPULATION_SIZE];

for (inti=0; i <POPULATION_SIZE; i++) {
/I Select two parents
Individual parentl = selectParent(population);
Individual parent2 = selectParent(population);

/I Perform crossover to create offspring
Individual offspring = crossover(parentl, parent2);

/I Mutate the offspring
mutatelndividual(&offspring);

/1 Add the offspring to the new population
newPopulation[i] = offspring;
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/I Replace the old population with the new population
for (inti=0; i <POPULATION_SIZE; i++) {
population[i] = newPopulation[i];

generation++;

/I Find the individual with the minimum fitness value
Individual bestIndividual = population[0];
for (inti=1; i < POPULATION_SIZE; i++) {
if (population[i].fitness < bestIndividual.fitness) {
bestindividual = population[i];

/1 Print the result
printf(**Minimum value: %.4f\n", bestIndividual.fitness);

printf("'x[1] = %.4f, x[2] = %.4f, X[3] = %.4f, x[4] = %.4f\n"", bestIndividual .x[1], bestIndividual .x[2],
bestIndividual.x[3], bestIndividual.x[4]);

return 0;
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HERFEERBAE

#include <stdio.h>

#include <stdlib.h>

#include <time.h>

#include <math.h>

#define POPULATION_SIZE 100
#define MAX_GENERATIONS 1000
#define MUTATION_RATE 0.01
#define imax 4

/I Function to calculate the fitness value of an individual
// double calculateFitness(double x, double y, double z, double w) {
double calculateFitness(double x1, double x2, double x3, double x4) {
1 return2* ((x-3)* (x-3)) + ((y+5.1) *(y+5.1)) + 4 * ((z- 4.8) * (z- 4.8));
return x3*exp(-x1*x1-x2*x2-x3*x3-x4*x4);

}

/I Function to generate a random number between min and max
double getRandomNumber(double min, double max) {
return ((double)rand() / RAND_MAX) * (max - min) + min;

/I Structure representing an individual in the population
typedef struct {

double x[5];

double fitness;
} Individual;

/I Function to initialize an individual with random values
void initializeIndividual(Individual *individual) {

1 individual->x = getRandomNumber(-10, 10);

1 individual->y = getRandomNumber(-10, 10);

1 individual->z = getRandomNumber(-10, 10);

1 individual->w = getRandomNumber(-10, 10);

for (int i=1;i<=imax;i++)

{individual->x[i] = getRandomNumber(-10, 10);

}

individual->fitness = calculateFitness(individual->x[1], individual->x[2],
individual->x[4]);
}

/I Function to mutate an individual by adding a small random value

void mutatelndividual(Individual *individual) {

1 individual->x += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->y += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->z += getRandomNumber(-1, 1) * MUTATION_RATE;
1 individual->w += getRandomNumber(-1, 1) * MUTATION_RATE;
for (int i=1;i<=imax;i++)

{ individual->x[i] += getRandomNumber(-1, 1) * MUTATION_RATE;

}

individual->fitness =  calculateFitness(individual->x[1], individual->x[2],
individual->x[4]);

}

/I Function to perform tournament selection to choose parents for reproduction
Individual selectParent(Individual *population) {
int tournamentSize = 5;
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int selected = rand() % POPULATION_SIZE;

for (inti=0; i < tournamentSize; i++) {
int index = rand() % POPULATION_SIZE;
if (population[index].fitness > population[selected].fitness) {
selected = index;

return population[selected];

/I Function to perform crossover between two parents to create offspring

Individual crossover(Individual parentl, Individual parent2) {
Individual offspring;

1 offspring.x = (parentl.x + parent2.x) / 2.0;

1 offspring.y = (parentl.y + parent2.y) / 2.0;

1 offspring.z = (parentl.z + parent2.z) / 2.0;

1 offspring.w = (parentl.w + parent2.w) / 2.0;

for (int i=1;i<=imax;i++)

{ offspring.x[i] = (parentl.x[i] + parent2.x[i]) /2.0;

}
offspring.fitness = calculateFitness(offspring.x[1], offspring.x[2], offspring.x[3], offspring.x[4]);
return offspring;

}

int main() {

srand(time(NULL));

Individual population[POPULATION_SIZE];

/I Initialize the population
for (inti=0; i < POPULATION_SIZE; i++) {
initializeIndividual(&population[i]);

int generation = 0;

/I Evolution loop
while (generation < MAX_GENERATIONS) {
/I Create a new population
Individual newPopulation[POPULATION_SIZE];

for (inti=0; i <POPULATION_SIZE; i++) {
/I Select two parents
Individual parentl = selectParent(population);
Individual parent2 = selectParent(population);

/I Perform crossover to create offspring
Individual offspring = crossover(parentl, parent2);

/I Mutate the offspring
mutatelndividual(&offspring);

/1 Add the offspring to the new population
newPopulation[i] = offspring;
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/I Replace the old population with the new population
for (inti=0; i <POPULATION_SIZE; i++) {
population[i] = newPopulation[i];

generation++;

/I Find the individual with the minimum fitness value
Individual bestIndividual = population[0];
for (inti=1; i < POPULATION_SIZE; i++) {
if (population[i].fitness > bestIndividual.fitness) {
bestindividual = population[i];

/1 Print the result
printf(**Maximum value: %.4f\n"", bestIndividual fitness);

printf("x[1] = %.4f, x[2] = %.4f, X[3] = %.4f, x[4] = %.4f\n"", bestIndividual x[1], bestIndividual .x[2],
bestIndividual.x[3], bestIndividual.x[4]);

return 0;

8| C:\Users\user\Desktop EEZEmaxexe

= 0.0023, x[3] = 0.7073, x[4] = -0.0023

s with return value 0

~49~



