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Solution to Exercise 50.

!�"
6 / 4 * 2.0f - 3 −→

1 * 2.0f - 3 −→
2.0f - 3 −→
-1.0f

# "
2 + 15.0e7f - 3 / 2.0 * 1.0e8 −→1.5 $ 108>227

15.0e7f - 3 / 2.0 * 1.0e8 −→
15.0e7f - 1.5 * 1.0e8 −→
15.0e7f - 1.5e8 −→
0.0

%&"
392593 * 2735.0f - 8192 * 131072 + 1.0 −→#('*) !,+.-0/

1 0 . . . 0︸ ︷︷ ︸132(46587:9<; 0011111︸ ︷︷ ︸= 9>4@?BA3;C4 f - 8192 * 131072 + 1.0 −→

1073741824.0f - 8192 * 131072 + 1.0 −→
1073741824.0f - 1073741824 + 1.0 −→
0.0f + 1.0 −→
1.0

D "
16 * (0.2f + 262144 - 262144.0) −→

16 * (
#E'6) !F+G-0/

1 0 . . . 0︸ ︷︷ ︸HJIK4*587:9<; .00110 0110︸︷︷︸= 9<4�?8A3;L4 f - 262144.0) −→

16 *
#('*) !,+.-0/

0.0011 −→
3.0

Solution to Exercise 51.

!M"ON�P '6QR'6QRS ! Q -T! )KDUDKV@SWQ.)YX[ZRZ !F\ S ! ) -]%&!_^*%a`K^>! Zb'6V�)KQ /
0.25 = 1/4 = 1 c 2−2 dfe Q ! #E'6) !F+.-) `Eg #�S +ah Z P '6Q�'6Q

0.01 d



�����

# "�� SfS g��E^ V - Z P S +b`K^ SaQ�� + V g	� S % Zb'6V�)�
 d�@d��@d

1.52 → b0 = 1

2(1.52 − 1) = 2 c 0.52 = 1.04 → b−1 = 1

2(1.04 − 1) = 2 c 0.04 = 0.08 → b−2 = 0

2(0.08 − 0) = 2 c 0.08 = 0.16 → b−3 = 0

2(0.16 − 0) = 2 c 0.16 = 0.32 → b−4 = 0

2(0.32 − 0) = 2 c 0.32 = 0.64 → b−5 = 0

2(0.64 − 0) = 2 c 0.64 = 1.28 → b−6 = 1

2(1.28 − 1) = 2 c 0.28 = 0.56 → b−7 = 0

2(0.56 − 0) = 2 c 0.56 = 1.12 → b−8 = 1

2(1.12 − 1) = 2 c 0.12 = 0.24 → b−9 = 0

2(0.24 − 0) = 2 c 0.24 = 0.48 → b−10 = 0

2(0.48 − 0) = 2 c 0.48 = 0.96 → b−11 = 0

2(0.96 − 0) = 2 c 0.96 = 1.92 → b−12 = 1

2(1.92 − 1) = 2 c 0.92 = 1.84 → b−13 = 1

2(1.84 − 1) = 2 c 0.84 = 1.68 → b−14 = 1

2(1.68 − 1) = 2 c 0.68 = 1.36 → b−15 = 1

2(1.36 − 1) = 2 c 0.36 = 0.72 → b−16 = 0

2(0.72 − 0) = 2 c 0.72 = 1.44 → b−17 = 1

2(1.44 − 1) = 2 c 0.44 = 0.88 → b−18 = 0

2(0.88 − 0) = 2 c 0.88 = 1.76 → b−19 = 1

2(1.76 − 1) = 2 c 0.76 = 1.52 → b−20 = 1
...

� P S�� h�� ) !_^*^*- Z P S�Q.S�� ` Sa) % S�#�S % V g SaQ � S + '6V DE' %Mh ! )KD���S���SWZ Z P S]#E'6) !F+.- S�� �(! )KQ.'6V�)
1.10000101000111101011 d

% "�� SfS g��E^ V - Z P S +b`K^ SaQ�� + V g	� S % Zb'6V�)�
 d�@d��@d

1.3 → b0 = 1

2(1.3 − 1) = 2 c 0.3 = 0.6 → b−1 = 0

2(0.6 − 0) = 2 c 0.6 = 1.2 → b−2 = 1

2(1.2 − 1) = 2 c 0.2 = 0.4 → b−3 = 0

2(0.4 − 0) = 2 c 0.4 = 0.8 → b−4 = 0

2(0.8 − 0) = 2 c 0.8 = 1.6 → b−5 = 1

2(1.6 − 1) = 2 c 0.6 = 1.2 → b−6 = 1
...

� SfQ.SWSfZ PE! Z Z P SfS�� �(! )KQ.'6V�) '6Q � S + '6V DE' % ! )KD - '6S ^ DKQ�Z P S #E'6) !F+.- ) `Kg #�S +
1.01001 d

D "�� S�� + '*ZbS
11.1 = 10 + 1.1

! )ED ! DKD Z P S #E'6) !F+.- S�� �(! )KQ.'6V�)
1010.0

V��
10
ZbVTZ P S #E'��

) !F+.- S�� �(! )KQ.'6V�)
1.00011

V��
1.1

DKS + '�� SaD '6) � S % Z.'6V�)�
 d��@d�@d N�P S + SaQ `E^ Zb'6)�� S�� �(! )KQ.'6V�) '*Q
1011.00011 d
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Solution to Exercise 52.

!M"
0.25

PE! QR)KV +bg !_^ '��WSaD #E'6) !F+.-�� V ! Zb'*) � � V�'6) Z + S �K+ SaQ.SW) Z ! Z.'6V�)
1.0 c 2−2 ! )EDT'6Q�Z P S + S �>V + SQ g !F^6^ S + Z PE! ) ! ) - ) `Kg #�S + '6)	��


(2, 5, −1, 2) d N P S )KS !F+ SaQGZ ) `Eg #�S + '6QfZ P S + S �>V + S Z P SQ g !F^6^ SaQGZ�) `Kg #�S + '*)OZ P '6Q
Q - QGZ.S g]h ) !_g S ^*-
0.5

��'*Z P )KV +bg !F^ '��aSaD #E'6) !F+G- + S �K+ SWQ.Sa) Z ! Zb'6V�)
1.0 c 2−1 d� )��

(2, 5, −1, 2)
h ��S %&! ) + S �E+ SaQ.Sa) Z

0.25
S�� !_% Z ^C-O! Q

0.1 c 2−1 d
# "

1.52
PE! Q )KV +bg !F^ '��aSaD #E'6) !F+.-�� V ! Zb'6)�� � V�'*) Z + S �K+ SaQ.SW) Z ! Z.'6V�)

1.10000101000111101011 c
20 d N V ��SWZ�Z P Sf)KS !,+ SaQGZ�) `Kg #0S + '6)���


(2, 5, −1, 2)
h ��S P(! � S�ZbV + V ` )KD ZbV

5
Q.'���)E' �(%a! ) Z

DK' ��'*Z.Q d N P S + SaQ `K^ Zf'6Q 1.1000 c 20 = 1.5
h VM#KZ ! '6)KSaD�# -T+ V ` )KDE'*) �ODKV ��) h QG'6) % S

1.1001 c
20 = 1.5625

h VM#KZ ! '6)KSaD # - + V ` )KDE'*) � ` � h '6Q � !F+ Z P S + ! � !a- d N�P S )KS !F+ SaQGZ ) `Kg #�S + '*)�
(2, 5, −1, 2)

'6Q�Z P SfQ !_g S h Q.'6) % S�Z P '6Q�Q - QGZbS g P(! Q�V�) ^*- S�� Z +b! ) `Kg #�S + Q��������������OZ P(! )
! ) - )KV +bg !_^ '��WSaD ) `Kg #�S + d �@`K%�P ) `Kg #�S + Q %&! )E)KVMZ�#�S )KS !F+ SWQGZ�Z.V ) `Eg #�S + Q�������� �!� Z PE! )Q.V g S )KV +bg !_^ '��aSaD ) `Kg #�S + d

% "
1.3

PE! Q�)KV +bg !_^ '��WSaD #('*) !,+.-"� V ! Zb'6)�� � V�'6) Z + S �E+ SaQ.Sa) Z ! Zb'6V�)
1.01001 d N V ��SWZ�Z P S�)KS !F+ SaQ Z) `Eg #�S + '6)	� 


(2, 5, −1, 2)
h ��S PE! � S ZbV + V ` )KD ZbV

5
QG' ��)K' �E%&! ) Z�DK' ��'*Z.Q d N P S + SaQ `K^ Z '*Q

1.0101 c 20 = 1.3125
h VM#KZ ! '6)KSaD � + V g + V ` )KDK'6)�� ` � h Q.'6) % S

1.0100 c 20 = 1.25
h VM#KZ ! '6)KSaD

� + V g + V ` )KDK'6)�� DKV ��) h '6Q � !F+ Z P S +f! � !a- d N�P S )ES !F+ SaQGZ�) `Eg #�S + '*)#�
(2, 5, −1, 2)

'6Q�Z P S
Q !Fg S d

D "
11.1

'6Q ^>!F+ ��S + Z P(! ) ! ) - ) `Kg #0S + '6) Z P S�Q - QGZbS g � 

(2, 5, −1, 2) d%$ S %&!_^6^ Z P(! Z�Z P S ^>!,+ ��SaQGZ) `Eg #�S + '6Q

1.1111 c 22 = 4+ 2+ 1+ 1/2+ 1/4 = 7.75
h@! )KD Z P '6Q�'6Q
Z P S�)KS !F+ SaQGZ�) `Eg #�S +

ZbV
11.1

hK!_^ Q.V '6)&�
(2, 5, −1, 2) d

Solution to Exercise 53. N P S Q g !_^6^ SWQGZ )KV +bg !_^ '��WSaD ) `Kg #�S + '6Q !_^ � !a- Q
2emin d'� ) %&! Q.S V��Q.'6)�� ^ S �K+ S % '6QG'6V�) h Z P '6Qf'6Q

2−126 h �>V + DKV ` # ^ S �K+ S % '6QG'6V�) h '*Zf'6Q 2−1022 d&$ S %&!_^6^ Z PE! Z Z P S ^>!F+ ��SaQ Z)KV +bg !_^ '(�aSaD ) `Kg #�S + '6Q)
1 −

)
1

β * p * βe +�,�- +1.. V + QG'6)�� ^ S �E+ S % '6Q.'*V�) h Z P '*Q - '6S ^ DKQ/0
1 −

)
1

2 * 24 12
2128 = 2128 − 2104.. V + DKV ` # ^ S �K+ S % '6QG'6V�) h ��S ��SWZ/0

1 −

)
1

2 * 53 12
21024 = 21024 − 2971.

Solution to Exercise 54.
. V + S !_%�P S�� � V�)KSa) Z h � 


(β, p, e 70543 , e 76587 ) PE! Q β − 1
� V�QGQ.'*#E' ^ '��

Zb'6SWQ �>V + Z P S �E+ QGZ DE'���'*Z h�! )KD
β
� V�Q.Q.'*#E' ^ 'CZb'6SaQ �>V + Z P S + S g ! '*)E'*) �

p − 1
DK' ��'*Z.Q d N�P SOQ.'��WS V��� 


(β, p, e 70543 , e 76587 ) '6Q Z P S + S �>V + S
2(e 79587 − e 70543 + 1)(β − 1)βp−1,



�����
' � ��S�Z !,\ S�Z P S�Z ��V � V�Q.QG'*# ^ S Q.' ��)KQ�'*) ZbV !_%a% V ` ) Z d�

(β, p, e 70543 , e 79587 ) PE! Q S�� Z +�! )KV�)K)KS � ! Zb'�� S ) `Eg #�S + Q V�� Z P S �>V +bg
0.d1 . . . dp−12

e +�� � ,
! )KD Z P S + S !,+ S

βp−1
V��(Z P S g d e DKDK'6)��RZ P S�)KV�) � � V�QG'*Zb'�� S V�)KSaQ ! )KD Q ` #KZ +b!_% Zb'6)�� 1

�>V +
% V ` ) Zb'6)��
0
Z ��' % S h ��S ��SWZ

2βp−1 − 1

S��@Z +�! ) `Kg #0S + Q d

Solution to Exercise 55.
N�P ST#E'6) !F+.- S�� �(! )KQ.'6V�) V��

0.1
'6Q

0.00011
h VM#KZ ! '6)KSaD�� + V g Z P S

+ S �K+ SWQ.Sa) Z ! Zb'6V�) V��
1.1

# - Q ` #EZ +�!_% Zb'*) �
1 d N�P '*Q � !_^6` S P(! Q�ZbV�#�S + V ` )KDKSaD ZbVfZ P S�)KS !F+ SaQGZ � !_^6` S��'CZ P

24
Q.'���)E' �(%a! ) Z DK' ��'*Z.Q d�� SWZ ` Q � + '*ZbS V ` Z Z P SOS�� �:! )EQG'6V�) QGVUZ PE! Z ��S���SWZ Z P S �K+ QGZ 26Q.' ��)K' �E%&! ) Z�DK' ��'*ZbQ�V��

0.00011
/

0.00011001100110011001100110011.� Z �>V ^6^ V ��Q�Z PE! Z ��S PE! � SfZ.V + V ` )KD ` � ZbV 1
! Z�DK' ��'*Z

24
ZbV ��SWZ Z P S )KS !F+ SWQGZ

float
� !F^6` S

1.10011001100110011001101 c 2−4.

N V QGSaS P V ��Z P '6Q � !_^*` S DE'��0S + Q � + V g
0.1
hE^ SWZ&X[Q % V�) � S + ZR'*Z�# !_%b\ '6) ZbV DKS % ' g !_^�+ S �K+ SaQ.SW) Z ! Z.'6V�) d� ) Z.S + SaQGZ.'6)�� ^*- h Z P '6Q '6Q !_^ � !a- Q � V�Q.Q.'C# ^ S ��'CZ P V ` Z ! ) - S +.+ V +ah Q.'6) % S 0.1 	 #E'6) !F+.- " '6Q 0.5 	 DKS % ' g !_^<" h

0.01 	 #('*) !,+.-K" '6Q 0.25 	 DKS % ' g !_^<" h ! )KD Q.V V�) d N�P S�DKS % ' g !F^ � !_^*` S Z PE! Z ��S�VM#EZ ! '6) '*Q
0.100000001490116119384765625.

Solution to Exercise 56. � S % V g��(!F+ S � V ! Zb'6)�� � V�'6) Z ) `Kg #0S + Q �>V + S � `E!_^ 'CZ - '6)
i != 1.0

h
!_^ Z P V ` � P V�)KSfV�� Z P S g 	 ) !_g S ^*- Z P S � !_^6` S V�� i " '*Q�Z P S + SaQ `K^ Z�V���'*)ES�� !_% Z % V g��E` Z ! Zb'6V�)KQ hK! Q �Q `Kg '6)�� ! # ! Q.S�� 
 � V ! Zb'*) � � V�'6) Z ) `Kg #�S + Q - QGZ.S g d N�P S�'*)ES�� !_% Z.)ESWQ.Q % V g SaQ � + V g Z P S + V ` )KDK'6)��
V��

0.1
ZbV ! � V ! Zb'*) � � V�'*) Z ) `Kg #�S +&h ! )ED � + V g Z P S�Q ` #EQ.S � ` Sa) Z ! DKDK'*Zb'6V�) V��:) `Kg #�S + Q d � ) �K+�!F% �Zb' % S h Z P '6Q ^ S ! DKQ�ZbV ! ) '6) � )E'CZbS ^ V@V � h Q.'*) % S

i != 1.0
��' ^6^�!_^ � !&- Q #0SfQ ! Zb'6Q � SaD d

Solution to Exercise 57. � S !F+ S ! DKDK'6)�� � S +.- ^>!F+ ��S ZbV � S +.- Q g !_^6^ ) `Kg #�S + Q D ` + '*) � ^6! ZbS +
QGZbS � QfV��
Z P '6Q ^ V V � d e Z QGV g S � V�'6) Z h Z P S � !_^*` S V�� i g '�� P Z PE! � S #�S % V g S QGV ^>!F+ ��S Z PE! Z�Z P S'6) %W+ S g Sa) Z�# -

1
P(! Q
)KV S
�0S % Z ! ) - g V + S d � S�Z P S + S �>V + S ��SWZ ! ) '6) � )E'CZbS ^ V@V � !_^ Q.V '6) Z P '*Q %&! QGS d

Solution to Exercise 58.

H
// Prog : dec2float.C1
// compute the float representation of a number2
// in the open interval (0 ,2)� �
#include <iostream >



��� 
 �������
	���������������������� 	��

�
int main ()I
{

�
// inputH��
std ::cout << "Decimal number x (0 < x < 2) =? ";H3H
float x;HJ1
std ::cin >> x;HJ2H �
// x = w * 2^eH �
float w = x;H 
int e = 0;H �HJI
// as long as w < 1, decrement e and double wH��
for ( ; w < 1.0 f; w *= 2.0f) --e;1��1GH
// Now we have 1 <= w < 2, apply rule from lecture131
std ::cout << "Significand : ";132
for ( ; w != 0.0; w = 2.0f * (w - int(w)))1 �

std :: cout << int (w);1 �1 
std ::cout << "\ nExponent : " << e << "\n";1 �13I
return 0;1��

}

Solution to Exercise 59.

H
// Prog : double_integer.C1
// tests whether a given double value is integer2
//�
#include <iostream >

�


int main ()
�

{I
// input

�
std ::cout << "Decimal number =? ";H��
double d;H3H
std ::cin >> d;HJ1
double abs_d = d > 0 ? d: -d; // |d|HJ2H �
// |d| can be written in the form m * 2^e, where m is aH �
// natural number whose last binary digit is 1. Then |d| isH 
// integer if and only if e >=0. Having m, we can thereforeH �
// conclude that d is integer if and only if |d| >= mHJIH��
// step 1: normalize such that number is in [1,2)1��
double e = abs_d;1GH
while (e >=2) e/=2; // ensure e < 2;131
while (e < 1) e*=2; // ensure e >=1;1321 �
// step 2: compute binary expansion m like in the lecture notes1 �
double m = 0;1 
while (e > 0) {1 �

// move last binary digit of e into m13I
m *= 2;1��
if (e >= 1) {2��

m += 1;2GH
e = 2*(e -1);231

} else232
e = 2*e;2 �

}2 �2 
// step 3: compare with abs_d2 �
std ::cout << d;



��� �
23I

if ( abs_d >= m)2��
std :: cout << " is integer .\n";� �

else�.H
std :: cout << " is not integer .\n";� 1� 2

return 0;� �
}

Solution to Exercise 60.
� S + S '*Q Z P S �K+ V�� +�!_g # ! Q.SaD V�) Z P S �K+ Q Z �>V +bg `K^>! d

H
// Prog : pi1.C1
// approximate pi according to first n terms of the formula2
// pi = 4 - 4/3 + 4/5 - 4/7 ...� �
#include <iostream >

�
int main ()I
{

�
// inputH��
std ::cout << "Number of iterations =? ";H3H
unsigned int n;HJ1
std ::cin >> n;HJ2H �
// computation ( forward sum)H �
double pif = 0.0;H 
for (int i = 1; i < 2*n; i += 2)H �

if (i % 4 == 1)HJI
pif += 4.0 / i;H��

else1��
pif -= 4.0 / i;1GH131

// computation ( backward sum)132
double pib = 0.0;1 �
for (int i = 2*n-1; i > 0; i -= 2)1 �

if (i % 4 == 1)1 
pib += 4.0 / i;1 �

else13I
pib -= 4.0 / i;1��2��

// output2GH
std :: cout << "Pi is approximately "231

<< pif << " ( forward sum ), or "232
<< pib << " ( backward sum ); the difference is "2 �
<< pif - pib << "\n";2 �2 

return 0;2 �
}

� P SW) - V `]+b` )�'*Z �>V +
n = 10, 000

h �>V + S�� !_g��E^ S h '*Z ��'�� SWQ�V�)�V `K+ �(^6! Z �>V +bg Z P S ! ���K+ V � '��
g ! Zb'*V�)

3.14139 	 QGZb' ^*^ V � '6)�Z P S �>V `K+ Z P DK' ��'*Z ! �6ZbS + Z P S DKS % ' g !F^ � V�'6) Z " d . V + n = 100, 000
h

��S ��SWZ
3.14157 	 QGZb' ^6^ V � '*)UZ P S � �6Z P DK' ��'*Z ! �6Z.S + Z P S DKS % ' g !_^ � V�'6) Z " d . V + n = 1, 000, 000

h
� ) !_^6^*- h Z P S + SaQ `E^ Z�'*Q % V +G+ S % Z�ZbV � � SfDE'���'*ZbQ ! �6ZbS + Z P S�DES % ' g !_^ � V�'6) Z /

3.14159 d
� S + Sf'6Q�Z P S ! ���K+ V � ' g ! Zb'6V�) # ! Q.SaD V�) Z P SfQGS % V�)KD �>V +bg `E^6! d

H
// Prog : pi2.C1
// approximate pi according to the first n terms of the formula2
// pi = 2 + 2*1 / 3 + 2*1*2 / 3*5 + 2*1*2*3 / 3*5*7� �
#include <iostream >



��� � �������
	���������������������� 	��


�

int main ()I
{

�
// inputH��
std ::cout << "Number of iterations =? ";H3H
unsigned int n;HJ1
std ::cin >> n;HJ2H �
// auxiliary variablesH �
// initialized for first term of forward sum (i=0)H 
double numer = 2.0; // numerator i-th termH �
double denom = 1.0; // denominator i-th termHJIH��
// forward sum1��
// pif: value after term i (i=0 initially , then i=1,2,...,n -1)1GH
double pif = 2.0;131
for (int i = 1; i < n; ++i)132

pif += ( numer *= i) / ( denom *= (2* i + 1)); // update to term i1 �
// now numer and denom are the ones for i=n-11 �1 
// backward sum1 �
// pib: value after term i (i=n-1 initially , then i=n -2 ,... ,1 ,0)13I
double pib = numer / denom;1��
for (int i = n-1; i >= 1; --i) {2��

pib += ( numer /= i) / ( denom /= (2* i + 1)); // update to term i-12GH
}231232
// output2 �
std ::cout << "Pi is approximately "2 �

<< pif << " ( forward sum ), or "2 
<< pib << " ( backward sum ); the difference is "2 �
<< pif - pib << "\n";23I2��

return 0;� �
}

N P '6Q !_^*+ S ! D - ��'�� SaQ Z P S + SaQ `K^ Z
3.14159

�>V +
n = 17

V�)UV ` + �E^>! Z �>V +bg]h Q.VOZ P '6Q � S + Q.'6V�)U'6Q
VM# �@'6V ` Q ^*- �K+ S �>S +�! # ^ S d

Solution to Exercise 61.

H
// Program: babylonian.C1
// Approximation of the square root of a positive real number2�
#include <iostream >

�


int main (){
�I

// Read input
�

double s; // input numberH��
double eps = 0.001; // the epsilon , i.e. max square errorH3HHJ1
std :: cout << "Which number do you want to take the square root of?";HJ2
std :: cout << "\n";H �
std :: cin >> s;H �H 
// Compute square rootH �
double x = s / 2.0; // initialize solutionHJI
unsigned int n = 0; // counter for number of iterationsH��1��
while (x * x - s >= eps || s - x * x >= eps ) {1GH

++n;



��� �
131

x = (x + s / x) / 2.0;132
}1 �1 �
std :: cout << "The square root of " << s << " is: " << x << std ::endl;1 
std :: cout << "The number of iterations done: " << n << std :: endl;1 �13I
return 0;1��

}

Solution to Exercise 62.

H
// Program: fpsys.C1
// Provide a graphical representation of floating point numbers2�
#include <iostream >

�
#include <IFM/window >

�
int main ()I
{

�
// Input parameters of floating point systemH��
std ::cout << "Draw F*(2,p,e_min ,e_max ).\ np =? ";H3H
unsigned int p;HJ1
std ::cin >> p;HJ2
std ::cout << "e_min =? ";H �
int emin;H �
std ::cin >> emin;H 
std ::cout << "e_max =? ";H �
int emax;HJI
std ::cin >> emax;H��1��
// We compute significands using integral arithmetic , that is ,1GH
// scaled by 2^(p -1).131132
// compute the smallest normalized significand 2^(p-1)1 �
unsigned int smin = 1;1 �
for ( unsigned int i = 1; i < p; ++i) smin *= 2;1 
// compute the largest normalized significand (2^p)-11 �
unsigned int smax = 2 * smin - 1;13I
// compute 2^emin1��
double pemin = 1;2��
for (int i = 0; i < emin ; ++i) pemin *= 2;2GH
for (int i = 0; i > emin; --i) pemin /= 2;231
// compute 2^emax232
double pemax = 1;2 �
for (int i = 0; i < emax ; ++i) pemax *= 2;2 �
for (int i = 0; i > emax; --i) pemax /= 2;2 2 �
// For each positive number x of the system draw a circle23I
// with radius x around the window center2��� �
// parameters to scale output�.H
int cx = ( ifm ::wio .xmax () - ifm :: wio.xmin ()) / 2;� 1
int cy = ( ifm ::wio .ymax () - ifm :: wio.ymin ()) / 2;� 2
double scale = cx / ( pemax * smax);� �� �
// zero� 
ifm ::wio << ifm :: Point(cx , cy);� �
// loop over all normalized significands� I
for ( unsigned int i = smin ; i <= smax ; ++i)� �

// loop over all exponents
�
�

for ( double m = pemin ; m <= pemax ; m *= 2)
� H

ifm ::wio << ifm :: Circle (cx , cy , int(m * i * scale ));
� 1
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ifm ::wio. wait_for_mouse_click ();
� �

return 0;
� �

}

Solution to Exercise 63.

H
// Prog : mandelbrot.C1
// draws (a part of) the Mandelbrot set and allows the user to2
// zoom in by clicking with the mouse on the region to be enlarged�
//

�
// The Mandelbrot set is defined as the set of all complex numbers
// c such that the complex iteration formula z := z^2 + c ( starting

�
// with z=0) always yields values z of absolute value at most two.I
// In the computations below , we perform a large but fixed number

�
// of steps of this iteration for a given c; if all computed valuesH��
// are at most two in absolute value , we consider c as part of theH3H
// Mandelbrot set (and depict its corresponding pixel in black),HJ1
// otherwise we draw a white pixel.HJ2H �
#include <IFM/window >H �H 
int main ()H �
{HJI

// the currently considered subset of the complex plane , initiallyH��
// [ -2, 1] x [ -1 , 1] ( covers the so -called main cardioid of the1��
// Mandelbrot set)1GH
double r_min = -2; double r_max = 1;131
double i_min = -1; double i_max = 1;1321 �
// window scaling factor ; change this for larger /smaller display1 �
// window1 
double window_scale = 500;1 �13I
// zoom factor from one iteration to the next1��
double zoom_factor = 10;2��2GH
// the display window dimensions in pixels ( window should be231
// congruent to the current complex plane subset )232
int x_size = int ( window_scale * ( r_max - r_min ));2 �
int y_size = int ( window_scale * ( i_max - i_min ));2 �2 
// open the display window2 �
ifm :: Wstream w (x_size , y_size ,23I

"The Mandelbrot set ( click to zoom in)");2��� �
// maximum number of iterations ( the higher , the more accurate;�.H
// the lower , the faster )� 1
unsigned int max_iter = 500;� 2� �
// main drawing loop ; one iteration for every zoom scale� �
for (;;) {� 

// go through all pixels� �
for ( int x=0; x<x_size ; ++x)� I

for (int y=0; y<y_size ; ++y) {� ��
�

// compute corresponding point in complex plane
� H

double r = r_min + x / window_scale;
� 1

double i = i_min + y / window_scale;
� 2� �

// do the Mandelbrot iteration for that point
� �

// interpreted as complex number c = (r,i)
� 

double r_z = 0; // z ( real part)
�
�

double i_z = 0; // z ( imaginary part)
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unsigned int iter = 0;
�
�

while ( iter < max_iter && r_z * r_z + i_z * i_z <= 4) {��
// |z| <= 2; replace z by z^2 + cGH
double h = r_z * r_z - i_z * i_z + r; // new z_r31
i_z = 2 * r_z * i_z + i; // new z_i32
r_z = h; �
++ iter; �

} 
// coloring: max_iter -> black , other -> white �
if ( iter == max_iter )3I

w.set_color (w. number_of_colors () -2); // black��
else

� �
w.set_color (w. number_of_colors () -1); // white

� H
w << ifm ::Point (x, y);

� 1
}

� 2
� �

// zoom in; new center is mouse click position
�

�
int x_c ; int y_c ;

� 
w.get_mouse_click (x_c , y_c );

���
double r_c = r_min + x_c / window_scale;

� I
double i_c = i_min + y_c / window_scale;

� �
double r_span = r_max - r_min;I��
double i_span = i_max - i_min;IGH
r_min = r_c - 0.5 * r_span / zoom_factor ;I31
r_max = r_c + 0.5 * r_span / zoom_factor ;I32
i_min = i_c - 0.5 * i_span / zoom_factor ;I �
i_max = i_c + 0.5 * i_span / zoom_factor ;I �
window_scale *= zoom_factor ;I 
w.clear ();I �

}I3II��
return 0;

���
}
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Hi,

assuming that you use type float or double to represent the point

coordinates, the inconsistency that you reported is due to the

conversion of point coordinates from the decimal input format to the

internally used binary format. Decimal integers like 14, 22 etc. can be

represented exactly in binary format, and CGAL::orientation returns

the correct answer CGAL::COLLINEAR for the three points with integer

coordinates. But decimal fractions like 0.14, 0.22 etc. do not

necessarily have finite representations in binary format. This is like

trying to write the number 1/3 as a decimal fraction. The best you can

do is 0.33333... but wherever you stop, you make a small error.

Now, CGAL::orientation sees the points (0.14, 0.22), (0.15, 0.21) and

(0.19,0.17) only after the conversion to binary format, and this

conversion introduces some (tiny) errors. But since the points are

mathematically collinear, even the tiniest errors may have the effect

of destroying collinearity. This is exactly what you observed.

The problem is inevitable in working with floating-point numbers, since

you cannot circumvent the decimal-to-binary conversion. All you can do

is to only use point coordinates (integers, for example) for which the

conversion is exact.


