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b

� � � � 0 � �� �� " � � �
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2.3.6 Exercises

Exercise 23

� ��

n
� � � � � 0 � � � $ � � �� � � � � & � � �� �� # � �  � � � � �

f :

�

n →

� �/ � � � � 6 3 � 7

Exercise 24
%� �  � �� � � � !� �  � � � � � # �� � � �

x, y, z

� � 6 3 � 7

� 7
(x

�
y)

�

z = x

�

(y

�

z)�

6 �� � � H � � � � �� � � � * �� � �, � 7

1 7
(x ∧ y) ∨ z = (x ∨ z) ∧ (y ∨ z)�

6 �� � � H (

% � #

,

� �

)

� � � � � � 	 � 1� � �, � 7

* 7
(x ∨ y) ∧ z = (x ∧ z) ∨ (y ∧ z)�

6 �� � � H (

� �

,

% � #

)

� � � � � � 	 � 1� � �, � 7

� 7

(x ↑ y) ↑ z = x ↑ (y ↑ z)�

6 �� � � H � % � # � �� � � � * �� � �, � 7

Exercise 25

� ��

x1, . . . , xn � n

� � � " �  � �  � � � � � �� � � � ! � � � � � #

x1

�

x2

�

. . .

�

xn

���� � � � � # � ��

xi � 1

�

i

�

n 2 6 3 � 7

Exercise 26

� � � 0 � � � � � �� # � � � � 0 � � " � � � � � # # � �  � � � � � �� �  � � ! �� �� # �� � �� � � � � #

� � � �� $ & � � �� � � # � �  � � � � � 2 6 3 � 7

� 7

{

% � #

,

� � -

}



�� �� � 5 5 � 8 � 6 9 � �

1 7

{

� �

,

� � -

}

* 7

{

� % � #

}

� 7

{

� � �

}H � � � 	� � � �

:=

� � -
�

� ��

� 7

{

� � �

,

% � #

}

@ �� �� � � � � � �� !� * � � �� �

{

% � #

,

� �

,

� � -

}

� �� * � � � �� � � � � � � ! 1 � 
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 !� 
 * � � �
 ��

Exercise 27

� � ! ! � � �

a � b � � � �

c

�� � � � �  �� � � � �� � � # �$ !�

int 2 � �� �  � � �� � # ��

a �

b � � � �

c

# �� 0 � � � � �� �/ !� � � � � � � �

a < b < c

�� �

a < b && b < c

$ �� � � � � �� � � � �

� � � � � � � 2 6 3 � 7

Exercise 28

% �� � � � �� � �� � � �� # � � � � 0 �� " �/ !� � � � � � � � �  �� � �� " � � � !� � � � �� !� �  � �� �  � �

� � � � � � �  � � � �  � � �� � 2 6 3 � 7

� 7

x != 3 < 2 || y && -3 <= 4 - 2 * 3

1 7

z > 1 && ! x != 2 - 2 == 1 && y

* 7

3 * z > z || 1 / x != 0 && 3 + 4 >= 7

Exercise 29

5 � � � � �� � �� �/ !� � � � � � � �" �  � � � � 5/ � �  � � � � + � �� ! 1 �$ 1 � �� ! � � � � � � �� " � � � �

x � y � � � �

z

�� � � � � � # �$ !�

int

0 � � �

x==0 � y==1 � � � �

z==2 2 6 3 � 7

Exercise 30

4 � � �  � � $ � � � �$ � � � � � � �� � � � ! � � � # � �� # � � � � 0 � � " !� �" � � � � < � �� � 1�� � �� � � � �� !� � � �� " � � � �� � � ! � � � � � �/ ! � � � � $ � �� � � � � � � � � " 2 6 3 � 7

�

#include <iostream >{

int main()�

{�

int a;}

std::cin >> a;�

std::cout << (a++ < 3) << ".\n";�

bool b = a * 3 > a + 4 && !(a >= 5);	

std::cout << (!b || ++a > 4) << ".\n";


return 0;� |

}

Exercise 31

� �� � � �� � �" � � � ! �� � � � �� � � � �� � � � � �* �� � ) � � # � �� # � � � � 0 � � " !� �" � � � 24 � � �  � � $ � � � �$ � � � � � � �� � � � ! � � � # � �� # � � � � 0 �� " !� �" � � � � < � �� � � � � �� � � �

�� !� � � � � " � � � �� �� ! � � � � � �/ ! � � � � $ � �� � � � � � � � � " 2 6 3 � 7

�

#include <iostream >{�
�

int main ()�

{

� � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

}

unsigned int a;�

std::cin >> a;�
	

unsigned int b = a;


b /= 2 + b / 2;� |

std::cout << b << "\n";� �
� {

bool c = a < 1 || b != 0 && 2 * a / (a - 1) > 2;� �

std::cout << c << "\n";� �
�}

return 0;��

}

2.3.7 Challenges

Exercise 32
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(

% � #
(0, 1))), 1)
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0 0 1
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1

% � #
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2.4.5 Iteration: do statements
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2.4.11 Exercises

Exercise 33

< �� � �  � � � � �$ � � �/ � � � �� � � � � �� !� �" � �� �� � � 0 2 4 � � � � � � � � �� � � � � � � �� "

!� �" � � � � � � ! � � # �� � �� # � � � � 0 �� " �� ! � � � �

( � - ? � ( � - � ( - � ( � - � 6 3 � 7 6 3 � 7

�

#include <iostraem >{

int main()�

{�

unsinged int x = +1;}

{ std::cin >> x; }�

for (int y = 0u; y < x) {�

std:cout << ++y;	

return 0;


}

Exercise 34

4 � � � � � � �� !� � � �� � 0 � � � � ��  � �� �� � � 0 � � �/ � � � � � �/ ! � � �� 0 � � � � ��

� � � � � � �� "  � ��  � � ! � �� � 2 6 3 � 7 6 3 � 7

�

unsigned int s = 0;{

do {�

int i = 1;�

if (i % 2 == 1) s *= i;}

} while (++i < 10);

�� � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9
Exercise 35

� �� � � �  �� � � � �� ��  � �� � � � � � � � � �� # � � � � 0 � � " !� �" � � � " � � � � � ��  � �� � � �  �

� � " � � � �� � � � � � � !� � � � �� # �� � � � � � � / �$ � 2 4 � � � � � � �� � � � ! � � � # � �� !� �" � � � �

6 3 � 7 6 3� 7

�

#include <iostream >{

int main()�

{�

int s = 0;}

{�

int i = 0;�

while (i < 4)	

{


++i;� |

int f = i + 1;� �

s += f;� {

int s = 3;� �

i += s;� �

}�}

unsigned int t = 2;��

std::cout << s + t << "\n";� �

}� 	

int k = 1;� 


return 0;{|

}

Exercise 36

< � � � � �� � � �� !� �" � �� " �  � � �� � � 0 # �� � � � � # � �� � � � �� � � � ! � � � � � �� � � 2� � �� � � � � � � ��  � � �� � � #
x � s � �� �

i

� � �� " �� � # � �� �� � � � � � � � � � � � � � � � # � �� # �� 1� � � ! � �� # �� � � ��  � � � � � � � � � � �  � � � � �� � 2 4 � � � � � � � � �� !� �" � � � � � � ! � � # �� � �� � �� � ! � � � � ( � - ? � ( � - � ( - � ( � - � 6 3 � 7 6 3 � 7

�

#include <iostream >{
int main()�
{�

int x;}
std::cin >> x;�
int s = 0;�
for (int i = 0; i < x; ++i) {	

s += i;


x += s / 2;� |

}� �

std::cout << s << "\n";� {

return 0;� �

}

Exercise 37
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�

#include <iostream >{

int main()�

{�

{ unsigned int x; }}

std::cin << x;�

unsigned int y = x;�

for (unsigned int s = 0; y >= 0; --y)	

s += y;


std::cout << "s=" << s << "\n";� |

return 0;� �

}

Exercise 38

� �� 0 � � � � � ! � � � � � �� � � � � � �� � � � ! � � � # � �� !� �" � � � " �  � � �� � � 0 0� � � �� 1� � � � � : � � � � � � � � � � ! � � � � � � ! � � ! � �� � �� � �� " �� 0 �$ $ � �� � � � � � �  � � ! �� �� 2 6 3 � 7 6 3 � 7 6 3� 7

�

#include <iostream >{

int main()�

{�

unsigned int x;}

std::cin >> x;�

int s = 0;�

for (unsigned int y = 1 + x; y > 0; y -= x)	

s += y;


std::cout << "s=" << s << "\n";� |

return 0;� �

}

Exercise 39

�� # �� � � � � � � � ��  � �� �� � � 0 � � � �  � �� � � �$ �� �� �� � � � � � !� �  � � � �� � � � � � � � 1� �$ 2 � � � � � �� � �� !� �" � � � � � � � � ! � � � � � # � �  � � � � � # � � � � � ! � �

n 2 6 3 � 7 6 3 " 7 6 3 � 7

�

unsigned int n;{

std::cin >> n;�

int x = 1;�

if (n > 0) {}

int k = 0;�

bool e = true;�

do {	

if (++k == n) e = false;


x *= 2;� |

} while (e);� �

}� {

std::cout << x;

Exercise 40
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�� � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

�

#include <iostream >{

int main()�

{�

int x;}

std::cin >> x;�

int s = 0;�

int i = -10;	

do


for (int j = 1;;)� |

if (j++ < i) s += j - 1; else break;� �

while (++i <= x);� {

std::cout << s << "\n";� �

return 0;� �

}

Exercise 41
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Exercise 42

4� � �� � !� �" � � �

dec2bin.C
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n
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n

�� � �  � � � � �� �� � 2 � �� �/ � � ! �� � # ��
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Exercise 43

4� � �� � !� �" � � �

cross_sum.C

� � � � �� ! � � � � � � � �� � � � � � �� �

n

� � � � � � ! � � �

� �� � � � � # � �� ( ��  � � � � - � �" � � � � #

n 2 � �� �/ �� ! �� � # ��

n==10

� �� � � � ! � � � �

1

�� �

# ��

n==112

� �� � � � ! � � � �
4 2 6 3� 7

Exercise 44

4� � �� � !� �" � ��
perfect.C

� � �� � � 0 �� � �� � � " �  � � � � � �� � � � � � �� �

n

� �

!� � #�  � 2 � � � � �� �
n

� � � �  � � �� � � � 	 !� * � � # � � � � � �$ � # � � � � � � � � � � � � �� � � � � # � � �

!� � !� � � �  � � �� � � � � � � � � � n =
∑

k

� �

, s.t. k<n ∧ k|n k 2 � �� �/ � � ! �� � 28 = 1 + 2 + 4 + 7 + 14� � !� � #�  � � 0 � � ��
12 < 1 + 2 + 3 + 4 + 6

� � � � � 25/ �� � � � �� !� �" � �� � � � � � � � � !� � #�  � � � � �� � � �� � 0 � � �

1

�� �

n 2 8 � 0 � � � $

!� � #�  � � � � �� � � �/ � � � �� � �� � � � " �

[1, 50000]

� 6 3� 7

Exercise 45
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Exercise 46
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2.5.4 Value range
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2.5.5 Floating point number systems
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2.5.10 Exercises

Exercise 50

5 � � � � �� � �� # � � � � 0 � � " �/ !� � � � � � � � � �� ! 1 �$ 1 � �� ! � �  �� � �� " � � � ��  � � 1 � � � � � � � � �� � � # � �/ � � �/ !� � � � � � � � 2 4� � � � � � � � � � � � �� " ! � � � � � � !� � � � � � � � � � �

�  �� � � � " � � � 5 5 5 � � � � � � � � � � � float  �� � � � ! � � � � � �

F

�

(2, 24, −126, 127)

�� � � � � 1� ��  �� � � � ! � � � � � �

F

�

(2, 53, −1022, 1023) 2 4� � � � � � � � � � � � � � �
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Exercise 51

< � � ! � �� � �� � � � �� $ �/ ! �� � � � � � � # � �� # � � � � 0 �� " ��  �� � � � � � �� � � 2

� -

0.25

� -

1.52

 -

1.3

� -

11.1

( � � -

Exercise 52

� �� � �� � � � �� � � � � 5/ � �  � � � � ) �  � � ! � �� � � �� � � � � � � � �� " ! � �� � � � � �� � �� � � �� �$ � �� � � 	 �

(2, 5, −1, 2)

� � � 	

(2, 5, −1, 2) 2 ( � � -

Exercise 53

4 � � � �� � � �� � �� " � � � � � � � � � � �� � � � � � � � �, � � �� � � � �� � � � �� " �� � � � � � � � ��

!� �  � � � � � � � � � � � " ! � �� � � � � �� � � � �  �� � � � " � � � �� � 5 5 5 � � �� � �� � � � � � ( � � -

Exercise 54

8 � 0 � � � $ � � � � �� " ! � � � � � � � �� � � � � � �� �$ � �� � � 	 �

(β, p, e � �� , e �� �)

� � �

	

(β, p, e � �� , e �� �)

 � � � � �� � ( � � -

Exercise 55

< � � ! � �� � ��  � � �� � # � ��  �� � � � ��

d

� # �� � � �� ��  � �� � � � � � � � � �� � � � �

float d = 0.1;

� � � � � � � �� � 5 5 5 � � �� � �� � � � � 2 ( � � -

� � � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9
Exercise 56

4 � � � � � � �� ( ! � �� � � � � � - !� � � �� � 0 � � � � �� # � � � � 0 � � " � � � ! � 6 3� 7
for (float i = 0.1; i != 1.0; i += 0.1)

std::cout << i << "\n";

Exercise 57

4 � � � � � � �� ( ! � �� � � � � � - !� � � �� � 0 � � � � �� # � � � � 0 � � " � � � ! � 6 3� 7

for (float i = 0.0f; i < 100000000.0f; ++i)

std::cout << i << "\n";

Exercise 58

4� � �� � !� �" � �� � � � � � � � ! � � � # �� � " �  � � ��  � � � � � � ! � � � � � �� �

x � 0 <

x < 2 � � � � � �� � � � �� � �

float

 � � �� � � $ � �� ! � � � # �� � 2 . �� � � � ! � � � � � � � �  � � � � �� � ��( � � � �� $ - � �" � � � � # � �� � �" � � � �� ��� � � �� � � � " 0 � � �

1 � � � � � �� ( ��  � � � � - �/ ! � � � � � 2 
� �

� �$ � � � � � � � � � � � �� � � � � � � " ! � � � � � � � �� � �$ � �� � � � �� � �$ �� " � �� �$ !�

float

� � �� � � �

β = 2 2 ( � � - ( �, -

Exercise 59

4� � �� � !� �" � � � � � � � �� � � � 0 �� � �� � � " �  � �  � � �� � # �$ !�

double

� � � 1� � � � �$ � � � � �� " � � � � � � �� � � � �� !� �" � � � 0 � � �  �� � � � � � � ! � � � � � 3�
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1234567890.2 2 � � � ! �$  � �  � � � � � " � � �  � � �� � # �$ !�
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int 2 
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�$ � �� � � � �� � �$ � � " � �� �$ !�
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� � � � � � �

β = 2 2 ( � � - ( �, -

Exercise 60

. �� � � � �� �

π
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4
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2
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3
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Exercise 61

. �� � � � � � 0 � � � 1 3 � � 0 � � � � � � � � � !� �  � � �� � ( � �� ;� 1 � � �
 �� 
 � � � � � � - # ��

 � � ! � � � � " � �� � � � �� � � � � � � # � ! � � � � �  � � � � � � � � �� �

s 2 � � �� � � � " #� � � � � $  � � ��

x0 > 0 � 0�  � � ! � �� � � � � �� �  �

x0, x1‘, x2, . . .

� #  � � �� � �  �� � � � " � � � �� # �� � � � �

xn =
1

2
(xn−1 +

s

xn−1

).
� �  � � �� � � � 0 � � � � �

� � �

n→∞
xn =

�

s.
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babylonian.C

� � � �� � � � � �� � �� � � � �� �

s

� � �  � � ! � �� � � � � ! !� �/ 1� � � � � � � � # �

s

� � �� " � �� & � �$ � � � � �� � � � � � � 2 . � ��  � �  � � � � � � �� !� �" � � � � � � � � �

� � � ! � � � �� �� � � � � � �� �

xi

� � � � � � � ( �, -

|x2
i − s| < 0.001.
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Exercise 62

4� � �� � !� �" � � �

fpsys.C

� �  � � � � � �� � � � �� � � � �� � � � � � � �� " ! � �� � � � � �� �

�$ � �� � 	 �

(2, p, e � �� , e �� �) 2 . �� !� �" � � � � � � � � �� � � � � �� ! �� � � � � � � �

p � e � �� � � � �

e �� �� � � � ! � � � �� � # �� � � � ! � � � � �  � � � � �� �

x

#� � � 	 �

(2, p, e � �� , e �� �)
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x
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libwindow
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2.5.11 Challenges

Exercise 63

. �� :� 
 � � � 1 	 � � � � � � � � � � � � � � � # � ��  � � ! ��/ ! � � � � � � � � ��  �� � ! � ! � � ��

� �� � �" � � � � ! 	� * �� � � � � !� � � � � �� �� � � � � # � � �� � 0 � � " � � # � � 2 & � � � 0 $ � � � � � � �� � � � � �

�� � 
 * � 	 � � � � � � � � � �� � � � � � # � � � � � � � � �" �� � � � � � � � �� 2

. �� 9 � � �� � �� � � � � � � � �� � � � � � � # � � � � 0 � 2 � ��

c

� � � 0�  � � � � �� � � �� � � � �� �  �

z0(c), z1(c), . . .

� # � � ! �� / � � � �� � � " � � � �$

z0(c) = 0

� � �

zn(c) = zn−1(c)
2 + c, n > 0.

. �� � � �� � � 0 �  � � � �� � � � �� �

|zn(c)|

�

2

# �� � � �

n

( � � � � � �  � � � � �$ � � ! !� � � # �� �/ � � ! ��� #

c = 0

- � ��

|zn(c)| > 2

# �� � � � �

n

( � � � � � �  � � � � �$ � � ! !� � � # �� �/ �� ! �� � #

|c| > 2

- 2. �� 9 � � �� � �� � � � � �  � � � � � � � � # � � �

c
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� � � � � �� 9 � � �� � �� � � � � �  � � � � �� �

0

�� � � �  � � � � � � � � � � � � � � 3 � #� � � � � �

2

�� � � � �
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�  � � � � � � � � � �� 2

� � " 4� �� 7 8� �� �5 	 6 � �7 �5 6 9
Hint:


� � � �$ � � � � ��

libwindow

� � �� �� $ � � !� � � � � � �� �� � 0 � � " 2 . �� �/ � � ! ��

!� �" � � � �� � � � � �  � � � � � � � � � � � � � � � � " � � $ � � �� � �� � � � 0 � � � �  � � �� � � � � 2
Exercise 64

. �� # � � � � 0 �� " � � � � � 0 � � � � � � � � � � � � � �� " � � � � # �� � � � � � � # � �� � � # � 0 �� �� � �� �� $ < � � : 2

Hi all,

This should be a very easy question.

When I check if the points (0.14, 0.22), (0.15, 0.21) and (0.19,0.17) are

collinear, using CGAL::orientation, it returns CGAL::LEFT_TURN, which is

false, because those points are in fact collinear.

However, if I do the same with the points (14, 22), (15, 21) and (19, 17) I

get the correct answer: CGAL::COLLINEAR.

� - � � � � � � � 0 � � � � � � � � � � � � � � � � � � �� �� ! �� � � � � �� � 0 � � � � � < � � : � 0 � � � � � � ��
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2.6.5 Iteration over a container

0 � � A � �� A� � � � � � 1� * AH ! � 	 � �� 1 �� � � �� � � * �
 �* � � � � � � � � !� 	 	� � � ! � 	� � � � � 
 � H � 
 �  � ! � 	

� 1 �   � 	 � � * � � 	� �

�� �� , � � � 	�� � � �
 � � * � � � � � 
 � � � �
 � 	 � �� * � � �
 � � � � � � � � * � � �
 � �� � � � � � 	 � * � � � � !

� � � 	� � �
  �, � 	� � � C � � 
 * � � ! �� �� � � � 1 �C � � � �� �� - � � �* � � � � H � � � �� �� � 	� � � � 	 � � �
 � � � �

 � � � � �� � � H � 
 � � � 
 � � � � � � � 	 ! � 	 �� * � 	 �� � 
 � � � 	� � � �
 ! � 	� � � � � � � � 
 � � �
 � � � * �
 �� �
 � 	�+ 
  � 
 � 	� �H � * �
 �� �
 � 	 � �� 
 � 1 2 � * � � �� � * � 
 � � � 	� � � �� 	 � 1 2 � * � � 6 � � � � � � � � 
 � � 7 H � 
 � � �� �

� /� 	 � � � � � � � � � � !� * * � � � � 
  � �� � � � � � � � 
 � �� - �� �
 � � D �� 	 � E 	� C � � 	 � � � 
 � �� 	� � � � �� �

� * �
 �� � 
 � 	 �� � � � /� 	 � �� � � � � � 1 � � � � � � ! � � � 	� � � 
  �, � 	� � � � � � � � � � � 
 � �� + 
 � � � � � 
 ! � 	 �� �

� � 
 � � H � 
 � 	 	� � � � �
 �� � �� * �
 �� � 
 � 	H � � 
 * � � � � 	� 
 � � �� * * � � � !� 
 * � � �
 � � � � � * � 
 1 � � � � �

� � � � � 	� � � �, � 	 � �� � � � � � 
 � ��

� � � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9
Iteration by random access.

0 � � A �  � � 1� * A � �� 	 	� � �� + � � 	� � �
  �, � 	� 
 � 	 	� � � ! � � 
  � �

n

* � 
 1 � � �
 � 1 � 	� 
 � � �� * * � � � � � A� �
 � � 
 � � � � = � � � !  	 �  	� � � �� �� �� , � � � � 
 � �� � � � �

	� 
 � � �� * * � � � !� 
 * � � �
 � � � � � � !� 	 	� � � � � � 
 � � 	
 � � � � 1� � � � �
 � � � 	 � � �� 	 � � � � � � �* � # � 	 �
 

� � � � � � 	� � � �
 H � �� ! � � � �� �
  � � C � � 
 * � � !� � � 	� � � � � � � * � � � � � � �<

p, p + s, p + 2s, . . . , p +

(n − 1)sH � �� 	 �

p

� 
 �

s

�� , � � �� � � � � � � �� 
 � 
  ��- � � � 	 � C � � 	� � �
 � �� � � � � � � * � � � �
 � 
 � �
 � � � � � � � �
 ! � 	� 
 � � � � 	� � � � )* � � � � � � & 	 � ��; � � � ! � �� � � �
 A� 1 �� � � � H � �� �� � � � � � � * � � � �
 �
 � � * � � � � �
 1 � * � � � � � � * � � �� � � � � * �

� � � 	� � � ! 	 � � �* 	� � * �H �
 �� � � 
 �� 
 � � � ! 	 � � � �� � 	 � , � �� � �
 � �� + 
 !� * � H � � � �� � � � � � � !

� � � 	� � � � � * �� � � � � 	 � � 
 * � � 
 � � � � 
 � � � 	� 
 � � � 	� � � � 1 � * � � �� � � � 1 � � �� 	 � � 
  � � � �

p

� 
 �

	� � �� � � � � � � � � �
 

s

6 D  � �
  � � � �� 
 � ) � � �� � � 
 � E 7�

� � � 
  	� 
 � � �� * * � � �IH � � * � 
 � � � � � � �� � 	 	� � � � � 	� � � �
 H 1� � � � � 	 � � � � � � 
  � � � � � � 	� ?

� � �
 � ! D  � �
  � � � �� 
 � ) � � � � � � 
 � E B �
 � � � � � � � � � 	� � � �
 �� A� � � � � 	� � � �
 �, � 	� * �
 �� � 
 � 	


 � � � 	� �� 
 � � 
 * � � 
 �� - �� ! � � � � � �
  � 
 � � � � � � �� � � 	� � � � � � � � � � 
 �< � ��  � � � ! * �� 	 � � 	�� �

� 1 � � A 1 � � �� 	 � �
  � � � � ��  �

1H � �� 
 * � � � � 
  � �� 1 � � AH � � � 
 �
  � ��  � � 
 �
 ��  � �

2 − 3H

* � � � �
  � � H � � � 
 �
  � � �
 ��  � �

4 − 5H � � * � ; � � � 
 �� � � � �� A 	� � � � � � �� � � * * � 
 � 	 � * H � ��

� 	 � 1� 1 � � � 	� !� 	 � � 2 � � � � � 	
 � � � ��  � � �
 1 � � � � � 
 �

Iteration by pointers.

% 	 	� � � � /� 	 
 � � � 	� �� 
 � � 
 * � � 
 � � � � 	� � � �
 � � 	 ��  � ! � � � �� � ��  � � 
 � � 	

, � �� � � * � 
 1 � � � ��  � � � !� �� * � � � �� � � 	� � � � �IH � 
 � � �� � � � � � � � � � 	� � � �
 � � � A� D� � � �
 

s

E

� 
 � 	 � � 	 � �  � � � � � � 
 � ) � � � � � � 
 � � 
 � � � � 	 	� � � � � 	� � � � � � � � * �� � � � C � �, � �� 
 � � � � 	 � � �

� � � � � � 	� � � �
 � 
 � � 
 � � � � = � � � !  	 �  	� � � � � � � � � � � 
 � � 	 ��

bool* begin = crossed_out; // pointer to first element

bool* end = crossed_out + 1000; // past -the-end pointer

// in the loop , pointer p successively points to all elements

for (bool* p = begin; p != end; ++p)

*p = false; // *p is the element pointed to by p

% � � � � � � � � � H � � � � � � � A � � � 	� * � � � � �* � � � �� � & 	 � � � �  � � � �� 
 � � � 	� 
 � � �� * * � � � , � 	 � � �
 H1� � � � A � � � ) � �� � 
 � �� � A �  � � 
  �
 � 
 � � �� � � � 
 � �� 
 � ) � � � * � � �
 �� + 
 � � 	 � � � ! F �  � 	 � �H � �

�� , � 	� � �� * � � � � � 	� � � �
 1 � �
 �� ) � � � � � � � 	� � � �
 1 � � � � 	� � ��

2.6.6 Pointer types and functionality
F � 	� 
 � � � � � 7 � �� * � 	 	 � � � �
 � �
  ! � � � � � � �$ !� � �

7 �
�� * � � � 7 � �� � 
 � � 	 � � �
  � � � � � ! 7 �� %
 � ) � 	 � � � � �
 � ! � � � � 7 � � � * � � � � �� ! � �� �� � 6 � �

7 7 � - � � , � �� � � !� � � � 
 � � 	 � � 7 � � � �� � � � 	� � � � !� 
 � 1 2 � * � � ! � � � � 7 � �� * � � � � � � � � � �

� 1 2 � * � ! � � � �� � � � 1 � � �� � � �
 � � 	��� * � 
 , � �� � � � � � � � � �
 � � 	 �� �� 
 � 	 	 � � � � �
 � �
  � �� * � � � � 
 � � � * � � �� � � 	 A � �� � 


� � � � 	 � > � � � * � � � � � � 	� � �� � 1 2 � * � � � � 
 � � � � � 1 � � � �� 	 � �IH � � � F �  � 	 � � �



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � � �

�

Figure 8:

� ! � � � �� � � � 7 � � !� � � � � � � � �� � � �� � � � � # �� � � ��  � � # �$ !� 7 � � � ��  � � 1! � �� � � � � � � � � � � �� $ 2

+ 
 � � �� � �� � � � �
 H � � � � � � �  
 � � 
 � � � � 	� � � 	

=H � 
 � � �� * � � �� 	 � � �
 � � � 	� � � 	 �

==

� 
 �

!=� 	� � � &
 � � ! � 	� 
 � � � �
 � � 	 � � � � 7 �� - � � �� � � � 	 � � � � � � � � � � � �� � �� 	 � �� � � � 	� � � � � �


C � � � � � �
 � 	� � � � �� � � � 	 
 � ��+ 
 � � �� � �� � � � �
 � 
 �� � � �  
 � � 
 � * � � � � � � , � �� � 6� � � � � � � 7 H � � � * � �
 � � � � * � � � � �� 
 � � �

* � � � � 
 � � � 	� � � B � �� �IH � !

j

� � �
 � � � � � � � � � 1 2 � * � H � �� � � � �  
 � � 
 �

i = j

�� � � �� � /� * �

� �� �

i


 �� � � � � � � �
 � � � � � � � � � 1 2 � * �� - �� � 1 2 � * � � � � � � ! � � 
 � � * � � � � �� �� 	� �� 	 A � �� �

� � �
 � � 	 �
 � � �� � � � � � � �
 � 
 �� � � �  
 � � 
 � 	� C � � 	� � �� � � � � � � ! 1 � � � � � � 	� 
 � � � � 1 � � )� * � � �

� � � �� � � > � � � � � * � � * �
 , � 	 � � �
 � � �
 A � � � 	 A� + ! � �� � � �
 A� 1 �� � � � H � � � � � � * ��� 	� + ��  � 
 �

� �� � � � � , � 	 �� 1 � �

i

� � � ! � � � �

int*H � 
 � � �� � � �� * �� � � � 	 � � �

double* j = i

( �
 * �

double

� 1 2 � * � � � �� � � � � 	� C � � 	 � � � 	� � � � � 	 � * � � � � � �� 


int

� 1 2 � * � �IH j � �� � � 
 ��

1 � � � � �
 � � 	 � ��

double

� 1 2 � * � � �� � �
 * �� � � � � � � � 	 � * � � � � � 	 �  � 
 � � � � 
 � � 1 � � �
  �
  � �

i�- � � � * � 
 �� 	 � � � 1 � * � � � � �� D* �
 , � 	 � � �
 E � + 
 !� * � H � �
 * � � � �
 � � * � � � � 
 � � � 	� � �IH � �� 	�

* � 
 
 � � 1 � � 
 � � �� � � * � � * �
 , � 	 � � �
 � ! � �� � � � 	� � , � �� � H � , � 
 � ! � �� � � � � 	 � 	� C � � 	 � � � 
 � �

� ! � � � � � � � � � � � �� � � � 
 � � 1 � � �� �� � � �

The address operator.

�� * � 
 � 1 �� � 
 � � � �
 � � 	 � �� 
 �  �, � 
 � 1 2 � * � 1 � � � � � � �
  � � � � 
 � 	 �

� � �� � � � � !� � � � �� � �� 
 � �, � �� � � �� � 	� !� 	 � � � � � � � 1 2 � * �� + ! � � � �, � �� � � � � ! � � � �

TH � �� 


� � � 	� �� � � � �� 
 	, � �� � � ! � � � �

T*� - � � � � 
 �� ) � !� 
 � � � 	 � � � � � � 	� � � 	 * � � � � �

� �� � �� �

+ 
 � � � ! � � � �� �
  * � �� ! 	�  � � 
 � � � � � � � �� � � � 	� � � � � � 	� � � 	 � � � 
 � � �� � � � � � , � 	 �� 1 ��

iptr� ! � � � �

int*

� � � � � �� � � � 	� � � � !� 
 � 1 2 � * � � ! � � � �

int


 � � � �

i�

int i = 5;

int* iptr = &i; // iptr initialized with the address of i

The dereference operator.

F 	 � � � � � �
 � � 	H � � * � 
  � � 1� * A � � � �� � 1 2 � * � � � �
 � � � � �

� � 	 ��  � �� � � #� � � �  � � " � 	 � � � �� �  � � � � � - �� � 
 � 	 � �� � � #� � � �  � � !� � � � ��

*

� � � � � � � � �� 


	, � �� � � ! � � � 
 � � 	 � � � � � � � � � �� 
 �, � �� � 	� !� 	 	 � 
  � � � � � � 1 2 � * � � � � 
 � � � � �� + ! � �� 	, � �� � � �

� ! � � � � 7 �H � �� 
 � �� 	� � � � � � � � ! � � � � 7 � - �� � � 
 �� ) � !� �� 	 � !� 	 � 
 * � � � � 	� � � 	 * � � � � �

� � � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

� � � � �� �

F � � � � � �
  � � �
 �� 	 � 	� , � �� � * � � � ! 	�  � � 
 � H � � * � 
 � � � 	� ! � 	 � � 	 � � �

int i = 5;

int* iptr = &i; // iptr initialized with the address of i

int j = * iptr; // j == 5

- � � 
 � � � 
  �* �� � � � ! � � � 
 � � 	 � � � � � � � � � � �, � � � � 1 � � �� � � 	� !� 	� 
 * � � � � 	� � � 	� - � �

�� * �� 	� � � �


7 � �

* � 
 � � � � 1 � 	� � � 6� 
 � �
 !� * � � �  � � � � 1 � � 	 � � � � 
 B � � � �
 A � � � � � � �IH � � ��  � 7� �

7 � �

- �� � � * �
 � , � 	 � � �
 � � � � � * � � � � �� &
 � � � � � � � � � � !

p

1 � �� � � 
  � �� � � � � � � ! � � � � 7 � - � � �

� � � �� �� � � A � 
 � � ! � � � � �* � � � � &
 � � � �
 � �� � � � � � 	�� � � A
 � � ! 	 � �� 	 	� � �� * �� 	� � � �
 ��F �  � 	� $ � � �� � � 	� � � �� � � 	� � �� 
 � � � 	� !� 	� 
 * � � � � 	� � � 	�

� � �
 � � 	 6  �, � 
 � � 	, � �� � 7

� 1 2 � * � 6  �, � 
 � � �, � �� � 7

� �

Figure 9:

. �� � � �� � � � � !� � � � �� ( �� # � - � � � � � � � �  � � � � � � �� �� � � #� � � �  � � !� � � � �� (� �" � � -

The null pointer.

F � 	� 
 � � � � 
 � � 	 � � � � � � � 	� � �� , � �� � � � � � �
  � � � �� 1 �� ! 	 � �� 
 � � � � � 	

� � �
 � � 	 , � �� � � - � � � , � �� � � � * � � �� � � � � � � � � ! � �� �� �  � � �� � - �� �
 � �  � 	 , � �� �

0

* � 
 1 �

* �
 , � 	 � � � � �� 
 � � � �
 � � 	 � � � � � - �� , � �� � � ! � � 	 * �
 , � 	 � � �
 � � � �� 
 � � � � � �
 � � 	 , � �� � � + 


� � � � � * �� 	� � � �


int* iptr = 0H
! � 	 � )� � � � � H � �� , � 	 �� 1 � �

iptr

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


 � � � � � �
 � � 	 , � �� � � �� � � � � �� � � �� �

iptr

� �� � � � � ! � �� �� � � - �� 
 � � � � � � 
 � � 	 , � �� � �� � �


 � � 1 � �� 	 � !� 	 � 
 * � �H � � 
 * � � � � � � � 
 � � * � 	 	� � � �
 � � �� 
 � � ) � � � � 
  � � � 	� � ��

� � � 
  � �� 
 � � � � � � 
 � � 	 , � �� � � � � �� �� !� � � � � ! �
 � � * � � � 
  � �� � � �� 	� � � 
 � � 1 2 � * � 6 � � � 7

� � � � �
 � � �� - � � � � � � 	
 � � �, � � ! �� � , �
  � � � � � �
 � � 	 � 
 � 
 � � �� � � � � � � � 1� �< � � � 	� � � 
 � � � �

� ! � � � � � 
  � �� � �� 	� � � �
 � � 	 � �� � � � 
 � �� 
 � � � � � �
 � � 	 � � � � � � �� � � � 	 � � � � !� ��  � � � �� � �



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � ��

� 1 2 � * � H � 	 � � � � �� 	 � � � � � � � � � � � D 	� 
 � � � E � � � 	� � � 	� �� � � � 
  ! 	 � � �� � , � 
  � � � � � � 
 � � 	

� 
 �
 � � �� � �� � ��+ 
 � �� �� � � � 	 * � � � H �� 	 � !� 	 � 
 * � 
  � �� � � �
 � � 	 � �� � � � � * 	� � �� � � � � � 	 �  	� �� � �
 � � �� 	

� � � � * � ��<

int* iptr; // uninitialized pointer

int j = * iptr; // trouble!

% ! � � 	 � � � � � * �� 	� � � �
 H � �� � � �
 � � 	

iptr

�� � � 
 �� &
 � � , � �� � H � � � * � �
 � 	� * � �* � � � � 
 � � �� �

� � �� � * � 	 	� � � �
 � � �� 
 � 	 1 � � 	� 	 � � � � 	� � � �
 � � � � 	 � B � � 	� !� 	� 
 * �
  � � � �� 
 � � �� * * � � �

� � � � � � � 	 � * �
 � � 
 �� � � � � �� � � 	� � �� + 
  � 
 � 	� �H � � � �� � � 	� � � � � � � 
 � � 1 � � �
  � � � � � �� 	 �

� ! � � � � 	 � � � � � � * � � � � � 	 �  	� � �� �� * * � � �B � �� � � � 	� � �
  � � � � � � � � � � � � � 
 � � 
 � � * * � � �

� � � �� 
 � � � 	 � �
 � � � � �� � 	 �  	� � � � � �� � � " � � � � � � � � � # � � � ��

2.6.7 Array-to-pointer conversion

%
 � � 	 	� � � ! � � � � 7

[n]

* � 
 � � � � � * � � � � 1 � * �
 , � 	 � � � � � � � � � 7 �� - �� 	� � � � � �
  , � �� � � �

� � � � � � 	� � � � ! � �� & 	 � � � � � � � 
 � � ! � �� � 	 	� � � F � 	 � )� � � � � H � � * � 
 � 	 � � �

int a[5];

int* begin = a; // begin points to a[0]

- � � � � * �� 	� � � �


int* begin = &a[0]; // address of the first element

� � � C � �, � � � 
 � � � !� 	� � � �� 	� � � � � � 
  , � �� � � !

begin

� � * �
 * � 	
 � �H 1 � � � �� 	 � � �� �� 1 � ��

� � /� 	� 
 * �< � �� �� � � � 	 � � * �� 	� � � �
 � , � �� � � � �

a[0]H � � � � � � � � ! � 	 � � 	 � � � � 
 � ��- � � � � �
 � � 	 ? � � � � � 	� � �� * � � � 
 � * � � � ! � 	 � � � � � � � �
 � � 
 � � � � = � � � !  	 �  	� � � � � �� � � �

�� , � � 	� � � 
 � � �� � � �� � 
 � � ! ( � * � � �
 �� "� � �� A� � � � � � !� 	 	� � ? � � ? � � � 
 � � 	 * �
 , � 	 � � �
 �


� � � & 	 � � � � 
 �<

bool* begin = crossed_out; // pointer to first element

- � � � 	 	� � ? � � ? � � �
 � � 	 * �
 , � 	 � � �
 � � �� 	� � � * �
 * � � � � � �B �
 � �� �� * � � 
 � � � � � H 
 � � � �
 

�� � � � 
 �� F � 	 � � � �IH � � 	� * � � � ! 	 � � �� 	 �� 	 � � � 	 � � � * � � � � �
 � 
 ( � * � � �
 �� "� � � �� � �
 �� 
 �

� � � 	� ! � 	 � � � � � �
 � ' ' H � 
 � 	 	� � D � � E � � � � � � � � � � � � 	 � � � � ! � � � & 	 � � � � � � � 
 ��% 	 	� � ? � � ? � � � 
 � � 	 * �
 , � 	 � � �
 � � � � �� � � * � � � � �� A� � � �� * � � �� 
 � 
 � 	 	� � � � � �� 	 � �
 � 


� ) � 	� � � � �
 � � � ; 2� 	
 � ( � 	 �� � � 	� � H � � � � � � �  
 � 	 � ! � ' ' H � � �� � � 	� � � � � � � � 1 � �� � � 
  � �� �

� �� � �� � � # � � �� � �$  � �  � � � � � � � ! � �� �� � � � � � � �� � � � �� � � � � � � � �� � � �" � � � � �

!� �  �  � � � � � � + 
 � � � � � � � �� 	 � � 	 � �IH � �� 	� � 	� 
 � � � � 	� � � �
 � �
 � 	 	� � �< � , � 	 � � � �
  � �� � � �

* �
 * � � � � � � � � � � � � � �� 
 � 	 	� � � � �
 	 �� � � � � � �
 � � � � �� � � � 
 � � 	B � � � � �
 �� 	 � � * � �� 	� � � � � � �

� � � � � 	� 
 � � �� * * � � � � � � 	� � � �
 H � � � � � � �� 	�  	� � � * � � � � � D  � �
 � � 	 �� 1 �* 	 � � � �
  H � 	 � � �

� 	� � �� 1 �� � 	� 
 � � �� * * � � � E � 
 � � � 
 � ) � � � * � � �
 �

� � � � � �� � �� � �� � � � �� �� � 
�  � � � � 
� � � � � �� � �  � � �� �� � � � � 
� �� � � � �� � � � � � � � � � � � � �� � � � � # 	 
 ��

� �� � � � � �� � � �� � �� � �  % � �% � � �� �� �  � � �� � � � �� �� � � � � � � �� � � � � � �� � �  �� � � 
� � �� � �  �  � � � � �� � � � � �� � � � � #

� � " 4� �� 7 8� �� �5 	 6 � �7 �5 6 9
2.6.8 Pointer arithmetic

+ 
 � 	 � � 	 � � � 
 �� 	 � �� 
 � � � � � �� * � � � ! 	�  � � 
 �

bool* begin = crossed_out; // pointer to first element

bool* end = crossed_out + 1000; // past -the-end pointer

// in the loop , pointer p successively points to all elements

for (bool* p = begin; p != end; ++p)

*p = false; // *p is the element pointed to by p

� 
 �� � � � � � �� � � � �� � � 
 � � � ! � �� � 	 	� �

crossed_out

� � � � �� �H � � �� , � � � � 
 � � 	 � �� 
 � ! � � � �� �

�� � � � � � � � H � �� � 	 � � ! * � � �� � � 
  � � � �� � � 	 � � � � �� �� �� � � 1 � 	� � � � � * � � � � � � � � 
 D� 	 � E H

� � 
 * � � � �
 � � 	� 	 � � � � � � �* * � � � � � � � �� � � � � ! � � � !� � � �IH 1� � � � � � �� �� �� !� � � 
 � �� � 
 � � �

� � � � 	 �� 
 �H � � � � � � � � 	 � !� � � � �� � � �� 	� � �� � � �� * � 	 �� � 
 1 �� � � � � 
 � �� � � 
 � �� � � � � � !

� � �
 � � 	� 	 � � � � � � � * � + � A � � � A� � 	 �, � 
  � 
 � � � � � � � 	< � � A � � �� �H � � A � � �
 * � � � � � � � � � 	H � �� � �

� 	� � 
 * � � ! � 	 �� 1 � � H � 
 � � � � 	� A � 
 � �� � � �
  � ; � � � �� �� * A � � � � � � 	 - �� � � � � � � � 	 � � � A � � �

�� * � 1 � � � � 	 � �� 
 � � � �� 	
 * � 	� � � , � 	 � � � �� � �IH � ! � � 	 � 	 �, � 
  � �� � � � � � � � 	 ! � 	� � � � � � H � �

� � � � � 	 � 1� 1 � � � � 	
 �� � � �� � 1 �� � � � � � 
 � � � 
 ��  �H � 
 � � �� � �� !� � � � 
 � � �� 1 � � � � � � 	� � � 	 �

� � � � 	 �� 
 � !� * � � 	 � � 
 � � � � �
  	� 
 �

Adding integers to pointers.

- �� 1 �
 � 	 � � � � � � � �
 � � � 	� � � 	 �

+H -� 	� � � &
 � � ! � 	 �� ! � � � � 	� 
 � �

� !� 
 � � � �
 � � 	 � � � � 7 �� 
 � 	 �  � � � � � 	� 
 � � � !� 
 � � 
 � �  	� � � � � � � �� * � � � � �� � � !� 
 � 	 ?

	� � � � � 	 �, � �� �� � � � � � � ! � � � � 	� 
 �H � � � � � � � � � � � * � � � � 1 � * �
 , � 	 � � � � �� � � � 
 � � 	 � � �
 

� 	 	� � ? � � ? � � � 
 � � 	 * �
 , � 	 � � �
 �F � 	 � �� 1 � �� , � � 	 � !

+
� � 1 � �� &
 � �H � �� 	� �� � � 1 � � 
 � 	 	� � � ! � � � � �� 
  � �

nH �� * �

� �� � � �� � � ! � � � � 	� 
 � �� � � �� � � � 
 � � 	 � � � � � � � � � � 
 � � ! � � � � � 
 � � ) k, 0

�

k

�

nH � 
 � � �

� 	 	� � � - � � * � � �

k = n
� �� � � � � � �� 
 � * � 	 	� � � �
 � � � � � � � � � � � � � � �
 � �� 	 � �� � � �� � � � 
 � � 	

�
 � �� � � � � � �� � � � �� � � 
 � � ! � �� � 	 	� � 6 � � * � � � � � � �� ! � � � 1 � �� 1 � � � ! � �� �� � B 
 � � � � �� �

�� * �� � � �
 � � 	 �� � � 
 � � 1 � � � 	� !� 	� 
 * � � 7�+ ! � �� � � * �
 � � � � 	� 
 � � � �� �� � � � � � , � �� �

i

�� * � � �� �

0

�

k + i

�

nH � � � 


�� � ' � � � �

� �� � � � 
 � � 	 � � � � �

(k + i) ? � � � �� � � 
 � � ! � � � �� � � � 	 	� � � + 
 ! � 	 �� � � � H � �  � � � � � � 
 � � 	

� �� � �� � 1 � � 
 � �, � � D

i

� �� � � 
 � � � � � �� 	 �  � � E 6 � � � * �� * � � � � � � � �� 
 � � � � � � �� ! � � !

i

� �


 �  � � �, � 7 � - �� 	 � ! � 	� H � !

p

� � � �� , � �� � � !

ptr

6� 
 � � � 	 � � � 7 H � � � 
 � �� , � �� � � !

ptr + expr� � � �� � � � 	� � �

p+ siH � � �� � �
  � �� �� 
 � , � �� � � ! � � � � 
 � � 	 � � �
  � � � � � * * � � � � �

s

� � � � 	 �

* � � � �� - �� � �� � � �
  !� * � � � � �� � � � � �
 A � �� , � � � * � 	� � 1 �� �

s

B � � � � � � 	� � � �


ptr + expr6 � � � * � A
 �� �

s

! 	 � � � �� � � � � � !

ptr

7 � � � � � � � � ! � 	 � �� 
 � � /� 	 �� � � � � ? �
 �� � � 
 �� 
 � � � �

� ! � �, � 
  � � � �
 � � 	

i

� �� � � 
 � � � � � �� 	 �  � ��% � 1 � ! � 	 � H � !

k + i = nH � �  � �� �� � � ? � � � ? � 
 � � � � 
 � � 	� .� �� � � � !

i

�� * � � �� �

k + i

� �


 � � 1 � � � � � 


0

� 
 �

n

��� � � � � 
 �� &
 � � 1 � �� , � � 	�0 � � � � 	� � �� � � � � � � � 
 � � �� � � � �� , � �� �� 1 � ! � 	 � � 
 * �
 
 � * � � �
 � � � � 	� 
 � � �� * * � � �

� 
 ( � * � � �
 �� "� �< 1 � � � !� � � � H � �� 	� � 	� � 1 � � �� � � � � 
 � * �� * A � � �� � � �� � 1 �, � 	� C � � 	 � � � 
 � �



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � � �

� 
 �� � � � � � �H � 
 � � � � � � 
 � � 	� � � � �� 	 	 � � � �
 � � 1 � � � � � � � �� A� � � 	� � �� � � � � � � � � �� * � � � �F� � �� 	� � � � � � � � � � � 	 � �� � � � 
 � 	 �  	� � * 	� � � � �IH � � 	� 
  � 1 � �� , � � 	 � ! � �� � 	 � 	� �H � 	6 � 	 � 1� 1 � � � � � � � 	 � � �* � 
 � 	 � � 7 � � � � �
  � � 
 � 	 �� � 1 � �� , � � 	H 1 � � � � � � � � � � � � � 
 � �� � � !

� � 	
 �
  � 
 � � � � 	� 
  � 1 � �� , � � 	� �� 
 � � � � � H � 	 �
 � 
 � � � � � 	 �� * � �
 � �- � � 	� ! � 	 � H � � � � � �� � �� 	 � � � � �� 	� C � � 	 � � � 
 � � �
 * � � � 	 �<

� �� � �� � � � � � 
 � � � � �� � �� � � 
 � � ! � 
 � � )

k

�
 � � � � � 	 	� � � ! �� 
  � �

nH � �� 	 �

0

�

k

�

nH� 
 �

� � � �� �� � � �� , � � � � � , � �� �

i

�� * � � �� �

0

�

k + i

�

n�

; �
 � 	 � �� 1 � 	� * � � �
 � � � � � � �� 	� + ! � � �� �� � , � �� �

i

�� * � � �� �

0

�

k − i

�

nH � �� 


�� �

−

� � ��

� � � � � �� � � � 
 � � 	 � � � �� � 	 	� � � � � � � 
 � � ! �
 �� ) k − i�- � � � � � �  
 � � 
 � , � 	 � � �
 �

+=

� 
 �

-=

� ! � � � � � � � � � 	� � � 	 � * � 
 1 � � � � � � � � � � � ! � � � � 	� 
 � �

� ! � � �
 � � 	 � � � � � � � � � �H � � � � � �� � �� � � � �� 
 � 
  � ( � � � �� 	 � � H � �� � 
 � 	 � �
 * 	� � � 
 �� 
 � � � * 	� ?

� � 
 � � � � 	� � � 	 �

++

� 
 �

--

� 	� � , � � �� 1 � � ! � 	 � � �
 � � 	 �� ( � 
 * � � 	� * � �� 
 * � �� 
 �� � � � * �� � �, � � � � �

� 	� � � � � � � � � � � � � 	� � � 	 � � � 1 � � �IH � � � � � 	� � � �
 -� 1 �� � �
 ��  � �� �

� �� � � * � 
 � 
 � � 	 � �� 
 � � � � � � * �
 � � � 
 � � ! � � � � 1 �, � * � �� ! 	�  � � 
 �<

bool* end = crossed_out + 1000; // pointer after last element

F � 	 � � H � �� � 	 	� � crossed_out

� � * �
 , � 	 � � � � �� � � � 
 � � 	 � � � � � & 	 � � � � � � � 
 � 6 � �� �
 �

� ! �
 �� ) 0

7� ( � 
 * � � � � � 	 	� � �� �

1, 000

� � � � � 
 � �IH � � � �
  � �� �
 � �  � 	

1, 000 � � � � � �� �� � � ?

� � � ? � 
 � � � �
 � � 	

end

! � 	 � � � � 	 	� � � - �� �� 1 � � C � � 
 � � � � �

for (bool* p = begin; p != end; ++p)

*p = false; // *p is the element pointed to by p

� � * �� � 	 
 �� � � � � � �< � �� 	 � �
  � � � � � � � � 
 � � 	

p

� � � �� & 	 � � � �� � � 
 � 6

p = begin

7 H � ��

� � � � � 
 � � � � 
 � � � � � � � � � � � � � � � � � 6

*p = false

7� - �� 
 � � � 
 * 	� � � 
 �

p

� � � �� � � � � � �
 � �

� � � � � 
 � ) � � � � � � 
 � 6

++p

7� �� 	� � �� � � � � �� � � �
  � �

p

� � � � /� 	� 
 � ! 	 � � � �� �� � � ? � � � ? � 
 �

� � �
 � � 	 
 � � � �

end�

Pointer comparison.

�� �� , � � � 	�� � � � � �* � � � � � � �� 	� �� � � �
 � � � � � 	� � � 	 �

==

� 
 �

!=

� �� �

� � � � � � � � � � � �� � �� 	 � � � � � � � � � 
 � � 	 � �
 C � � � � � �
 � � � 
 � � � � � � �� � � � 1 2 � * �� ; � � � � * � 


� � � � * � � �� 	� � � � � � �
 � � 	 � � � � 
  � �� � � � 	� � � 	 �

<H <=H >H � 
 �

>=� %  � �
 H � 	� * � � � 
 * � �� 
 �

� � � � * �� � �, � � � � � � !� � � 	� �� � � �
 � � � � � 	� � � 	 �� 	� � � �
 -� 1 �� � �
 ��  � "$ �F � 	 � �� 	 � �� � � � � 1 � � � � * � &� �H � � � 	� �� � � 1 � � 
 � 	 	� � � ! � � � � �� 
  � �

nH � � * � � �� � � � �

� � ! � � � � 	� 
 � �� � � � �� � � �
 � � 	 � � � �� � � � � � 
 � � ! � � � � �
 �� )

k1, 0

�

k1

�

n

� 
 � �� � 	 	� � H

� 
 � � �� � � * �
 � � � � 	� 
 � �� � � � �� � � �
 � � 	 � � � � � � � � � � 
 � � ! � � � � �
 �� )

k2, 0

�

k2

�

n

�


� � � �� � � � 	 	� � � %  � � 
 H k1 = n

� 
 �

k2 = n

� 	� � � � �� � �� 
 � * � 	 	 � � � �
 � � � � � � �� � � ? � � � ? � 
 �

* � � � �

� �� 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

3 �, � 
 � � � � H � �� 	� � � � � � ! � �� � � � 
 � � 	 * � � �� 	 � � �
 � � �� � � 	 � � 
 � � 1 � � �� � 
 � �  � 	 * � � ?

�� 	 � � �
 � !

k1

� 
 �

k2�
+ 
 � � � � 	 � � 	 � � 6� 
 � C � � � � � 
 � � � � �, � � � 7 H � �� � � � 
 � � 	 � � � � � � � � � � 
 �

� �� � * � � � � & 	 � � �
 � � � � 	 	� � � � � � � � �� � � � 	 �
 � �+ 
 �� 	 * � � � ! 	�  � � 
 � H � � � * � � �� 	 � � �


p != end

* �� � � � C � �, � �� 
 � � � 1 � 	� � �� * � � 1 �

� � � � ) � 	� � � � �


p < end

� � � * � � � � � � � � � � �� � � �
  � �

p

� � � 
 � � � �� 
 � * � � � �� 	 	� � � � � � � 
 � H

� C � �, � �� 
 � � � � � � �
  � �

p

� � 
 � �� �� � � ? � � � ? � 
 � � � � 
 � � 	�� � � �� 	 �
  � � � � � �
 � � 	 � � �� � � � 
 � � � � � � � � � � 1 �, � 	� C � � 	� � � 
 � � ��� � � � � � 
 � � � * � &� �

	� � � � � � �
 � � � ! �� 	 � � � 	� � � 	 �

<H <=H >H � 
 �

>=�

Pointer subtraction.

- �� 	 � � � �
 � � � 	� � 	 � � � � � � � * � � � 	� � � �
 �
 � � �
 � � 	 �� % � �� � � � �� �

�� � � � �� � � � 
 � � 	 � � � � � � � � � � 
 � � ! � � � � �
 �� )

k1, 0

�

k1
�

n

� 
 � � � � � 	 	� � � ! � � 
  � �

nH � 
 � � � � � � * �
 � � � � 	� 
 � �� � � � �� � � � 
 � � 	 � � � �� � � � � � 
 � � ! � � � � �
 �� )

k2, 0

�

k2

�

n

� 
 � �� �� � � � 	 	� � 6 �� � � ? � �� ? � 
 � � � � 
 � � 	 � � � � � � � � 7� - �� 
 � � � 	� �� � � � ! � � � ! � �� �� �

� � � �� � � � � �

�� � �

−

�� � �

� � � � � � 
 � �  � 	

k1 − k2�
- �� �IH � � �
 � � 	 � � 1 � 	� * � � �
 � � � � � � � D � � � !� 	� �� 	 � E � � � � � �� 	 	� �

� � � � � 
 � �� 	 � � - � � 1 � �� , � � 	 � ! � � � 
 � � 	 � � 1 � 	� * � � �
 � � � 
 � � &
 � � � ! �� � � � 
 � �� � �� 	 � 
 � �

� � �
 � � 	 � � � � � � � � 
 � � � 
 6 � 	 �� � � ? � � � ? � 
 � � � �
 � � 	 � � ! 7 � � � �� � � � 	 	� � � � �
 � � 	 � � 1 � 	� * � � �
 6 � � � * � � � � � �� � � � � 1 �
 � 	 � �� 1 � 	� * � � �
 � � � 	� � � 	H � � � -� 1 �� � �


��  � �� ! � 	 � � � � � � * � &* � 7 � � � � 
 � � � * * � 	 � 
 � �� * � � � ! 	�  � � 
 � ! 	 � � � �� 1 �  �
 
 � 
  � ! � � � �

� � * � � �
 � % � � � �* � � � � � � � � � �� � � 	 � �
 � � �� 
 � � 1 � 	 � ! � �� � � 
 � � �
 � 
 � 	 	� � � �� � � �  �, � 


1 � � � � � 
 � � 	 � � � � � & 	 � � � � � � � 
 �� 
 �� �� � � ? � �� ? � 
 � � � � 
 � � 	�

Pointer subscripting, or the truth about random access.

+ 
 	�� � � � � H � �� � � 1 �* 	 � � � � � � 	� � � 	

[]

� � �
 � 	 � �� * � � � 
 ( � * � � �
 �� "� � � � � � 
 � � � � � 	� � � �
 � 	 	� � �IH 1� � �
 � � �
 � � 	 �� + 
 , � A �
  � � � �

� � � 	� � � 	 �
 � 
 � 	 	� � * �
 � � 	� * � �� 
 � ) � 	 � � � � �
 � 
 � � � � 	� ! � 	� � 	 �   � 	 �� 
 � 	 	� � ? � � ? � � � 
 � � 	

* �
 , � 	 � � �
 �3 �, � 
 � � � �
 � � 	 �� � � 
 �� 
 � ) � 	� � � � �
 � � � � � ! �
 � �  	� � � � � � H � � � � ) � 	� � � � �


�� � � � � � � �

� � � C � �, � � � 
 � 6� � � � � 
 � � � 	� C � � 	� � � 
 � � �
 �� � � 
 � � � � � 7 � �

�
6 �� � ' � � �� 7

+ ! � � �� �� � , � �� �

iH � �� �� � � � 	 � ) � 	� � � � �
 � � � � � � � � � � 	 	� � � �� � � 
 �

i

� �� * � � � � � �� 	 �  � � � !

� � � �
 � � � �
 � � � � � 1 � �� � � + 
 �� 	 � � * � �� 	H � ! �� � 	 � �� � � � ! 	 � �� 
 � 	 	� � ? � � ? � � � 
 � � 	 * �
 , � 	 � � �
 H� � � ��  	� � � � � � � � � � � � �� 
 � � * � � ! 	� 
 � � �� * * � � � ! � 	� 	 	� � �� � � 
 � 	 � �� * � � � 
 ( � * � � �
 �� "� ��-� 1 �� � �� � �� 	 �� � � � � � 
 � � � � � 
 � � 	 ? � � � * � &* 1 �
 � 	 � � � � 	� � � 	 ��



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � �$

Description Operator Arity Prec. Assoc.

�� 1 �* 	 � � �

[]

� � � � � ! �

�� 	 � !� 	� 
 * �

*

� � " 	 �  � �

� � � 	� � �

&

� � " 	 �  � �

Table 4:

%� �  � �� �  � � � � � � � � �  � � � � � � �� � � # ! � � � �� � � !� � � � �� � 2 . �� � � � � � � ! � � !� � � � ��

�/ !�  � ��  � � �� � � � � !� � � � � � � � �� � � �� � � � � �  � � �� 2 . �� �� � � #� � � �  � � !� � � � ��

�/ !�  � � �� �  � � �� � � �� � � �� � � �� �  � � �� � 0 � � �� � �� � � �� � � � � !� � � � �� �/ !�  � �

� � �  � � �� � � �� � � �� � � � � �  � � �� 2

What have we gained with pointers?

( � !� 	 � � � � � � � � �� � � �� �
 � � � � � � ! � � �
 � � 	 � � � � �

�� A� � � � 	� � � �
 � � 	 ��  � � 
 � 	 	� � � � � � � � � � � 	� � 
 * � � 
 � � �� 
 � � � 	� � � �
 1 � �
 �� )� ; � �

� 
 �� � � � � � 	� �
 � �� 	�� � � � ! � ) � 	� � � � � � � � � ? * 	 � � � * � � � � � � �IH � �� �� , � 
  �� 	� �� 	 �
 � �� F � 	

� � � �� A� � ! 	 �� �� 1 � � � � � H � � � � � 	� ! � 	 � � ! � � 
 � � � � � � � � � � � 	� � � �
 1 � � 
 �� )� ( � � �� � � � � �� 	�� �

2 � � � � &* � � � �
 ! � 	 � �� � � �
 � � 	 * �
 * � � � �

- � � 	� � 	 � � * � � � � � � � � � 2 � � � � &* � � � �
 �IH � 
 � �
 � � ! � � � � � � � � 1 � � � �* � � � � � 	 �  � �� � � �

� 
 � �� 
 � ) � � � * � � �
< � � � 
 � � 	 �� 	� �
 � � � � � 
 �� 1 � � ! � 	  � � � �
  D � 	� * � �* � � E� 	 	� � � � � � � � � 
  � �


 � � A
 �� 
 � � * � � � � � � � � � � �- � � � � * �
 � 2 � � � � &* � � � �
 � � 
 � � � � � � 	 �� 
 � � �� * � 	
 � 	H � � � � � � � � �
 � � 1 	 � � G � � �� * �

� � � � 	� � % 	 	� � �� 	� 1 � !� 	 
 � � � �� �
 � � * �
 �� � 
 � 	 � ! � 	 � � � � � ! �� �� � � �� 
 � � � � � �� � � 
 �

�� �� � 	 � * � � � � 
  � �  � 	 � � � � �IH � � � � �� � � � �� 	 � ! � 	� �� A� �� 	� � �� � � � � � � � 	 A � � � �
 � � ! � 	

� 	 	� � ��F � 	 � )� � � �� H &
 � � 
  � * �
 �� � 
 � 	 � � � � � 
 � � � � ��  �, � 
 � 	 � � � 	 � � 6 � �, � � � � �� � � 	 � �� �

� �� � � � �� 	 !� , � 	 � � � � �, � � 7 � � �� � � 1 � � � � � � 1 �� ! � 	 � � $ * �
 �� � 
 � 	 � � �� � � /� 	 � � �� !� 
 * ?

� � �
 � � � � � � ! � � � 	� � �
  �, � 	 � � � � �� � � 
 � �� - �� �
 � � � 
 � ! � 	 � � � � � � 
 � � � � � � 
 � �� � � � 	� � � �


� 	 � * � � � � � � � � !�% 
 � �� �� ? � 	 � * � � � � 
  � �  � 	 � � � � � ! � �� � ' ' � �� 
 �� 	 � � � 1 	� 	 � 6 � � � � � � � � � � � � � � !

� � � � �� � � 	 7 � � 	 A � � 
 � � � � � � �< � � � ) � � * � � � � � � 
 �� 	 � � �
  * �
 �� � 
 � 	 � � � /� 	 � �� � � � �� �

* �
 ! � 	 � �
  � � � � � � � � � � ? �� &
 � � � � � 	� � � 	 * �
 * � � �� - �� � � � * � &* � � ! � � � * �
 �� � 
 � 	 � � � � � !

� 	� � 	 	� � � , � 
 � ! � 	 � �� � �  � 	 � � � ��� � 	� � � � �� 	 � � � � 
 � � 	 � * � � � � 
< � � � � � 	� � �� � � � 	� � � 	 � � /� 	 � � 1 � � 	 	� � �� - �� 	 � ! � 	� H

� , � 
 � ! � � � �
 A � � � � � � �
 � � 	 � �
 �� 	 �� 
 * � � � H � � �� , � � � A
 �� � 1 �� � � � � � �
 � 	 � � 	 � �

1 � � 1 � � � �� � � � � � �� 
 �� 	 � � � 1 	� 	 � � �  � 	 � � � � � � �� 	 	� � ��

2.6.9 Dynamic memory allocation

0 � � � �  � 1� * A � �  	 �  	� � � � 
 �� � + � � �� �
 � 	� � 1� * A � � � �� � � � � 
 � � 1 � 	

n

� � �� 	 � � � 	� �

� �

1, 000

�
 � � � � � 	 � 	� �H 2 � � � 1 � * � � � � � �� � � 
  � � � !� 
 � 	 	� � �� � � � 1 � A
 � � 
 � � * � � � � � �

� � � � � % � � �� � � �
 � � � � 	� � � � * � H � 	 	� � �� 	� 
 � � � � 
  � � � * �� �H � � ��  �� % � � � � � � � � �� � � � �� , �

� � � �� 	 � � � 	 6

intH unsigned intH � 
 �

bool

7 �� , � � � � � 	 � � � 	 � � � �� �� � � 
  � � � 1 2 � * � � ! � � �

� � � � � * * � � � � �� & )� �� � �� 
 � � ! � � � � 	 � A
 �� 
 � � � �� * � � � � �� 	 6 ! � 	 � )� � � �� H � � 1 � � � ! � 	

� �� 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

� 


int

� 1 2 � * � �
 �� 
 � � �� � ! � 	 � � 7 � � � � �� 	 	� � �IH � 
 � 1, � �� � 
 � � �� 	 � � � � � � * � 	* � �, � 
 �

� � � � 	 � � � 	 �* � � �
 �

+ 
 �' ' H � 	 	� � � � � � � � � � 
  � � � � � � � � 	 � � 
 � � � � 	� 
 � � � � * � 
 1 � � 1 �� �
 � � � � 	 ��  �

�$ � �� � � � � �� $ � � � �  � � � � � � - � 	 ��  � � � * �� 
 � � � � * � � � �
 H � � * 	� � � � � 
 � 1 2 � * � � � � �

�$ � �� � � � � 	�  � �� 	� � � �
 �

� 1 2 � * � � � �� � � � �� , � � � � 
 � � !� 	 � � 	� � � � � � � � � � , � 	 �� 1 �� � H �
 � � �* � * � � � � � � � 	 �

 � � � � � � �  
 � � � � � �� � 6� 
 � � � ! 	 � � � �  � � 
 7 � � � 	� � � � � 	 � � 
 � � � � � 
 � � �� 	 �
  � 	 � 	� �

� )� * � � � �
 6� � � � �� � � * � 
 � � �� � �* � � � 	�  � �� 	� � � �
 H ( � * � � �
 �� �� � 7� � 1 2 � * � � � ! � � 
 � � �*

� � � 	�  � �� 	� � � �
 � 	� 
 � � � � � � � � , � 	 �� 1 � � �IH � 
 � � � � � �� � D � �� 	 � � � � �, � E 6  � � � � � � 	 �

� � � �  
 � � � � � � � � 7 � 
 � D � � � E 6  � � � � � � 	 � � � � 	 � ! 	� � � 7 � � � � $ � � �
 � �� 	 � 
  � 	 � 	� �

� )� * � � � �
 � - � � � 	 �  	� � � � 	 * � 
 � � � � 	 � � 
 � � �� � � � � �
 � � , ��

new
� 
 �

delete

� ) � 	 � � � � �
 ��

- � � � 	 �  	� � �� � � � � � 6 � � � � * � � � � C � � � � �� 	 � 7 	�  � �
 � ! � �� * � � �� � � 	 A � �� � 
 � � � � 	 �

� , � � �� 1 �� � � � � � 	� � � 
 � � � * � � � � � � � � * � � � � � 1 2 � * � �� - � � � 	 �  � �
 � � * � � �� � � �� �� � !� + � � �

� 
 � � �� � � � � 
 � � � �H 1� � � � � 
 � 
 � 1 2 � * � � � � � 
 � � � * � � � � � � � � * � � � �H � � � � 1 � �
  � � � 	� � �
 � � �

�� � �H � � � �� � � � � � � � � 	 � � * � � � � � � � � � � 1 � � �� � 	 � 	� �  	 �� ��

� � 	� � � � � � � � � � � � 	 A � ! � 	 � 	� � � � � �� 
 � � A ( � � , � � �� � � � 1 � 	 � �� � � � � � 
 � � �� � � � � � !

� 	 � � � 
 � � 1 � 	 � 1 � � � � � 


2

� 
 �

n − 1� - � � ! � � � �� � 
  , � 	 �� 
 � 	�� � � � �� 
 � � 1 � 	

n

! 	 � �

� �� 
 �� 	 � �
 �� �� 
 � � � 
 � � �* � � � � � � � � * � � � �� 
 � 	 	� � � ! � � 
  � �

n� - �� 	� �� � 
 � � 	 � ! � � �

� 	 �  	� � � �� � 1 � ! � 	 � H � )* � � � � �� � � � � ) � � � * � � � � �� , � � � ! 	� � � �� � � 
 � � � * � � � � � � � � * � � � �

� � � 	�  � � 
 � � � � 
 ��

�

// Program: eratosthenes2.C{

// Calculate prime numbers in {2,...,n-1} using�

// Eratosthenes’ sieve.�}

#include <iostream >�
�

int main()	

{


// input� |
std::cout << "Compute prime numbers in {2,...,n-1} for n =? ";� �
unsigned int n;� {
std::cin >> n;� �

� �
// definition and initialization: provides us with�}
// Booleans crossed_out[0],..., crossed_out[n-1]��

bool* crossed_out = new bool[n]; // dynamic allocation� �

for ( unsigned int i = 0; i < n; ++i)� 	

crossed_out[i] = false;� 
{|

// computation and output{ �

std::cout << "Prime numbers in {2,...," << n-1 << "}:\n";{ {

for ( unsigned int i = 2; i < n; ++i){ �

if (! crossed_out[i]) {



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � � �

{ �

// i is prime{}

std::cout << i << " ";{�

// cross out all proper multiples of i{ �

for ( unsigned int m = 2*i; m < n; m += i){ 	

crossed_out[m] = true;{ 


}�|

std::cout << "\n";� �
� {

delete [] crossed_out; // free dynamic memory� �
� �

return 0;�}

}

Program 15: !� �" � �� � � � � � � �� � � � � 2 <

� � � � � �� � � � � , � 	 �� 1 � �

crossed_out

� � 
 �� � � � �
 � � 	 	� � � � 	 � �� 
 � 
 � 	 	� � B � ! � � 	 � ��

new

�� * �� 	� � � �
 H � � � � �
 � � � � � �� & 	 � � � � � � � 
 � � !� � � 
 � � � * � � � � � � � � * � � � �� 	 	� � � ! �� 
  � �

n�

The new expression.

F � 	� 
 � � � � � 7 H � new

� ) � 	� � � � �
 * � 
 * � � � � 
 � 
 � � ! � �� ! � � � � � � 
 

� � 	� � , � 	 �� 
 � ��

new

7

new

7 6� � � 7

new

7 � � � �� �

+ 
 � � � * � � � �IH � �� � ) � 	� � � � �
 	� � � 	
 �� 
 	, � �� � � ! � � � � 7 �� + � � , � �� � � � � � � � � � 	� � �

� !� 
 � 1 2 � * � � ! � � � � 7 � �� � �� � 1 � � 
 � � 
 � � �* � � � � � � � � * � � � � �
 � � � ��� �� - �� � 1 2 � * �

� � � � � ! � �� 
 �
 � � �� �IH 1 � � � � � � � � � � � � � � 	� � �� 	 � �� � � � 
  � � � 	� � � � 
 � � 	� , � 	 �� 1 �� 
 � � � �+ 
  	 � 	� � �� H � � * � � � � �

crossed_out�+ 
 � � � & 	 � � � 
 � � � * �
 � , � 	 �� 
 � H � � � � /� * � � ! � � �

new

� ) � 	 � � � � �
 � � � � � � 
 � � �* � � � �

� � � � * � � � � � � � " �� � 1 2 � * � � ! � � � �

T

�
 � � � � �� �� .� 	 �� 
 � � � �� , � � � �� � 1 2 � * � � 
 � 
 � � �� � � � � � � !

7 � �� !� 
 �� � � 
 �� � � � � � H � � � � � , � 	 �� 
 � � �
 � � �� � � � � � � �� 
 � � � 1 2 � * � � � � � � �� � � , � 	� � � �� 	 �

� 
 �� 	� 
 � �� � � �� F � 	 � )� � � � � H � � � ! � � � � � �
  �� * �� 	� � � �
 � � 
 � � �� � � � � � � � , � 	 �� 1 �� �

i

� 
 �

jH1 � � � � ! � � � �

int*H � � � � � �� � � � 	� � � � � � ! � � � 
 � � � 1 2 � * � � � ! � � � �

int�

int* i = new int; // *i is undefined

int* j = new int(6); // *j is 6

� �  � � 
 �� H � ! � � � � 
 � � � � � � �� * � � 1 2 � * � � � ! � � � �

intH � � A � 	� � �� 	 � � � , � 	 �� 1 � � � � � � �

� � � � �� � �* � � � 	�  � �� 	� � � �
 � 
 � � 	 � � �

int i; // i is undefined

int j = 6; // j is 6

: � 	� �
 � � 	� � � �
  ! � 	 � � � � � �� � � � 	 � , � 	 �� 
 �� + ! � � � � �� � � 
 � �  � 	 , � �� �

n

�

0H � � � � /� * �

� ! � � �

new

� ) � 	� � � � �
 � � � � � � 
 � � � * � � � � � � � � * � � � � 
 � 	 	� � � ! � � 
  � �

n

� � � � � 
 �� 	 � � � 
 

� � � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

� � � � 7 �
 � �� ��� �� - �� 	 � � � 	
 , � �� � � � � � � � � � 	� � � � ! � � � & 	 � � � � � � � 
 �� - � � � � � � �� �

� � � � � � 
 � � 
 � � " � !  	 � 	� � �� �% � � �� � �H � � �

n

� 	 	� � � �� � � 
 � � 	� �� � 
 � 
 � 
 � � �� � � � � � � ! 7 � �� !� 
 �� � � 
 �� � � � � � �
The delete expression.

# � 
 � � �* � � � � � � � � * � � � � � � � � 	 � � �� � � � 
 � � �
  � 	 
 � � �� � � � �� � �

1 � ! 	� � �� + 
 � ' ' H � �� � 	 �  	� � � � 	 � � * � �� �� � � � � * � � � � 
 � � � � � � � � �� * � � � � � � # � 
 � � �*

� � � 	�  � �� 	� � � �
 � � � � � � � � �� � � � 
 � � �* � � � � � � � � * � � � � � 1 2 � * � � � �, � � 
 � � � � �� � 	 �  	� � � � 	 ?

� � 
 � � � � H � 
 � � � � � � � � � 	� � ) � � � * � � � � ! 	� � �� # � 
 � � � * � � � � � � � � * � � � � � � � � 	 � � � � � 	� G � ) � 1 � �

� �� 
 � �� � � * � � � � 	 � H 1� � �
 	 � � � 	
 � �� � � � � 
 , � �, � � � � � � � � � � 
 � � � 	� � �, � � / � 	 ��- � �

delete

� ) � 	� � � � �
 � �� A� * � 	 � � ! ! 	 � � �
  � � � � 	 � � - �� � * � � � � 
 � � � , � 	 �� 
 � ��

delete

� � ��

delete

� � � � � �

+ 
 1 � � � , � 	 �� 
 � � H � � � � �� � 1 � � 
 � � � � � � 
 � � 	H �
 � � �* � * � � � � ��

delete

� ) � 	 � � � � �
 �� �


 � � /� * ��� � � � 	 � � � � H � 
 � �� & 	 � � , � 	 �� 
 � H � � � � �� � � 1 � � � � �
 � � 	 � �� � � 
  � � � 1 2 � * � � �� � �� � � 	� ?

, � �� � � � 1 � � 
 � � 
 � � �* � � � � � � � � * � � � � � � � � � �� & 	 � � � 	 � � * �
 � , � 	 �� 
 � � ! � ��

new

� ) � 	� � � � �
 �- �� � /� * � � � � � �� A� � � � * � 	 	 � � � �
 � �
  � � � � 	 � � , � � �� 1 � � �  � � 
 ! � 	 �� 1 � � C � � 
 � � � 
 � � �*

� � � � * � � � �
 � �
 � � � ��� ��F � 	 � )� � � � � H � �� � � � 
 � �
 � � � � 	 �  	� � � �� 	� � �� � � �

int

� 1 2 � * � � � � 
 � � � * � � � � � � � � ?

* � � � � � � 	 ��  �

int* i = new int; // *i is undefined

int* j = new int(6); // *j is 6

� 	� 
 � � �
  � 	 
 � � �� �H � � � �� � � � 	 � � �

delete j;

delete i;

- � � � 	 �� 	 � ! �� �� � � �
 � � � � 
 � � �� � � � 	 � � 	� H 1 � � �� 
 � � 	 �  	� � � � 	 � * �
 � � � � 	 � � � �  � * � �

� �

delete
� � �
 � � 	 � �
 � � � � 
 , � 	 � � � 	 �� 	 � ! � � 
 � � �* � � � � * � � � �
 < + ! � �� 
 � � � � � � 
 � � � � �

� � � � �IH � �� & 	 � � � 
 � � � �� � � * �
 � � � � ��+ 
 � �� � � * �
 � , � 	 �� 
 � � ! � ��

delete

� ) � 	 � � � � �
 H � � � � �� � � 1 � � � � �
 � � 	 � � � � � & 	 � �

� � � � � 
 � � !� 
 � 	 	� � � �� � �� � � 	� , � �� � � � 1 � � 
 � � 
 � � �* � � � � � � � � * � � � � � � � � � � � � � � 	 � , � 	 �� 
 �

� ! � ��

new

� ) � 	� � � � �
 � - �� � � � �� � � � � 	 � � * * � � � � � 1 � � �� � 	 	� � � � �� � 1� * A �
 � � � ��� �

! � 	 	� � � � � � � - � � � �� � � � 
 � �
 � �
 � � � � !  	 �  	� � �� �+ ! � �� � �� �


delete

� �� � � � � � � � �� 
 �
 ? 
 � � � � � � 
 � � 	 � �� � � � � � 
 � � � � �
 � � �� � � 
 � � ?

� * � � � � � � � � * � � � � � � 
  � � � 1 2 � * � H � � � 1 � �� , � � 	 � � � 
 �� &
 � �� - � � �� � � � � � 	� � � ! �
 � � 	 � � �

� �	 
� � � �� � �� � �� � � � �� � � � � �� � �� � !� � �� � � �� � �� � ��� " � 
� � � � � � � � � � � � �  �� ��  � � � � �� � � � � � �� �

� � � ��  � � � 
� 
� � � # 	 
 �� � � � � � � � �  �� � � � � ��  � � �� � �� � �� �� � � � �� � � 
 � � # � � �� �� � � � � � �  � �� � � �� � %�� �� � ��  � 
� � � 
� � � � � � � �� �� � � �� �� � � � � �� �� � � �� �� � �� �� � � � � �� � � � � 
 �� � �  � �� � �� � �� � � � �� � � � � # � �

� �   � � � �  �� �� � �� � � � � �� � �� � � � � ��� �� ��  � � ��  � � � � � � � � �� �� � #� �	 
 �� �� �� �� � � 
� � � 
� �� � � � 
 � � � �  � � � �  � � �  � � � �  � �� � �� � �  
� �  �� � � �  � � �� � � � � � � � 
� � � � � � 
 � 
�


� � �� � � �� � � ��  � � � � �  � � � � 
 �� �� � � � 
 �� � � � 
� �� � �� � � #



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � � �

� �

delete[]

� 
 � 	 	� � � � � 	� � �� 	 � � � �
 � � � � �
  �� � 1 2 � * �� % �� � � � � � � � � � � � � 
 � � 	 �IH � ��

� ' ' �� 
  � �  � � � � � 
 � � � /� 	� 
 � � �� 
 � � ! � � � � * � �
  � � * � � 	 	 � 	 ��

Memory leaks.

% � � � ��  �� � � � � � � 	 � � � � � * � � � � 1 � � � 	 �  	� � � �� � � � �� � �* � � � � ! 	� � � � � � 


� � � � 	 �  	� � � � 	 � �
 � � � � 
 � 	 �� � � � H � � � � , � 	 � 1� � � 	� * � � * � � � 	� � � �
 � � � � !� * � ! � 	 ! 	� � � 
 

� � 
 � � � * � � � � � � � � * � � � � � � � � 	 � � + !� � 	 �  	� � � � � � 
 � � � ) � � �* � � � � ! 	� � � � � � � 
 � � � * � � � �

� � � � * � � � � � � � � 	 � � � � � �� � � � � �� , � � � � � �� $ �� � 3� ( � * � ��� A � � 	� � ! � � 
 � � �  
 � !

1� � * � � �
  � - �� � � � � � � � � �� , � 
 � � � � � � �� � � * �
 � � C � � 
 * � �IH 1� � � � � � �� � ! 	� � � 
  � 
 � � � �

� � � 	�  � H � � 	 �  	� � 	� 
 
 �
  ! � 	� � �
  � � � � 6 � � � 
 A � ! � � � 	� � �
  � � � � � � 	 �� � � 
 � � 7 �� � � �

� � � � � � �
 � � � � � � � � ) �� � � � � � � � , � � �� 1 � � � �� � � � � 	�  � �- � � 	� ! � 	 � H � � �� , � � � � ! � � � �� �
   � � � � � �
 � �

Dynamic Storage Guideline:


 � � � 
 � �� � � � � � ) � 	� � � � �
 � � � �� � �� � � � � � * � � � � 
 �� � * � �
  �� � 	 ��

2.6.10 Arrays of characters

( � C � � 
 * � � � ! * �� 	� * � � 	 � � 
 * � � � � � �
 � �� 1 �� C � � � � � � � A� �


std::cout << "Prime numbers in {2 ,...,999}:\n";

� 	� * � � �� � � �� � � " � � �� � � � �� � �

( � !� 	 � � �� , � � � � � � � 	 � 
  � � � � 	� � � �
 � � � � � � �
 �� � �� � � ) � 	� � � � �
 �IH 1� � � � * � 
 � � 	 A

� � � � � � � � � 
 � � � � 	 * �
 � � ) � �� � � � � �� : � � � 
 � �� 1 � � H � � � 	 � 
  � � � � 	� � * � 
 1 � � � � � � � � 
 � � �� � � � �

� 
 � 	 	� � � !  � �� � �� � �� � �� 	� * � � 	 �� 	� � � � 1� � � � � 
  1 � � * A � � ! � � ) � � � � � A
 �� � �� + 


� ' ' H � �� � � 	 � � � �� � � � 1 � � � � !� 
 �� � � 
 �� � � � � �

char

� �� � � � 1 	 � � G � � � �* � � � 
 � ) ��

The type char.

- �� !� 
 �� � � 
 �� � � � � �

char

	� � 	 � � � 
 � � * �� 	� * � � 	 �� � �� 	� * � � 	 � � 
 * �� � �

� � � �� � �� � �

a

� � 	 ��  �

z

6� � �
  � � � � � �� � 	 * � � � �� � , � 	 � � �
 �

A

� � 	 ��  �

Z

7 H � � � � �" � � �

0� � 	 ��  �

9H � � � � � �� � 
 � � � 	 �� � � � �� 	 � !�  � � �  � �� � �� � � � � A� � � 	 �� - �� � �
 �

char c = ’a’;

�� &
 � �� , � 	 �� 1 ��

c

� ! � � � �

char

� 
 � , � �� �

’a’H 	 � � 	 � � � 
 � �
  � �� � � � � � 	

a� - � � � ) � 	� � � � �


’a’

� �� � � � � 	� � � ! � � � �

char� - � � C � � � � �� 	 �� 
 � � �� � * � � � � * �� 	� * � � 	 � � � 1 � �� 	� 
 � * � � �� 	 �

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

’a’

! 	 � � � �� � �� 
 � � & � 	

a�F � 	 �� � � � H � � � � � � �

char

� �� 
 � 
 � �  	� � � � � �< � � �� � � �� �� � � � � � 	� � � 	 �� � � � � � � � � �

int

� 	

unsigned intH � 
 � � �� � ' ' � �� 
 �� 	 � � , � 
 � � � � � �� � � �� � 	 � � � � � �
 ! 	 � �

char

� �

int

� 	

unsigned int� + � � � � � � � � � * � &� �H � � ��  �H � � � � � * � � 
 � �  � 	 � � � * �� 	� * � � 	

’a’H�� � H � � � � 1 � � 	 � � � � � �� � 
 � � 	 � �� � � � � � � � � � �

ASCII

* � �� 6

A � � 	 � * � 
 S

�� 
 �� 	 � C � � � ! � 	

I

! � 	 �� � � �
 I
 � � 	* �� 
  � 7 H � � � � � � � �
 � �  � 	

97�

� � � � � � $� � � � � � 
� � � � �� � � � � � � �� �� � � � �� � � � � �� � � �� � � � � � �� � � 
� � � �  � � � ��  �� � � � � � � � �  � 
� � �� � � �� � � � ��

� �  $ ��  � �� � � � � � � � � � � 
� � � 	 �� �� � � � � �� �� ��  �� #

� � � 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

- � � � � � � � �
  �� � 
 � � � � � � , � 	 � � � � !� �H � 
 � �
 �� � � � � �� A� � � � � � � � � � 
 � � � � � �, � �� �
 �

* �� 	� * � � 	 1 � � 
 � � � � 	� � 
 � � � � � �� 	 �� 
 �H � � * � 
 ! � 	 � )� � � � � � 	 � 
 � � � � � � � �� 1 � � � � 	 ��  �

�
 � � � � � � � � � � � 6� � �� � � 
 

ASCII

� 
 * � � �
  7� � )� * � � � �
 � ! � ��

for ? � � � �

for (char c = ’a’; c <= ’z’; ++c)

std::cout << c;

� 	 � � � � � � � * �� 	� * � � 	 � � C � � 
 * �

abcdefghijklmnopqrstuvwxyz

� � � �� 
 �� 	 � �� � �� �� 3 �, � 
 � � � � H � �� �� � � � � 
 A � �� � � � � � � 
 �

std::cout << ’a’ + 1;

� 	 �
 � �

’b’H 1 � � � � � � � � 
 A �� ( � 
 * � � � � � � � 	� 
 � � � ! � � � * � � � � � � � � � ) � 	� � � � �


’a’+1

� 	�

� ! � � /� 	� 
 � � � � � �IH � �� � � ! � � � � 	� 
 � � ! � � � �

char � � � �� � � � �� � �* � � � � 1 � � 	 � � � � � � � � � � �

� � 	�  � 
 � 	� � � � � �

int

� ! � �� 	 �  � � � � � 	� 
 �� - � � 	� ! � 	 � H � �� � � � � � ! � �� � ) � 	� � � � �


’a’+1� �

intH � 
 � � � � , � �� � � �

98

6� � �� � � 
 

ASCII

� 
 * � � � 
  7 B � 
 � � �� � A � � �� �  � � � � 	 � 
 � � �� + !

� �� � � 
 �

’b’

� � 1 � � 	 � 
 � � �H � �� �� � � � � � � � � � ) � � � * � � * �
 , � 	 � � �


char(’a’+1)�- � � * � � �  � 	 � � ! � � � * �� � * �� 	� * � � 	 �� � � � � 
 * �� � � �  � � �� � �  � �� � �� � � � �� � � � � � � � � � �
 

� �� 
 � 	 � 
 � � �� - �� � � � 	� � 	 � � � � 
 � � � � � �� � � � 
  1� * A � �� � �H � 
 � � �� � � � � � � � � 	 �� 
 �

* �
 � 	 � � * �� 	� * � � 	 ! � 	 � � � �

’\n’H � � � * � * � � � � �� � �
 � 1 	 �� A�� 
 � � � � � �� � ! � 	 � �IH � char

, � �� � � * * � � � � �

8

1 � � � � ! � � � � 	 � B � � � � � � 	 � �� , � �� � 	� 
  �

* � 	 	 � � � �
 � � � � � � � � � � ! � 
 � �  � 	 �

{−128, . . . , 127}

6 � � � � �  
 � � * � � � 7 � 	 � �� � � �

{0, . . . , 255}6 � �� � 
 � �  
 � � * � � � 7 � � � � � � � � � 
 �� � � �
 �� &
 � �� ( �
 * � � � � % ( � + + * �� 	� * � � 	 � �� , � � 
 � �  � 	

, � �� � � �


{0, . . . , 127}H � � � � * � 
 1 � 	� � 	� � � 
 � � � �
 1 � � � * � � � ��

From characters to text.
% � � ) � � � � � � � � � � � � C � � 
 * � � ! * �� 	� * � � 	 �� 
 � * � 
 1 � � � � � � � � �


� ' ' � � 	 ��  �� 
 � 	 	� � � � � � � 
 � � 	 � � � 
  � � � �

char� F � 	 � )� � � � � H � � � � � * �� 	� � � �


char text[] = {’b’, ’o’, ’o’, ’l’}

�� &
 � �� 
 � 	 	� � � ! � � 
  � �

4

� �� � 	 � � 	 � � � 
 � � � � � � � ) � � � � ��% � � � 	
 � � �, � � � 6� 
 � � � 	� * �
 , � 
 � � 
 � � � 7 H � � * � 
 � 	 � � �

char text[] = "bool"

- � � �IH � � � � , � 	H � � � � � � C � �, � � � 
 � � � � �� ! � 	 � � 	 � � * �� 	� � � �
 � � � � 
 � 
 � 	 	� � � ! * �� 	� * � � 	 �

� � �
 � � �� � �� � � � � � �� � � 	 �
  � � � � 	� �H � � � � � 	 � � 
 � � �
  � � � �  � �� � � � �

’\0’

6 � ! �
 � �  � 	 , � �� �

0
7 � �� � � � �� � �* � � � � � � � � 
 �� � � � � � � � 	 	� � � - � � � * �� 	� * � � 	 � � � � 
 � � * � 	 	� � � �
 � � �� 
 �

� 	 �
 �� 1 � � * �� 	� * � � 	� % ! � � 	 � � � �� � � � 	 �� * �� 	� � � �
 H � �� � 	 	� �

text

� �� 	 � ! � 	� �� � � � 
  � �

5�- �� & 	 � � ! �� 	 � �� � � 
 � � � 	�

’b’H ’o’H ’o’H � 
 �

’l’H � 
 � � �� & ! � � � �� � � 
 � � � � �� � � 	 �

* �� 	� * � � 	

’\0’��� * � � � �� * �� 
 � 	 	� � � � � � 1 �� � � �� � � � �� � 
 � � A� 
 � 	 �� �� 	 	� � � H � � 	 � ? � � 	 � �
 � � � �� 	 	� � �

D A
 � � E � � � � 	 � � 
  � �� - �  � � � � � � � � 
  � �H � � � � � � � � �� , � � � � � � 	� � � �, � 	 � � � � 	 	� � � 
 �

* �� 
 � � �� 
 � � 1 � 	 � ! � � � � � 
 � � 1 � ! � 	� � � � � � 	 � �
 � � � 
 

’\0’�� � 	� � �� 
 � � � � � * � � � �
 � ! 6� 	 	� � � � ! 7 * �� 	� * � � 	 �� � �� �� " � � � � �� " � � � �� � 	 � 1 �� � � !

&
 � � 
  � � � & 	 � � � 	� � � � * * � 	 	 � 
 * � � � !�  �, � 
 � �� 	* � � � 	 � 
  6 � � � � � � � � � � 	 � 7 �
 �  �, � 
 � � ) �6 � �� � � � � � �
  7 �



�� �� � � � � � 9 � 6 � � 5 � 67 8� 9 � ��

- � � � 1, � �� � � � �� � � �
 � � � � � ! � � � �� � 
 < � � �� � �
  � �� � � � � � �� 	* � � � 	 � 
  �� � �� 
  � �

mH

� � * � � �� 	� � � * �� 	� * � � 	 � � � � � � � � � � � � �� � � 
 � �

1, 2, ..., m

� ! � � � � � ) �� + !� � � � �� � * � � �

! �� 
 � ! � 	 � � � � � �� � � 
 � H � � � � � �� 
 � 
 � ) � * � � �� 	 � � � � � �� 	* � � � 	 � 
  � � � � � � � � � � � � 
 � �

2, 3, . . . , m+1

� ! � � � � � ) � H � 
 � � � �
 � ( � � � � !

m

* �
 � � * � � �, � � �� � � 
 � �

i, i+1, . . . , i+m−1� 
 � � � � � ) �� 	� * � � �� �� 0 � � � � 0�

- � � �� �  � 	 � � � � � � !� � �� � � �
  � � � � � � �� 	* � � � 	 �
  � � � � � 	 � H 1� � � � �� � 1 � * � � � �
 � 
 ?

* � � 
 � ! � 	 � �
  � �� 	* � � � 	 � 
  � 6 � � � � )� 	* � � � � � 7 � - �� 	� � �� � � 	 � � � � � � � � � * � � � �� �  � 	 � � � �6 � �� �� � � � 1 9 �� � � � 1 %� � � � � �" �� � � � � 7 � �� � � �� � � � � � !� � ��

- � � ! � � � � � � 
   	 �  	� � � " � � � �� � � 
 � � � � � � 1, � �� �� � � 	 � � � �� + � �� �
 �� �
 � � � �� 	 	� � �

� ! * �� 	� * � � 	 �IH �
 � ! � 	 � �� � �� 	* � � � 	 � 
  H � 
 � �
 � ! � 	 � � � * � 	 	 � 
 � � � 
 � �� � �� � � � � � � �

* � * � � * � 	 �� 	 �
 � � � � �
 � � � 6 � �� & 	 � � � � � � � 
 � � � 	� * � � � ! � � � � � � � �� �� � � �
 � 7 B � � � � �� A� �

� � �� � � � � � � � ! � � �� � �
 � � � �
 � � �� * � H 1 � � � � � � � 	� � �� * �
  � �� � � 
 �

i

� ! � �� � � ) � � � � �

� � � � � 
 �

i + m

6� 
 �� � � �� �� � � � � � � � �, � 
 * � 
  � � � � �  � * � � & 	 � � � � � � � � �
 � ! � � � � �
 � � �

1 � �
 � 7 �
�

// Program: string_matching.C{

// find the first occurrence of a fixed string within the�

// input text , and output the text so far�}

#include <iostream >�
�

int main ()	

{


// search string� |

char s[] = "bool";� �
� {

// determine search string length m� �

unsigned int m = 0;� �

for (char* p = s; *p != ’\0’; ++p) ++m;�}
��

// cyclic text window of size m� �

char* t = new char[m];� 	
� 


unsigned int w = 0; // number of characters read so far{|

unsigned int i = 0; // index where t logically starts{ �{ {

// find pattern in the text being read from std::cin{ �

std::cin >> std:: noskipws ; // don’t skip whitespaces!{ �{}

for ( unsigned int j = 0; j < m;){�

// compare search string with window at j-th element{ �

if (w < m || s[j] != t[(i+j)%m]){ 	

// input text still too short , or mismatch:{ 


// advance window by replacing first character

� � " 4� �� 7 8� �� �5 	 6 � �7 �5 6 9

�|

if (std::cin >> t[i]) {� �

std::cout << t[i];� {

++w; // one more character read� �

j = 0; // restart with first characters� �

i = (i+1)%m; // of string and window�}

} else break; // no more characters in the input��

else ++j; // match: go to next character� �
� 	

std::cout << "\n";� 


delete [] t;�|

return 0;� �

}
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"bool"<

// Program : eratosthenes.C

// Calculate prime numbers in {2 ,...,999} using

// Eratosthenes’ sieve.

#include <iostream >

int main()

{

// definition and initialization: provides us with

// Booleans crossed_out[0],..., crossed_out[999]
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bool progress = false;

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

for (int c=1; c<m+1; ++c) {

if (floor[r][c] != -1) continue ; // wall , or labeled before

// is any neighbor reachable in i-1 steps?

if (floor[r-1][c] == i-1 || floor[r+1][c] == i-1 ||

floor[r][c -1] == i-1 || floor[r][c+1] == i-1 ) {

floor[r][c] = i; // label cell with i

progress = true;

}

}

if (! progress ) break;

}
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Figure 14:
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// read floor dimensions

int n; std::cin >> n; // number of rows

int m; std::cin >> m; // number of columns

// dynamically allocate twodimensional array of dimensions

// (n+2) x (m+2) to hold the floor plus extra walls around

int** floor = new int*[n+2];

for (int r=0; r<n+2; ++r)

floor[r] = new int[m+2];
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// target coordinates , set upon reading ’T’

int tr = 0;

int tc = 0;

// assign initial floor values from input:

// source: ’S’ -> 0 ( source reached in 0 steps)

// target: ’T’ -> -1 (number of steps still unknown)

// wall: ’X’ -> -2

// empty cell: ’-’ -> -1 (number of steps still unknown)
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Figure 15:
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for (int r=1; r<n+1; ++r)

for (int c=1; c<m+1; ++c) {

char entry = ’-’;

std::cin >> entry;

if (entry == ’S’) floor[r][c] = 0;

else if ( entry == ’T’) floor[tr = r][tc = c] = -1;

else if ( entry == ’X’) floor[r][c] = -2;

else if ( entry == ’-’) floor[r][c] = -1;

}
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// add surrounding walls

for (int r=0; r<n+2; ++r)

floor[r][0] = floor[r][m+1] = -2;

for (int c=0; c<m+2; ++c)

floor[0][c] = floor[n+1][c] = -2;
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// mark shortest path from source to target (if there is one)

int r = tr; int c = tc; // start from target

while (floor[r][c] > 0) {

int d = floor[r][c] - 1; // distance one less

floor[r][c] = -3; // mark cell as being on shortest path

// go to some neighbor with distance d

if (floor[r-1][c] == d) --r;
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else if (floor[r+1][c] == d) ++r;

else if (floor[r][c-1] == d) --c;

else ++c; // (floor[r][c+1] == d)

}

F � 
 � � � � H � �� �� � � � �< � � �� � � � � � 
 � �  � 	 � 
 � 	 � � � � !

floor

1� * A � � * �� 	� * � � 	 �IH � �� 	�

−3

1 � * � � � �

’o’H �� 	 �� � � � � � 1 � �� + 
 � � 	 � � 
 

’\n’

� � � � � 	 �  � � � �� * � �IH � � � 1 �� �
 � * � � �

� ! � �� � 
 � � � G � � 	H � � � � � � � � � � 	 � � � � �� � �� � � �� 	 � 
  � 
 � � � � � � �
 � �� �� � �� � � � 
 � � ! � 	  � �

� � �� � � � � � � � � � 
 � � �* � � � � � � � � * � � � �� 	 	� � � � 
 � � � � 
 ��

// print floor with shortest path

for (int r=1; r<n+1; ++r) {

for (int c=1; c<m+1; ++c)

if (floor[r][c] == 0) std::cout << ’S’;

else if (r == tr && c == tc) std::cout << ’T’;

else if ( floor[r][c] == -3) std::cout << ’o’;

else if ( floor[r][c] == -2) std::cout << ’X’;

else std::cout << ’-’;

std::cout << "\n";

}

// delete dynamically allocated arrays

for (int r=0; r<n+2; ++r)

delete[] floor[r];

delete [] floor;

return 0;
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Figure 16:
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#include <iostream >{
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�

int main()�

{}

// read floor dimensions�

int n; std::cin >> n; // number of rows�

int m; std::cin >> m; // number of columns	



// dynamically allocate twodimensional array of dimensions� |

// (n+2) x (m+2) to hold the floor plus extra walls around� �

int** floor = new int*[n+2];� {

for (int r=0; r<n+2; ++r)� �

floor[r] = new int[m+2];� �
�}

// target coordinates , set upon reading ’T’��

int tr = 0;� �

int tc = 0;� 	
� 


// assign initial floor values from input:{|

// source: ’S’ -> 0 ( source reached in 0 steps){ �

// target: ’T’ -> -1 (number of steps still unknown){ {

// wall: ’X’ -> -2{ �

// empty cell: ’-’ -> -1 (number of steps still unknown){ �

for (int r=1; r<n+1; ++r){}

for (int c=1; c<m+1; ++c) {{�

char entry = ’-’;{ �

std::cin >> entry;{ 	

if (entry == ’S’) floor[r][c] = 0;{ 


else if (entry == ’T’) floor[tr = r][tc = c] = -1;�|

else if (entry == ’X’) floor[r][c] = -2;� �

else if (entry == ’-’) floor[r][c] = -1;� {

}� �
� �

// add surrounding walls�}
for (int r=0; r<n+2; ++r)��

floor[r][0] = floor[r][m+1] = -2;� �
for (int c=0; c<m+2; ++c)� 	

floor[0][c] = floor[n+1][c] = -2;� 

�|

// main loop: find and label cells reachable in i=1,2,... steps� �

for (int i=1;; ++i) {� {

bool progress = false;� �

for (int r=1; r<n+1; ++r)� �

for (int c=1; c<m+1; ++c) {�}

if (floor[r][c] != -1) continue ; // wall , or labeled before��

// is any neighbor reachable in i-1 steps?� �

if (floor[r-1][c] == i -1 || floor[r+1][c] == i-1 ||
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� 	

floor[r][c -1] == i -1 || floor[r][c+1] == i-1 ) {� 


floor[r][c] = i; // label cell with i} |

progress = true;} �

}} {

}} �

if (! progress ) break;} �

}} }} �

// mark shortest path from source to target (if there is one)} �

int r = tr; int c = tc; // start from target} 	

while (floor[r][c] > 0) {} 


int d = floor[r][c] - 1; // distance one less� |

floor[r][c] = -3; // mark cell as being on shortest path� �

// go to some neighbor with distance d� {

if (floor[r-1][c] == d) --r;� �

else if (floor[r+1][c] == d) ++r;� �

else if (floor[r][c-1] == d) --c;� }

else ++c; // (floor[r][c+1] == d)� �

}� �
� 	

// print floor with shortest path� 


for (int r=1; r<n+1; ++r) {�|

for (int c=1; c<m+1; ++c)� �

if (floor[r][c] == 0) std::cout << ’S’;� {

else if (r == tr && c == tc) std::cout << ’T’;� �

else if (floor[r][c] == -3) std::cout << ’o’;� �

else if (floor[r][c] == -2) std::cout << ’X’;�}

else std::cout << ’-’;��

std::cout << "\n";� �

}� 	� 


// delete dynamically allocated arrays	|

for (int r=0; r<n+2; ++r)	�

delete[] floor[r];	{

delete [] floor;	�
	�

return 0;	}

}

Program 17: !� �" � � � � �� � � � � ! � � � 2 <

2.6.12 Beyond arrays and pointers
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Why arrays, after all?
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Constant expressions.
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 � � ?

1 � 	 � � �� � �� 	 � �� 


10, 000H � �� �� , � � � * �� 
  �  	 �  	� � � � � 
 � � , � 	� � � �� * � �B 
 � � * �� 
 � �
 

� � � * � � � � 
 � � � �� � � � �� � � 1 � � � �� � � �� � � � � �H � �� 
 � � � � � 	� � �� * � ! �� 	

1000

A � 1 �

10000

A ��- � � � � � * � � 1 � 	 � � � � � 
 � � 	 	 � 	 ? � 	 �
 � � � �� � � �� � � 
 � � �� � 	 �  	� � � �� � � � � * � &� � � � � � � ?

� � 	 1 �� 
 � , � �� � � 
 2 � � � �
 � � �� * � � F � 	 � � � �IH � � 
 � � �� � � * �� 
 � � � � �� � � � � � � � � � � �

 �, � � 
 � � � � � A�

n

� �� * �
 � �� 
 � � ) � 	� � � � �
 � � A�

1000� � � 	� � � � �� � � � � * � 
 1 � � �
 � ! � 	

� 	� � � � � � � 
 � � A ( � � , � �

�

// Program: eratosthenes.C{

// Calculate prime numbers in {2,...,n-1} using�

// Eratosthenes’ sieve.�}

#include <iostream >�
�

int main()	

{


// define a constant n� |

const unsigned int n = 1000;� �
� {

// definition and initialization: provides us with� �

// Booleans crossed_out[0],..., crossed_out[n-1]� �

bool crossed_out[n];�}

for ( unsigned int i = 0; i < n; ++i)��

crossed_out[i] = false;� �
� 	

// computation and output
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std::cout << "Prime numbers in {2,...," << n-1 << "}:\n";{|

for ( unsigned int i = 2; i < n; ++i){ �

if (! crossed_out[i]) {{ {

// i is prime{ �

std::cout << i << " ";{ �

// cross out all proper multiples of i{}

for ( unsigned int m = 2*i; m < n; m += i){�

crossed_out[m] = true;{ �

}{ 	

std::cout << "\n";{ 

�|

return 0;� �

}
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* � � � � �� � � �
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const unsigned int n = 1000;

n = 10000; // error: can’t assign to a constant
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 � * �� 
 * � � �� � � �  
 �

, � �� � � � � � �� � � 	<

const unsigned int n; // error: uninitialized constant
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1000�

Command line arguments.
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// Program: string_matching2.C{

// find the first occurrence of a string (provided as command�

// line argument ) within the input text , and output text so far�}

#include <iostream >� �

int main (int argc , char* argv[])
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{


if (argc < 2) {� |

// no command line arguments (except program name)� �

std::cout << "Usage: string_matching2 <string >\n";� {

return 1;� �

}� �
�}

// search string: second command line argument��

char* s = argv[1];

- � � , � �� � � � !

argc

� 
 �� 
 �

argv[]
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2.6.14 Goals

Dispositional.
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Operational.
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2.6.15 Exercises

Exercise 65

� - 4 � � � � � � � � �� # � � � � 0 � � " !� �" � � � � � � ! � �� �� � 0 �$ �

#include <iostream >

int main()

{

int a[] = {5, 6 , 2 , 3 , 1 , 4 , 0};

int* p = a;

do {

std::cout << *p << " ";

p = a + *p;

} while (p != a);

return 0;

}
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Exercise 66
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Exercise 67
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int a[4][2][3] =

{ // the 4 elements of a:

{ // the 2 elements of a[0]:

{2, 4, 5}, // the three elements of a[0][0]

{4 , 6 , 7} // the three elements of a[0][1]

},

{ // the 2 elements of a[1]:

{1, 5, 9}, // the three elements of a[1][0]

{4 , 6 , 1} // the three elements of a[1][1]
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},

{ // the 2 elements of a[2]:

{5, 9, 0}, // the three elements of a[2][0]

{1 , 5 , 3} // the three elements of a[2][1]

},

{ // the 2 elements of a[3]:

{6, 7, 7}, // the three elements of a[3][0]

{7 , 8 , 5} // the three elements of a[3][1]

}
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Frequencies:

a: 45 of 520

b: 5 of 520

c: 5 of 520

d: 28 of 520

e: 65 of 520

f: 4 of 520

g: 13 of 520

h: 27 of 520

i: 27 of 520

j: 0 of 520

k: 3 of 520

l: 20 of 520

m: 10 of 520

n: 30 of 520

o: 43 of 520

p: 4 of 520

q: 0 of 520

r: 19 of 520

s: 36 of 520

t: 31 of 520

u: 9 of 520

v: 6 of 520

w: 19 of 520

x: 0 of 520

y: 34 of 520

z: 0 of 520

Other: 37 of 520

2.6.16 Challenges
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unsigned int sum_of_proper_divisors ( unsigned int i)
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unsigned int sum = 0;� �

for ( unsigned int d = 1; d < i; ++d)� {

if (i % d == 0) sum += d;� �

return sum;� �

}�}
��

// POST: return value is true if and only if i is a� �

// perfect number� 	

bool is_perfect (unsigned int i)� 


{{|

return sum_of_proper_divisors (i) == i;{ �

}{ {{ �

int main(){ �

{{}

// input{�

std::cout << "Find perfect numbers up to n =? ";{ �

unsigned int n;{ 	

std::cin >> n;{ 

�|

// computation and output� �

std::cout << "The following numbers are perfect .\n";� {

for ( unsigned int i = 1; i <= n ; ++i)� �

if ( is_perfect (i)) std::cout << i << " ";� �

std::cout << "\n";�}
��

return 0;� �

}
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// PRE: a[0],...,a[n-1] are elements of an array�

// POST: a[i] is set to value , for 0 <= i < n	
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}
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#include <cassert >{�
�

// PRE: e >= 0 || b != 0.0�

// POST: return value is b^e}

double pow (double b, int e)�

{�

assert (e >= 0 || b != 0.0);	

double result = 1.0;


if (e < 0) {� |

// b^e = (1/b)^(-e)� �

b = 1.0/b;� {

e = -e;� �

}� �

for (int i=0; i<e; ++i) result *= b;�}

return result;��

}
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// Prog: callpow2 .C{

// Call a function for computing powers.��
�

#include <iostream >}

#include "pow.C"�
�

int main()	

{


std::cout << pow( 2.0, -2) << "\n"; // outputs 0.25� |

std::cout << pow( 1.5 , 2) << "\n"; // outputs 2.25� �

std::cout << pow( 5.0 , 1) << "\n"; // outputs 5� {

std::cout << pow( 3.0 , 4) << "\n"; // outputs 81� �

std::cout << pow(-2.0, 9) << "\n"; // outputs -512� �
�}

return 0;��

}
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// Prog: callpow3 .C{
// Call a function for computing powers.��

�
#include <iostream >}
#include "pow.h"�

�

int main()	

{


std::cout << pow( 2.0, -2) << "\n"; // outputs 0.25� |

std::cout << pow( 1.5 , 2) << "\n"; // outputs 2.25� �

std::cout << pow( 5.0 , 1) << "\n"; // outputs 5� {

std::cout << pow( 3.0 , 4) << "\n"; // outputs 81� �

std::cout << pow(-2.0, 9) << "\n"; // outputs -512� �
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return 0;��

}
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Figure 17:
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// math.h{

// A small library of mathematical functions.��
�

namespace ifm {}

// PRE: e >= 0 || b != 0.0�

// POST: return value is b^e�

double pow (double b, int e);	

}

Program 25: !� �" � �� � � � 2 �

�

// math.C{

// A small library of mathematical functions.��
�

#include <cassert >}

#include <IFM/math.h>�
�

namespace ifm {	



double pow (double b, int e)� |

{

�� � 4� �� 7 8� �� �	 6 47 �5 6 9

� �

assert (e >= 0 || b != 0.0);� {

// PRE: e >= 0 || b != 0.0� �

// POST: return value is b^e� �

double result = 1.0;�}

if (e < 0) {��

// b^e = (1/b)^(-e)� �

b = 1.0/b;� 	

e = -e;� 


}{|

for (int i=0; i<e; ++i) result *= b;{ �

return result;{ {

}{ �{ �

}

Program 26: !� �" � �� � � � 2 <
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// Prog: callpow4 .C{

// Call library function for computing powers.��
�

#include <iostream >}

#include <IFM/math.h>�
�

int main()	

{


std::cout << ifm::pow( 2.0, -2) << "\n"; // outputs 0.25� |

std::cout << ifm::pow( 1.5 , 2) << "\n"; // outputs 2.25� �

std::cout << ifm::pow( 5.0 , 1) << "\n"; // outputs 5� {

std::cout << ifm::pow( 3.0 , 4) << "\n"; // outputs 81� �

std::cout << ifm::pow(-2.0, 9) << "\n"; // outputs -512� �
�}

return 0;��
}

Program 27: !� �" � � � � � ! � 0 � 2 <

3.1.9 Using library functions
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3.1.11 Goals

Dispositional.
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3.1.12 Exercises

Exercise 79

� �� � !� � 1 � � � ! � � � � � � � � � � � � # �� � �� # � � � � 0 � � " # � �  � � � � � 2 6 3 � 7 6 3 � 7

� 7

int f (double i, double j, double k)

{

if (i > j)

if (i > k)

return i;

else

return k;

else

if (j > k)

return j;

else

return k;

}

1 7

double g (int i, int j)

{

double r = 0.0;

for (int k = i; k <= j; ++k)

r += 1.0 / k;

return r;

}

Exercise 80

4 � � � �� � � �� !� � � �� � � ( � # � � $ - 0 � � � � �� # � � � � 0 � � " # � �  � � � � � � � �/ � �� �

� � � �� � � ! !� � !� � � �� !� � 1 �� � ! � � � � � � � � � � � � 2 6 3 � 7 6 3 � 7

� 7

bool is_even (int i)

{

if (i % 2 == 0) return true;

}

1 7

double inverse (double x)

{

double result;

if (x != 0.0)

result = 1.0 / x;

return result;

}
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4 � � � � � � �� � � � ! � � � # � �� # � � � � 0 � � " !� �" � � � � �� !� � � � � " � � � �� � � ! � �

� � � �� �

i

� � � � � � �� � �� � � � ! � � � � � � � �� � � � � � � �� � � � � �" � �� � � " ! � � � � � �� �  � � 1 � � �

� � �� � � � 0 � 2 6 3 � 7

#include <iostream >

int f (int i)

{

return i * i;

}

int g (int i)

{

return i * f(i) * f(f(i));

}

void h (int i)

{

std::cout << g(i) << "\n";

}

int main()

{

int i;

std::cin >> i;

h(i);

return 0;

}

Exercise 82
� �� � � �� � � !� � � �� � � � � � �� # � � � � 0 � � " !� �" � � � 2 6 3 � 7 6 3 � 7

#include <iostream >

double f (double x)

{

return g(2.0 * x);

}

bool g (double x)

{

return x % 2.0 == 0;

}

void h ()

{
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std::cout << result;

}

int main()

{

double result = f(3.0);

h();

return 0;

}
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� �� ! � � #$ � �� !� �" � � � #� � � 5/ � �  � � � , � �$ � � �� " � �� � � �� �� $ # � �  � � � �

std::pow 2 6 3� 7
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� � � � � � � � � � � � $ � �� ! � � � # �� � � � �� � � �� �� $ # � �  � � � �

std::sqrt

� � � � �  � � $

� � � � � � �� 2 � ��

x

�  � � �� � # �$ !�

double

(

x

�

0

- � 0� �� �

s(x)

�� � ��  � � �� � � � �� � � � �$

std::sqrt(

� � ��

) � � # � � � � � � �  � � ��

x � � � � 0� � � � � � � � � � � 0� � � �$ 3 � � 0 � � � � # ��

� � � � ! � � � � �  �  � � ��

ε

�

1/2 � � �� � � � � � �  � � � � �� � � � � � �� �

|s(x) −

�

x|

�

x

�

ε,

�

x.
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� � � �� � � � � � � 
� � � �$ � � � � � � � � � � � �� � � � � � � " ! � � � � � � � �� � �$ � � � � � � � � � � $ � ��

! � � � # �� � � � � � � �� $ � � � � � � � � � � �  � � �� � � # �$ !�

unsigned int

�� � �/ � � �$ � � !� � � � � � � � ��� � � � � � �$ � �� � 2 ( . � � � � � � � �� �� $ �/ � �  � � � 2 - 6 3� 7
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� - 4� � � � � # � �  � � � �

// POST: return value is true if and only if n is prime

bool is_prime (unsigned int n);

� � � � � � � � � � # � �  � � � � �� � !� �" � �� � �  � � � � � �� � � � �� � � # � � �
 � 	 � � � � � � � ��

� �� " �

{2, . . . , 10000000}

( � 0 � � ! � � �� � � � � � � � � � - 2 � � 0 � � !� � � � � � � ! � �� � #

� � � �� � �

(i, i + 2)

� � � � � # 0 � � � �� � !� � � � 2

� - � � � �� � ! !� � � � � # � - � �� �� � � (� � � � � � �� � � - � � � � � � � � � !� � � �� � � � # $ � �

 � � � � � � 3 � # � �� � �� � � ! !� � � �� $ � � �� � #� � � � � � � ! �� � � � � � � � � � � � � � � # � �� � � �
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. �� # � �  � � � �

pow

�� %� �" � � � )* � � � � �

|e|

� � � � � ! � � � � � � � � � �  � � ! � � �

be 2< � � � " � � �� # � �  � � � � � � �$ � � � � � � � �� � � � � � � � ! � � � � � � � � �� � !� � # �� � � � 2 
� � � �$

� � � � �� # � � � � 0 � � " # � � 2 � #

e

�

0

� � �

e

� � � � �� �� $ � � !� � � � � � � � � � �

e =

∞∑

i=0

bi2
i,

� �� �

be =

∞∏

i=0

�

b2i

� bi

.
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4� � �� � !� �" � ��

swap.C

� � � � �� � � � � �� �  � � � � � # � �  � � � � # �� � � � � �  � �� " 1� � " � ��  � � � � � � # � 0 �

int

� � ��  � � 2 . �� !� �" � � � � � � � � � � � � � �� # � � � � 0 �� " � �� � � �� � 2

#include <iostream >

// your function definition goes here

int main() {

// input

std::cout << "i =? ";

int i; std::cin >> i;

std::cout << "j =? ";

int j; std::cin >> j;

// your function call goes here

// output

std::cout << "Values after swapping : i = " << i

<< ", j = " << j << ".\n";

return 0;

} 8� � � � � �� �/ � � ! �� � � � � # � ��  � � ! �� �� � !� �" � � � �

i =? 5

j =? 8

Values after swapping : i = 8, j = 5. 6 3� 7
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9 � � � #$ � �� !� �" � � �

sort_array.C

#� � � 5/ � �  � � � � � �� � � � 0 �$ � � � � � ��

� � � � � � �� " !� �" � ��

sort_array2.C

�� � � � � � � �  � � � � � # � �  � � � �
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// PRE: [first , last) is a valid range

// POST: the elements *p, p in [first , last) are

// in ascending order

void sort (int* first , int* last);� � !� � # �� � � �� � �� � � � " � # � �� �� � �$ � � � � � � � � � � � " �� �� � 2 � � � �$ �� �� � ! � � � " ( � � �

� � � � � � � 0� � # �� � �  � � � �� � � � � � � - � � � � �

std::sort

�� � � � � � �� � � �� � �� � � � �� �� $ # � �  1� � � � � �� � �� � � �$ � # � �� # � �  � � � �

sort

� � � � � � � � �� �� � � � � 2 � � � � � � � � 0� �� � � � �" ���� �  � � ! �� � � �� � � �� �  $ � # $ � ��

sort

# � �  � � � � 0 � � � � � � � � #

std::sort

( 0 � � � � � �� �� � � � � !� � 1 �� � ! � � � � � � � � � � � � � � �  � � �� � � � � � # �� �

include<algorithm>

- 2� �� � � � � �/ � �  � � � � � � � � �� � �� � � �� ( � � � � � � � �� � � �$ � �  � � � �� $ - � � � � � ! � �� �� � � �  � � 1� � � � (

++p

- � � � �� � � �$ � !� � � � � � � � � ! � � � �� � � ( � ! �� � #� � � �� � � � � � �� � � � � � � � � � � � �" � 1� � � �� � # � �� � � - 2 � #$ � � � �  � � � � � � � �� " � � � $ � �� � �� � �� " # � �  � � � � � � � � �� ! � �� � � � � �

� # 0 �� 3 � � " # ��  � � � � � � � � � � � � � � � � � � � �� � � � � � � � �  � � � ( � � � � � � � ��  � � � � � 2 ) 2 � - 26 3� 7
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� �� � � � #$ � � � � � # � � � � � � 3 � � � 0 � � � $ � �  � � � � � � � � � � � � � � 3 2 � � � � � � � � �

� � � � � � � �� � � #  � �� � � � � � � � � � � � � �  � � � � � � � � � � � 3 � � � � � � � �� � � � � � ( � � � � � � �

� � � � � �� $  � � � � �� � � � � �� � � 0 � � � #� 0 � � � � � � #  � �� - 2 � � � � � #  � �� � � ! � � � � � ��# �� � � � � � � � 3 � � $ � �� � � � � � � � � � � � � � � �� � � � � � � � 3 � 2 ( 4 � � � � � � " �  �� " � 0 �$

� � $ � � � � " � � � � � � � � � � 3 � � � � $ � �  � � � � �� �$ � � � � � � � � �� � � � � �� � 0 �� � �� � �" �  � �

$ � �� � � � �� � ! $ � �� - 2

� - 4� � � � � !� �" � � �

perpetual_calendar.C

� � � �� � � � � � � � �� #� � � � �� � � ! � � �� �

� � � ! � � � � ��  �� � � � ! � � � �� " 0� � 3 � �$ 2 . �� � � � " � � # � � � � � � � � � � �� !� �" � � �  � �

!� �  � � � � � � � � � � � �� � � � � � �� � � � �� ; �� � �� $ ) � )* � � (9 � � � �$ - 2 . �� !� �" � � �

� � � � � � ��  3 0 �� � �� � � �� �� ! � � � � � �� " � � � � �� � � � � � # � � �� � � ��  � � � 2 � � �/ � � ! ��

� � � � # � �� !� �" � � � � �" � � � � � 3 � � 3� � � � � 2

day =? 13

month =? 11

year =? 2007

Tuesday

. � � �� � � �� � $ � �� !� �" � � � � � � ! �� � � � � � �� � � � � � � 3 � #� � � � - � � # � �  � � � � � � � � �

! � � � �� !� �" � � � � �" � � �� � #� � � � �� � � # � �  � � � � � 2
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if (n == 0) return 0;
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// POST: return value is the Ackermann function value A(m,n)
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Figure 19:

9 � � " �� " � 0 � � �� �� � ��  3 � � # �� � � �� � � � � � � �� �� � ��  3

// POST: the elements *p, p in [first , last) are in ascending order

void merge_sort (int* first , int* last)

{

int n = last - first;

if (n <= 1) return; // nothing to do

int* middle = first + n/2;

merge_sort (first , middle ); // sort first half

merge_sort (middle , last); // sort second half

merge (first , middle , last); // merge both halfs

}
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// PRE: [first , middle), [middle , last) are valid ranges; in

// both of them , the elements are in ascending order

void merge (int* first , int* middle , int* last)

{

int n = last - first; // total number of cards

int* deck = new int[n]; // new deck to be built

int* left = first; // top card of left deck

int* right = middle; // top card of right deck

for (int* d = deck; d != deck + n; ++d)

// put next card onto new deck

� � � 4� �� 7 8� �� �	 6 47 �5 6 9
if (left == middle ) *d = * right ++; // left deck is empty

else if ( right == last) *d = * left++; // right deck is empty

else if (*left < *right) *d = * left++; // smaller top card left

else *d = * right ++; // smaller top card right

// copy new deck back into [first , last)

int *d = deck;

while (first != middle ) * first ++ = *d++;

while ( middle != last) * middle ++ = *d++;

delete[] deck;

}

Analyzing merge-sort.
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 � ! � � � � 	 �  	� �H � � �� , � � � � � � � � � �� D � 	 �, �� � E � 	 � �� * � � �
 �

+ �→ +, − �→ −H � 
 � � 
 � � � * � !� �
  � 0 �
 �� 
 �� � � 	 � � � � � �H � � * � 
 � � � �� � � � � �< � � � � � �

� � � � � � � �
 � � � � � � � 	 � �� * � � �
 � ! � 	 � � � 1 � � � � �� �� 	 � 
 � � �� � � � � � � � �� � � � �, � ��

�

// Prog: lindenmayer.C{

// Draw turtle graphics for the Lindenmayer system with�

// production F -> F+F+ and initial word F.�}
#include <iostream >�
#include <IFM/turtle >�

	
// POST: the word w_i^F is drawn


void f ( unsigned int i) {� |
if (i == 0)� �

ifm::forward (); // F� {

else {� �

f(i-1); // w_{i-1}^F� �

ifm::left(90); // +�}

f(i-1); // w_{i-1}^F��

ifm::left(90); // +� �

}
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� 	

}� 
{|

int main () {{ �

std::cout << "Number of iterations =? ";{ {

unsigned int n;{ �

std::cin >> n;{ �{}

// draw w_n = w_n(F){�

f(n);{ �{ 	

return 0;{ 


}

Program 29: !� �" � � � � � �� � � �$ � � 2 <

F � 	 � 
 � � �

n = 14H � �� � 	 �  	� � � � � � � 	 � �� * � � � � ! � � � �� �
  � 	� � � 
  �

% �

n

 � � � �� 	 � 	H � �� � �* � � 	� � � � � 
 � � � � � � � � * �� 
  � �� * �B � � 	 � �� � � � H � 
 � � � � �

� � 	� �� �� � � � � � , � � � � H 1� �� �� 	 � ! 	 � � � �� � � �� � � � 	� � � � �
 � � � � � �� � � � % � �� � � � �� * �� � �

� 	� � � � � � �* � � 	 � ! � 	

n =∞� - �� 
 � C � � � � �
 6 �� � 7 � �� � �  �, �

w∞ = w∞ + w∞ + .

- � � � � �� � � � # 1 � � � � � �� � �$ < � � � � 	� � �
  � !

w∞

* �
 � � � � � � ! � � � 	 � �� � � � � 	� � �
  � � ! � � � � � !��� �� , � � #� � � � � 	

Additional features.

�� * � 
 � ) � � 
 � � �� � � &
 � � � �
 � !� 0 �
 �� 
 �� � � 	 � � � � � � � � �
 * �� �� �

	 � �� � � �
 � 
  ��

α

� �� � �� � 1 � � � /� 	� 
 � ! 	 � �

90

� �  	� � �� - � � � � � � � �� 
 �
  	 �  	� � ��

� �� � � 	� � �� �
 � � G� A� ! � 	 �
 �� �

n = 5�

� �� 4� �� 7 8� �� �	 6 47 �5 6 9

�

// Prog: snowflake.C{

// Draw turtle graphics for the Lindenmayer system with�

// production F -> F-F++F-F, initial word F++F++F and�

// rotation angle 60 degrees.}

#include <iostream >�

#include <IFM/turtle >�
	

// POST: the word w_i^F is drawn


void f ( unsigned int i) {� |

if (i == 0)� �

ifm::forward (); // F� {

else {� �

f(i-1); // w_{i-1}^F� �

ifm::right(60); // -�}

f(i-1); // w_{i-1}^F��

ifm::left(120); // ++� �
f(i-1); // w_{i-1}^F� 	
ifm::right(60); // -� 

f(i-1); // w_{i-1}^F{|

}{ �
}{ {{ �

int main () {{ �

std::cout << "Number of iterations =? ";{}

unsigned int n;{�

std::cin >> n;{ �{ 	

// draw w_n = w_n^F++w_n^F++w_n^F{ 


f(n); // w_n^F
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�|

ifm::left(120); // ++� �

f(n); // w_n^F� {

ifm::left(120); // ++� �

f(n); // w_n^F� �
�}

return 0;��

}

Program 30: !� �" � � � � � 0 � � 3� 2 <

- �  � � � � 	� G� ) � 1 � � � � � H � � * � 
 � � � � � ) � � 
 � � � � � � � �� 1 � �

Σ

� ! � � � 1 � � �� F � 	 � )� � � � � H

� � �� � � � � � � � 1 � � � � � � � �� �� 
 �  	� � � � * � � � 
 � � 	 � 	� �� � � �
 B � � � � � � 	� � � � � � � � � !� �H � � ��  �H

� � 
 * � � �� � �� � 1 � � � � � � 
 � 	 � �� * � � �
 �� F � 	 � )� � � � � H � � � 0 � 
 � � 
 �� � � 	 � � � � � � � � � �

Σ = {F, +, −, X, Y}H
� 
 � � �� � � � 	 �

X

� 
 � � 	 � �� * � � �
 �

X �→ X + YF +

Y �→ −FX − Y

� � � � � � � � � �� �" � �  ��  � 6

w14H � 
  � � � !

90

��  	 � � � 7 �

- �� * � 	 	 � � � �
 � �
  * � �� � � � � � � 
 �
  	 �  	� � � ���

�

// Prog: dragon.C{

// Draw turtle graphics for the Lindenmayer system with�

// productions X -> X+YF+, Y -> -FX-Y, initial word X�

// and rotation angle 90 degrees}

#include <iostream >�

#include <IFM/turtle >�
	

void y ( unsigned int i); // necessary: x and y call each other

� |

// POST: w_i^X is drawn� �

void x ( unsigned int i) {

� � � 4� �� 7 8� �� �	 6 47 �5 6 9

� {

if (i > 0) {� �

x(i-1); // w_{i-1}^X� �

ifm::left(90); // +�}

y(i-1); // w_{i-1}^Y��

ifm::forward (); // F� �

ifm::left(90); // +� 	

}� 


}{|{ �

// POST: w_i^Y is drawn{ {

void y ( unsigned int i) {{ �

if (i > 0) {{ �

ifm::right(90); // -{}

ifm::forward (); // F{�

x(i-1); // w_{i-1}^X{ �

ifm::right(90); // -{ 	

y(i-1); // w_{i-1}^Y{ 


}�|

}� �
� {

int main () {� �

std::cout << "Number of iterations =? ";� �

unsigned int n;�}

std::cin >> n;��
� �

// draw w_n = w_n^X� 	

x(n);� 

�|

return 0;� �

}

Program 31: !� �" � � �� �" � � 2 <

F � 
 � � � � H �
 � * � 
 � � � � � � 1 � � � � � � �  	� � � �* � � � 
 � � 	 � 	� �� � � �
 � � � � � �
 � � � � � � � � � 1 � � �

� 	�
f

6 2 � � � �
 � � � � � ! � 	 � � 	 �H � � � � � � � � 
 A � ��� , � � � 	� * � 7 H [

6 	� � � � 1 � 	 * � 	 	 � 
 � � � � � � � �
 7

� 
 �
]

6 2 � � � 1� * A � � �� � � 	 � � � � 1 � 	� � � � � � � � �
 7� + � � �� � � � � � � �* � � � �� � � 
 � � � � � 1 � � �

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

FH �� � �

3.2.8 Details

Lindenmayer systems.

0 �
 �� 
 �� � � 	 � � � � � � �� 	� 
 � � � �� ! � � 	 � �� #� 
 � � � 1 � � � �  � � � % 	 � � � � ��

0 � 
 � � 
 �� � � 	 6 �$ �� = �$ � � 7 � � � � 	 � � � � � � � � � � � 
 �$ "� � � � � �� � � � �  	 � � � � � ! � �� 
 � ��0 � 
 � � 
 �� � � 	 � � � � � � � 6 � � � �  � 
 � 	� � �� � � � �
 � � � � ? � � � � 
 � � �
 � � � �� * � 7 �� , � ! �� 
 � �� 
 �

� � � � �* � � � �
 � �
 * � � �� � � 	  	� � � � * ��
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3.2.9 Goals

Dispositional.

% � � � � � � � �
 � H � �� � � �� � � � � �

� 7 � 
 � � 	 � �� 
 � � � � * �
 * � � � � ! 	� * � 	 � � �
 H � 
 � � �� � � �� A� � � � 
 � � � � � � &
 � � !� 
 * � � �


� � 	 ��  � � � � � � !B� 7 � 
 � � 	 � �� 
 � � �� � � �� 
 � �* � � ! 	� * � 	 � �, � !� 
 * � � �
 * � � � �� 
 � 1 � � � � 	 � � �� � � � � � � � 
 � �

� � � � � � � � 	 � �
 � � � B

� 7 � � � 	 � * �� � � � � � � � � � 	 � ! 	� * � 	 � � �
 �
 � � 	 � � 
  � 
 � � 	� � �
  0 �
 �� 
 �� � � 	 � � � � � � ��

Operational.

+ 
 �� 	 � �* � �� 	H � �� � � �� � � 1 � � 1 � � � � � � �

6 3 � 7 &
 � � 	� ? � 
 � � � � � * �
 � � � � �
 � ! � 	  �, � 
 	� * � 	 � �, � !� 
 * � � �
 �B

6 3 � 7 � 	 �, � � 	 � � � � 	 �, � � � 	 � �
 � � � �
 � 
 � * � 	 	� * � 
 � � � � ! 	� * � 	 � �, � !� 
 * � � �
 * � � � � B

6 3 � 7 � 	� 
 � �� � � 	� * � 	 � �, � �� � � � �� � � * � � !� 
 * � � �
 � � &
 � � � �
 � � 
 � � � ' ' !� 
 * � � �
 �� &
 � ?

� � �
 � B

6 3 � 7 	 � � 	 � � � �  �, � 
 	� * � 	 � �, � !� 
 * � � �
 �
 � � � 	� � �, � ! � 	 �B

6 3� 7 	 � * �  
 � � � � 
 � 
 * � � 
 � 	� * � 	 � �, � !� 
 * � � �
 �� 
 � � � � 	 �, � � �� � 	 � � 	 ! � 	 �� 
 * � B

6 3 " 7 * �� 
 � � �� 
 � � 1 � 	 � ! � � � 	� � � �
 � � !�  �, � 
 � � � � � 
 � 	� * � 	 � �, � !� 
 * � � �
 * � � �H � � �
 

� 
 �� * � � �
 � � � �� �� � 
 � � � �B

6 3 � 7 � 	 � � � 	� * � 	 � �, � !� 
 * � � �
 � ! � 	  �, � 
 �� � A ��

3.2.10 Exercises

Exercise 95

� �� � !� � 1 �� � ! � � � � � � � � � � � � # �� � �� # � � � � 0 � � " � �  �� � � � # � �  � � � � � 2 6 3 � 7

� 7

bool f (int n)

{

if (n == 0) return false;

return !f(n-1);

}

1 7

void g ( unsigned int n)

{

if (n == 0) {

std::cout << "*";

return;

}

g(n-1);

g(n-1);

}

� � � 4� �� 7 8� �� �	 6 47 �5 6 9

* 7

unsigned int h ( unsigned int n, unsigned int b) {

if (n == 1) return 0;

return 1 + h (n / b, b);

}

Exercise 96

%� �  � �� � � � !� �  � # �� �� $ � # � �� # � � � � 0 � � " � �  �� � �  � # � �  � � � � � � � � � � �

�� � � � � � � � � # �� � � � ! � � � � � �� �� " � � � � � � 2 � � � � � � � �� �� $ �/ � �  � � � � �  � � � � 0 � � � � � � � � ��� � � 3 � � � � � � �  � � � �� � 2 � 2 $ � � � � � � � � !� � �� � � � � � � � ��  � � �� � � � " � � #
unsigned int� � � � � � � � � � 2 6 3 � 7

� 7

unsigned int f ( unsigned int n)

{

if (n == 0) return 1;

return f(f(n-1));

}

1 7

// POST: return value is the Ackermann function value A(m,n)

unsigned int A ( unsigned int m, unsigned int n) {

if (m == 0) return n+1;

if (n == 0) return A(m-1,1);

return A(m-1, A(m, n-1));

}

* 7

unsigned int f ( unsigned int n, unsigned int m)

{

if (n == 0) return 0;

return 1 + f ((n + m) / 2 , 2 * m);

}

Exercise 97
< � � � � �� � � �� # � � � � 0 �� " � �  �� � �  � # � �  � � � � �� � � � � � � � � � � � � � � " � � � � �� 1�� " � � � � � � � � 3 � � 0 � � � : * �� 	 � �� A � $ � F� 
 * � � �
 2

M(n) :==

{
n − 10,

� #

n > 100

M(M(n + 11)),

� #

n

�

100.
� - %� �  � �� � <= = # � �  � � � �

mccarthy

� � � � � � ! �� � � � � � 9  < �� � �$ � �* ) � � �  � � � � 2

� - 4 � � � �� � � ��  � � �� � � # � �� # � � � � 0 � � " # � �� # � �  � � � �  � � � � �

( � -

mccarthy(101)( � � � -

mccarthy(100)( � � � -

mccarthy(99)( � -

mccarthy(91)
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 - 5/ ! � � �� 0 �$ � �� # � �  � � � � � �  � � �� � 9  < �� � �$ � �* ) � � �  � � � � � 9 �� � !� �  � � � �$ �0 � � � � � � ��  � � �� � #

M(n)

# �� � � $ " �  � � � � � �� �

n

�

6 3 � 7 6 3 � 7

Exercise 98

� - 4� � � � � � � �� � � � <= = # � �  � � � � � � � �  � � ! � �� � � � � � � � � �  � � � �� � � � �

n

k

�

, n, k

�

� 2 . �� � � � �$ �� �� �� � � � �  �� � � � � � � � �  � �� � � 0 �$ � 2 � �� �/ � � ! �� �

�

n

k

�

:=
n!

k!(n − k)!
,

��

�

n

k

�

:=






0,

� #

n < k

1,

� #

n = k

��

k = 0

�

n−1

k

�

+

�

n−1

k−1

�

,

� #

n > k, k > 0

,

��

�

n

k

�

:=






0,

� #

n < k

1,

� #

n

�

k, k = 0
n
k

�

n−1

k−1

� � #

n

�

k, k > 0

� - 4 � � � � # � �� � �� � �  �� � � � � � � � �� � � � � � �� � # �� � �� � � ! �� � � � � � � � � � � � � � 0 �$ �

�� " �� � �� �� � � � � � �$ � � � � � � �� � ! �� $ � �� �� " � � � � � � �$  � � ! �� � � " � � �� � � � � 0 �� � �� � � � � � � ! �� � � � � � � � � � � � # � �� # � �  � � � � 2

6 3 � 7 6 3� 7 6 3 � 7

Exercise 99

� � � � 0 � �� $ 0 �$ �  � � $ � � � 0 � < 8 � ) � � � � ! � �� � � � � � � � 0 � � � ! � � � � 1� � ! � � � � � ! !� �� � �  � � � �� � �� � � � � � � � � � � � �� � � � � � � � � � 2 � � � � � � � � �� � � � � � #

� � � � $ � �� � � 0 � �� $ 0 �$ �  � � $ � � ! �� � � � � � � � � � � � � " � �� � � � � � � �� �� � � � �� � � � � � �( � �� 3 � � �� � � � �  � � � � - � . �� �� � � � � � � � � � � � � � < 8 � �� � ) � � ��� � � � � ) � � � � � � � � �) � ( � � � 3 � � �� � - � ��� � � ) � � 2 � � � � 2 � ��� � 2 ) ��� � 2 � � ( � �� � - 2 . �� � � � � � � � # < 8 � � 2 � � �# �� �/ � � ! �� �  � � �� � 0 � � � �� # � �� 0 �$ � ( � � " � � �� �� " � � � � �� � � � � 0 � � � � �  � � � � � � � - �

(20), (10, 10), (10, 5, 5), (5, 5, 5, 5) 2� � �  � � �� !� � � �� � # �� � � $ " �  � � � � ! � � �� � � � �� �$ 0� � � � � " � !� �" � ��
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unsigned int f ( unsigned int n)

{

if (n <= 2) return 1;

return f(n -1) + 2 * f(n-3);

}
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// PRE: [first , last) is a valid range , and the elements *p,

// p in [first , last) are in ascending order

// POST: return value is a pointer p in [first , last) such

// that *p = x, or the pointer last , if no such pointer

// exists

int* binary_search (int* first , int* last , int x)

{

int n = last - first;

if (n == 0) return last; // empty range

if (n == 1)

if (*first == x)

return first;

else

return last;

// n >= 2

int* middle = first + n/2;
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if (* middle > x) {

// x can’t be in [middle , last)

int* p = binary_search (first , middle , x);

if (p == middle)

return last; // x not found

else

return p;

} else

// *middle <= x; we may skip [first , middle)

return binary_search (middle , last , x);

}
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4.1.6 Details
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4.1.8 Exercises

Exercise 108
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Tribool

# �� � �� � � 1  � � �� � � �" � � � � � �� � � 1  � � �� � � �" � � 0�� � � � �� �� � � �  � � � � � �� �� � # � � � � � � � � � � 3 � � 0 � 2

� �� � �� �$ !�

Tribool � � � ! �� � � � � � �� � �" � � � � !� � � � �� �

// POST: returns x AND y

Tribool operator && ( Tribool x, Tribool y);

// POST: returns x OR y

Tribool operator || ( Tribool x, Tribool y);
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Z_7 � �� ! �� � � � � � � � � � � � � � � � � � � �� � � � � � � !� � � � �� �

// POST: return value is the sum of a and b

Z_7 operator + (Z_7 a, Z_7 b);

// POST: return value is the difference of a and b

Z_7 operator - (Z_7 a, Z_7 b);

�  �� � �� " � � � �� # � � � � 0 � � " � � � �� ( � � � � � � � �� � � � � �� � � � � � � � �� � � � � � �

x − y
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x = y + z
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Exercise 110

%� �  � �� �� �� � � � � � � # �� � �� # � � � � 0 � � " � �� �� $ �� � � � � � � � � !� � � � �� � � � � ��

�$ !�

rational 2 6 3 � 7 6 3 � 7

// POST: return value is the difference of a and b

rational operator - ( rational a, rational b);

// POST: return value is the product of a and b

rational operator * ( rational a, rational b);

// POST: return value is the quotient of a and b

// PRE: b != 0

rational operator / ( rational a, rational b);

Exercise 111
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rational 2 � � � � �� " � � � � � �� $ � � � � � � � � !� � � � �� � � � � � �� � � �� � � �$ �� �� � � 26 3 � 7 6 3 � 7

// POST: return value is true if and only if a != b

bool operator != ( rational a, rational b);

// POST: return value is true if and only if a < b

bool operator < ( rational a, rational b);

// POST: return value is true if and only if a <= b

bool operator <= ( rational a, rational b);

// POST: return value is true if and only if a > b

bool operator > ( rational a, rational b);

// POST: return value is true if and only if a >= b

bool operator >= ( rational a, rational b);

Exercise 112
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// POST: return value is the sum of a and b

extended_int operator + ( extended_int a, extended_int b);

// POST: return value is the difference of a and b

extended_int operator - ( extended_int a, extended_int b);

// POST: return value is the product of a and b

extended_int operator * ( extended_int a, extended_int b);

// POST: return value is -a

extended_int operator - ( extended_int a);

Exercise 113

< � � � � �� � � �� # � � � � 0 �� " � � � � # � �� � � # � �  � � � � � 2

void foo(double , double) { ... } // function A

void foo(unsigned int , int) { ... } // function B

void foo(float , unsigned int ) { ... } // function C

� �� � � � � # � �� # � � � � 0 � � " # � �  � � � �  � � � � � ��  � �� � � 0 � � � � # � �� # � �  � � � � � (

A, B, C

-
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�/ � �  � � � � � � � �� � � $ � � � � � � � � � �� ! �� �" � � ! � � � �  � � � � � � �� " � � � � � � � � � � �� � �� � � � � � � �

� �  � � � � 2
� -

foo(1, 1)

� -

foo(1u, 1.0f)

 -

foo(1.0, 1)

� -

foo(1, 1u)

� -

foo(1, 1.0f)

# -

foo(1.0f, 1.0)

4.1.9 Challenges
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 � � ��
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int i = 5;

int& j = i; // j becomes an alias of i

int& k = j; // k becomes another alias of i

4.2.2 Call by value and call by reference
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void increment (int& i)
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int main ()
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int j = 5;

increment (j);

std::cout << j << "\n"; // outputs 6

return 0;
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4.2.3 Return by value and return by reference
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 � � �� 	 � �� ! � � � �� �
  , � 	 � � �
 � ! � � � !� 
 * � � �


increment� �� � � )� * � � � � � � � � � � �� 1 � �� , � � 	 � ! � �� � 	� ? �
 * 	� � � 
 � � � � 	� � � 	

++

< � � �
 * 	� � � 
 � � � � �

�, � �� � �� 	� � � � � 	� 
 � 	� � � 	
 � � �� �� 
 �, � �� � �

int& increment (int& i)

{
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return ++i;

}

+ 
  � 
 � 	� �H � � �� � � �� A� �� 	� � �� �� 
 � ) � 	 � � � � �
 � ! 	 � !� 	 � 
 * � � � � � � �� � � � 	� � � 	


	� !� 	 � � �� � � � 1 �� � ! �� �� $ � 1 2 � * �� - � � 
 � � 	 � �� 
 � � �� � � � � � � � 	� 	 � � 1 2 � * � � �IH � � � � �

* �
 � � � � 	 � � � ! � � � �� �
  !� 
 * � � �
 �

int& foo (int i)

{

return i;

}

- � � � � � � � A � 
  ! � 	 � 	 �� 1 �� H � � 
 * � � � � ! � 	 �� � �� 	� � � � � 	

i

	� 
 � �� � � ! � * � � � � �� 
 � � �

!� 
 * � � �
 * � � � � � 	 � �
 � � � �� - � � � � � � 
 � � �� � � �� � � � � * �� � � � � � � � 	 � � � ! 	� � �� 
 � � �� � � � 	� � �

� ) � � 	 � � 6 � � � ( � * � � �
 �� �� � 7� + ! � � 
 �� � 	 � � � ! � 	 � )� � � � �

int i = 3;

int& j = foo(i); // j refers to expired object

std::cout << j << "\n"; // undefined behavior

� � � 	� !� 	 � 
 * �

j

	� !� 	 � � �� 
 � ) � � 	� � � 1 2 � * � H � 
 � � � � 	 � �� � � � 
  1 � �� , � � 	 � ! � �� � 	 �  	� � � �

� 
 �� &
 � ��

Reference Guideline:

� � � 
 � , � 	 � �� * 	�� � � � 
 � � �� � ! � 	� 
 � 1 2 � * � H � 
 �� 	� � �� � � � � � 1 2 � * �

� � � � 
 � � � ) � � 	 � 1 � ! � 	 � � �� � � �� ��

- � � * � � � � � � 	 � �� � � � � 
 � � �* � � , � � �� � � �
 � � ! � � � �� !� 	� 
 * � 3 � � �� � �
 � � 
 � � � �� � �� � � 	
 ?

� 
  �

4.2.4 More user-defined operators

Rational numbers: addition assignment.

0 � � A �  � � 1� * A � � � � � � � � � � � �
 � � � �  
 � � 
 � � � � 	� � � 	

! � 	 �� 	 
 � � � � 	� * �

rational� + 
 � 	 �� 	 � � & ) �� 	 !� � �� �� � � � � � � ! 	 � � � � � 1 �  � 
 
 �
  � !

� � � � � � * � � �
 H � � 
 � � � � �� � � � � � * �� 	� * � � 	 � �
 � � �% � �
 � � � � 	� , � �� � !� 
 * � � �


incrementH � � � ! � 	 �� � �� 	� � � � � 	

a

�� � � 1 � �� � � � �� ��

	� !� 	� 
 * � H � 
 � � � 1 � * � � � � �� 
 � � � � � � �� � � � � � � � �� 
 � � * � � !

+=H � � � � � � 	� � � 	
 � �� 	� �� � �

� �� 	� !� 	� 
 * �<

// POST: b has been added to a; return value is the new value of a

rational & operator += ( rational & a, rational b)

{

a.n = a.n * b.d + a.d * b.n;

a.d *= b.d;

return a;

}

- � � � � �� 	� 	 � � � � � � � * � � � �  
 � � 
 � � � � 	� � � 	 �� 	� � � � � �� 	H � 
 � � � � �
 A � � � � � � �� � �� 	� � ) ?

� � � * � � � � � - � � � �� 	 � � � � � � � � 	 � � � � � � �* � 
 � 	� �� � � �
 � � � � � 	� � � 	 � � � �* � � � � � �
 ( � * � � �
 �� ��� � H

� � 
 �� �� , � � � � � !� � � � � � ! � � � 	� � � �
 � �
 	� � � �
 � � 
 � � 1 � 	 ��
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Rational numbers: input and output.

0 � � � � � � � A � �  	 �  	� � �� �
 * � � � 	� H � � � � � ��

!� 
 * � � �
 
 � � �

add

	� � �� * � � 1 � operator+

� 
 � � � � !� 
 * � � �
 * � � �

add (r, s)

	� � �� * � � 1 �
r + s� ( � � � �H � � * � 
 � � � � � � � � 
 � �� � � � � 	 �, � � � 
 � �< � 
 � � �� � � ! � 	 � � � 
 

std::cout << "Sum is " << t.n << "/" << t.d << "\n";

� 
 � � 
 � � �H � � A � 	� � �� 	 � 	 � � �

std::cout << "Sum is " << t << "\n";

2 � � � � � A� � � � 	� � � �
  � � ! � 	 !� 
 �� � � 
 �� � � � � � �� % ! � � 	� � �H � � � � 
 � � � � � �
 A � !� 	� � � �
 � �


 � � 1 � 	� �� � � 
  � � , � �� � ! 	 � � � �� � � � �� 
 � 
 � �� � � � � , � �� � � ! 	 � � � � � � � � ��F 	 � � � �� � � � �� , � � �
 � � 1 �, � H � �� * � 
  � � � � � �� �� � � � � �� , � � � � � � � � � �, � 	 � �� �

� � � �� � �� � � � � 	� � � 	

<<� + 
 � � � * � � � �
  � �� �� � �� � � � � 	� � � 	 �
 ( � * � � �
 �� ��� � � � � �� , �

� 	 � � � � �� � � � � �� � �� � � � 	�� � �� � � � � � �� 
 � 	 � � � 	
 � � 1 � � �� �� � � � � � � � 	� � � 	 �� � � 1 �

� 
 �, � �� � H � � 
 * � � � � �� � �� � � � � 	� � � 	 � � � � & � � � � � � � 	� � �� �� , �
  	 � !� 	 � 
 * � � � � � �� � �� 	

� � � � � �� �H � � � � * � 
 �� � � � � 1 � � �
 �< � � � � � � � � �� � �� 
 � 	� � � 	
 � �� �� � � � � � � 	 �� � 6 � � � � �

� � � � � �

std::ostream

7� �� 	 � !� 	 � 
 * �<

// POST: a has been written to o

std:: ostream & operator << (std:: ostream & o, rational r)

{

return o << r.n << "/" << r.d;

}

- � � 	� � � 
 � 	� � � �
 � � � � � � � � 	�< ! � 	 � � � �
 � � � H � � � �� � � � 
 � �� �� � � !� � � � �
 � � A�

� � 	� � �� * � � �� � � � �
 �� � � �� � � � � 
 � �

std::cin >> r.n;

� 
 �

std::cin >> r.d;

1 � � � �

� � 
  � � � �� � � � � 
 �

std::cin >> r;6� 
 � � �� �� � � ! � 	 � �� � 
 � � � � !

s

7� %  � � 
 H � � 
 � � � � � �� � �� 
 � 	� � � 	
 � �� �
 �� � � � 	� � �6 � ! � � � �

std::istream

7 � �� 	� !� 	� 
 * � � + 
 � � � � � � �
 H � � �� � � �� � � � �� 	� � � �
 � � 
 � � 1 � 	

� �� � � � � � 
 � � � 	 �� �� �� 	 � !� 	 � 
 * � H � �
 * � � � � � 
 � � � � � � 	� � � 	 �� � � � � � � � !� � � � , � �� � �- � � � � � 	� � � 	 & 	 � � 	�� � � � � � 
 � � � 	� � � 	 ! 	 � � � �� � � 	�� �H ! � � � � � � � 1 � � � � �� 	� � �
 

* �� 	� * � � 	H � 
 � &
 � � � � � � � � � 
 � � � 
 � � � 	� - �� �IH � � * � 
 	 �� �� 	� � � �
 � � 
 � � 1 � 	 � 
 �
 �  �

1 � � 
 � � 	 �
  ! � 	 � )� � � � �

1/2�

// POST: r has been read from i

// PRE: i starts with a rational number of the form "n/d"

std:: istream & operator >> (std:: istream & i, rational & r)

{

char c; // separating character , e.g. ’/’

return i >> r.n >> c >> r.d;

}

+ 
 * �
 � 	� � � � �

operator<<H � � � 
  � * � 
  � � 	 �
  H � �  � H � ! � � � � � � 	 � 
 � � 	 � � � � * �� 	� * � � 	

� � C � � 
 * � D

A/B

E � � � 
 � 	 � � � � � � ! � 	� 	� � � �
 � � 
 � � 1 � 	� % � � �IH � � � 	 � 1� 1 � � � �
 A � � � 
 � � �

� * * � � �

3.4

� �� 	� � � �
 � � 
 � � 1 � 	� � �� 	 � 
 � � � � � � 	� � � 	 � � � �� - � � 	� � 	� � � * �� 
 � � � � � �

�� � � � � � � �� * � � � �� � �IH 1� � � � � �
 A � � � � * � � � � �� � � � 	� �
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0 � � � � * �
 * �� � � � � � � � � * � � �
 � � � �� 1 �� � � � & � � , � 	 � � �
 � !  	 �  	� � �� � � �� � �� A� �

� � � � , � 	 � � �
 � , � 
 
 � * � 	 � � � � � !� * � � �� � � 
 � ��

main

!� 
 * � � �
 H � � � 
 � � � � � � � � � � � � � )� * � � �

� � A� � 
 D� � � � � * E !� 
 �� � � 
 �� � � � � � �� * �� �

int�+ 
 � �� � � � 	 � � � ! ( � * � � �
 �� ��� � �
 � � �� �� 	 � � � � � �
 H � � � * � � � � � � � � � � � � � � � 	 �  	� � � 
 � �

� � 	� � & �� �< � & � �

rational.h

� �� � * �
 �� � 
 � � � � �� &
 � � � �
 � ! � �� � � 	� * �

rationalH � � �
 

� � � � �� * �� 	� � � �
 � � ! � �� �, � 	 � �� �� � � � � 	� � � 	 � B � & ��

rational.C

� �� � * �
 �� �
 � � � � � � &
 � ?

� � �
 � � ! � � � � � � � � 	� � � 	 �B &
 � � � � H � & ��

userational2.C

� �� � * �
 �� � 
 � � �� �� �
 � 	 �  	� ��% � � � � �� � � � � � � H � � � � � �� 	 
 � � � � � �

rational

� 
 � � �� � � � 	� � � �
 � �
 � � �
 � � 
 � � � � �� * �

ifm

�
 � 	 � � 	 � �� , � � � � � � � � 1 � � 
 � � � * �� � � � �� � � )� 	* � � �

??

� � A � � �� � �� * � � � � � � �
 � �  	� � �

� � � 
 � � 	� � � �
 � � 
 � � 1 � 	 � � � � �
 � � � � � �� � � � � 1 	� 	 � � �� � � �� �� , � 1� � � � �
 � ) � 	* � � � $ � H

� � � �� �  	 �  	� � � � 1 � � �� * � 
 1 � * � � � � � � � � � �
  � � � � � � 1 	� 	 � �

�

// Program: userational2.C{

// Add two rational numbers.�

#include <iostream >�

#include "rational.C"}�
�

int main ()�

{	

// input


std::cout << "Rational number r:\n";� |

rational r;� �

std::cin >> r;� {
� �

std::cout << "Rational number s:\n";� �

rational s;�}

std::cin >> s;��
� �

// computation and output� 	

std::cout << "Sum is " << r + s << ".\n";� 
{|

return 0;{ �

}

Program 33: !� �" � � � � � � � � � � � � �� 2 <

�

// Program: rational .h{

// Define a type for rational numbers , and declare�

// operations on it.�

#include <iostream >}
�	 
 �� � � � 
 � � � $�  �� � �� �� � � 
  ��  � � �� � �� � 
� � � �� � � � � ��

r + s

�� 
 � � �� � � � � � � � � 
 �� � � � �%� � � � �� � � 
� � � � � � �� � �� � 
 �  
 � 
� operator+

�� �� � � � � �� �� �� � � � � # 	 
� �� �� �� � � �  �  � � �� � # �� � � � � �� �

� 
 �� �� � 
� ��� � �� � � 
 � � �� �� � � � �% �� �� � �� � � � � � � � � � $� � #
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�

namespace ifm {�
	

// the new type rational


struct rational {� |

int n;� �

int d; // INV: d != 0� {

};� �
� �

// POST: return value is the sum of a and b�}

rational operator + ( rational a, rational b);��
� �

// POST: a has been written to o� 	

std:: ostream & operator << (std:: ostream & o, rational a);� 
{|

// POST: a has been read from i{ �

// PRE: i starts with a rational number of the form "n/d"{ {

std:: istream & operator >> (std:: istream & i, rational & a);{ �{ �

}

Program 34: !� �" � �� � � � � � � � 2 �

�

// Program: rational .C{

// Define a type rational and operations on it��
�

// the new type rational}

struct rational {�

int n;�

int d; // INV: d != 0	

};

� |

// POST: return value is the sum of a and b� �
rational operator + ( rational a, rational b)� {
{� �

rational result;� �
result.n = a.n * b.d + a.d * b.n;�}
result.d = a.d * b.d;��

return result;� �

}� 	
� 


// POST: b has been added to a; return value is the new value of a{|

rational & operator += ( rational & a, rational b) {{ �

a.n = a.n * b.d + a.d * b.n;{ {

a.d *= b.d;{ �

return a;
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{ �

}{} {�

// POST: a has been written to o{ �

std::ostream & operator << (std::ostream & o, rational a){ 	

{{ 


return o << a.n << "/" << a.d;�|

}� �
� {

// POST: a has been read from i� �

// PRE: i starts with a rational number of the form "n/d"� �

std::istream & operator >> (std::istream & i, rational & a)�}

{��

char c; // separating character , e.g. ’/’� �

return i >> a.n >> c >> a.d;� 	

}

Program 35: !� �" � �� � � � � � � � 2 <

� � 	� � �� 
 � )� � � � � 	� 
 � ! � �� � 	 �  	� ��

Rational number r:

1/2

Rational number s:

1/3

Sum is 5/6.

4.2.5 Const-types

0 � � � � * � � � 1� * A � � � � � � � � � � � �
 � � � 	� � � 	 ! � 	 	� � � �
 � � 
 � � 1 � 	 � ! 	 � �  	 �  	� � �� � % � ?

� � ��  � � � � � � � � 	� � � 	 � � � � � � � �
 � � 
 � � � * �� 
  � � �� , � �� � � � ! � � � * � � � �� 	� � � � � 	 � H � � �

� 
 * � � 
 * � !� 
 � � �* �
 � �� � �  � � ��   � � � � � � � � � � � � � � � � � � � 	� � � 	 1 � � � �
  	� !� 	� 
 * � � � � � �

� 
 � � � �<

// POST: return value is the sum of a and b

rational operator + ( rational & a, rational & b)

{

rational result;

result.n = a.n * b.d + a.d * b.n;
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 � � ? � � � � � ��  � H � � � �

� 
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  � � � � !� 
 * � � �
 �� &
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 H � �� � 	�

* � � � � � � � � � � � � � * �
 � � ? � � � � �� 	� � � � � 	 6 � , � 
 � ! � � � � � � 	
 � �� � � � 1 � � � � 	� * � � * � � 7 H � 
 �� � �

� �� � � � � * �� 
  � � �� � �� �� 	 & �� � �� � * �
 �� �
 � � �� !� 
 * � � �
 � � * �� 	� � � �
 �
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% � � �H 
 � �� � � , � 	 �� 1 � � � � �� � * �� � � 1 � �� * �� 	� �

const

� 
 � � 	 �  	� �� 	� � � � �* � � � � � �
 �

� �IH � � � � � � 1 � * � � � � � � �� A� � 6 � 	� � � �� 	 � � � �� A� 7 
 � � � /� 	� 
 * � � 
 � � � * �
 � � ) � � ! � � �

�� * �� 	� � � �
 � % �� 
 � )� � � � � H * �
 � � � � 	 � � 
 � � � �
  	 �  	� � � �< � � � � � � � � � 1 � � � � �� * �� 	 � � � �

, � 	 �� 1 ��

t

� � 1 � �
  � ! * �
 � � ? � � � �

const rationalH 1� � � � � � � �
 A � �� A� � � � /� 	� 
 * � H � �
 * �

� � � � , � 	 �� 1 � � � * * � 	 � �
 * � �
 � � � ! � � 	 � � 	 � �IH � 
 � � � � � � * * � 	 	� 
 * � � � 2 � � � � � 	� � � � 
 � � 1 � � �� �F � 	 * �
 * 	� � � 
 � � �IH �� � � � � � � � � �� � � � �� �� , � 	 �� 1 � � � �� � � � � �� 
 � � � �� , � * �
 � �� 
 � , � �� �

� � �� � � �� &
 � � � � �  � � * �
 � � ? � � � � � ! � � � � * � � � � �� 
 � � � 	� � �� 
 �� � � 
 � � � ! * � �� �

4.2.10 Goals

Dispositional.

% � � � � � � � �
 � H � �� � � �� � � � � �

� 7 � 
 � � 	 � �� 
 � � �� � � �� � * �
 * � � � 1 � � �
 � 	 � !� 	� 
 * � � � � � �� 
 � � �� �� !� 	� 
 * � 3� � � � � � 
 � B� 7 � 
 � � 	 � �� 
 � � �� � � /� 	� 
 * � 1 � � � � � 
  � � � �$  � � �� � 
 �  � � � �$ � � #� � � �  � � � �� 
 � �* � ! � 	

!� 
 * � � �
 �� 	� � � � � 	 � B

� 7 � 
 � � 	 � �� 
 � * �
 � � ? � � � � �� 
 � � � � � �
 � � 3� � � � � � 
 � �

Operational.

+ 
 �� 	 � �* � �� 	H � �� � � �� � � 1 � � 1 � � � � � � �

6 3 � 7 � �� � � � )� * � � 	 � ?� 
 � � � � � * �
 � � � � �
 � ! � 	 !� 
 * � � �
 � � 
 , � �, � 
  ! � 	 �� � �� 	� � � � � 	 � � � � �

� 	 	� � � 	
 � � � � � � ! 	� !� 	� 
 * � � 
 � � � 	 * �
 � � ? � � � � B

6 3 � 7 � 	 � � � !� 
 * � � �
 � � �� � � � � � !� 6 � � � � � ! 7 � � � � 	 * � � � �� 	� � � � � 	 � B
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4.2.11 Exercises

Exercise 115

< � � � � �� � � �� # � � � � 0 �� " # � � � �$ � # # � �  � � � � ��

T foo (S i)

{

return ++i;

}

0 � � � 7 �� �� " � � � � # � �� �$ !� �

int � int& � � �

const int& � � � � 9 �� � � " � � � � # � ��

�$ !� �

int � const int � int& �� �

const int& 2 ( . � � � �� � � � � ) � � � �� � � � � # � �  � � � � � - 2

� - � � � � � ��  � � � � � � � � � � � � # 7 � � � 9 # �� 0 � � � � �� � � � � � � �� " # � �  � � � � �� � � � � � � �� � �$ � � � � � � � �$  � � � ��� � � � �/ ! � � � � $ � �� �� � 0� � 2

� " � 4� �� 7 8� �� 45 � � 5 	 6 � 7 �� 8 9

� - � � � � " � ��  � � � �� � � � � � � # � � � � �� � - � �� � � ��  � � � � � � � � � � � � # 7 �� � 9 # ��

0 � � � � �� � � � � � � � � " # � �  � � � � �� � � � � � � � � � � � � � � � � � � � � � � �$  � � � ��� � � � � � � " � � � �# � �  � � � �  � � � � � � 0 �$ � � �  � 0� � � 1 �� �� � �  � � �� � � � � ��  �� �/ ! � � �� $ � �� �� � 0� � 2

 - � �� � � �  � � � � � � � � � � � # � � � � �� � - � " �  � !� �  � � � ! � � � � � � � � � � � � # �� � ��  �� � � 1� ! � � � �� " # � �  � � � �

foo 2

6 3 � 7 6 3 � 7 6 3 � 7

Exercise 116

4� � � � � # � �  � � � � � � � � � 0 � ! � � ��  � � �� � � # � 0 �

int 1  �� � � � �� � 2 6 3 � 7

F � 	 � )� � � � � H

int a = 5;

int b = 6;

// here comes your function call

std::cout << a << "\n"; // outputs 6

std::cout << b << "\n"; // outputs 5

Exercise 117

4� 0 � � � � � � � � � # � �  � � � � � � � � 
 � 	 �� � � � � � � � � � � � � � � � � � �� � � � 2 � 2�� � � � # �� � � � � � � � � � �� � � � � � � � � !� � � � � � � � � � � � � 0 � � � � � � � � � � �� � � � �� � � � � � � � ��

�� � � � � � � �  � �$ !� � � � � �� � � �� �� � � � �� � � �� � � ! � � � � �  � 2 � �� �/ � � ! �� �

21

−14

� � � �� � � � �� � � � �

−3

2
.

. �� � � �� � � 0 � � � � �� � �  � � � � � � � � # � � � � # � �  � � � � �

// POST: r is normalized

void normalize ( rational & r);

// POST: return value is the normalization of r

rational normalize (const rational & r);
� � ! �� � � � � � � � � # � �� � � � � � �� " �� 0 �$ $ � � � �  �  � � � � � � � �  � � � �� � � �� � � � � 2

Hint: $ � � � �$ 0 � � � � � � � � � �� # � �  � � � �

gcd

#� � � ��  � � � � � 2 � � � � � � �� � # �� ! �� � � 1� �� � � � # �$ !�

int

( � � 0 � � � � � � � � � � � � � � � � � � � � � 3 � � 3� � - 2 6 3 � 7 6 3 � 7

Exercise 118

%� �  � �� � �� � � � � � � � � # � �� # � � � � 0 �� " # � �  � � � � 2

// POST: return value indicates whether the linear equation

// a * x + b = 0 has a real solution x ; if true is

// returned , the value s satisfies a * s + b = 0

bool solve (double a, double b, double& s);
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.� � � $ � �� # � �  � � � � � � � !� �" � � � # �� � � �� � � � � �� ! � �� �

(a, b)

#� � � � �� � � �

{(2, 1), (0, 2), (0, 0), (3,−4)}.

6 3 � 7

Exercise 119

��  � � � � �� � � �� # � � � � 0 � � " !� �" � �� � � � � � �� � � � #$ � �� ��  � �� � � � � � � ( � #  �� � 1� � �� � �� # �� � � � ! �� � � � � � � � - �� 0 � � � $ � �  � � � �� � ! � � � � �$ !� 7 �$ � � �  � � � � 1  � � � � � �

const

7 2
� - %� �" � � � ) ( % �" � � � -

� - %� �" � � � � ( % �" � � + -

 - %� �" � � � � + ( % �" � ) +* -

� - %� �" � � � � * ( % �" � � ) + -

� - %� �" � � � � � ( % �" � � � � -

6 3� 7

Exercise 120

� � � � � � � � � � � � 3� � ( � # � � $ - �� � �� # � � � � 0 �� " !� �" � � � � � � � � �/ ! � � � � 0 �$

� �� � � �� � � � � � � 3� � 2 � � � !� �" � � � � � � �� � � �� # � � � � 0 � � " � 0 � # � �  � � � � �� � � � � � � � � � � �

� � �$ � � �� � � � � �� ��

main

# � �  � � � � � 2

int foo (int& i) {

return i += 2;

}

const int& bar (int &i) {

return i += 2;

}

� -

int main()

{

const int i = 5;

int& j = foo (i);

}

� -

int main()

{

int i = 5;

const int& j = foo (i);

}

� " � 4� �� 7 8� �� 45 � � 5 	 6 � 7 �� 8 9

 -

int main()

{

int i = 5;

const int& j = bar (foo (i));

}

� -

int main()

{

int i = 5;

const int& j = foo( bar (i));

}

� -

int main()

{

int i = 5;

const int j = bar (++i);

}

4.2.12 Challenges

Exercise 121

. �� <= = � � � � � �� � � � �� �� $ � � � �  � � � � � � � � �$ !� # ��  � � ! � � � � " 0 � � � * � � ?

� � � ) 
 � � 1 � 	 � 2 �  � � ! ��/ � � � �� � 0 �� � � � � � � � �� � � � � �� � � �� �� �" �� �� $ ! �� � �� �

double

� � � � �$ !�

std::complex<double>

($ � � � � � � � �

#include <complex>

�� �� �� �

� � " � � � � � � �$ !� 2 � � �� �� � � � " � � � �  � � ! ��/ � � � �� � 0 � � �� � � � ! �� �

r

�� � � � �" �� �� $

! �� �

i � $ � �  � � � � � � �� �/ !� � � � � � �

std::complex <double >(r,i); // r and i are of type double

' � �� � 0 � � � �  � � ! ��/ � � � �� � � 0 �� 3 � � �/ !�  � � � 2 � � � � �� � � � � � �� � � !� � � � �� � ( �� � � � 1� � � � � � � � � � � � � � � - � � � � � � �� � � � � � � # � �  � � � � � (

std::sqrt � std::abs � std::pow 2 2 2 -�� � �  � � � � � �� 2 . �� � !� � � � �� � � � � � 0 �� 3 �� � �/ � � �/ !� � � � � � � � 0 �� � � � � � � !� � � � � � �

� # �$ !�
std::complex<double>

� � � � �� � � �� � � � � � # �$ !�

double 2 ' #  � �� � � � $ � �

 � � � � � � � � ! � � �� � � � � ! � �  � � ! ��/ � � � �� � � 28� � � � � � �� � � � � �  � � � �� � " � � �� ! �� � � � � � �� # � � � � 0 � � " # � �  � � � � # �� � � �  �� "  � � �

� � � � � � � � � �  � � � ��  � � ! ��/ � � � �� � ��

// POST: return value is the number of distinct ( complex ) solutions

// of the cubic equation ax^3 + bx^2 + cx + d = 0. If there

// are infinitely many solutions (a=b=c=d=0), the return

// value is -1. Otherwise , the return value is a number n

// from {0,1,2,3}, and the solutions are written to s1 ,..,sn

int solve_cubic_equation (std::complex <double > a,

std::complex <double > b,

std::complex <double > c,

std::complex <double > d,
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std::complex <double >& s1,

std::complex <double >& s2,

std::complex <double >& s3);

4� � �� � !� �" � �� � � � � �� � � � $ � �� # � �  � � � � 2 � �� �/ � � ! �� � $ � � � �$ � � � � � � � � � � � ��

� � � � � � � � � � � � �� � � � �$ � �� � � �  � # � �  � � � � � � � �

ax3 + bx2 + cx + d = 0

� � �  ��  3

0 �� � �� � � �� �/ !� � � � � � � � � �� � � �  � � � � �� � � � ( � ! !� �/ �� � � � �$ - � � � � 2

Hint:


� � � � � � �� � �  � � � �� $ � �� �� $ � � �� � � �� 3� $ 0 �� � �� 	 �� 
 � A � ! � 	 �� �� 2

� " " 4� �� 7 8� �� 45 � � 5 	 6 � 7 �� 8 9
4.3 Classes

:� � � � �� � � $ � � � � � � ��  � � � � � "� 3 � � 0 0� � �" � � � � � � � � ! � � � � "& � � �� � � � � � � # 0� �  � � � � � 0 �� $ � �� � �  � � � �& � � ��  � � � � � � # �� $ � �� � 0 � !� � ��  � � � �

4 � � � �� � � �� 9 � � � � & � � 3 ()* * � -

. � � � � �  � � � � �� �� � � � � � � ��  � �  � ! � � #  � � � � � � � � � � �/ �� � � � � � � # � ��

� �� � �  � �  � ! � #� � � ��  � � � � � 2 ) 2 
� � 0 � � � �� �� � � � � � � � � � � � �  � ! � � � � � � � �

� � � � � � � � � " � � � � � � " #� � � �� � � #  � � � � � � 2 . � � � #� � � �� � � � 3� � �$ !� � � ! �� 1� � � � � � � � � � � �� � � � #� �� � ��/ � � �� 2 
� � 0 � � � �� � � �� �� �  � � � � � � #� � � �� ��$ #� � � �� � # �� � � � � � � � � � � � �� � � � � � � � �� � � � � � 0 �  � � ! �� ��  � � � � � � � �

 � � � �  � � � � 0 � � �� �� � � � � � � �� � " � � � � � � � � � 2
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rational operator + ( rational a, rational b)

{
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rational & operator += ( rational b)

{

n = n * b.d + d * b.n;

d *= b.d;

return *this;

}
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// POST: return value is the sum of a and b
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{

return a += b;

}
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4.3.8 Nested types
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// Prog: loaded_dice.h{
// define a class for rolling a loaded dice.��

�
#include <IFM/random.h>}�

�
namespace ifm {�

// class loaded_dice: definition	

class loaded_dice {


public:� |

// PRE: p1 + p2 + p3 + p4 + p5 <= 1� �

// POST: * this is initialized to choose the number� {

// i in {1 ,... ,6} with probability pi , according� �

// to the provided random number generator; here ,� �

// p6 = 1 - p1 - p2 - p3 - p4 - p5�}

loaded_dice (double p1 , double p2 , double p3 , double p4,
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��

double p5 , ifm:: random& generator);� �
� 	

// POST: return value is the outcome of rolling a loaded� 


// dice , according to the probability distribution{|

// induced by p1 ,...,p6{ �

unsigned int operator ()();{ {{ �

private:{ �

// p_upto_i is p1 + ... + pi{}

const double p_upto_1 ;{�

const double p_upto_2 ;{ �

const double p_upto_3 ;{ 	

const double p_upto_4 ;{ 


const double p_upto_5 ;�|

// the generator (we store an alias in order to allow� �

// several instances to share the same generator)� {

ifm::random& g;� �

};� �

} // end namespace ifm
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�

// Prog: loaded_dice.C{

// implement a class for rolling a loaded dice.��
�

#include <IFM/loaded_dice.h>}�
�

namespace ifm {�

// class loaded_dice: implementation	

loaded_dice:: loaded_dice


(double p1 , double p2 , double p3 , double p4 , double p5,� |

ifm:: random& generator)� �

: p_upto_1 (p1),� {

p_upto_2 (p_upto_1 + p2),� �

p_upto_3 (p_upto_2 + p3),� �

p_upto_4 (p_upto_3 + p4),�}

p_upto_5 (p_upto_4 + p5),��

g (generator)� �

{}� 	
� 


unsigned int loaded_dice::operator ()(){|

{{ �

double x = g();{ {

if (x <= p_upto_1 ) return 1;{ �

if (x <= p_upto_2 ) return 2;{ �

if (x <= p_upto_3 ) return 3;{}

if (x <= p_upto_4 ) return 4;{�

if (x <= p_upto_5 ) return 5;{ �

return 6;{ 	

}{ 


} // end namespace ifm
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// Prog: choosing_numbers.C{

// let your loaded dice play against your friend’s dice�

// in the game of choosing numbers.�}

#include <iostream >�

#include <IFM/loaded_dice.h>
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�
	

// POST: return value is the payoff to you ( possibly negative ),


// given the numbers of you and your friend� |

int your_payoff (unsigned int you , unsigned int your_friend)� �

{� {

if (you == your_friend) return 0; // draw� �

if (you < your_friend) {� �

if (you + 1 == your_friend) return 2; // you win 2�}

return -1; // you lose 1��

} // now we have your_friend < you� �

if ( your_friend + 1 == you) return -2; // you lose 2� 	

return 1; // you win 1� 


}{|{ �

int main() {{ {

// the random number generator; let us use the generator{ �

// ANSIC instead of the toy generator knuth8; m = 2^31;{ �

ifm::random ansic (1103515245u, 12345u , 2147483648u, 12345u);{} {�

// your strategy may be to prefer larger numbers and use{ �

// the distribution (1/21 , 2/21 , 3/21 , 4/21 , 5/21 , 6/21){ 	

double p = 1.0/21.0;{ 


ifm:: loaded_dice you (p, 2*p, 3*p, 4*p, 5*p, ansic);�|�
� �

// your friend’s strategy may be to stay more in the middle� {

// and use the distribution (1/12 , 2/12 , 3/12 , 3/12 , 2/12 , 1/12)� �

double q = 1.0/12.0;� �

ifm:: loaded_dice your_friend (q, 2*q, 3*q, 3*q, 2*q, ansic);�}
��

// now simulate 1 million rounds (the train may be very late...)� �

int your_total_payoff = 0;� 	

for ( unsigned int round = 0; round < 1000000; round ++) {� 


your_total_payoff += your_payoff (you(), your_friend());�|

}� �
� {

// output the result:� �

std::cout << "Your total payoff is "� �

<< your_total_payoff << "\n";�}
��

return 0;� �

}

Program 40: !� �" � � � � � � �� " � � � �� � � 2 <

�� " 4� �� 7 8� �� 45 � � 5 	 6 � 7 �� 8 9
4.3.11 Details

Friend functions.
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private:

friend std::ostream & operator << (std::ostream & o, rational r);

friend std::istream & operator >> (std::istream & i, rational & r);

int n;

int d; // INV: d!= 0
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