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 // Program: power8.C
 // Raise a number to the power eight.

 #include <iostream> 

 int main()
 {
   // input
   std::cout << "Compute a^8 for a =? ";
   int a;          
   std::cin >> a;

   // computation
   int b = a * a;
   b = b * b; 

   // Output b * b, i.e., a^8
   std::cout << a << "^8 = "  
             << b * b << "\n";
   return 0; 
 }
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2.1 A first C++ program
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�
// Program: power8.CÁ
// Raise a number to the eighth power.

�

�
#include <iostream >Ã

	
int main()



{

�
// input

�
std::cout << "Compute a^8 for a =? ";

� Â
int a;

�
�
std::cin >> a;

� Á
���

// computation
���

int b = a * a; // b = a^2
� Ã

b = b * b; // b = a^4
��	

� 

// output b * b, i.e., a^8

���
std::cout << a << "^8 = " << b * b << ".\n";

���
return 0;Á©Â

}
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Compute a^8 for a =? 2

2^8 = 256.
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// Program : power8.C

// Raise a number to the eighth power.
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#include <iostream >Á
int main(){std::cout <<"Compute a^8 for a =? ";

�
int a;std::cin >>a;int b=a*a;b=b*b;std::cout <<

�
a<<"^8 = "<<b*b<<".\n";return 0;}
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2.1.5 Values and effects
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)���� �e)^� �esE��)^)^��� ����3��>�$� g7���+FG�9���G)���FG)D�E��FGF^��s9	�� FG)�
�)���������)D��F&)^�9� �=�C [ �./�2�+���<'I�<�M� `�����F^��FI)������
����	��a��P )���� F^������`���	����M�m��)D�9
/FD���_�>l ��`>)$�!de�?
 )o�1�9��`�
/	 ����������
/� � ����FG)XFI)�
�)������>��)�FD�>f/
/	�,9
�)^�
�����"���ZF^�>fb�:��
/	 � ]H������F^FG������F��
VzFG)�
�)��>������)D��F ����)D���>FG)^����`:)���3 )^�
�����.	������ ��P4F^��,=��`���`>�13��
�r��� )����.`�����)G��
��^� �m����
/39
�s9��	���)o�

��P�)���� ��� �1,�������F )���s����$
 � ,=� FG)�
�)^��������)^F"����)���FG�>fb�>��
/	k	�������F ��P `��13����_g7���8`����8�9��	��>� �����������>F
)�����F^�7	����9� s�����
 �HF ��
/F 	������T
/Fx'7�73��T�9��)x�9,=) )������z
�) ,��=���$
/FG��� 
Os 	�� � 	�
/`���Fx	����b� ���+)^�9�7����3�3�	��
��P 
.�9
/�����
de�

power8.C
�=)����>��� 
O��� )^���^��� �1����3�FZ��P FI)�
�)������>��)�F��
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Expression statement.
V&���E����3������ 
 F^������`���	���� )�� 
�� �:]H������FGF^�����y	��$
/3�F+)�� 
/� �:]1������F^F^�����

FG)�
O)���������)$� d )+�>f�
�	�,9
�)���F.)���� � ]H������F^FG�����|s9,=) 3��1�>F ����)+�_
 �b�_,�F^����PZ��)�F f�
�	�,���� gh����F+��F+

P���� ��,�����)&PN����� ��P FG)�
�)��>������)�F �=
/��3a��� ��,��ZF^�_
/	�	m�9�^������
/� ��)^�9� FG)�
O)���������)

b = b * b;


/F '7��	�	�
/Fn
/	�	=FI)�
�)������>��)�FxFG)�
��^)������D'X� )��
std::cin

���
std::cout


O���Z� ]H������F^FG�����8FG)�
O)���������)�F��

Declaration statement.
\1,�`�� 
"FG)�
O)���������)k����)^����39,�`��>F 
!���>' ����'I� ����)�� )����&����������
/�-� gh����F

`$
/� sE� )^�9� �9
/���T��Px
 f�
O���N
�s9	��T��Px
.����fb���
)v���E� ��	����b� ���
)����"3���`�	�
���
�)������ FG)�
�)���������)�F

int a;


/��3

int b = a * a;

Vc3���`�	N
���
�)������ FG)�
O)���������) `�����F^��FG)+��PZ
 )J�/�! U��:/�+�012��� 
/��35
-`�����`�	�,�3������-F^������`���	����{� de�|��,=�
����������
/�

power8.C
�='7�"3��$
�	r'&��)�� Fd��:!1q�Y;g D� 39�>`�	N
���
O)�������F<�1)����>�
`$
���sE� ��P )����"PN���^�

���

���

�����������
	

'X���>�^� � ��F+
 )o�1�m� ���*��F+)����
�9
/���_��PZ)����
�9�:'Jf/
�����
�s9	�� �n
/��3������
	 ��F 
/�|�Gf�
/	�,9�_��P&)o���E�
p � Vtf/
�����
�s9	�� 3���`�	�
���
�)������ ��F 3���l �>������) P������ 
�� � ]H������F^FG�����M�4PN���.� ]�
/�8�9	�� �r��)!`$
/� �1`�`>,��+
O)
FG�E�>`���W9`!�9	N
/`��>F&����	��b� 
k,�)Z'X����� ��)&�1`�`�,=��F �m��)&sm���9
$fb�>FD	����b� 
��-�:]H������FGF^����� ���a)���� F^����F^� )^� 
O)

.39�>`�	N
���
O)������

/	�F^� �9
/Fh
/�a�>l ��`>)D
��93�
.f/
/	�,����4d )�Fh�>l ��`>)X��Fh)�� 
/	�	��1`$
�)^�D���������^�8PN���h)���� �9�:'
f/
����N
�s9	��&
�)7F^�����&
/3�3��^��F^F ��
/��3�)�� 1"�=10�01q�+ Z1�
+� ��) '&��)��8)����Xf/
/	�,��X��P�������	 �H��PE������F^����)$�nd )�Fkf/
/	�,��
��F )����X���>F^,�	�)������ f/
/	�,��D��Pr)^�9�D���>' f�
��^�N
�s9	���� g7���D39�>`�	N
���
O)���������F F�
���3
)^� )J� 
 �
� )����Df�
��^�N
�s9	����
VXF ��� )����X`$
/F^�&��PE�:]H������FGF^������FG)�
O)���������)�F ��
"3���`�	N
O��
�)������ FG)�
�)��>������)n`$
��^�^����Fk��,=)n)����&�>l ��`>)

��P )^�9�"3���`�	N
���
�)������ 
/��3������������>FZ��)^F7f/
/	�,����

Return statement.
\1,�`�� 
.FI)�
�)������>��)h��Fh��P )���� PN�����

return
�����
	������������M�

'X���>�^�������
	������������ ��F 
/� �Gf�
/	�,9�/�.d )!����	�� ��`�`�,=��FT'X��)������ 
�PN,���`>)������{�.g7�9�.���>)^,��^�?FG)�
O)���������)
�>f/
/	�,9
�)��>F�������	�������������� W9����F^����F )����8PN,��9`:)������M�BF"`����8�9,�)�
�)�������F �r
/��3 �9,=)�F������
	������������t� F!f/
/	�,��

�)nF^�����`� )����8�m����
��^�Y� 
/3�3��^��F^F )��9
�)n)^�9�h`$
/	�	��>�4��P )����ZPN,9��`>)^����� `$
���
/`�`��>F^F��4V&s9FG)^��
/`:)������TP������
)�����F^� )���`�������`$
/	�� )�����F ��'7�"FG���8�9	���F�
��
)��9
�)7)����"FG)�
�)���������) :<�!�0�C:!�M. ������	������������ )�� )���� `$
/	�	��>�$�
� �8�9
�fb� FG����� ����	�� ���9� �:]�
��8� 	�� F^��P 
�� �!)���� FG)�
�)��>������)

return 0;
���>)�,=����F")^�9�+f�
�	�,��

0
�ePN�����_
�	�	�� ��)����+	���)��>��
�	

0
��P4f/
/	�,��

0
�Z)���)���� ���E�>��
�)�������FG�1FG)���� 'X����`�� �9
/FD`$
/	�	���3-)����

mainPN,���`>)������ ��P ��,=�Z����������
��-�
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� ����,=��� � F^,����_
��^� � ��Fx)����DFG�1��)�
/`:)���`$
/	 
/��3_F^���_
/��)���`$
/	=)��:����Fk'7�X�9
�fb�D����)G���13�,�`���3��H
�	������
'X� )��5)������������>	N
�)�������F�� gh���aW9��,=���-���8�9�9
/F^� � ��F )����a`��>��)^��
�	X����	���)��9
�)8�:]H������FGF^������F�� 	�
$�|���
6hY"Y �
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	��
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���������
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Figure 2:
8=V+�M�2�J�!�012�,�+ �����)z.Q�/'A���M�012�,�+ =���<:!'E.W�!LYL=�,��:!1[�7NK1[�����C: 
 :g.<�=LM:<�/N�:/��'

power8.C
�

_v�h:<�! ZV .Q�<'A���M�01q���+ 
���<:!'j.G�!LYL7����:B1"� uv5&10���/-�LM�C:<�! ZV ./V+�M�2�J�!�012�,�+ 4���<:!'E.X1[�x)Y��:g�
N�:/��VJ� � 1Us$��)����<:!'j.j��:<�j)�:/��u��x1[�@ ~1 N�5Y�aN�:/��VJ�B8
�� Z1q)|��:!:/��u�.

A → B
��:/�3���O;<�

:<���Y)��+. �
A
5C�+.

B

g-�uv5&10 D�G.Q�� Z1q)  Z1[�
�!.z1"� �657�?�,sgLM:<�!././12���|L7��:g�`'I�,���y�65C�+�R�657�

��LYL=�<:B���<:!' 10.X'I��:<�]NY�<�
�<:/�+ 4�65C�����657�B ��u`�<:^���
�Q�

2.1.15 The first program revisited
deP{�b��, ��,�� )^�9�D� ]=��`�,=)�
Os 	��TW9	��X�^��F^,�	�)������ P������JMx��������
/�p�TPN���Z
 `���,=�9	��T��P ���=�9,=) f/
/	�,���F �H�b��,
'X��	�	 �1,���`��1	��+�9��)^��`�� )��9
�)4F^�����>)��������T��F '7������3{���=���n�:]�
��8� 	�� ����� )����7� 	�
�)�PN�����z��P )^�9�Z
/,=)�������F �
)���� PN��	�	��('X�����.�9
����E����F �

Compute a^8 for a =? 15

15^8 = -1732076671.
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CXs1fH����,9FG	�� � )���� ��������)�� �E�O'7�:�T��Pn
 �m��F^��)���fb�!�1,��+sm�>�T`$
/������)XsE�.�����b
�)�� fb� �mF^��'X�9
�)T��FX���������
��� �?� �!'&��	�	{3���F^`�,�F^F&)^�9��F&���-3��>)�
���	 ���a)���� ���:]H)DFG��`>)���������s9,�)&)����!F^�����^)D� ]H�9	N
/�9
�)������a��FZ)^� 
O)
)����a)o�1�E�

int
`$
/�����9	 � 3��$
/	&'&��)��y�1,��.sE�>��F8,=��)�� 
 `��>�^)�
/����F^� � ���wdePT)����-�_
�)������_
�)^��`$
/	

����FG,9	 ) ��Pr
!`����8�9,=)�
�)������ �:]=`>����3�Fh)^�9��FkF^� � � �1)���� 6hY"Y*����F^,�	�) '&��	�	9����`���F^F^
�����	�� 3���lm�>�7P��^���})����
�_
�)������_
O)���`$
/	�����FG,9	 )$�
gh����F"F^��,���39F!	����b�.s 
�3 �9�:'XF<�4
/P�)��:�.
/	�	 �

158 ��F"����) ./�*�!5 
_s ���a�1,��.sE�>� � 
/��3 ��Pk'7�8`�
/� �
����).�>fb��� `����8�9,�)^� 'X� )�� �1,��+sm�>��F ��P7)�����F F^� � � �x'X�9
�) `�
/� '7��`>���8� ,=)��8
�).
/	�	N�}gh���������13
���>'XF ��F )��9
�) )����8������s9	����i��F �$
/FG� )^� W=]m� gh���_
/,=)�������F �9
�fb�����8�9	���������)���3?
�)v���E��`$
/	�	���3
ifm::integer

)��9
�) ��F `$
�� 
�s9	��X��P{3��$
/	������!'X��)^������)��>���>��F ��P ��:
;!10�0:���:!V F^� � �W�e,=� )�� )^�9�D���>� �
���^� 	�������)^F ����PE`���,=��F^�!�:� �&F^�����")^�9��F4)o�1�m�&��F4fb�>�^�8��
/FG� �H
��938)^�9��Fn��Fn�����&��P )���� �b�:�8FG)^�^������)���Fk��P
6hY"Y � '7� F^���8�9	��
�9
�fb�!)��8���>�9	N
�`��

int
s1�

ifm::integer
��� ��,=�&����������
/� 
/��3-��� 
/3�3���)������

����`�	�,�3��D)����"3��>W9����)������ ��Pr)����"���>' )o�1�E�/�k%&�:���!��F7)����"
/`�`�����3�������	��8` �9
/������3 �9�^������
/�-�

�
// Program: power8_exact.CÁ
// Raise a number to the eighth power ,

�
// using integers of arbitrary size

� Ã
#include <iostream >

	
#include "integer.h"




�
int main()

�
{

� Â
// input

�
�
std::cout << "Compute a^8 for a =? ";

� Á
ifm:: integer a;

���
std::cin >> a;

���

� Ã
// computation

��	
ifm:: integer b = a * a; // b = a^2

� 

b = b * b; // b = a^4

���

���
// output b * b, i.e., a^8Á©Â
std::cout << a << "^8 = " << b * b << ".\n";Á �
return 0;Á©Á

}

Program 3:
LM:<�/N�. �YL=��u`�<:Tm �,sJ�J�<�2� �

de�|����3��>�+PN���+)�����F )�� `����8�9��	�� � �b��,|������3 )�� �9
�fb��)�����W 	��
integer.h

��� �b��,��.'7��� �1�����
3�������`:)����^��� )���� ���9�T)��9
�)Z
/	�FG� `�����)�
/����F

power8_exact.C
�:�

�&F^�����.)���� 
�sm�Ofb�T����������
/� �1�b��, ����� `>���8� ,=)��D)���� `����^���>`>)&f/
/	�,�� ��P
158 �

Compute a^8 for a =? 15

15^8 = 2562890625.


k,=)X
�	�F^�+� ,�`���	N
O�����>�hf�
/	�,9�>Fh'&��	�	 '7��� ���e��P �b��,a�9
����E��� )�� sE� ����)��>����FI)���3a���
)�������� �
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Compute a^8 for a =? 1234567

1234567^8 = 5396563761318393964062660689603780554533710504641.

� � '&��	�	{����)X3���F^`�,�F^FZ)����!)o�1�E�
ifm::integer


/����PN,=�^)����>�D���a)^�9��FZsE��� � �m
��93a)^�9�:���
�BF&�9�
������3aPN���h��) �HF^����`��T��)xuv,�FG)7'7��� �HF7	����b�

int
�e�:]=`>�>��)h)^� 
O)7��)73��1��Fh����)7� 
�fb�T)����TF^� � �T	������ )�
�)�������F

��P
int

�:� 
k,=)"'&�������>fb�>� �b��, ������3x�e��� 
/� �:]H�>��`���FG� ��� `��9
/	�	��������g�T	�
������>�"�1,��.sE�>��F �r�b��, 
����
P������ )�� ,�F^� )���� )o���E�

ifm::integer
�

2.1.16 Details

Commenting.
gh���>���_��F+
�'h
�� ��P7'&����)^�����-`�����������)^F")��9
�)+
��^�
����)+	������ )���3?)�� �����_	���������P

`���39�/�XVX����)��:]H)X����`�	���F^��3 s1�
/*

�eFI)�
��^)D��P `��������>��),� 
/��3
*/

�e�>�93 ��P `�����������),� ��FX������������3
s1�?)����8`����8�9��	��>��� g7����������)��N
�	4`>����������)"��P ��,=� �9�^������
/�

power8.C
`���,�	�3 
/	�F^�-�9
$fb�8sm�����

'&�^��)^)�����
/F

/*

Program : power8.C

Raise a number to the power 8.

*/

g7�9��F ����`��9
/����F^� �_
��?F^����� ,�F^��PN,�	 PN���.	��������>� `>����������)�F"FG� 
/���������-F^�>fb�>��
�	 	�������F ��P7`���39� �
s9,=) )����T������s9	��>� ��F )��9
�) �b��,
39�+����)7��������3��N
�)^��	�� ����`>�����9� � � 
 	������X���_)����T����3�39	��&��PrF^,�` ��

`�����FG)^�^,9`:)������ 
/FT
�`�����������) �7�b��,?
/	�'h
��HFD�9
�fb� )��_	��1� �aPN��� )^�9�.����`�	���F^�����

/*

/��3

*/
)���sE�

F^,=�����
\1�����>)������>F �

/*

/��3

*/

O���",�F^�>3aPN���&fb�>�G��F^�����^)Z`�����������)�F 'X� )������_	�������Fh��P `���39� �9	����b�T���

c = a + /* don’t subtract ! */ b;

�=���Z�^�$
/39
�s9��	���)o�8�^�$
/F^����F �='7� 39� ����)X
/3=fb��`$
�)��T)�����F �H����3 ��P `�����������) �1��� )����>�$�

Identifiers starting with an underscore.
CT`>`$
/F^�����9
/	�	�� � ���$
�	�� 	���PN�+6ZY Y `��13��.`�����)�
/����F �G��3�����)^���

W9�>��F � FI)�
��^)����9�"'X��)��8)^�9�&,9��3��>��FG`������D`��9
���
/`>)^�>�
_
�=
/	 )�����,9��� )�����Fk��Fk�9��) 
/	�	��('7��3�
/`>`�����3������!)��

SD�>W9����)������-���4g7���X)^��,=)��_��Fk)��9
�) �657�9LM:<�/N�:/��'^'I�<: ��F ����)7
/	�	��O'7��38)^� ,9FG� FG,9`�� �G��3�����)^��W9�>��F �Y�
)����>� 
����_����FG�>�^fb��3yPN���8����)��>�^� 
�	 ,9FG� s1� )����
`����8�9��	��>��� 67���8�9��	��>��F F^����,�	�3|��F^F^,���
O) 	���
/FG) 

'h
���������� �H'&�9�>�a)����>��3���FG`��Ofb�:�XF^,�`�� 
+s 
/3�	��
PN��������3 �G��3�����)�� W �:��� �Hs9,�)Z��P�)����a)^�9�:� uv,�FG)X	��>)&� )
� 
/F^F��

Define variables where needed!
de� 6ZY Y�� ��)!��F �����13 �������>��
�	k����
/`>)���`�� )��-3��>W9����
 f/
����N
Os 	��

��������3��N
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The main function.
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main
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Using directives.
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�
// Program: power8.CÁ
// Raise a number to the eighth power.

�

�
#include <iostream >Ã

	
using namespace std;




�
int main()

�
{

� Â
// input

�
�
cout << "Compute x^8 for x =? ";

� Á
int a;

���
cin >> a;

���

� Ã
// computation

��	
int b = a * a; // b = a^2

� 

b = b * b; // b = a^4

���

���
// output b * b, i.e., a^8Á©Â
cout << a << "^8 = " << b * b << ".\n";Á �
return 0;Á©Á

}

Program 4:
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2.1.17 Goals

Dispositional.
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Operational.
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2.1.18 Exercises

Exercise 1
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(a=5)*(b=7)
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(a*3)=(b+5)
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#include <iostream > int main[]{int a;int b;int c;std::cin >> a;

cin >> b;c = a * b;std::cout << c*c;return 0;}
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2.1.19 Challenges
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2.2 Integers
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+ 32.

�
// Program: fahrenheit.CÁ
// Convert temperatures from Celsius to Fahrenheit.

�

�
#include <iostream >Ã

	
int main()



{

�
// Input

�
std::cout << "Temperature in degrees Celsius =? ";

� Â
int celsius;

�
�
std::cin >> celsius;

� Á
���

// Computation and output
���

std::cout << celsius << " degrees Celsius are "
� Ã

<< 9 * celsius / 5 + 32 < < " degrees Fahrenheit.\n";
��	

return 0;
� 


}

Program 5:
LM:<��N�. ��ST�+5&:/�<�M57�<10�2� �

deP!�b��, )^�^����,=)
)���� ����������
/� ��� )���� ���=�9,�)
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15 degrees Celsius are 59 degrees Fahrenheit.
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The division operator.
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)���)����+��,�	���F ��P �_
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�`��+)^�9� �:] �

������F^FG�����

9 * celsius / 5 + 32

s1�_)����"�:]H������FGF^�����

9 / 5 * celsius + 32
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Description Operator Arity Prec. Assoc.
�E��FG) �e����`>����������)
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/
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%=
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F^,=s 
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15
39�>��������F
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15 degrees Celsius are 47 degrees Fahrenheit.
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The modulus operator.
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(a / b) * b + a % b

�9
/Fx)����7F�
/��� f/
/	�,��h
/F
a
� gh���h���13�,�	�,�F ���E�>��
�)���� ��F `�����F^��3��>�^��38
/F4
D�+,9	 )����9	���`$
O)���fb� ���E�>��
O)����


/��3��9
/Fk)����XF^
/���Z������`>��3�����`��W����A+�n
��93

/FGF^�1`���
�)���f1��)o�G�e	���P�),�4
/Fk)����X��)^�9�:� )o'7� � ,�	�)^���9	���`$
�)^��fb�
���E�>��
�)�����F

*

/��3

/
�

dePZsE��)^�
a

/��3

b
�9
�fb�_����� �e�����b
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9 / 5 * celsius + 32 −→ 1 * celsius + 32

−→ 1 * 15 + 32

−→ 15 + 32

−→ 47
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Unary additive operators.
�?�n�9
�fb� 
/	 ���$
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-
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Increment and decrement operators.
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#include <iostream >

int main() {

int a = 7;

std::cout << ++a << "\n"; // outputs 8

std::cout << a++ << "\n"; // outputs 8

std::cout << a << "\n"; // outputs 9

return 0;

}
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Prefer pre-increment over post-increment.
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�
// Program: limits.CÁ
// Output the smallest and the largest value of type int.

�

�
#include <iostream >Ã
#include <limits >

	



int main()

�
{

�
std::cout << "Minimum int value is "

� Â
<< std::numeric_limits <int >::min() << ".\n"

�
�
<< "Maximum int value is "

� Á
<< std::numeric_limits <int >::max() << ".\n";

���
return 0;

���
}
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Minimum int value is -2147483648.

Maximum int value is 2147483647.
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Representing unsigned int values.
\1����`��"
/���

unsigned int
f�
/	�,9�

n � {0, . . . , 2b − 1}

�9
/F4
Xs ��� 
O�^� ���>�����>F^����)�
�)������+��P 	��>�9��)^� �:]=
/`>)�	 �
b
� W9	�	������X,=� '&��)��.	��$
�39���9� � �>����F � �b)�����F s9���9
��^�

���>�����>F^����)�
�)������ ��F 
 `$
/��������`$
/	nPN�����_
�) PN��� FG)����������
n
,�F^�����a)����

b

�f/
/��	N
�s9	��.s9��)�F���qr���b� )����

f/
/	�,��D��
/�����T��)�F^��	�P �1)�����F FG)�����
/���TPN�����_
�)7��F ����)h�:]H�9	���`���)�	�� ������F^`>�^��sE��3
s1��)����"6ZY Y[FG)�
��939
��^3 �
s9,=)Z�9
��^39	 �

/����)�������� ��	�F^�"�_
 �b��F7F^����F^�!��� ����
/`>)^��`���� VXF7)����>���"
����

2b unsigned int
f�
/	�,9�>F �


/��3 )^�9� F�
/���T��,9�.sE�>�7��P
b
�es9��)7� 
�)^)^�>����F �=�$
/`���� 
�)G)��>��� ����`��13���Fh����� f/
/	�,������=���

b = 3
�H)�����F

	���� �HFh
/FhPN��	�	��('XF��

n
���>�����>F^����)�
�)������

0 000

1 001

2 010

3 011

4 100

5 101

6 110

7 111

Representing int values.
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2.2.9 Integral types
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2.2.10 Details
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Logically parenthesizing a general expression.
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2.2.12 Exercises
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2.2.13 Challenges
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2.3 Booleans
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Proof.
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2.3.2 The type bool
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Logical operators.
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Relational operators.
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Watch out!
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De Morgan’s laws.
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Conversion and promotion.
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2.3.5 Goals
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2.3.6 Exercises
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Exercise 24
_v:/��F&�j��:�)�10.qLM:<��Fd�B�65C�+� ST��:^�+ " 

x, y, z � � �o�+�g�

��

(x � y) � z = x � (y � z)
� �e�e�B�/��� �ZC �*��FZ
/F^FG�1`��N
O)���fb�g�

sC�
(x ∧ y) ∨ z = (x ∨ z) ∧ (y ∨ z)

� � �e�B�����
(
V �ZS

,
C �

)
��FZ3���FG)G����s9,=)���fb�g�

`!�
(x ∨ y) ∧ z = (x ∧ z) ∨ (y ∧ z)

� � �e�B�����
(
C �

,
V �ZS

)
��FZ3���FG)G����s9,=)���fb�g�

3h�
(x ↑ y) ↑ z = x ↑ (y ↑ z)

� �e� �B����� �ZV �&Sw��Fh
/F^F^��`��N
�)^��fb�g�

Exercise 25
�
��:

x1, . . . , xn

-
n ��� -\N�1"F&�I�|F&�/:
;/�+ R)J�<.Q�<:!1�Lt�01q��� � S

x1 � x2 � . . . � xn

1[�
���<:!'j.^� SX�657�

xi

-
1

�
i

�
n
� �o�+�g�

Exercise 26
8M57��u �65C�+�j�657�^SQ�� " ��u�1[�7Ny.Q�<�6. � S3S��C�
�!�01q���M.x��:<� �/��']Lt �<���ESQ��: �657� .T�!�I� S

;!1"����:!V bc�
�� �,���?S/�h�
�!�012���M.T� �o� ���

��

{
V �&S

,
�XCTg

}



�&	���	�� � � � �4� � 
 @�;

sC�
{
C �

,
�XC g

}

`!�
{

�ZV �&S
}

3h�
{

�XC �
}
�H'&���>��� �&C �

:=
�&C g��hC �"�

�!�
{
�&C �

,
V �&S

}

�4��, �_
�� ,9FG�n)����kP 
�`>) )��9
�)
{
V �&S

,
C �

,
�XCTg

}
��F 
h`����8�9	��>)�� F^�>) ��P1s9���9
��^� 
k�1��	��$
/� PN,���`>)�������F��

Exercise 27
8=��LYL=��.T�

a
-
b
-E����)

c
��:<� �+ " `F���:!1q�Y;g D�!. � SA�0V L7�

int
� ��1"��)xFd�+ Z� �!.]SQ��:

a
-

b
-3����)

c
SQ��: uv5&12�<5y�657�|�,s!LM:<�!.<./1q���M.

a < b < c
����)

a < b && b < c
V+12�< D)x)�1 �W�/:<�<�M�

:<�!.��7 ~�6.T� �o� ;��

Exercise 28
_`��:/�<�M�657�!./1 
��W�657��ST�� [ D��u�1[�7N^�,sgLM:<�!././12���M.X�J�/�/��:�)�1[�7N����E�<L=�/:/�+����:aLM:<���/��)J�/�
�/�!.

����)I�+./.Q�
�<1 �+�01[F
1[�012�!.T� �o� ;��

��

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

sC�
z > 1 && ! x != 2 - 2 == 1 && y

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

Exercise 29
� F��+ ~�t�+���a�657�P�,sgLM:<�!././12���M. N�1[Fd�<�E1[� � sJ�<:<�<1[.Q� �hmX.<���2Lt{,;<Vd{q.<���2LM- �+././�C'^1[�7N\�65C�+�

x
-
y
-`����)

z
��:<���+ [ �� S]�0VgL=�

int
u�10�65

x==0
-
y==1

-9����)
z==2

� �o� ;��

Exercise 30
� 5C�+�]�,����V$���x.T��V �Y;<���C�P�657�����7� LM�C�]� SG�657�`ST�� [ D��uv1"�7NGLM:<�/N�:/��' � � 5C��:/�J�!{

���<:!1 
��B1[�R)J�2L=�/��)�1[�7NO��� �657�B1"�&LM�7�R����)I�,sgLt U��1[� Vh���h:B:<�,�+.Q���=1[�7N&� �o�TA+�
�

#include <iostream >Á
int main()

�
{

�
int a;Ã
std::cin >> a;

	
std::cout << (a++ < 3) << ".\n";



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

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

�
return 0;

� Â
}

Exercise 31
��1[��)?�657�3 ��N�12�,�+ ML7��:/�<�M�657�!.Q�!.z1"�� Z1[�
�!.GlO����)|k �@� SK�657�aST�� [ D��uv1"�7NBLM:<��N�:/��'A�

� 5C�+�I����� V$����.T��V �Y;<���7�j�657�H���7� LM�C�A� S �657�jSQ�� " ��u�1"�7N LM:<�/N
:/��' � � 5C��:/�J�<���<:!1�
�� 10�
)J�2L=�/��)�1[�7NO��� �657�B1"�&LM�7�R����)I�,sgLt U��1[�@V$���C:]:<�,�+.Q���=1[�7N&� �o�TA+�
�

#include <iostream >Á
�

int main ()
�

{



@/A ������� ����� �&	�� �]���a�v� �
� ��� 


Ã
unsigned int a;

	
std::cin >> a;




�
unsigned int b = a;

�
b /= 2 + b / 2;

� Â
std::cout << b << "\n";

�
�

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

���
std::cout << c << "\n";

���

� Ã
return 0;

��	
}

2.3.7 Challenges

Exercise 32
p 57� �h�>fb�>��FG�aM ��	���F^� �h��)�
�)������ i �P_ �vo 1[.I�EST��:!'A�+�G� S?uv:!1[�01[�7Ny�,sgLM:<�<.<./12���M.

u�10�657���C�����=V]L7��:<�<�M�657�<.Q�!.T� �\_ � ;<������'I�`L=�<LM�C D��:W1"� �657�X U�+���W�=1[�
�<���/�<�M./1Us��012�<.]uv57�<� �657�
�/��']L7���=V � �<uP �<�6�6{2_��J�!����:/)�.<�2��:g���,)����B�C.Q�P1[�v�+.`1[�&LM�C�hSQ��:!'��+�hST��:B�,sgLM:/�!.<./1q���M.]���|�657�/1[:
)J�!.<�Q���<L�����)?5C����)+57�< D)I���+ D�<�7 U�+����:g.T�

# � �\_ �\-Bu`� 
 :g./�zuv:!1[��� �657�@�<L=�<:�����)+./-?����) �657�<� �657�@�<L=�<:/�+����: i��65C�+�Q% .Auv5C�+�G�657�
�Z�:fb�>��F^� .<�2����)+.vST��:�o&� �4��:^�,sJ��']Lt �<-v�657�^�,sgLM:<�!././12���

V �ZS
(
C �

(0,
�XCTg

(
V �ZS

(0, 1))), 1)

�����y;<�Bu�:!1[�6���<�x ~1[�d�K�65&10.X1[� �P_ � 


0 0 1
V �&S �XC gzC �

1
V �ZS

.

p 57�� U�+�6���<:^.Q� � �*�<�
�/�A� SE�<L=�<:�����)+.?����)��<L=�/:/�+����:g.E)J� 
 �
�!.E�A.qL=�/�/1 
 � �<Fd�+ Z�*�+�01q����.Q�<{
� �*�<�
�/�G� Sc�657�3� sgLM:<�!.<.�12���=- .Q���W8
�/�!�01q��� �7� �7� �h� p �?�/Fd�+ ~�t�+���z�����,sgLM:<�<.<./12��� 1"� �P_ �P- u`�
NY� �65&:<���$N�5|�657�3.Q� � � �/�
�/��S/:/��'  D�0S<�����?:!1 N�5Y� �auv57�<�
�<Fd�<:^u`� 
 ��)I��� �<L=�<:/����)�-9u`�j)J���*% �
)J� ���=V��65&1[�7N�-K;!�7�cuv57�<� u`� 
 ��)@��� �<L7�<:/�+����: i/� S ��:!10�0V

n
o�-cu`�O�<F��+ ~�t�+���E10��ST��:?�657�

n�<L=�<:�����)+.^)�1[:<���!�6 ZV|��� �657�3 D�0S<�c� SK10�P����) :<�qLt D�J���G�657�31[�=F&�� ZF&��)
n + 1

.Q� � � �<�
��� �! �/'I�<�M�6.
;!V3�657�`:<�<./�7 ~��� S��657�X�<F��+ ~�t�+�012����� p 57�<�Au`��NY�K���B�657�`�
�,s+��.Q� � � �<�
���B�! D�<'A�<�M�2�R# � �,�+.Q�K� S
���C:^�,sJ��']Lt �G�Y;<��F&�/-a�65&1[.`LM:<�Q�/�/�,)+.^�+.�SQ�� [ D��uv.Gi/�<�C:!:/�<�M�6 ~VGLM:<�
���!.<.Q�,) �<L=�<:/�+����:B1[�y;/�� D)!o 


0 0 1 AND︸ ︷︷ ︸
0

�XCTgzC �
1
V �&S

0 0 NOT︸ ︷︷ ︸
1

C �
1
V �ZS

0 1 OR︸ ︷︷ ︸
1

1
V �&S

1 1 AND︸ ︷︷ ︸
1

1



�&	���	�� � � � �4� � 
 @�0

p �E.T�/�z�65C�+���65&10.X10.X1[��)J����)O�ju`��V|� SG�<F��+ ~�t�+�01[�7N?�657����:!1"N
1[���+ f�,sgLM:/�!.<./1q���

V �ZS
(
C �

(0,
�XCTg

(
V �ZS

(0, 1))), 1),

V$�����,���WSQ��:P�,sJ��'KLt D�a'��+�d�P�B;<���6����'E{ ��LO)�:���uv1"�7N3� S����O�,sgLM:/�!.<./1q���?�0:<�/�Xiq8
�/�!�01q��� �7� �7� �
o
�65C�+�\����:!:<�!.qL=����)+.K���?�657���<Fd�+ Z�*�+�012���@.Q� � �*�<�
�/�B1[� �P_ �]�c�����Ou�1[ [ 
 ��)?�65C�+���65&10.]�0:<�/�31[.
�+ ~.Q�jFd�+ Z1q)PSQ��:B�657�j��:!1 N�1[���+ f�,s!LM:<�!.<./1q�����

� �<:<���/��'A�!. �657���J�<�0�*�+ P� s$�<:<�<1[.Q�Q� � :!1[����LM:<��N�:/��'E.
and.C

-
or.C

-G����)
not.C

�65C�+�
:<���/�<1"F&�j�+.W1[�&LM�C�`�j.Q� � � �<�
���

s
� Sz;<�
�� D�����@F��+ ~�*�!.W1[�

{0, 1}
i �q�+ " ��<L=�<:/����)+.]���^�657�B D�0S<�R� S

�657� �<L=�<:/�+����: 
 od� p 57�?���C� LM�7�R.<57���7 U)|;<�^�657�^.Q� � �*�<�
�/�
s �
�65C�+�`u`��N&�!�];!VI:<�2Lt U�J�<1[�7NI�657�

 U�+.<�
n
�<L=�<:/����)+.K1[�

s
u�1[�65|�657�z:<�!./�C ��c� S��<Fd�+ Z�*�+�01"�7N �657�z:<�<.qL=�/�<�01[F&�?�<L=�/:/�+����:`SQ��:3�657�<'��

# � �,�+.Q�I� S
and.C

����)
or.C

-Ru`�j�C.Q�
n = 2

-K����)BSQ��:
not.C n = 1

� �
��:O�,sJ��']Lt �/-B���
1[�&LM�C�

(1, 1, 0)
-$LM:<�/N�:/��'

and
./57���7 U)^���C� LM�7���657�R.Q� � �*�<�
�/�

(1, 0)
- u�5&1[ �

not
.<57���C D)XV+12�< D)+.

(1, 1, 1)
�

# � �Y)Y)�10�012���=-\uv:!1[���3LM:<�/N�:/��'j.
zero.C

����)
one.C

�65C�+�3���7� LM�7�W�657� .T� � �*�<�
�/�
s �
�&;!{

�2��1[�
�,)I;!VA�!LYL=�<��)�1[�7N �
0
��:

1
���^�657�K1"�&LM�7�

s
� � 1[���+ " ~V+- u�:!10���G�]LM:/�/N�:/��'

eval.C
i2u�10�65

�
�j1"�&LM�7� oj�65C�+�\���7� LM�C�6.X�657�j�<']Lt�0V .Q� � �*�<�
�/�T�
p 57�`NY�Q�+ *� Sc�+ [ 7�65&1[.910.`���^�/Fd�+ ~�t�+���];/�
�� D�����zS��C�
�!�01q���M.`1"� �P_ � ;!Vz./1[']Lt ~VE�,�+ [ Z1[�7NB�657�

�/��:!:/�!.qL=����)�1"�7N�.Q� � �*�<�
�/� � S`LM:<�/N�:���'E.Ei"LM:/�/�/�,)J��) ;!V��O���+ [ ����
eval

o
-�uv57�<:<�G�657�j���7� LM�7�
� S|���
�^LM:/�/N�:/��' 10. �7.Q�,)y�+. 1[�&LM�C��ST��:I�657�A�
�,s��j���
��1[� �657�O.Q� � � �<�
���Q� # � �
�=1Ds�����)
� 1[�=�Js?�65&10.������H�< � N&���M�6 ~V�;<�j)J���
�KF
1q�A� �9���E� ���
��:E�,sJ��']Lt �/-a���O�/Fd�+ ~�t�+���z�657�E� sJ��'KLt D�
�,sgLM:/�!.<./1q���ES/:<��' �Y;/��F&�B1"� �\_ �\- u`�z.�1['KLt ZV �0VgL=�z�657�^�/��'j'�����)

./eval |./zero |./zero |./one |./and |./not |./or |./one |./and
p 5&1[.��,�+ [ ~.��+ " � Z10./����)zLM:<��N�:/��'E.K1[���0�h:!�=-auv57�<:<�j�?.Q�2L7��:/�+�01"�7NzLM1�L7�z./V+'A;/�� 

|
5C�+.B�657�

���W���!�W�65C�+�\�657�A���7� LM�7�X� SG�657�KLM:/�/N�:/��' ���O�657�^ �[S<�B� S31[�P10.3�C.Q��) �+.^�657��1[�&LM�C� SQ��:Ai �[1[.
LM1�L7��)E1"�M��� 
 oE�657�RLM:<�/N�:���' ���?�657�K:!1"N�5Y�R� SX10�2�

� ���M.T� � �*�<�M�6 ~V+-4�657�auv57�� D�R� ST��:<�<'A�<�M�012���
�,)G�/��'j'�����)X.<57���C D)\./1[']Lt ~V\uv:!1[���
1
���c.<�2���M{

)Y��:/)I���7� LM�7�0-��657�]:<�!.��7 ~�P� SX�657�j�/Fd�+ ~�t�+�012����� �P �.T�E���!.<�vVh���h:RLM:/�/N�:/��'j.Ku�10�65A.Q��'I�����657�<:
�\_ � .Q� � �*�<�
�/�<./-�1"�AL7��:g�01q�<�7 U��:3�657� �2�&;!F
1q���7. 
^���
�!.G� SK�657��SQ��:!'

./eval |./zero |./one |./or
i��65&10.G���
�K.<57���7 U)I���C� LM�7�

1
oE���E'��+�d�K./�C:<�B�65C�+�a�657�<V u`��:g���+.3�,s!L=�/�!���,)Y�

Hint:
# ��10. �
���j�
�/���!.<.T��:!V �65C�+�jV$���C:�LM:<�/N�:/��'j.y�J�/���2Lt�?.Q� � � �<�
���!.

s
� Sx��:
;<10�0:/��:!V

 D�<�7N��65��+.91"�&LM�7�2� � '��Qs+1['^�C'  D�<�7N��65�� S � �Y-YST��:K�,sY��'KLt D�<-
10.�./� � �<1q�<�M�$ST��:W�+ [ +LM:��J�!�012�,�+ 
LM�C:�L7��.Q�!.T�
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2.4 Control statements
� �K��:<�Ruv5C�+� u`�\:/�2L=���+���,)h ~V )J�&� � s$�/�! " �/�
�/�<-��657�<�=-�10.��
���������J�!�
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p 57�]8M����:!V � SK_v5&10 D��.Q�<Lt5&V 
 p 57� � 1[F&�!.3����) efLM1[�=1q���M.

� S]�657� � ��:g U)
% . �R:<�,�+���!.<��_v5&10 D��.Q�<Lt57�<:g.Gi/k&l �Mn/o
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int a;

std::cin >> a;

if (a % 2 == 0) std::cout << "even";
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int a;

std::cin >> a;

if (a % 2 == 0)

std::cout << "even";

else

std::cout << "odd";
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2.4.2 Iteration: for statements
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�
// Program: sum_n.CÁ
// Compute the sum of the first n natural numbers.

�

�
#include <iostream >Ã

	
int main()



{

�
// input

�
std::cout << "Compute the sum 1+...+n for n =? ";

� Â
unsigned int n;

�
�
std::cin >> n;

� Á
���

// computation of sum_{i=1}^n i
���

unsigned int s = 0;
� Ã

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

� 

// output

���
std::cout << "1+...+" << n << " = " << s << ".\n";

���
return 0;Á©Â

}
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// Program: prime.CÁ
// Test if a given natural number is prime.

�

�
#include <iostream >Ã

	
int main ()



{

�
// Input

�
unsigned int n;

� Â
std::cout << "Test if n>1 is prime for n =? ";

�
�
std::cin >> n;

� Á
���

// Computation: test possible divisors d
���

unsigned int d;
� Ã

for (d = 2; n % d != 0; ++d);
��	

� 

// Output

���
if (d < n)

���
// d is a divisor of n in {2,...,n-1}Á©Â
std::cout << n << " = " << d << " * " << n / d << ".\n";Á �

elseÁ©Á
// no proper divisor foundÁ �
std::cout << n << " is prime.\n";Á �Á©Ã

return 0;Á 	
}
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s += i;
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}
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int main()Á
{

�
{

�
int i = 2;Ã

}
	

std::cout << i; // error , undeclared identifier



return 0;
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int main()Á
{

�
for ( unsigned int i = 0; i < 10; ++i) s += i;
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std::cout << i; // error , undeclared identifierÃ
return 0;
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#include <iostream >Á

�
int main()

�
{Ã

int i = 2;
	

for (int i = 0; i < 5; ++i)



std::cout << i; // outputs 0, 1, 2, 3, 4
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std::cout << i; // outputs 2

�
return 0;
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int k = 2;
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int i = 5;Á
for (int j = 0; j < 5; ++j) {
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std::cout << ++i; // outputs 6, 7, 8, 9, 10
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2.4.4 Iteration: while statements
\1��P 
�� �9'7�!�9
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The Collatz problem.
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n0, n1, n2, . . .
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��Fh�>fb���
3ni−1 + 1,
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ni−1
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�
// Program: collatz.CÁ
// Compute the Collatz sequence of a number n.

�

�
#include <iostream >
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int main()



{
�

// Input
�

std::cout << "Compute the Collatz sequence for n =? ";
� Â

unsigned int n;
�
�

std::cin >> n;
� Á
���

// Iteration
���

while (n > 1) {
� Ã

if (n % 2 == 0)
��	

n = n / 2;
� 


else
���

n = 3 * n + 1;
���

std::cout << n << " ";Á©Â
}Á �
std::cout << "\n";Á©Á
return 0;Á �

}
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2.4.5 Iteration: do statements
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int a; // next input value

int s = 0; // sum of values so far

do {

std::cout << "next number =? ";

std::cin >> a;

s += a;

std::cout << "sum = " << s << "\n";

} while (a != 0);
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2.4.6 Jump statements
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for (;;) {

std::cout << "next number =? ";

std::cin >> a;

if (a == 0) break;

s += a;

std::cout << "sum = " << s << "\n";

}
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do {

std::cout << "next number =? ";

std::cin >> a;

if (a == 0) break;

s += a;
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std::cout << "sum = " << s << "\n";

} while (true);
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do {

std::cout << "next number =? ";

std::cin >> a;

if (a != 0) {

s += a;

std::cout << "sum = " << s << "\n";

}

} while (a != 0);
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continue
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break
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continue
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for (;;) {

std::cout << "next number =? ";

std::cin >> a;

if (a < 0) continue;

if (a == 0) break;

s += a;

std::cout << "sum = " << s << "\n";

}

2.4.7 Equivalence of iteration statements
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do statement ⇒ while statement.
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while statement ⇒ for statement.
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2.4.8 Choosing the “right” iteration statements
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continueFG)�
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for ( unsigned int i = 0; i < 100; ++i) {

if (i % 2 == 0) continue ;

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

}
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/F
fewer state-

ments

��93

fewer lines of code
�

for ( unsigned int i = 0; i < 100; ++i)

if (i % 2 != 0) std::cout << i << "\n";
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f/
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/����F
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��93 ��s�)�
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simpler control flow
�

for ( unsigned int i = 1; i < 100; i += 2)

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

gh���hF�
/��� ��,=)^�9,=) `$
/� sm�7������3�,9`>��3 '&��)�� 

while

FI)�
�)������>��)4
/��3 � �1,9
/	�	�� F^���8�9	�� `�����)^����	
�9�O'!�

int i = -1;

while ((i += 2) < 100)

std::cout << i << "\n";
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��93 
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/���x)������x���:)
simpler expressions

s1� '&����)^�����

unsigned int i = 1;

while (i < 100) {

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

i += 2;

}
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2.4.9 Details

Nested if-else statements.
6 ����F^��3��>�h)����"FI)�
�)������>��)

if(true) if ( false); else std::cout << "Where do I belong?";

d ) ��Fn����) 
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else
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else
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Where do I belong?
� 
��93 '7�
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�`>)�,9
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if(true)

if (false)
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; // null statement

else

std::cout << "Where do I belong?";

���������>fb�>� �b��,�
O���Z,���F^,=���&
�sE��,=) ��,�	���F4	����b� )�����F ���b��,8`$
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if(true) {

if (false) {

; // null statement

}

else {

std::cout << "Where do I belong?";

}

}

The switch statement.
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break
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int
�

switch (x) {

case 0: std::cout << "0";

case 1: std::cout << "1"; break;
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default : std::cout << "whatever ";

}
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The Halting Problem, Decidability, and Computability.
gh�����9
/	 )������-�9�^��s 	���� ��F �����
��P&)����

PN,���3 
�������)�
�	r������s9	�����Fh���-)����!)��������G�-��Px`����8�9,=)�
�)������{�hde��PN�����_
/	�	 �_FG�E�$
 �1����� � )����!������s9	��>�
��F
)��53���`���3�� �e,�F^�����5
/� 
�	���������)������+'&���>)����>�-
 ����fb��� ����������
�� �9
/	�)^FA� )^�>�������9
�)��>F � 'X�����
�:]H��`�,=)���3 ���?
8����fb�>� ���=�9,=)W� ����������
�� FG)�
�)^�g�:� gh��� )��:��� �I����������
/� �8�_
�� ����PN�>�T)��

_6hY"Y �
����������
/� ��s ,=)Z
/	�FG� )�� 
 ����������
/�c���-
/��� ��)^�9�:�&`���������������������
���������� 	N
/����,9
/�����
g � 
�)^)�
/`���)����T������s9	����QPN�����_
/	�	�� ��)^�9� 
n����)^��F^�
�_
�)������_
�)���`��N
/� VX	N
/� g ,=�������G���$U=� � ���$Ub0/A+�

3��>W9����3?��� 
�F^������� 
�	r� 
��E�:�.
 �G���������_
/	 � ����������
���������� 	N
��9��,9
/���Q�{
 �9�^������
/� ��� )�����FD	N
�� �
��,9
/��� ��F �H���O'&�-
/FZ
 p �C:!1[�7N^'A�J�<5&1[�
� �
g ,=�������.�9�^�Ofb��3a)^� 
O)h)^�9� �9
/	�)����9� ������s9	����c��Fh,���39�>`���39
�s9	��TPN���Xg ,��^����� �_
/`���������F ��s ,=)h)����

F�
/��� 
��^��,9���>��)�F7`$
/�a
/	�F^�.sE� ,9FG��3a)�� �����(fb�T)����!F�
/���TFG)�
�)���������)7PN���T6hY"Y[����������
���F��
��� 
O) 3�����F �G,���3���`���39
�s9	�� � ���$
/� � � �4� 
�fb� F^���>�.
7FG���8�9	�� 	������!PN���r'X����`�� ��)E'h
/FE� 
/����PN,�	�	��

�>f1��3�����)T)��9
�) ��) ��F 
/� ����W9����)��!	��1��� �E�9
�fb���M� ) '7�(�y�4��F �{����3�����3?����� ����� 39�>`���3��+)^�9�.�9
/	�)^�����
������s9	���� PN��� �_
/��� `�����`>���:)�� ����������
/��F>� �Z�93���`>��39
�s9	�� ����
/��F")��9
�)B�e��� 
 � 
��^)^��`�,�	N
�� ���13���	
��P4`����8�9,�)�
�)������h�7)^�9�:���.`$
/������)DsE�+
/� 
/	���������)���� )^� 
O)T39�>`���3���FT)����+�9
/	 )������ ������s9	���� PN��� �+ [ 
L=��.<.�1q;g D� �9�^������
/��F��
SD��FG�9��)�� )�������� F^���8� 	���`���)o� �mg ,��^�����
�_
�` ��������F 
��^� 
�'X��39�>	�� 
/`�`>�>��)���3 ����39�>	x��Pk`����8�9,=)�
 �

)������M�9���-P 
/`>) ��uv,�FG)D	����b�"�_
/`��������"	N
��9��,9
/��� � g ,��^����� �_
/`���������Fh`$
/� 3����>fb�>�^��)�������� )��9
�)T6hY Y
����������
/��Fk`$
/�a3�� �H�:]H`��>��)h)��9
�)7)����>�_,�F^,9
/	�	��������>3a
 �1,���� �1,��+sm�>�7��Prfb�:�^�_�9�^������)���fb�Z���E�>��
 �
)�������F7PN���&)^� 
O)$�
V )8)����aF�
/���
)������ 
/F_g ,=������� �k)^�9��VX���>����`�
/�5�_
�)������_
O)���`��N
�� V&	���� � � 6 �1,=��`��w���$U�#�; �

�$U�Ub0��X3��>fb��	����E�>3 
�`����8�9,=)�
�)������9
/	r���13���	 `$
/	�	��>3
λ
�e`$
/	�`�,�	�,�F�� VXF ��)D)�,=������3 ��,=) �E����FT���13���	

��FZ� �1,���f/
/	�����)X)���g ,��^�����8�_
/`���������FZ���a)��>����FZ��Px`����8�9,�)�
�)������9
/	m�E�('7�>�$�Zg7�9� 67��,��^` � � g ,=�������
)�����F^��FZFG)�
�)���F7)��9
�) �G�>fb�>�^� PN,���`>)������
)��9
�)h��FZ�9
�)^,���
/	�	�� �����b
���3���3a
/FZ`>���8� ,=)�
Os 	��X`$
/��sm�"`���� �
�9,=)���3 s1� 
-g ,=�������-�_
/`�������� �=�-VXF )����>�^����F.�9�-������������,�F 3��>W9�9� )������ ��P7'X�9
�).��F �G�9
�)�,=��
�	�	��
�����b
O��3���3-
/FZ`����8�9,�)�
�s9	�� � ��)^�9��FZFG)�
�)���������)7��Fh�9��)&
 )������������cs9,�)&
.���1�m��)�����F^��F7)��9
�)Z`$
/������)
sE�!�����(fb��� �_
�)������_
O)���`$
/	�	��b�xVXFX��P )���39
$� ��)���� ���1�E��)�����FG��F&�9
/FX����)ZsE����� 3���FG�����(fb��3{�hde� )^�9� �
�����>)^��`$
/	4`����8�9,=)��>�"F^`�������`�� )���� )��>�^� �/��']LM�7�2�Y;g D� ,�F^�>3 '&��)�����,=) PN,��G)����>� �1,9
/	���W9`$
�)������ ��F!

FG�1�9�����H�JPN��� �G`����8�9,=)�
�s9	��Zs1��
+g ,��^����� �_
/`�������� �G�e� ��,���f�
�	�����)^	�� �=
 6ZY Y[�9�^������
/���:�

Point of declaration.
CD,=� 
O�9�����b
�` � ��Pk3��>W9���������E��)�����)��N
/	 FG`����E� 
/��3?F^`����m� 	����9� s�� 	������ ��F


 F^���8�9	�� W `�
�)����������>fb�>����PE)����T`��13��D��F FG,9� )�
�s9	��8PN���^�_
�)^)���3_
��93_'7�T����	��8�9
�fb�T���9�D3���`>	N
���
�)^�����
�E�>�Z	��������4g7��� )^�^,�)^�a��F )��9
�)h)���� �E������)h��P 3���`�	�
���
�)������ ��P

i
���

int i = 5;



�&	���	 ��������� � � 
 �J� ��� � � ����
 Ub@

��F7���_)���� '^1q)Y)h D� ��P )����T3���`�	N
O��
�)��������1
/P�)��>�7)���� � 
����
i
�9
/Fh
����E�$
O����3{�4gh���T�E��)�����)��N
/	mFG`����E�

)����>���>PN�����"3�����F7�9��)h����`�	�,93��X)����TPN,�	�	E	������ ��s ,=)h����	��8)����D� 
��^)hFG)�
O�^)������.P������
=
�kg7����F �:]1� 	�
/����F

'X�9
�)k�9
����E����Fk���8)^�9�&PN��	�	��('X����� `��13��XP���
���������) �bs9,=) PN���^)�,��9
�)���	 � )�����Fn��Fk`>���9FG��FG)�����) 'X� )��8��,=�
	������ � s1� � 	������T
��������b
/`��{�nde�
�

int i = 5;Á
{

�
int i = i;

�
}

)���� �9
/���
i

/P�)^�>� )����

=
��� 	������ ;
����PN�>��F")���)���� 3���`>	N
���
�)^�����?���?	������ ;H�
6 ����F^� ��,9�>��)�	�� �

i
��F

������)���
/	�� � �>38'X��)�� ��)�F^�>	�P ����)�����F7	������ �=���$
��9���9� )^� 
O)Z� )�Fhf/
/	�,��T'X��	�	 sE� ,9��3��>W9����3��9
/��3a����) 5
�

de� ��)����>� F^��)�,9
�)������9F � ) �_
�� �9
����E�����4)�����,9�����4)��9
�) )^�9� 
����E�$
O��
/��`��
��PD
 �9
/���_��� )����
3���`�	N
O��
�)������ ��P )����8F�
/��� �9
/���+�^��PN�>��F )��a
 LM:<�<FQ12���7. 3���`�	N
O��
�)������?��P )�����F"�9
/���/� ����� �9�(' �
'7�D`$
/�
�$
/FG��	�� 
$fb����3
FG,9`�� F^,=s9)^	��>)����>Fks1�8)^�9�DPN��	�	��O'&�����"��,�	�� � 
/����3���`>	N
���
�)^�����8F^����,�	�3_`�����)�
/���
)���� � 
����T)^� sE� 3���`�	N
��^��3a����	��_����`����

The Collatz problem and the ?-operator.
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2.4.10 Goals

Dispositional.
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2.4.11 Exercises

Exercise 33
� ��:!:/�/�!�\�+ " �./V+�M�2�Qs �<:!:<��:g.X1[� �657�PLM:<��N�:/��' ;<�! D��u�� � 5C�+�P)J�
�!.]�657�]:<�!./�C ��01"�7N

LM:<�/N
:/��' ���C� LM�7�tSQ��:z�657��SQ�� " ��u�1[�7N�1"�&LM�7�6. �
i��!o � A i�;2o # i��2o � i,)!o ; �o�+�g���o� ���

�
#include <iostraem >Á
int main()

�
{

�
unsinged int x = +1;Ã
{ std::cin >> x; }

	
for (int y = 0u; y < x) {



std:cout << ++y;

�
return 0;

�
}

Exercise 34
� 5C�+�\10.^�657�KLM:<�&;g D�<' uv1[�65@�657�O���Q)J�I;<�< ��u � � 1Ds�1[�K����)��,sgLt U��1[��u�5C�+�W�657�

:<�!.��7 ~�01[�7NO���Q)J�j����'KLM�C���!.T� �o� �����o�";��
�

unsigned int s = 0;Á
do {

�
int i = 1;

�
if (i % 2 == 1) s *= i;Ã

} while (++i < 10);
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Exercise 35
�
��:c���J�!5zF���:!1q�Y;g D�P)J���! D��:��+�012��� 1[�?�657�*SQ�� " ��u�1[�7N�LM:<�/N�:���' N�1[Fd�a10�6.`)J�/�! U��:/�+�01"F&�

:<� N�12��� ����)|1[�6.j.Q���<L=�E1"� �657�\ST��:!' �0 Z1[�
�Gs��dV 
�� � 5C�+�P10.��657�O���7� LM�C�K� S^�657�KLM:<�/N
:/��' �

�o� �����o�!0��
�

#include <iostream >Á
int main()

�
{

�
int s = 0;Ã
{

	
int i = 0;



while (i < 4)

�
{

�
++i;

� Â
int f = i + 1;

�
�
s += f;

� Á
int s = 3;

���
i += s;

���
}

� Ã
unsigned int t = 2;

��	
std::cout << s + t << "\n";

� 

}

���
int k = 1;

���
return 0;Á©Â

}

Exercise 36
� ���M.�1q)J�<:G�657�WLM:<�/N
:/��' N�1[Fd�<�};/�! D��u�SQ��: �,�J�!5�� S3�657�G ~1[.<����)A1[�&LM�C���=�C'A;/�<:g.T�

>3�!���<:!'^1[�
�^�657��F��+ ~�*�!.E� S
x
-
s
-X����)

i
�+�X;/�qN�1"� � S3�657� 
 :g.<� 
 F&�G10���<:��+�012���M. � S3�657�`SQ��:g{

 D�
�<LM-^;/�0SQ��:<�I�657� ������)�10�012��� 10. �<Fd�+ Z�*�+���,)Y� � 5C�+��)J�Q�!.A�657�GLM:<�/N
:/��' ���C� LM�7�vSQ��:O�657�<.Q�
1[�&LM�C�6. � i,�!o ��� i�;�o � i/�2o � i�)!o ; �o� �����o�";��
�

#include <iostream >Á
int main()

�
{

�
int x;Ã
std::cin >> x;

	
int s = 0;



for (int i = 0; i < x; ++i) {

�
s += i;

�
x += s / 2;

� Â
}

�
�
std::cout << s << "\n";

� Á
return 0;

���
}

Exercise 37
��1[��)A�+�9 D���+.<� ST���C:`LM:<�&;g D�<'E.]1[� �657�^���Q)J�BN�1"F&�<��;/�! ��u�� �o�";��,�o� A+��� �!0��
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�
#include <iostream >Á
int main()

�
{

�
{ unsigned int x; }Ã
std::cin << x;

	
unsigned int y = x;



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

�
s += y;

�
std::cout << "s=" << s << "\n";

� Â
return 0;

�
�
}

Exercise 38
�
��:�uv5&12�<5]1"�&LM�7�*�=�h'A;/�<:g.v1[. �657�P���C� LM�7�4� S��657��LM:/�/N�:/��' N�1"F&�<�A;/�! D��u�uR�< [ C)J�!{


 �
��) � � 10.<�t�657��.Q��1[�&LM�C���4���7� LM�C�YLC��1[:g.9����)K��:qN�� ��uv5&VWVh���h:v ~1[.<�t1[.��/��'KLt D�!���Q� �o�";���� � A+���o�"0��
�

#include <iostream >Á
int main()

�
{

�
unsigned int x;Ã
std::cin >> x;

	
int s = 0;



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

�
s += y;

�
std::cout << "s=" << s << "\n";

� Â
return 0;

�
�
}

Exercise 39
�R�[SQ��:!'j�C D�+���\�657�z�/�T)J�B;<�! D��u � � �h1[Fd�+ D�<�M�6 ZV^1"�@��:/)J�<:X���31"'KLM:<��F&�P10�6.R:<���Y)Y�Y;!1[ �{

10�0VJ�\>G�<.Q�<:!1q;/�z�657�`LM:<�/N�:���'y% .����7� LM�C�R�+.3�cS/�h�
�!�012���y� SX10�6.X1[�&LM�7�
n
� � � �����o� R����o�"@��

�
unsigned int n;Á
std::cin >> n;

�
int x = 1;

�
if (n > 0) {Ã

int k = 0;
	

bool e = true;



do {
�

if (++k == n) e = false;
�

x *= 2;
� Â

} while (e);
�
�

}
� Á

std::cout << x;

Exercise 40
�R�[SQ��:!'j�C D�+���P�657��LM:<�/N�:/��' ;<�< ��u � � �C1"Fd�+ �/�M�6 ~VG1[� ��:/)J�<:\���B1[']LM:<��F&�R10�6.`:<���Y)+{
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�!�012���}� Sz10�6.z1"�&LM�7�
x
�
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�
#include <iostream >Á
int main()

�
{

�
int x;Ã
std::cin >> x;

	
int s = 0;



int i = -10;

�
do

�
for (int j = 1;;)

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

�
�
while (++i <= x);

� Á
std::cout << s << "\n";

���
return 0;

���
}

Exercise 41
� :!10���|� LM:<�/N�:/��'
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Exercise 42
� :!10���G�BLM:<�/N
:/��'

dec2bin.C
�65C�+�v1[�&LM�C�6.3�j���+�0�C:/�+ 
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n
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n
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01
����)

SQ��:
n==11

�657�^���7� LM�7�v10.
1101
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Exercise 43
� :!10���P�aLM:<�/N�:/��'

cross_sum.C
�65C�+� 1[�&LM�C�6.`�\���+�0�C:/�+ J�=�C'�;<�<:

n
����)3���7� LM�C�6.
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n
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�657�A���7� LM�7�P10.
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n==112

�657�^���7� LM�7��10.
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Exercise 44
� :!10���G�KLM:<��N�:/��'

perfect.C
���j���!.<��uv57�!�657�/:^��N�1[F&�/� ���+�0�C:��+ �=�C'�;<�<:

n
10.

L=�<:6ST�/�!�2� �r�=�C'�;<�<:
n � � 10.z�,�+ [ D��) �E�>��PN�>`>) 1 SB����)����M ZVj1 S\10� 10.B� � �*�+ ���^�657�]./�h' � S\1[�6.

LM:<�<L=�/:�)�1"F
10.Q��:g.�-f�65C�+��10./-
n =
∑

k
���

, s.t. k<n ∧ k|n k
� �
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28 = 1 + 2 + 4 + 7 + 1410.�L=�<:6ST�/�!�0-vuv5&10 D�
12 < 1 + 2 + 3 + 4 + 6
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Exercise 45
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dec2bin2.C
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Exercise 46
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Exercise 47
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2.4.12 Challenges

Exercise 48
p 57�
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Exercise 49
p 57�K U��:2NY�!.<� � �<:g.Q�<�=�
�\LM:!1"'I�K�Q�
��u����+.G� S]8
�qLt���<'A;/�<: � ����m?1[.

243,112,609 − 1.
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10�6.j�65C�+�W�65&1[.
�=�C'�;<�<:O5C�+.T�}# � �65&10.|�!5C�+ " �<�7N&�<-zu`� ��:!1 N�1[���+ " ~V�u����M����)������+.<� Vh���w���� Z10./���+ [ ��657�<.Q�
)�1"N
10�6./-B;<�7�W1[�w�657�E1"�M���<:<�!./��� Sj�657� p � �65C�+�X5C�+.j��� '���:g�IVh���h: .Q�� Z�7�012���M.�-\u`�O)J�/�<1 )J��)
��� ./u�10���!5w��� �657�GSQ�� " ��u�1[�7N@Fd��:!1q���M� 
 � :!1[�����|LM:<�/N�:/��'

famous_last_digits.C
�65C�+�

���7� LM�C�6.X�657�z U�+.<�Pk���)J�/�<1"'A�+ f)�1"N�1[�6.3� SK�657���Y;<��F&� � �<:g.Q�<�=�
�RLM:!1['A� �
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2.5 Floating point numbers
�=�C:g�657�<:!'A��:<�<-�10��5C�+.c:<�/F&���+ D��) �657�W:��+�012��� SW�657�G�!57��:/) ����)A��:/��� S
�=1[�
�<�0V )J�qN�:/�/�!./-`uv5&12�<5O10.^�+.z.T�<F&�<� ��� �<1"N�5Y�0-\����) �+ �.Q� �657�3:��+�012�
� S?�657�O)�1 ��NY�����+ `����) ���
� ./1 )J�O� SA� . � �*��:<�?uv5&12�<5x1[.A�+.E���<� ���
.Q�<Fd�<�=-B)�10.T�! ��.�1[�7NI�657�\SQ���h:g�65 1[']L=��:g�2���M��S �J�!�0-c�65C�+�c�657�j:/�+�012�@� S
�657�^)�1 ��'I�!���/:j����)O�<1":<�<�h'\SQ�/:<�<�
�/�B10.3�+. 
 Fd�!{�ST���C:g�65Y.]���cSQ���h:
�

# ��)�1q����� � ���C.Q�]b910 [ �K�&� � � n
-�)J� 
 �=1"�7N
2 � 2
π

= 7
8

-��
2 = 10

7

-�����) 1
π

= 5/16
i/k�m$l���o

p 5&10.W.Q���!�012���x)�10.T�<�7.<.T�!.c�657� �\�Q�+�01"�7N]L7��1[�M���=�C'A;/�<:K�0V L=�<.
float

����)
doubleST��:w�!LYLM:/�Ts+1['��+�01[�7N}:<���+ z�=�h'A;/�<:g.T� �
��� uv1[ [ K �,��:!� �Y;<���C� �P�Q�+�01[�7NxL=��1"�M�

�=�h'A;<�/: ./Vd./���<'E.�1[��NY�/�
�<:/�+ Z-B����)@�Y;<���C�c�657�E# �v��� .<�2����)Y��:�) � � � �65C�+�K)J�!{
.Q�/:!1q;<�<.O�0u`�x.qL=�/�/1 
 � �\�T�+�01[�7NOL=��1"�M�z�=�C'�;<�<:�./V�.<���<'j.T� � �|u�1[ [ fL=��1[�M�E���C�
�657� .<�0:<�<�7N��65Y.�����)HuR�,�+�Q�
�!.<.T�!.�� S �\�Q�+�01"�7N L=��1"�M�E�=�C'A;/�<:g. ����)�N�1[F&� Vh���
�65&:<����N��h1q)J�! Z1[�
�<.����]��F&��1q)K�/��'^'I���KLM1[� ST�+ " �. 1[���/��']LM�7�01"�7Ncu�10�65 �\�Q�+�01"�7N�L=��1"�M�
�=�h'A;<�/:g.T�

���9�>� `�����fb�>�G)������?3��������>��F_6 ��	�F^��,�F.����)�� ��
/�=������������).'&��)�� )^�9�_����������
/�
fahrenheit.C��� \1��`>)������ �1� � �7'7� �_
 �b������FG)�
 �b�>F�� �=��� � ]�
/�8�9	�� �

28
3������^����F�67��	�F^��,�F�
����

82.4
3����������>F

��
/�=������������) �=s9,=)X����)
82

/FZ��,�)G� ,=)hs1�

fahrenheit.C
� g7���"���$
�F^���-PN���X)�����Fh����FG)�
 �b� ��FZ)��9
�)

)����7����)^�����>� 3���fH��F^�����.���8�9	��(�b��3.���+)^�9� ����������
�� F^���8�9	�� �G`�,=)�F ��l �T)^�9�7P���
�`>)������9
/	1� 
��G)$� ���9
�)
'7�!�����>3 ��F&
.)v���E�")^� 
O)D
/	�	��O'&Fh,�Fh)�� ���>�����>F^����)D
/��3a`����8�9,=)�� '&��)�� P���
/`>)������ 
�	 ��,9�.sE�>�^FZ	����b�
82.4

�
�=���k)�����F ��6hY"Y �����(fH��3���F )o'7� �P�Q�+�01[�7NRL=��1[�M� �=�C'A;/�<: )o�1�E�>F

float

/��3

double
� de��3�����3��

��P '7� FG���8�9	������:� 	�
/`�� )����.39�>`�	N
���
O)������
int celsius

���
fahrenheit.C

s1�
float celsius

�
)���� ���>F^,�	�)�����������������
�� ��,=)^�9,=)�F

82.4
PN���+
/� ���=� ,=) f�
�	�,��8��P

28
��� 	��b
�)������
�E������)!�1,��.sE�>��F


/	�FG��F^��	�fb� 
/����)����>� �9�^��s 	�����)^� 
O)"'7�+�9
/3 'X��)^� )���� )o���E��F
int


/��3
unsigned int

�
float
/��3

double
�9
�fb� 
 �+,9`�� 	�
������>�
f�
�	�,�� ��
��9���?
/��3*
���� )����>����PN���^�?F^,���)�
Os 	�� PN��� �GF^�>������,�F �

`����8�9,=)�
�)������9F>� de�!P 
/`>) ��`>���8� ,=)�
O)�������F 'X� )�� �9�b
�)����9�7�E������)r�1,��+sm�>��F 
����nfb�:�^�!P 
�FG) ��� ����39�:���
�9	N
�)�PN���^� �13�,��")��+FG�E��`>�N
/	�� � ��3 ������`���F^F^���^F��

Fixed versus floating point.
deP��b��, )������ �.
OsE��,=) �9�(' )��T���>������FG����)n3���`����_
/	1�1,��+sm�>��F 	����b�

82.4,�F^�����-
 W=]H��3 �1,��.sE�>� ��P 3���`>���_
/	 3�������)�F]���$#�3�������)^F � F�
��Y� �x
 �9
�)^,���
/	nFG��	�,=)������ ��F")�����F �!�b��,
� 
��^)�� )������ )^�9�8�$#8
�f�
/��	N
�s9	�� 39������)�Fh����)���@ 39������)�F7sE��PN�����!)^�9�!39�>`����_
/	E�E������) �9F�
�� �m
/��3 ;83�������)�F

/P�)��:�Z)����"39�>`����_
/	 �m������)$� g7�����a�b��,a`$
������>������FG����)X
/	�	{3���`����_
/	 �1,��+sm�>��F7��P )���� PN�����

6∑

i=−3

βi10i,

'X� )��
βi � {0, . . . , 9}

PN���X
/	�	
i
�ngh����F7��Fh`$
/	�	���3a
 
 s$�,)zL=��1[�M�v:<�2LM:<�<.Q�<�M�2�+�012��� �



�&	��+	�� �	��� ��� ��� ���v� ��� �z� � � � � 
 �$#b0

gh���>�^��
���� � ���O'7�>fb�:� � )o'7����s�fH����,�F!3���F^
/3=f�
/��)�
/����F ��P 
_W�]H��3 �E������)"�^�>������F^����)�
�)������r��CT�
)����&�����Z� 
��93��b)����Zf/
/	�,��7��
/�����&��F4fb�>�^� 	�������)^��3{�r�?�&�9
�fb�D
/	�����
/3=� FG���������
\1��`:)������ �1� �1�L0T)^� 
O)
)���� 	N
��^����FG)

int
f/
/	�,�� ��FDFG� F^�_
�	�	r)^� 
O)T��)D�9
���3�	�� 
�	�	��('XFX
���� ����)��>����FI)�������`����8�9,=)�
�)�������FR� 
/F


/� � ]�
/�8�9	�� �E)^�G� ��,=)!M �^������
/� � ��� F^�����.	N
O�����>�"���=� ,=),� �+VzW=]=��3 �m������)T���>�����>F^����)�
�)������ ��F
�>fb��� '7����F^�T���_)�����F ����FG�m��`>) �=F^���9`>� � ) ����F^�:�^fb��F&FG�����D��P ��,=�7������`�����,�F 3�������)^F PN���7)���� P���
/`>)������9
/	
� 
��^)+
/P�)^�>� )�����3���`����_
/	4�E������) �x�>fb��� ��P )�����F^�_3�������)�F!
���������)q� ���.����) PN,�	�	���� �9�>��3���3y�e
/F ���
82.4

�:�
gh��� F^��`�����3 3���F�
�3�f/
/��)�
/���.��F `�	���F^��	 �-����	N
�)^��3�� �:fb��� )�����,���� )����.)v'7�
�1,��.sE�>��F

82.4

/��3

0.0824
�9
�fb�.)^�9�.F�
���� �1,��.sE�>�T��P4F^��������W9`$
/��)X3�������)�F\�e�9
/����	���;�� �m)����.	N
�)^)^�>�D�1,��.sE�>�D��F ����)

���>�����>F^����)�
�s9	�� 'X��)�� ����	��
3
39������)�Fx
/P�)^�>�x)����739�>`����_
/	b�E������)$�x%&�>�^� ��'7�h
���� 'h
/FG)^�����X)����

7
3�������)^F

sE��PN���^�")���� 39�>`����_
/	 �m������) �Hs9,=)7'7� 
��^�"	N
�` �1����� 3������ )�F7
/P�)��>�h)����!3���`>���_
/	 �E������)$�
V �P�Q�+�01[�7N�L=��1[�M�*:<�2LM:<�!.T�<�M�2�+�012��� ���>F^��	�fb��FrsE��)�� ��FGF^,���F s��"���:�9�^��F^����)������X
7�1,��.sE�>� F^���8�9	��


/F4��)�FxF^� �1,�����`��&��P 3���`����_
/	139������)�F � 
/�+����)������>�4`$
/	�	���3 )^�9� ./1 N��=1 
 �,����) � � Lt ~�C. )����h����PN�����_
�)������
�I'X���>�^� )����+39�>`����_
/	 �E������)"��F �=�8g ��`��9����`�
/	�	�� �{�����+�m��F^F^��s9��	�� )v��)������$
�	�� � �.)�����F ��F )^��FG)����^�8
/�
�,sgL7���
�<�M� F^,�`��a)��9
�)7)���� ���:�9�^��F^����)���3 �1,��.sE�>�h��Fh��P )���� PN�����

./1 N��=1 
 �,����)
� 10

�������
	���	�

.

�=���&� ]�
/�8�9	�� �

82.4 = 824 � 10−1,

0.0824 = 824 � 10−4.

2.5.1 The types float and double
g7�9� )o�1�m��F

float

��93

double

O���.PN,9��39
/������)�
/	 )o���E��FT�9�^�Of1��3���3 s�� 6hY Y�� 
/��3 )����>� FI)������

�1,��.sE�>��F7���!� �b
O)������ �E������) �^�>������F^����)�
�)������r�
���9��	�� )����.PN,9��39
/������)�
/	r)v���E��F

int

/��3

unsigned int

O���.���$
/��)&)���
O�9�����$]=���_
�)��")^�9�

�G�_
�)������_
O)���`$
/	7)o�1�E�>F � � 
/��3 � �X����FG�m��`>)���fb�>	�� �&)����?���b
�	 ��P sE��)��
float


/��3
double

��F
)�� 
O�9�����$]=���_
�)��8)�����FG�>)�� ��P&���$
�	&�1,��.sE�>��F>�y\1����`�� )^�9�:���a
��^���+,9`�� �������_���$
�	Z��,9�.sE�>�^F
)��9
/� ����)��>���>��F � )�����F ���b
/	 F^�>����F �:fb���5�������_
/�.s9��)�����,�FK� 
/��3|	��>F^F ���$
/	���FG)���`g�T)��9
/� )^�G�H�����-)��

��������$]=���_
�)^� � � F�
�� � 'X��)^� 
 W9�9� )�� f/
/	�,�� ��
��9���/� �Z�>fb�:�^)�����	���FGF � )���� )o'7�a)o�1�E��F

float

/��3

double

O���hfb�:�^� ,�F^�>PN,9	9���+�9��
/`>)���`�
/	�
����9	���`$
�)^������F�� g7�����9�b
�)����9�D�E������) ���>������FG����)�
O)������8
�	�	��('XF

f/
/	�,���F&)��9
�)X
����"� ,�`��-	N
������:�&)��9
/� 
/����f/
/	�,��!��P )o���E�
int


/��3
unsigned int

�&de�-P 
�`>) � )^�9�
f/
/	�,��D��
/������F ��P )^�9� �9�b
�)^����� �E������)7��,��+sE�:� )o�1�E��F

float

/��3

double

��^� FG, � `�������)h��� ����FI)


����9	���`$
O)�������F��
jn
/	�,���FT��Pk)�����F^�.)o'7� )o�1�m��F!
O���+�^��PN�>�^���>3 )^��
/F �\�Q�+�01"�7N^L7��1[�M�\�=�h'A;<�/:g. �r'&���>���

double,�F^,9
/	�	��

�	�	��('XF ���������>�R�e�9
/����	�� � )J���*;g D� � ������`���F^���������a
��������$]=���_
�)^����� ���$
/	{�1,��.sE�>��F>�
CT� )����X)v���E��F

float

/��3

double
'7�T�9
$fb�D)����TF�
/���T
O����)������>)���` ������	N
�)^�����9
/	 ��
/��3a
/F^FG����� �

������) ���E�>��
O)�����Fh
/F ��������)�������
/	 )o�1�E�>F �H'X��)^�_)^�9�DF^
/���T
/F^F^��`��N
�)^��fH��)^����F 
��93_������`��>39�>�9`>��F�� g7���
����	�� �:]=`��:�9)^����� ��F")^� 
O)")����8����3�,9	�,9FT���E�:��
�)�����F

%

/��3

%=

�����
�f/
/��	N
Os 	��+PN��� ����)��>����
/	 )v���E��F

����	��b�xg7����Fn�_
 �b��FnFG����F^� �1FG����`��&3���f1��F^�����+�Ofb�:�
float


��93
double

��F4���$
/��)4)^�!���13���	=)����7)^��,��
3���fH��F^�����
�Ofb�>���['X����`��a�9
/Fh��� �����_
�����39�:�$�
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qr���b�+����)�������
/	 )o�1�E��F �r)���� �9�b
�)��������E������)T�1,��.sE�>�D)o�1�E�>F!
��^� ��:!1[�65&'I�!�01q�j�0VgL=�!. � 
/��3 )^�9��F
`����8�9	��>)^��F )����"	���FG)7��P PN,���3 
�������)�
�	{
�����)������>)^��`&)o�1�E�>FZ���a6ZY Y �

Literals of type float and double.
q{��)��>��
�	�F ��P )o�1�E�>F

float

/��3

double

����h�������7`����8�9	���`$
O)���3

)��9
/� 	�� )��>��
/	�F ��PH)o�1�m�
int

���
unsigned int

���=���x�:]=
/�8�9	�� �
1.23e-7

��Fx
Zf/
/	���3
double

	���)��>��
/	 �
���>�����>F^����)^�����!)����&f/
/	�,��

1.23 � 10−7 �4q{��)��>��
�	�Fn��P )v���E� float 	��1� �.)����&F^
/���X
/Fn	���)��:��
/	�F ��Pm)o�1�E�
double

�=PN��	�	��('7��3
s1�
)����"	��:)^)��>�
f
���

F
�

de�?��)^FD����FG)T�������>��
/	xPN���^� �E

double

	�� )��>��
/	 `�����F^��FG)^F ��Pn
/� 1[�M���qN&�<:KL7��:g� �{PN��	�	��O'7��3 s1� 

S/:��J�!�012�����+ CL7��:g� �eFG)�
O�^)������ 'X��)^�
)���� )J�/�<1"'A�+ CL=��1"�M�

.
� ��
/��3�
/� �,s!L=���
�<�M�01q�+ 7L7��:g� �eFG)�
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'X� )�� )���� 	��>)^)^�>�
e
���

E
�:�ng7�9� 	���)^�>��
/	

1.23e-7
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�F&
/	�	E��P )�����F^�T� 
��^)�F��


k��)�� )^�9�-����)������:��� 
O�^)

/F�'7��	�	D
�F_)^�9� P���
�`>)������9
/	&� 
��G) � 
/P�)��>��)^�9� 3���`����_
/	Z�E������),� 
O���
F^� ��,�����`���FT��P 39������)�F&P��^���

0
)^�

9
� '&���>��� ���
� ��Px)������ �_
��
sE� ���8��)o� � 	����b� ���

.1
� ���$
/�������

0.1
�!
/��3 ���

1.
�e���$
/�������

1.0
�:� g7�9��� ]H�E��������)��N
/	k� 
��G)3� 
/P�)��:�+)^�9��	��>)^)��>�

e
���

E
�!��F.
/	�FG� 
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/� ���9)^�����9
/	
+
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-
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/`>)������ 
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��^) ��: )����

�:]1�E��������)���
/	m� 
��^)Z�_
$��sm�"������)G)���3{� gh��,�F �
123e-9
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���� f�
�	���3
double

	���)^�>��
/	�F ��s9,=)
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��Fh����) �=�������^39�:�&)�� 
�fb����3a`�����PN,�F^������'&��)��
int

	���)��>��
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gh���Xf/
/	�,��D��P{)����X	���)��:��
/	 ��F ��s�)�
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�
// Program: euler.CÁ
// Approximate Euler’s constant e.

�

�
#include <iostream >Ã

	
int main ()



{

�
// values for term i, initialized for i = 0

�
float t = 1.0f; // 1/i!

� Â
float e = 1.0f; // i-th approximation of e

�
�

� Á
std::cout << "Approximating the Euler constant ...\n";

���
// steps 1,...,n

���
for ( unsigned int i = 1; i < 10; ++i) {



�&	��+	�� �	��� ��� ��� ���v� ��� �z� � � � � 
 �$#b@

� Ã
e += t /= i; // compact form of t = t / i; e = e + t

��	
std::cout << "Value after term " << i << ": " << e << "\n";

� 

}

���

���
return 0;Á©Â

}
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Approximating the Euler constant ...

Value after term 1: 2

Value after term 2: 2.5

Value after term 3: 2.66667

Value after term 4: 2.70833

Value after term 5: 2.71667

Value after term 6: 2.71806

Value after term 7: 2.71825

Value after term 8: 2.71828

Value after term 9: 2.71828
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2.5.2 Mixed expressions, conversions, and promotions
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2.5.3 Explicit conversions
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2.5.4 Value range
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// Program: diff.CÁ
// Check subtraction of two floating point numbers

�

�
#include <iostream >Ã

	
int main()



{

�
// Input

�
float n1;

� Â
std::cout << "First number =? ";

�
�
std::cin >> n1;

� Á
���

float n2;
���

std::cout << "Second number =? ";
� Ã

std::cin >> n2;
��	

� 

float d;

���
std::cout << "Their difference =? ";

���
std::cin >> d;Á©ÂÁ �
// Computation and outputÁ©Á
std::cout << "Computed difference - input difference = "Á �

<< n1 - n2 - d << ".\n";Á �
return 0;Á©Ã

}
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First number =? 1.5

Second number =? 1.0

Their difference =? 0.5

Computed difference - input difference = 0.
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First number =? 1.1

Second number =? 1.0

Their difference =? 0.1

Computed difference - input difference = 2.23517e-08.
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Requirements for the arithmetic operations.
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Adding numbers of different sizes.
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// Program: harmonic .CÁ
// Compute the n-th harmonic number in two ways.

�

�
#include <iostream >Ã

	
int main()



{

�
// Input

�
std::cout << "Compute H_n for n =? ";

� Â
unsigned int n;

�
�
std::cin >> n;

� Á
���

// Forward sum
���

float fs = 0;
� Ã

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

fs += 1.0f / i;
� 


���
// Backward sum

���
float bs = 0;Á©Â
for ( unsigned int i = n; i >= 1; --i)Á �

bs += 1.0f / i;Á©ÁÁ �
// OutputÁ �
std::cout << "Forward sum = " << fs << "\n"Á©Ã

<< "Backward sum = " << bs << "\n";Á 	
return 0;Á 


}

Program 13:
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Compute H_n for n =? 10000000

Forward sum = 15.4037

Backward sum = 16.686
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Compute H_n for n =? 100000000
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Forward sum = 15.4037

Backward sum = 18.8079
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2.5.8 Details

Other floating point number systems.
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IEEE compliance.
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float b = 16777216.0f; // 2^24

float a = 8388607.0f; // 2^23 - 1

float c = 8388609.0f; // 2^23 + 1

std::cout << b * b - 4.0f * a * c << "\n";
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float b = 16777216.0f; // 2^24

float a = 8388607.0f; // 2^23 - 1

float c = 8388609.0f; // 2^23 + 1

float bb = b * b;

float ac4 = 4.0f * a * c;

std::cout << bb - ac4 << "\n";
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�:]1������F^F^�����|�e��P )o�1�m�
int

� ���$
/�������

std::numeric_limits<float>::radix β

std::numeric_limits<float>::digits p

std::numeric_limits<float>::min_exponent e ����� + 1

std::numeric_limits<float>::max_exponent e ����� + 1

� �
�����_
�� � )^� 
O)
std::numeric_limits<float>::min()

3��1��F �
��� ����fb�_)����
F^�_
/	�	��>FG)
float

f/
/	�,��?� sE�>`$
/,�F^����P )�����F^����� s9��) � )^�9��F F^�_
/	�	���FG)!f/
/	�,��8��F F^���8�9	�� )����������b
�)���fb� ��P7)^�9�
	N
��^����FG)7f�
�	�,��g� �=s9,�)7)����"F^�_
/	�	��>FG) �������_
/	�� � ��3 L=��./1[�01[F&� f/
/	�,����

Special numbers.
� � �9
�fb�.������)^��������3�)��9
�)X)^�9� �9�b
�)^����� �E������)XFG�1FG)�����F&�����>F^`>����sm��3 s��a)����

d 242n2 FI)�
/��39
���3 @�0/A�`�����)�
/��� F^����� FG�m��`��N
/	 �1,��.sE�>��F<� )��������T����`���39���9� ,9FG��FT�:]H�E��������)Df�
�	�,���F
)��9
�)h3�� ����)Z�1`�`�,=�Z���a�������_
/	�� � ��3_�1,��.sE�>��F>�
CT�a)^�9� �����"�9
/��3��=)����>���"
����T)���� )J�/�
��:!'A�+ Z1�
��,) �1,��.sE�>��Fh��P )^�9� PN�����

�
d0.d1 . . . dp−1 � βe 
�� 
 ,

'X� )��
d0 = 0

� V~39�>�9���^�_
/	�� � �>3 ��,9�.sE�>� �9
/F"F^�_
/	�	��:� 
�s9F^��	�,=)�� f�
�	�,��+)��9
/� 
/��� �������_
/	�� � ��3
�1,��.sE�>�$�4de��� 
��G)���`�,�	N
�� �

0
��F&
.3����������_
/	�� � ��3_�1,��.sE�>�$�

gh������)����>�!FG�E��`>�N
/	k��,��+sE�:��F!`$
��9����) �^�$
/	�	�� sE� `$
/	�	��>3 �1,��+sm�>��F�� gh���>�^��
���� f/
/	�,���F �^�>� �
����FG����)����9�

+∞ 
/��3
−∞ � 
/��3 )����>� 
���� ���>)�,=������3 s1� �Ofb�>� � �('X���9�����E�>��
�)^������F��
gh����� )����>���


����DFG�>fb�>��
/	mf/
/	�,���Fk`$
/	�	��>3
NaN

F��ePN��� �G����)7
"�1,��+sm�>���+� )^� 
O)7
����X���:)�,=������3
s��8���E�:��
�)�������Fk'&��)��
,���39�:W ����35�^��F^,�	�) �n	����b�_)�
 �H���9� )�����F ��,9
���� �^�1��) ��PD
 �����b
�)^��fb� ��,��+sE�:�$�5g7������3��$
-sE��������3
)�����F^�Xf/
/	�,���F ��Fk)�� �����(fH��3��D��������� � ]=��s9��	�� )v�+����3��$
�	������!'X� )����:]=`>�>��)������9
/	 FG��)�,9
�)�������F�� de�9FI)��$
/3
��P F^���8�9	�� 
�sE���G)������ )���� ����������
�� 'X����� F^�����"���E�>��
�)^�����-P 
/��	�F � ��)&�_
 �b��FXF^�>�9FG�.)^�8���>)�,=��� 
/�
�:]H`��>��)������9
/	7f�
�	�,���� g7�9��`$
/	�	��:� ��P&)^�9� ���E�>��
O)������5`$
��5)������ 3���`���3������('c)�� 3��$
/	7'X��)^�|)����
F^��)^, 
O)������{�

2.5.9 Goals

Dispositional.
V7)7)�����F7�E������) �1�b��,aFG�9��,�	�3?�����

�g� �H���('t)���� �9�b
�)^�����
�E������) ��,��+sE�:�")o�1�m��F
float


��93
double

� 
/��3 )��9
�)!)����>� 
���� �������
�������>��
/	{)��9
/� )^�9� ����)�������
/	E)o�1�m��F<�

����,��93��>�^FG)�
/��3y)����-`�����`��>��)_��P!
 �9�b
�)^�����?�E������)8�1,��.sE�>��FI�HFG)��>� �&
/��3���� � 
��^)���`>,9	�
��8��)^F

/3=f�
/��)�
/����Fh�(fb�>�D
 W=]=��3��m������)h�1,��.sE�>�hFG�1FG)����?�

;�� �H���('[)��9
�)Z)����.d 2n242 FG)�
/��3 
O��3 @�0/A�3���F^`>��� sE��FXFG�m��`���W9` �9�b
�)����9�+�E������)X�1,��.sE�>�&FG�HFG)^����F
,9FG��3 
/Fh���13���	�F PN���

float

��93

double
���a�_
/���8�9	N
�)�PN���^��F<�

A+� �H���('w)^�9�T)��=����� � 	��b
O)������ M ������)hV&��� )������>)���`T�T,���3���	�������F<�
0��8sE�.
�'h
���� )��9
�)T`>���8� ,=)�
O)�������FZ����fb��	�f1����� )���� )o�1�E��F

float

��93

double
�_
��a3���	���fb�:�T��� �

�:]�
/`:)&����FG,9	 )�F �=����FG)�	 ��3�,9� )��+�9��	���FZ��� )����"f/
/	�,��T��
/�������



�&	��+	�� �	��� ��� ��� ���v� ��� �z� � � � � 
 � ��;

Operational.
de��� 
��^)���`�,�	N
�� ���b��,-F^����,9	�3 sE�"
�s9	��D)����>�$�

�o�+�g�_�:f�
/	�, 
O)��-�:]H�����>F^F^������F_����fb��	 fH�����?)���� 
���� )������>)���`_)o�1�E��F
int

�
unsigned int

�
float
/��3

double
�

�o� ���_`>���8� ,=)��X)^�9� s9���9
��^�����>�����>F^����)�
�)������ ��Px
+��� fb��� ����
/	 ��,��+sE�:�!�
�o� ;��_`>���8� ,=)�� )���� �9�b
�)������+�E������)&�1,��.sE�>�X���$
O����FG)X)^�_
 ����fb���-���$
�	 �1,��.sE�>� �9'X��)^������FG�m��`>)

)�� 
.W9����)�� �9�b
�)����9� �E������)7�1,��.sE�>�hFG�1FG)����?�
�o�TA+��'7��� �
'&��)�� 
+��� fb�����9�b
�)������ �E������)h�1,��+sm�>�hFG�HFG)^���?�
�o�"0����^��`�������� � �",9F^
/���"��P � �b
O)������+�m������)h�1,��.sE�>��F7)��9
�)hfH����	�
�)���Fh
/������P )^�9�T)��=����� � 	��b
�)^�����

M ������)ZV&����)������>)^��`D�T,9��39�>	�������F<�
�o� R���'Z����)��D����������
���F )��9
�)7�E�>��PN�����J`����8�9,=)�
�)������9F '&��)�� �9�b
�)������ �E������)Z��,��+sE�:��F��

2.5.10 Exercises

Exercise 50
� F��+ ~�t�+��� �657�GST�� [ D��uv1"�7N}�,sgLM:<�!././12���M.|.<���qLt{,;!V�{2.<���qLM-I�J�/����:/)�1[�7NH�����657�x�/���M{

F&�<:g.�12��� :!�C �<. � S 'j1Us$��) �,sgLM:<�!././12���M.T� � �y�+.<.��C'I��� �P�Q�+�01[�7N�L=��1"�M�j:<�2LM:<�<.Q�<�M�2�+�012���
�J�/����:/)�1[�7N|���I# �v��� � � � -R�65C�+�\1[./-

float
����:!:<�!.qL7����)+.j���

F � (2, 24, −126, 127)
����) )J���C{

;g D�|�/��:!:<�<.qL=����)+.?���
F � (2, 53, −1022, 1023)

� � �I�+ ~.Q�@�+.<./�h'I�j�65C�+�
32

;!10�6.A��:/�?�7.Q�,)����
:<�2LM:/�!.Q�<�M�

int
Fd�+ Z� �<.T� i �]k<o


��
6 / 4 * 2.0f - 3

sC�
2 + 15.0e7f - 3 / 2.0 * 1.0e8

`!�
392593 * 2735.0f - 8192 * 131072 + 1.0

3h�
16 * (0.2f + 262144 - 262144.0)

Exercise 51
� ��']LM�7���K�657��;<1[����:!V �,sgL7���M.�12���M.G� SK�657�vSQ�� " ��u�1"�7NA)J���<1['��+ 4�=�h'A;/�<:g.T�

�!o
0.25

;�o
1.52

�2o
1.3

)!o
11.1

i � �
o

Exercise 52
�
��:X�657�c�=�C'�;<�<:g.\1"� � sJ�<:<�<1[.Q� �hk�-�����'KLM�C���W�
����:<�!./� �P�Q�+�01[�7N\L=��1[�M�f�=�h'A;<�/:g.

1[� �657�z./V�.<���<'j. � � (2, 5, −1, 2)
����) �

(2, 5, −1, 2)
� i � �To

Exercise 53
� 5C�+�R��:<�K�657�B U��:2NY�<.<�R����)E./'A�+ " �!./� �E��FG��)���fb� �
��:!'��+ ~1 
���)E./1[�7N� D�G����)A)J���t;g �

LM:<���<10./1q��� �\�T�+�01[�7N]L=��1[�M�a�=�h'A;/�<:g./-��J�/����:/)�1[�7N ���E�657�K# �v��� .<�2����)Y��:�) � � � � i � � o

Exercise 54
� ��uw'A���=V �\�Q�+�01"�7NWL=��1[�M� �=�h'A;<�/:g.B)J�G�657�W./V�.<���<'E. � � (β, p, e ����� , e ����� )

����)
�

(β, p, e ����� , e ����� )
�����M�2��1[� � i � � o

Exercise 55
� ��']LM�7���K�657�KF��+ ~�*�j� SX�657�BF���:!1q�Y;g D�

d
� S<���<:B�657�^)J�/�< D��:/�+�01q����.<�2�+���<'A�<�M�

float d = 0.1;
�X.<.��C'I�]�657�K# ���v� .<�2����)Y��:/) � � � � i � �To



� �/A ������� ����� �&	�� �]���a�v� �
� ��� 


Exercise 56
� 5C�+��10.]�657�Ei L=�����<�M�01q�+ o]LM:<�&;g D�<' u�1[�65O�657��ST�� [ D��u�1[�7Nj �
�<L � �o�!0��

for (float i = 0.1; i != 1.0; i += 0.1)

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

Exercise 57
� 5C�+��10.]�657�Ei L=�����<�M�01q�+ o]LM:<�&;g D�<' u�1[�65O�657��ST�� [ D��u�1[�7Nj �
�<L � �o�!0��

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

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

Exercise 58
� :!10��� ��LM:/�/N�:/��' �65C�+�]���C� LM�7�6.9ST��:���N�1[Fd�<� )J���<1['��+ �1[�&LM�C�R�=�h'A;<�/:

x
-

0 <

x < 2
-f10�6.c�
��:!'��+ ~1 
���)

float
Fd�+ Z� �3����Vh���h:9Lt D�+� ST��:!'A� p 57�3���7� LM�7��.<57���C D) �����M�2��1[� �657�

i�;!1"����:!V oj)�1"N�1[�6.B� Sc�657�X./1 N��=1 
 �,����)�- .<�2��:g�01"�7NGuv1[�65
1
-a����)��657�Gi�)J���<1['��+ oE�,sgL=���
�<�M�2�?�����

'A��V@�+././�C'A�^�65C�+�\�657� �P�Q�+�01[�7N�L=��1[�M�P�=�C'A;/�<:?./V�.<���<' �h��)J�<:g ~V+1[�7NO�657�j�0VgL=�
float

5C�+.
;/�+.T�

β = 2
� i � �ToJi �]n/o

Exercise 59
� :!10��� �^LM:<��N�:/��' �65C�+�\���!.<�6.Guv57�!�657�<:��AN�1"F&�<�yFd�+ ~�*�A� SG�0VgL=�

double
10.E�J�!{

�0�*�+ " ~V ��� 1[�M��� NY�<:!-9����)����!.<�v�657�9LM:<�/N
:/��' u�10�65?Fd��:!1q���7.\1"�&LM�7�6.c Z10�d�
0.5

-
1
-
1234567890

-
1234567890.2

�]8=1"'KLt ZV������=F&�<:g�01"�7NI���A� Fd�+ ~�*�j� SK�0V L7�
int

����)|�<57�/�!�Q1"�7N uv57�!�657�<:G�65&10.
�!5C���7NY�<.W�657�WFd�+ ~�*�B)J�
�!.P�
����u`��:g�z1"�ONY�<�
�<:/�+ Z-v./1[�
���X�657�\N�1"F&�<��Fd�+ ~�*�c'j1 N�5Y�a;<�3���|1"�M���!{
NY�<:3���C�6./1q)J�P�657�cFd�+ Z� �P:/���7NY�3� S

int
�E����� 'A��V?�+.<.��C'I�P�65C�+� �657� �P�Q�+�01[�7NPL=��1[�M�f�=�h'A;<�/:

./V�.<���<' �C��)J�/:g ~V+1[�7NE�657�z�0VgL=�
double

5C�+.3;��+.Q�
β = 2

� i � �ToJi �Kn/o

Exercise 60
p 57�?�=�h'A;/�<:

π
�,��� ;/�O)J� 
 �
��) �65&:<���hN�5xF���:!12���7.^1[� 
 �=10��� .��C'j.T� � �<:/�O��:<�

�0u`�O� SX�657�<'��

π

4
= 1 −

1

3
+

1

5
−

1

7
+ �����

π

2
= 1 +

1

3
+

1 � 2

3 � 5
+

1 � 2 � 3

3 � 5 � 7
+ �����

� :!10���I�jLM:<�/N�:/��' SQ��:A�/��'KLM�C�01[�7N@��� �!LYLM:<�Ts+1['��+�012��� � S
π
-K;��+.Q��)x���H�657�!.Q�cST��:!'j�7 U�+.T�

� 5&12�!5]SQ��:!'^�7 U�j1[.G;/�!�6���<:�SQ��:B�65C�+� LM�C:�L7��.Q� � i �]n/o

Exercise 61
p 57�/:<� 10.I��u`�! [ ~{2�Q�
��u�� 1[���<:/�+�01"F&�3LM:<�
�/�,)��C:<� i��657� 
 
�s��H	������N
/� ���:)����13 ozST��:

�/��']LM�7�01"�7N��657�O. � �*��:<�A:<�
���E� S|�OL=��.�10�01[Fd�I:<�,�+ R�=�h'A;<�/:
s
� 8M�2��:g�01[�7NES/:<��' ���=VxFd�+ ~�*�

x0 > 0
-vu`�^�/��'KLM�C�����E.Q� � � �<�
���

x0, x1‘, x2, . . .
� SXFd�+ Z� �<.G�J���/��:/)�1"�7N ���E�657��SQ��:!'j�C D�

xn =
1

2
(xn−1 +

s

xn−1

).

# �P�,���H;<�B.<57��u��@�65C�+�
	����

n→∞
xn =

�
s.

� :!10���X�`LM:<�/N�:/��'
babylonian.C

�65C�+�4:<���Y)+.`1[�A�657�`�=�C'�;<�<:
s
����)^�/��']LM�7���!.c��� �!LYLM:<�Ts�{

1['��+�012��� � S �
s
�7.�1[�7NI�657�Eb\�Y;!V� ���=1 ����'A�!�657�Q)Y� p � ;<�I�/���
�<:<�<���<-X�657�KLM:<��N�:/��' .<57���7 U)

���7� LM�C�a�657� 
 :g.<�a�=�h'A;<�/:
xi

./� �<5I�65C�+� i �]n/o

|x2
i − s| < 0.001.
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Exercise 62
� :!10���W�`LM:<�/N�:/��'

fpsys.C
���]F
10.��*�+ Z1�
��\�]�
��:!'��+ ~1 
���) �\�T�+�01[�7N�L=��1"�M���=�h'A;<�/:

./V�.<���<' � � (2, p, e ����� , e ����� )
� p 57� LM:/�/N�:/��' .<57���7 U)c:<�,�Y)]�657� L7��:���'I�!���<:g.

p
-
e �����

-�����)
e ������+.G1[�&LM�7�6. ����)3SQ��:A���J�!5�L=��./10�01"F&�j�=�h'A;/�<:

x
S/:<��' � � (2, p, e ����� , e ����� )

)�:���u �@�<1[:<�< �O� S
:/�Y)�1"�7.

x
��:<���h��)z�657�]��:!1"N
1[��� �4.Q�R�657�P ~1 ;!:/��:!V

libwindow
�65C�+� 10.c��Fd��1[ D�Y;! �W�+���657�]�/���h:g.Q�

57��'I�qL7��NY�E��� �<:<���+���^N�:/�!Lt5&12�,�+ ����7� LM�7�2� �4.Q�^�657�KLM:<��N�:/��' ���IF&�<:!1 S�V �657�j�=�h'A;<�/:g.jVh���
�/��']LM�7���,)?1[� � s$�/:<�<10.T� � � � i � � oJi �Kn/o

2.5.11 Challenges

Exercise 63
p 57� �a
/��3���	�s�����)nF^�>) 10.X��./�*;!.Q�!�9� SP�657�3�/��'KLt D�,s]Lt U���
�W�65C�+�a;<������'A�RL=�<LM�C D��:

�65&:<���$N�5 1[�6. P���
/`>)�
�	 ./5C�!L=�?����)O�657��;<�����C�01 S��7 �)�:/��u�1"�7N�.�� SG1[�2��bc�! ��u Vh���x.Q���j�657�^.Q�!�Q% .
�_
/���
`$
��^39������3 ����)A�I)J�!�2��1[ f� SX10�R�+��'j� �<5A5&1 N�57�<: 
+�
��' .Q���+ D�Q�

p 57� � ����)J�! U;!:<���P.Q�!��10.j)J� 
 �
��)��+.9SQ�� [ D��uv.T� �
��:
c �

� -�u`���/���M./1 )J�<:��657��.Q� � �*�<�
�/�
z0(c), z1(c), . . .

� S3����'KLt D�,s �=�h'A;/�<:g.]N�1"F&�<��;<V
z0(c) = 0

����)

zn(c) = zn−1(c)
2 + c, n > 0.

p 57�<:<�K��:/�c�0u`�?���+.Q�<. 
W�<1[�657�<:
|zn(c)|

�
2
SQ��:K�+ " 

n
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Exercise 64
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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.
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�
// Program: eratosthenes.CÁ
// Calculate prime numbers in {2,...,999} using

�
// Eratosthenes’ sieve.

� Ã
#include <iostream >

	



int main()

�
{

�
// definition and initialization: provides us with

� Â
// Booleans crossed_out[0],..., crossed_out[999]

�
�
bool crossed_out[1000];

� Á
for ( unsigned int i = 0; i < 1000; ++i)

���
crossed_out[i] = false;

���

� Ã
// computation and output

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

� 

for ( unsigned int i = 2; i < 1000; ++i)

���
if (! crossed_out[i]) {

���
// i is primeÁ©Â
std::cout << i << " ";Á �
// cross out all proper multiples of iÁ©Á
for ( unsigned int m = 2*i; m < 1000; m += i)Á �

crossed_out[m] = true;Á �
}Á©Ã

std::cout << "\n";Á 	Á 

return 0;Á �

}
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Iteration by random access.
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Iteration by pointers.
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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
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int i = 5;

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

The dereference operator.
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int i = 5;

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

int j = * iptr; // j == 5
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The null pointer.
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int* iptr; // uninitialized pointer

int j = * iptr; // trouble!
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2.6.7 Array-to-pointer conversion
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int a[5];

int* begin = a; // begin points to a[0]
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int* begin = &a[0]; // address of the first element
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bool* begin = crossed_out; // pointer to first element
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2.6.8 Pointer arithmetic
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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
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for (bool* p = begin; p != end; ++p)
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Pointer subscripting, or the truth about random access.
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// Program: eratosthenes2.CÁ
// Calculate prime numbers in {2,...,n-1} using

�
// Eratosthenes’ sieve.

� Ã
#include <iostream >

	



int main()

�
{

�
// input

� Â
std::cout << "Compute prime numbers in {2,...,n-1} for n =? ";

�
�
unsigned int n;

� Á
std::cin >> n;

���

���
// definition and initialization: provides us with

� Ã
// 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;

���Á©Â
// computation and outputÁ �
std::cout << "Prime numbers in {2,...," << n-1 << "}:\n";Á©Á
for ( unsigned int i = 2; i < n; ++i)Á �

if (! crossed_out[i]) {
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Á �
// i is primeÁ©Ã
std::cout << i << " ";Á 	
// cross out all proper multiples of iÁ 

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

crossed_out[m] = true;Á �
}

� Â
std::cout << "\n";

� �

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

�
�

� �
return 0;

� Ã
}
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The new expression.
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// Program: string_matching.CÁ
// find the first occurrence of a fixed string within the

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

� Ã
#include <iostream >

	



int main ()

�
{

�
// search string

� Â
char s[] = "bool";

�
�

� Á
// determine search string length m

���
unsigned int m = 0;

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

� Ã
��	

// cyclic text window of size m
� 


char* t = new char[m];
���

���
unsigned int w = 0; // number of characters read so farÁ©Â
unsigned int i = 0; // index where t logically startsÁ �Á©Á
// find pattern in the text being read from std::cinÁ �
std::cin >> std:: noskipws ; // don’t skip whitespaces!Á �Á©Ã
for ( unsigned int j = 0; j < m;)Á 	

// compare search string with window at j-th elementÁ 

if (w < m || s[j] != t[(i+j)%m])Á �

// input text still too short , or mismatch:Á �
// advance window by replacing first character
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� Â
if (std::cin >> t[i]) {

� �
std::cout << t[i];

� Á
++w; // one more character read

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

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

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

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

� 


�
�
std::cout << "\n";

�
�
delete [] t;

� Â
return 0;

� �
}

Program 16:
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// 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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2.6.11 Multidimensional arrays
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Dynamic allocation of multidimensional arrays.
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Pointers to arrays.
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int n = 2;

int (*p)[3] = new int[n][3]; // type of *p: int[3] <=> p: int [3]*
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Arrays of pointers.
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// a points to the first element of an array of n pointers to int

int** a = new int*[n];

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

// a[i] points to the first element of an array of m int’s

a[i] = new int[m];
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// main loop: find and label cells reachable in i=1,2,... steps

for (int i=1;; ++i) {
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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;

}

ÆÈÇµÉ¿ÊÌËÂÇµÉ�ÍÏÎ�ÐÑÍ�ËÂÒÓÊ�ÔÕËÂÇµÉ
main
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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];

O ÉIPôË¬í¯æ¹ÉïÍÂÉ³Ð�è ËÂÇµÉRQÚÊôÊÌÍ ÎÚá×Ð�Ø¿ÔÜÍÂÊ�Þ Ò�ËäÐ�ØµèÚÐçÍÂè ÛñØµÎÚÖ«Ë¬éTS É·ÐçÒ�Ò�ÖµÞßÉ ËÂÇÚÐçËÃÛñËÃÛÜÒ å�ÛVU�É³Ø¿ÍÂÊÑæòæ ÛÜÒîÉ
Ð�Ò�Ð Ò�ÉXWôÖµÉ³ØµÙ³É Ê�Ô

nm
ÙäÇÚÐçÍäÐ�ÙÄËÂÉ�ÍÂÒ³íÃæ ÇµÉ�ÍÂÉ

’S’
Ð�Øµè

’T’
Ò�ËäÐ�Øµè�Ô×ÊÌÍ�Ò�Ê�Ö«ÍÂÙ³É�Ð�Øµè ËäÐçÍ�å�É�Ë¬í

’X’ÍÂÉ�ÎµÍÂÉ�Ò�É³Ø Ë�Ò Ð�æÈÐ�áñá�í Ð�Øµè
’-’

Ð�Ø É�ÞÀÎÚË ì Ù³É³áÜá�é½Æ¹ÇÚÉ®ÛÜØ«ÎÚÖ«ËZYÚáÜÉßÔ×ÊÌÍ¿Ê�Ö«Í ÛÜØµÛñËÂÛ×Ð�áÃÉIP«Ð�ÞÀÎÚáÜÉÀÔÜÍÂÊ�Þ
[ ÛÜå�Ö«ÍÂÉ ��\ æ¹Ê�ÖµáÜè ËÂÇµÉ³ØóáÜÊ Ê ] Ð�ÒÈÛÜØ [ Ûñå�ÖµÍ�É ���

ê�ÔôÊÌËÂÇµÉ�Í¾ÙäÇÚÐçÍäÐ�ÙÄËÂÉ�ÍÂÒ¡ÐçÍÂÉÃÔ×Ê�ÖµØÚèãÛÜØãË�ÇÚÉ ÛÜØ«ÎÚÖ«Ë�^�ÊÌÍ¾ÛÜÔ�ËÂÇµÉÕÛÜØ«ÎÚÖ«Ë ÎµÍÂÉ³Þ®ÐçËÂÖ«ÍÂÉ�áñì�_ É�Ù³Ê�ÞßÉ³Ò¤É³ÞÀÎµË ìa`Äí
æ¹Éàå�É³ØµÉ�ÍäÐÑËÂÉàÉ³ÞÀÎµË ìóÙ³É³áñáÜÒ³é�S¼ÇµÛÜáÜÉâÍ�É¬Ð�èµÛÜØµåÀËÂÇµÉZQÚÊôÊÌÍ ÎÚá×Ð�Ø¤íÚæ¹ÉëÎ Ö«Ë Ë�ÇÚÉ ÐÑÎÚÎµÍÂÊÌÎµÍÂÛÜÐçËÂÉâÛñØ ËÂÉ³å�ÉÄÍÂÒ
ÛÜØ¯ËÂÊ¿Ë�ÇÚÉÏÉ³Ø¯Ë�ÍÂÛÜÉ³ÒÈÊ�Ô

floor
í ÐçØÚè æ¹ÉÏÍÂÉ�ÞßÉ³Þb_�É�ÍïËÂÇµÉÏËÂÐçÍÂå�É�ËÈÎ Ê�Ò�ÛñË�ÛÜÊ�Ø Ô×ÊÌÍòá×ÐçË�É�Í¬é

// 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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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;

}

O Ê¦æ æ¹ÉãÐ�èµè�ËÂÇµÉÏÒ�Ö«Í�ÍÂÊ�ÖµØµèµÛÜØµå¿æÈÐ�áñáÜÒ¹Ð�ÒÈÒ�É³Ø Ë�ÛÜØµÉ³áÜÒ³é
// 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;

O ÉIPôË Ù³Ê�ÞßÉ�Ò¾ËÂÇµÉÃÞ®Ð�ÛÜØÏáÜÊôÊÌÎãËÂÇÚÐçË¤æ¹ÉÕÇÚÐXU�É ÐçáñÍÂÉ¬Ð�è«ìÓèµÛÜÒ�Ù�ÖÚÒîÒ�É³è Ð _ Ê�U�ÉÌé ê»Ë á×Ð _ É³áÜÒ¾Ð�áÜáÌÍ�É¬Ð�ÙäÇÚÐ _ÚáÜÉ
Ù³É³áñáÜÒ³íÑÒ�ÊÈË�Ç ÐÑË¾æ¹ÉÃÊ _µËäÐ�ÛÜØãÐïá×Ð _ É�áÜÛÜØµå¹Ð�Ò¤ÛÜØ [ ÛÜå�Ö«ÍÂÉ ��� é [ ÍÂÊ�Þ ËÂÇµÛÜÒ¤á×Ð _ É³áñÛÜØµå«í�æ¹ÉÕÞ¿ÖµÒîË¤ØµÊÑæ ÉGP¥Ë�ÍäÐçÙ�Ë
ËÂÇµÉ·ÒîÇÚÊÌÍîËÂÉ³ÒîËÕÎ�ÐÑËÂÇÀÔÜÍÂÊ�Þ

S
ËÂÊ

T
é�� ÒÕÉIP¥ÎÚá×ÐçÛÜØµÉ³èÀÐ _�Ê U�ÉÌí¯ËÂÇµÛÜÒÃÙ¬Ð�ØL_ ÉòèÚÊ�ØµÉ�_ôì�Ô×Ê�áÜáÜÊ¦æ ÛÜØµåÏÐãÙäÇÚÐ�ÛÜØ

Ê�Ô Ðçè���Ð�Ù�É³Ø ËÏÙ³É³áñáÜÒ æ ÛñË�Ç½èµÉ³Ù�Í�É¬Ð�Ò�ÛÜØµå á×Ð _ É�áÜÒ³é [ ÊÌÍãÉ U�É�Í�ì Ù³É�áÜá Ê�Ø½ËÂÇµÛÜÒ Î ÐçËÂÇ�^�ÉIP¥Ù³É�ÎµË
S
`Äí�æ¹ÉàÎÚÖ«Ë

ËÂÇµÉ ÛñØ ËÂÉ³å�ÉÄÍ
−3

ÛÜØ ËÂÊ ËÂÇµÉ Ù³ÊÌÍîÍÂÉ³ÒîÎ Ê�ØµèµÛÜØµå
floor

É³Ø¯Ë�Í�ì�� Ë�ÇÚÛñÒâÐ�áñáÜÊÑæ·ÒÓÖÚÒÏËÂÊóè«ÍäÐ³æ ËÂÇµÉ�Î ÐçËÂÇ ÛÜØ
ËÂÇµÉàÒ�Ö _ÚÒ�ÉXW ÖÚÉ�Ø ËÓÊ�Ö«Ë�ÎÚÖ«Ë¬é ê�Ô ØµÊÀÎ ÐçËÂÇ æÈÐ�Ò Ô×Ê�ÖµØµè ^»ÊÌÍ ÛÜÔ ËÂÇµÉ�ÍÂÉëÛñÒ ØÚÊÀËÂÐçÍÂå�É�ËG`´í ËÂÇµÉ _ Ê è«ìóÊ�Ô ËÂÇµÉ
while

ÒîËäÐçËÂÉ�ÞßÉ³Ø Ë¹ÛÜØ ËÂÇµÉãÔ×Ê�áÜáñÊÑæ·ÛÜØµåàÙ³ÊôèµÉÏÔÜÍäÐ�å�ÞßÉ³Ø¯ËòÛñÒ ^�Ù�ÊÌÍ�ÍÂÉ³Ù�Ë�áñìa`ïØµÊÌËòÉGP«É³Ù³Ö«ËÂÉ�è ÐçË ÐçáÜá�é
// 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)

} [ ÛÜØÚÐ�áÜá²ì�í�ËÂÇµÉ Ê�Ö«Ë�ÎÚÖ«Ë�� æ¹É�Þ®ÐçÎ½ËÂÇµÉ�ÛñØ ËÂÉ³å�ÉÄÍâÉ³Ø¯Ë�ÍÂÛÜÉ�ÒãÊ�Ô
floor

_ Ð�Ù ] ËÂÊ�ÙäÇÚÐçÍäÐ�ÙÄËÂÉ�ÍÂÒ³í¾æ ÇµÉ�ÍÂÉ
−3

_�É³Ù³Ê�ÞßÉ³Ò
’o’

í Ê�Ö«ÍÈÎ�ÐÑËÂÇóÒîìôÞb_ Ê�á»é�ê�ØµÒ�É�ÍîËÂÛÜØµå
’\n’

ÐçËÈËÂÇµÉãÍÂÛñå�Ç Ë¹ÎÚá×Ð�Ù³É³Ò�íÚæ¹ÉÏÊ _µËäÐ�ÛÜØ�Ð�Ù³ÊÌÎ ì
Ê�Ô�ËÂÇµÉòÛÜØ«Î Ö«Ë�QÚÊôÊÌÍ¬í�æ ÛñË�Ç�ËÂÇµÉ·ÒîÇÚÊÌÍîËÂÉ³ÒîËÕÎ�ÐÑËÂÇ®ÐçÎµÎ É¬ÐçÍ�ÛÜØµåãÛÜØÀÐ�èµèÚÛ²ËÂÛÜÊ�Ø¤é"S É·Þ¿ÖÚÒ�Ë Ð�áñÒ�ÊâØµÊÌË Ô×ÊÌÍ�å�É�Ë
ËÂÊ�èÚÉ�áÜÉ�ËÂÉÓËÂÇµÉãè«ìôØ ÐçÞßÛÜÙ¬Ð�áÜá²ìÀÐ�áñáÜÊôÙ¬ÐÑËÂÉ³è ÐçÍ�ÍäÐ³ì¥ÒÈÛÜØ�Ë�ÇÚÉÏÉ³Øµè¤é
// 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;

ê�ØóÙ¬Ð�ÒîÉâÊ�Ô Ê�Ö«ÍòÛÜØµÛñËÂÛ×Ð�á�ÉIPµÐ�ÞÀÎÚáÜÉ�íôËÂÇµÉãÊ�Ö«Ë�ÎÚÖ«ËòáÜÊôÊ ]ôÒÈáñÛV]�ÉãÛñØ [ ÛÜå�Ö«ÍÂÉ ��� é�� ÍÂÊ�åÌÍÂÐ�Þ ��� Ò�ÇµÊÑæ·Ò
ËÂÇµÉÏÙ³Ê�ÞÀÎÚáÜÉ�ËÂÉ Ò�Ê�Ö«ÍÂÙ�ÉâÙ³Ê èÚÉ�é

ooooooX -----

oXXX -oX-----

ooSX -oooooo -
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---X---X-T--
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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: ¢¤£³��Á�� � �³����£¦���¬�³� ¢�©¯�º��Å��

2.6.12 Beyond arrays and pointers
�·Í�ÍÂÐ¬ìôÒßÐçÍÂÉ U�ÉÄÍ�ì ÖµÒ�É³Ô×Öµá Ô×ÊÌÍ®Þ®Ð�Ø¯ì ËäÐ�Ò ]ôÒ®Ð�Øµè ÐçáÜáÜÊ¦æðÖµÒ Ë�Ê Ò�Ê�áVU�ÉóØµÊ�Ø ËîÍÂÛVU¥ÛÜÐ�áÈÎµÍÂÊ _ÚáÜÉ�ÞßÒ�áÜÛ ]�É
YÚØµèÚÛñØÚå Ò�ÇµÊÌÍ�ËÂÉ³ÒîËÓÎ ÐçËÂÇµÒ ÛñØ Ë�ÇÚÉëÎµÍÂÉIU¥ÛÜÊ�ÖµÒ Ò�É³ÙÄËÂÛÜÊ�Ø¤é [ ÍÂÊ�Þ Ð ËÂÇµÉ³ÊÌÍÂÉÄËÂÛÜÙ¬Ð�á¾Î Ê�ÛÜØ¯Ë Ê�Ô U¥ÛÜÉ�æâí ÐçÍ�ÍÂÐ¬ìôÒ



����� ������������� ����� ����������� � �����
ÐçÍÂÉÏÛÜØóÔªÐçÙ�ËòË�ÇÚÉÏÊ�Øµáñì®Ù³Ê�Ø¯ËäÐ�ÛÜØµÉ�ÍÂÒ¹ËÂÇÚÐçË¹æ¹ÉÏØÚÉ�É³è¤é

� Ø ËÂÇµÉÏÊÌË�ÇÚÉÄÍòÇÚÐ�Øµè¤í¥ËÂÇµÉ�ÍÂÉÏÐçÍ�ÉÓË æ¹Ê¿Þ®Ð�ÛÜØ®è«ÍäÐ³æ�_ Ð�Ù ]¥Ò¹Ê�Ô¡ÐçÍ�ÍäÐ³ìôÒÈËÂÇÚÐçËïæ¹É æÈÐ�Ø¯Ë¹ËÂÊ¿Í�É³Ù¬ÐçÎÚÛñË��
Öµá×ÐçËÂÉÓÇµÉ�ÍÂÉ�é

Arrays have fixed length.
� Ø¯ì¿ÐçÍ�ÍäÐ³ì�í�É U�É³Ø ÛÜÔ Û²Ë ÛÜÒ èµìôØÚÐ�ÞßÛÜÙ¬Ð�áñáñìãÐ�áÜáÜÊ Ù¬ÐçËÂÉ³è¤íÌÇÚÐ�ÒÃÐ�Y P«É³è�áÜÉ³ØµåÌËÂÇ¤é

ê�Ø®ÊÌËÂÇµÉ�Íïæ¹ÊÌÍÂèµÒ³í¯æ¹É Ç ÐXU�É·Ë�Ê�]ôØµÊÑæ  ³��¶ç��£³� èµÉ YÚØµÛÜØµåëÊÌÍ¹è«ì¥ØÚÐ�ÞßÛÜÙ¬ÐçáÜáñì Ð�áñáÜÊôÙ¬ÐÑËÂÛÜØµåâÐçØ ÐÑÍ�ÍäÐ³ìßÇµÊÑæÞ®Ð�Ø¯ì É³áÜÉ³ÞßÉ�Ø ËÂÒ æ¹É¿ØµÉ³É³è ËÂÊ ÒîËÂÊÌÍ�É¿ÛñØ ÛñË¬é � ÔÜË�É³Ø¤í¡ËÂÇµÛÜÒ ÛÜÒÓÖµØ«ÍÂÉ¬Ð�áñÛÜÒîËÂÛÜÙ�é [ ÊÌÍÏÉIPµÐ�ÞÀÎÚáÜÉ�í�ÛÜØ ÒîÊ�ÞßÉ
ÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�Ø æ¹ÉâÞßÛÜå�Ç ËÈØµÉ³É³è ËÂÊÀÒîË�ÊÌÍÂÉàÐ Ò�É WôÖµÉ³ØµÙ³ÉàÊ�Ô ÛÜØ«ÎÚÖµËòØôÖµÞ�_ É�ÍÂÒ�í _ÚÖ«Ë·æ¹ÉëèµÊ�Ø�� Ë�]¥ØµÊÑæ ÛÜØ
Ð�è U�Ð�ØµÙ³ÉãÇµÊ¦æ Þ®Ð�Ø¯ìßØôÖµÞ�_ É�ÍÂÒïæ¹É æ ÛÜáñá�å�É�Ë¬é�� Ë ìôÎÚÛÜÙ¬Ð�á��îÒ�Ê�áÜÖ«ËÂÛÜÊ�Ø
	àÛÜÒïËÂÊ¿è«ì¥ØÚÐ�ÞßÛÜÙ¬ÐçáÜáñì�Ð�áÜáÜÊ Ù¬ÐçËÂÉ
Ð U�É�Íîì á×ÐçÍÂå�ÉâÐçÍ�ÍäÐ³ì Ð�Øµè � ÖµÒîË ÇµÊÌÎ ÉëËÂÇÚÐçËòËÂÇµÉàÒ�ÉXWôÖµÉ³ØµÙ³É YµËÂÒ ÛñØ¾é·ÆÈÇµÉëÎµÍÂÊ _ÚáÜÉ³ÞßÒÈæ ÛñË�ÇóËÂÇµÛÜÒ Ð�Øµè
Ð _ É�Ë�ËÂÉÄÍ ^ _ÚÖ«ËÈÒîËÂÛÜáñá Ù³ÖµÞb_ ÉÄÍÂÒ�Ê�ÞßÉ�`�Ò�Ê�áñÖµË�ÛÜÊ�Ø�ÐÑÍÂÉâÊ�Ö«ËÂáÜÛñØÚÉ�è ÛÜØ�� P¥É�ÍÂÙ³ÛñÒ�É � � é

� ��ÍÂÉ³Ð�á
	 ÒîÊ�áÜÖ«ËÂÛÜÊ�Ø ÛÜÒ Î Ê�Ò�ÒîÛV_ÚáÜÉ ÛñØ������ Ë�ÇµÍ�Ê�ÖÚå�Ç ËÂÇµÉóÖµÒ�É�Ê�Ô D¥�Ä±¬����£¦� é¼Æ¹ÇÚÉ�Ò�É ÐçÍÂÉ�Ù³Ê�Ø��
ËäÐ�ÛñØÚÉÄÍÂÒòÔÜÍ�Ê�Þ ËÂÇµÉÏÒîËäÐ�ØµèÚÐçÍÂè�áÜÛV_µÍäÐçÍ�ì ËÂÇÚÐçË·Ù�Ê�Þb_ÚÛÜØµÉ ËÂÇµÉÏÙ³á×Ð�Ò�ÒîÛÜÙ¬Ð�á¾ÐçÍ�ÍÂÐ¬ì Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áñÛñË ì ^ºÐ�ØµèóÛñË�Ò
É � Ù³ÛÜÉ³ØµÙ�ì `ïæ·ÛñËÂÇ Ë�ÇÚÉÓÎ Ê�Ò�ÒîÛV_ÚÛÜáÜÛñË ìÀÊ�Ô¡åÌÍÂÊ¦æ ÛÜØµå ^ºÐ�Øµè�Ò�Ç«ÍÂÛñØa]ôÛÜØµå `�ÛÜØ�áñÉ³ØµåÌËÂÇ¤é��ÃÉ³ÙÄËÂÊÌÍÂÒÈÙ¬Ð�Ø _ ÉÏÛÜÞ��
ÎÚáÜÉ³ÞßÉ³Ø¯ËÂÉ³èßÊ�ØßËÂÊÌÎ Ê�Ô¾ÐçÍ�ÍäÐ³ìôÒ³í«Ð�ØµèßËÂÇµÉ�ìßÇÚÐXU�É Ò�Ê�ÞßÉ�ËÂÇµÛÜØµåãÒ�ÛÜÞßÛÜá×ÐÑÍÃË�ÊëËÂÇµÉ ÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ Ê�Ö«ËÂáñÛÜØµÉ³è
ÛÜØ���P«É�ÍÂÙ�ÛÜÒ�É � � �N_ÚÖÚÛñáñË ÛñØ�	«é��ÕÉ�Ù�ËÂÊÌÍÂÒ®Ð�áñÒ�ÊÝá×ÐçÍ�å�É³áñì�Í�É³ÞßÊ U�É ËÂÇµÉ ØÚÉ�Ù³É³Ò�Ò�Û²Ë ì Ê�ÔÓæ¹ÊÌÍ ]¥ÛÜØµåÝæ Û²ËÂÇ
Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ�é�S Éãæ·ÛÜáÜá�å�É�ËÈËÂÊbU�É³Ù�ËÂÊÌÍÂÒ ^ºÐ�Øµè Ë�ÇÚÉ�ÛñÍòÍ�É¬Ð�áÜÛ
�³ÐçËÂÛÜÊ�Ø `Õá×ÐÑËÂÉ�ÍÈÛÜØ Ë�ÇÚÛñÒ�_ Ê Ê ]�é

Arrays are insecure.
Æ¹ÇÚÉÈÖµÒÂÐ�å�ÉÈÊ�Ô�Ê�Ö«Ë���Ê�Ô�� _ Ê�ÖµØµèÀÐçÍîÍäÐ³ì�ÛñØÚèµÛÜÙ�É³Ò ÛÜÒ ØÚÊÌËÃèµÉ�ËÂÉ�Ù�ËÂÉ³èÀÛñØ������àíôÐçØÚè

ËÂÇµÉ·Ò�Ð�ÞßÉ¹ÇÚÊ�áñèÚÒÃÔ×ÊÌÍ�Î�Ê�ÛÜØ ËÂÉÄÍÂÒÃË�ÊëÐ�èµè«ÍÂÉ³Ò�ÒîÉ³Ò�æ ÇµÉ�Í�ÉòØµÊâÎµÍÂÊ�åÌÍäÐçÞ Ê _ � É³Ù�Ë�áÜÛVU�É³Ò³é�S¼ÛñË�Ç Ò�Ê�ÞßÉÈÙ¬ÐçÍÂÉ�í
ì�Ê�Ö Ù¬Ð�Ø æ·ÍÂÛñË�ÉëÒ�Þ®Ð�áÜá¾ÎµÍÂÊ�åÌÍäÐ�ÞßÒÈËÂÇÚÐçË ÖµÒ�É¿ÐçÍ�ÍäÐ³ìôÒÓÐ�Øµè Î Ê�ÛñØ ËÂÉ�Í�Ò ÛÜØ½Ð Ù³ÊÌÍ�ÍÂÉ�Ù�ËÏÞ®Ð�ØµØÚÉÄÍ¬í _ÚÖ«ËÓÛÜØ
Ù³Ê�ÞÀÎÚáÜÉIP®ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ³í¥ËÂÇµÛÜÒòÛÜÒòØµÊÌË·É¬Ð�Òîì�ÐçË ÐçáÜá�é�� É _ÚÖµå�å�ÛÜØµå¿ÔªÐ�Ù³ÛÜáÜÛ²ËÂÛÜÉ³Ò¹Ê�Ô ÞßÊ èÚÉÄÍÂØ�Ù³Ê�ÞÀÎÚÛÜáñÉ�ÍÂÒ¹Ù¬Ð�Ø
ÇµÉ³áñÎ¾í _ÚÖ«ËÏÉ U�É³Ø½æ¹É�áÜá ��Ë�É³ÒîËÂÉ³è½Ð�Øµè ÔÜÍÂÉXWôÖµÉ³Ø¯ËÂáñì ÖµÒ�É³è½á×ÐçÍÂå�ÉãÎÚÍ�Ê�åÌÍäÐ�ÞßÒ èµÊ®ØµÊÌËÓØÚÉ�Ù³É³Ò�ÒÂÐÑÍÂÛÜáñì å�É�ËÓÛ²Ë
ÍÂÛÜå�Ç¯Ë¬é ê�ØÀÔªÐ�ÙÄË¬íôÒ�Ê�ÞßÉ¹Î É³ÊÌÎÚáÜÉ ^�áÜÉÄË!� ÒÕÙ¬Ð�áÜá«ËÂÇµÉ³Þ ÐçË�ËäÐ�Ù ]�É�Í�Ò `ÕÐçÍ�É·Þ®Ð ]ôÛÜØµåãÐ
_ÚÖÚÒîÛÜØµÉ³Ò�Ò�Ê�Ô ÉGP¥ÎÚáÜÊ�ÛñËÂÛñØÚå
ÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛñØÚåÏÉ�Í�Í�ÊÌÍÂÒ ÍÂÉ³á×ÐÑËÂÉ³è®ËÂÊ¿ÐçÍ�ÍäÐ³ì¥Ò¹ÐçØÚè®Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ�ÛÜØ ÊÌÍ�èÚÉÄÍïËÂÊ Ù�ÍÂÉ¬ÐçË�ÉÏÞ®ÐçáÜÛÜÙ³ÛÜÊ�ÖµÒ Ò�Ê�ÔÜË æÈÐçÍÂÉ�é

" Ö«ÎÚÎ�Ê�Ò�ÉëËÂÇÚÐçË·Ë�ÇÚÉëÐçË�ËäÐ�Ù ]�É�Í�]ôØµÊÑæ·Ò·ËÂÇÚÐçË ÒîÊ�ÞßÉãÎµÍÂÊ�åÌÍäÐ�Þ$#¼Ë�ÇÚÛñØa]®Ê�Ô ÐçØ ÊÌÎ�É�ÍäÐçËÂÛñØÚå Òîì¥ÒîË�É³Þ
ÍÂÊ�Ö«ËÂÛÜØµÉ¿ÊÌÍàÐ®æ¹É _ÚÒ�É�Í U�É�Í%# Þ®Ð¬ì ^�ÖµØµÛÜØ¯ËÂÉ³Ø Ë�ÛÜÊ�ØÚÐ�áÜáñì `Èæ·ÍÂÛ²ËÂÉ�ÛñØµÎÚÖ«Ëãè ÐÑËäÐ
_�É�ì�Ê�ØµèÝËÂÇµÉ _ Ê�ÖµØµèµÒâÊ�Ô
Ð�Ø ÐçÍ�ÍäÐ³ì�é&� ÖÚÉÀË�Ê ËÂÇµÉLU�Ê�Ø�� O É³ÖµÞ®Ð�ØµØ ÐÑÍÂÙäÇÚÛ²ËÂÉ³Ù�ËÂÖ«ÍÂÉ�í Ë�ÇÚÉßÎ ÐçÍ�Ë Ê�ÔïËÂÇµÉ®Þ®Ð�ÛÜØ ÞßÉ�ÞßÊÌÍ�ì _�É³ÛÜØµå
Ð�Ù³Ù�ÛÜèµÉ³Ø ËäÐçáÜáñì ÞßÊôèµÛVYÚÉ³è ÛñØ ËÂÇµÛÜÒ æÈÐ³ì Þ®Ð³ì Ù³Ê�Ø ËäÐçÛÜØ ËÂÇµÉ Ð�Ù�Ë�Ö ÐçáòÎµÍÂÊ�åÌÍäÐ�Þ ÛÜØµÒîË�ÍÂÖµÙ�Ë�ÛÜÊ�ØµÒ³é Æ¹ÇµÉ
ÐçË�ËÂÐ�Ù ]�É�ÍëÞ®Ð³ì ËÂÇµÉ³Ø _�É Ð _ÚáÜÉ ËÂÊ ÎÚÍ�É�Î ÐçÍÂÉÀÐçØÝÛÜØ«ÎÚÖµËÓËÂÊ ËÂÇµÉ¿ÎµÍÂÊ�åÌÍÂÐ�Þ ÛÜØÝÒ�ÖµÙäÇ Ð®æÈÐ³ì ËÂÇÚÐçËÓËÂÇµÉ
ÎµÍÂÊ�åÌÍäÐ�Þ ÞßÊôèµÛVYÚÉ³ÒÓÛñË�Ò�É³áÜÔ�Ë�ÊóèµÊóæ ÇÚÐçËÂÉ U�ÉÄÍâËÂÇµÉÀÐÑË�ËäÐ�Ù ]�É�ÍëæÈÐçØ ËÂÒãÛñËâËÂÊ�èÚÊ«é®Æ¹ÇµÛÜÒâÞßÊ èµÛVYÚÙ¬ÐçËÂÛÜÊ�Ø
ÍÂÖµØµÒ æ ÛñËÂÇóË�ÇÚÉ ÒÂÐçÞßÉàÐ�Ù³Ù³É�Ò�Ò ÍÂÛÜå�Ç Ë�ÒÓÐ�Ò ËÂÇµÉ ÊÌÍÂÛÜå�ÛÜØÚÐ�á¾Ê�ØµÉÌí¤Ð�Øµè Ë�ÇÚÉ�Ò�É ÞßÛÜå�Ç Ë�_ É Ð�èµÞßÛÜØµÛÜÒîË�ÍÂÐçËÂÊÌÍ
ÍÂÛÜå�Ç¯ËÂÒ¹ÛÜØ�ËÂÇµÉÓæ¹ÊÌÍÂÒîËòÙ¬Ð�Ò�É�é

ê�Ø ËÂÇµÛÜÒ æÈÐ¬ì�í Ð�Ø ÐçË�ËÂÐ�Ù ]�É�ÍÀÙ³Ê�ÖµáÜè'�îÇÚÛ �îÐçÙ ](	½ËÂÇµÉ Ù³Ê�ÞÀÎÚÖµË�É�Í ËÂÇÚÐçË�Í�ÖÚØµÒ¿ËÂÇµÉ ÎµÍÂÊ�åÌÍäÐçÞ í�Ð�Øµè
Ò�Ö _ÚÒ�ÉXW ÖÚÉ�Ø ËÂáñì ÞßÛÜÒîÖÚÒîÉÏÛ²ËòÔ×ÊÌÍ·ÛÜáÜáÜÉ�å�Ð�á�Ð�ÙÄËÂÛVU¥Û²ËÂÛÜÉ³ÒïáÜÛ ]�ÉãÒ�É�ØÚèµÛÜØµå¿ÒîÎ Ð�Þ í¥ÊÌÍÈÎ ÐçÍäÐ�áñì(�³ÛÜØµåàæ¹É _ Ò�ÉÄÍ U�É�ÍÂÒ
_ôì
QÚÊôÊ èµÛÜØµå Ë�ÇÚÉ�Þ æ·ÛñËÂÇ Í�ÉXWôÖµÉ³ÒîË�Ò³é

[ ÊÌÍïÖµÒ�ËÂÇÚÐçË�æ¹É·ÐçÍÂÉ ØµÊÌË�^»ì�É�ËG`ÃÎµÍÂÊ�Ô×É�Ò�Ò�ÛÜÊ�ØÚÐ�áµÎµÍÂÊ�åÌÍäÐ�ÞßÞßÉ�Í�Ò³íÌËÂÇµÉ Ò�É³Ù�ÖµÍ�ÛñË ìßÐ�ÒîÎ�É³Ù�Ë ÛñÒ áÜÉ³Ò�ÒÕÊ�Ô¤Ð
Ù³Ê�ØµÙ³É�Í�Ø ÇµÉ�ÍÂÉ�é*)�ÊÌÍ�É ÛÜÞÀÎ ÊÌÍ�ËäÐçØ ËÃÛÜÒ�ËÂÇÚÐçËÕÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛÜØµåÓÉ�Í�Í�ÊÌÍÂÒ èµÖµÉ ËÂÊàÛÜÞÀÎµÍÂÊÌÎ É�ÍÕÖµÒ�É Ê�Ô¾ÐçÍ�ÍÂÐ¬ìôÒ
Ð�ØµèóÎ Ê�ÛÜØ¯ËÂÉ�ÍÂÒÈÙ¬Ð�Ø _�É U�É�Í�ì�ÇÚÐçÍÂè�ËÂÊ Y Øµè ÐçØÚè Ê�ÔÜË�É³ØóÍÂÉ³Þ®Ð�ÛñØ�ÖµØµèÚÉÄËÂÉ³Ù�ËÂÉ�è ÖÚØ¯ËÂÛÜá ËÂÇµÉ�ì Ò�ÖµèµèÚÉ�ØÚá²ì
ÍÂÉ³ÒîÖÚá²ËÓÛÜØ½Ò�Ë�ÍäÐ�Øµå�É Ð�Øµè Ò�É³É³ÞßÛÜØµå�áñì�ÛÜØµÉIP¥ÎÚáÜÛñÙ¬Ð _ÚáÜÉ _�É³ÇÚÐKUôÛÜÊÌÍ Ê�Ô ËÂÇµÉàÎÚÍ�Ê�åÌÍäÐ�Þ é � áÜÒîÊßÇÚÉÄÍÂÉÌí¤ÖµÒ�ÛÜØµå
U�É³Ù�Ë�ÊÌÍÂÒëÛÜØµÒîËÂÉ³Ð�è Ê�Ô¹ÐçÍ�ÍäÐ³ìôÒâÇµÉ³áñÎÚÒ³í ÒîÛÜØµÙ³É�ËÂÇµÉ�Í�ÉßÐçÍÂÉ�Þ®Ð�Ø ì Î ÊÌËÂÉ�Ø ËÂÛ×ÐçáÃÉÄÍ�ÍÂÊÌÍÂÒâÍ�É³á×ÐçËÂÉ�èÝËÂÊ ÐçÍ�ÍÂÐ¬ìôÒ
Ð�Øµè�Î Ê�ÛñØ ËÂÉ�Í�Ò¹Ë�Ç ÐÑËÈì�Ê�Ö ÒîÛÜÞÀÎÚáñìÀÙ¬ÐçØÚØµÊÌËòÞ®Ð ]�É æ ÛñË�Ç U�É³Ù�Ë�ÊÌÍÂÒ³é
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Why arrays, after all?
O Ê¦æ ì�Ê�Ö Þ®Ð³ì Ð�Ò ] æ Ç¯ì æ¹ÉëÇÚÐXU�ÉëÛÜØ¯Ë�ÍÂÊ èÚÖµÙ³É�è ÐçÍ�ÍäÐ³ìôÒ Ð�ØµèóÎ Ê�ÛÜØ¯ËÂÉ�ÍÂÒ·ÐçË

Ð�áÜá�æ·ÇµÉ³Ø�ËÂÇµÉ�ÍÂÉâÐçÍÂÉÏÞßÊÌÍÂÉ�QÚÉIP«ÛV_ÚáÜÉÏÐ�Øµè ÒÂÐ�Ô×É�Í Ð�áñËÂÉ�Í�Ø ÐÑËÂÛVU�É³Ò³é��·ÉÄÍÂÉâÐÑÍÂÉÏË�ÇÚÉÓËÂÇ«ÍÂÉ³ÉÏÍÂÉ¬Ð�ÒîÊ�ØÚÒ�é
� é �·ÍîÍäÐ³ì¥Ò Ð�Øµè Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ ÐçÍÂÉ ËÂÇµÉ Ò�ÛñÞÀÎ áñÉ³ÒîË¡ÞßÊôèµÉ³áÜÒ¡Ê�ÔÚÛñÞÀÎ ÊÌÍ�ËäÐ�Ø¯Ë¾ÒîËäÐ�ØµèÚÐçÍÂè áÜÛV_µÍäÐÑÍ�ìâÙ�Ê�ØÚÙ�É�ÎµËÂÒ

^�Ù�Ê�Ø ËäÐ�ÛñØÚÉÄÍ·ÐçØÚè�ÛñËÂÉ�ÍäÐÑËÂÊÌÍG`Äé
\ é��·ØµáÜÛ ]�É U�É³Ù�Ë�ÊÌÍÂÒ³íÃÐçÍ�ÍäÐ³ìôÒëÙ¬Ð�Ø _ ÉÀÛÜØ¯Ë�ÍÂÊ èÚÖµÙ³É�èÝæ ÛñËÂÇµÊ�Ö«ËâË�ÇÚÉ ØÚÉ�É³è Ë�Ê èÚÛñÒ�Ù³ÖµÒ�ÒàÒîìôØ ËäÐ�ÙÄËÂÛÜÙ¬Ð�á

Ð�Øµè½Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ð�á Ð�ÒîÎ É�Ù�ËÂÒÓÊ�Ô ����� Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÓÐ�Øµè Ù�á×Ð�Ò�Ò�É�Ò ^»Ë�Ç ÐÑË æ¹É¿ÒîÛÜÞÀÎÚáñì�èµÊ�Ø�� ËÏÇÚÐXU�É
ÐçËòÊ�Ö«ÍÈèÚÛñÒîÎ Ê�ÒÂÐ�á¾ÐçË¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯ËG` �

� éÈê�ØÝÊÌÍ�èÚÉÄÍâËÂÊ ÍÂÉ¬Ð�áÜá²ì½ÖµØµèµÉ�ÍÂÒîËÂÐ�ØµèÝá×ÐçËÂÉÄÍâÇµÊ¦æ Ò�ËäÐ�ØµèÚÐçÍÂèÝáÜÛ _ÚÍÂÐçÍ�ì Ù³Ê�Ø¯ËäÐ�ÛÜØµÉ�ÍÂÒãÐ�ØµèÝÛñË�É�ÍäÐçËÂÊÌÍ�Ò
ÐçÍ�ÉÏÍÂÉ³Ð�áÜÛ
�³É�è¾í«Û²ËòÛñÒòØµÉ³Ù³É�Ò�ÒÂÐçÍ�ì ËÂÊb]¥ØµÊÑæ Ð _�Ê�ÖµËòÐçÍîÍäÐ³ì¥ÒòÐ�Øµè�Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ³é

ÆÈÇµÉÈËäÐ ]�É ��ÇÚÊ�ÞßÉÈÞßÉ³Ò�Ò�Ð�å�ÉòÇµÉ�Í�É ÛÜÒ ËÂÇµÛÜÒ � ÛñËÕÛÜÒÃÛÜÞÀÎ ÊÌÍ�ËÂÐ�Ø Ë ËÂÊãå�É�Ë ÔªÐçÞßÛÜáÜÛ×ÐçÍ æ ÛñËÂÇ¿ËÂÇµÉ ±Ä��� ±��î¢¾�º�_ É³ÇµÛÜØµè ÐçÍ�ÍäÐ³ìôÒòÐçØÚè Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ³í _ Ö«ËÈÛñË¹ÛÜÒ¹áÜÉ�Ò�Ò¹ÛÜÞÀÎ ÊÌÍ�ËäÐçØ Ë�Ë�Ê�_�ÉâÐ _ÚáÜÉ Ë�Ê Ð�ÙÄËÂÖÚÐ�áÜáñì�ÎÚÍ�Ê�åÌÍäÐ�Þ æ Û²ËÂÇ
ÐçÍ�ÍÂÐ¬ìôÒ·ÐçØÚè Î Ê�ÛÜØ Ë�É�ÍÂÒ¹Ê�Ø Ð á×ÐçÍÂå�ÉÏÒ�Ù¬Ð�áñÉÌé

2.6.13 Details

Constant expressions.
ê�Ô¾ì�Ê�Ö�æÈÐ�Ø ËÈËÂÊ�ÖÚÒîÉ � ÍäÐçËÂÊ�Ò�ËÂÇµÉ³ØµÉ³Ò � " ÛÜÉ U�ÉÓËÂÊ Ù³Ê�ÞÀÎÚÖ«ËÂÉÏÐ�áÜá�ÎµÍÂÛñÞßÉ ØôÖµÞ��

_ É�Í�Ò�Ò�Þ®Ð�áñáÜÉ�Í ËÂÇÚÐ�Ø
10, 000

íÌì�Ê�Ö ÇÚÐXU�ÉòË�ÊëÙäÇ ÐçØÚå�É � ÍÂÊ�åÌÍÂÐ�Þ ��� ÛÜØÀÒ�É U�ÉÄÍäÐ�á�ÎÚá×Ð�Ù�É³Ò��ôØµÊÌËÕÙ³Ê�ÖµØ ËÂÛñØÚå
ËÂÇµÉ Ù³Ê�ÞßÞßÉ�Ø ËÂÒ¤ËÂÇÚÐçË Ò�ÇµÊ�ÖµáÜèZ_ É�ÖµÎ�è ÐÑËÂÉ³è¿Ð�Ò æ¹É³áñá�íçì�Ê�Ö ØµÉ³É³è ËÂÊ ÍÂÉ�ÎÚá×ÐçÙ³É Ô×Ê�Ö«Í

1000
� ÒT_ôì

10000
� Ò�é

Æ¹ÇÚÛñÒ�ÛÜÒ Ù�ÖÚÞ�_ É�Í�Ò�Ê�ÞßÉÈÐ�Øµè ÉÄÍ�ÍÂÊÌÍ��»ÎÚÍ�Ê�ØÚÉ�é�S¼ÇÚÐçËÕì�Ê�Ö®æÈÐçØ ËïÛÜÒ�ÐãÎµÍÂÊ�åÌÍäÐ�Þ ËÂÇÚÐçË�ÒîÎ É³Ù³Û Y É�Ò�ËÂÇµÉ Ö«Î �
Î É�Íb_ Ê�ÖµØµè U�Ð�áÜÖµÉ ÛñØ � ÖµÒîË Ê�ØµÉ®ÎÚá×Ð�Ù³ÉÌé [ ÊÌÍ�Ë�ÇÚÛñÒ³íÃæ¹É ØµÉ³É³è Ð ÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ ËÂÇÚÐçË Ð�áÜáÜÊ¦æ ÒàÖµÒ ËÂÊ
å�ÛVU�ÉàÐ�Ø ÐçÞßÉãáÜÛ ]�É

n
ËÂÊßÐ Ù�Ê�ØÚÒ�ËäÐ�Ø Ë ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø áÜÛV]�É

1000
é��òÉ�ÍÂÉëÛÜÒ·ÇÚÊ¦æ ËÂÇµÛÜÒ Ù¬Ð�Ø _ ÉâèÚÊ�ØµÉëÔ×ÊÌÍ

� ÍäÐçËÂÊ�ÒîË�ÇÚÉ�ØÚÉ�Ò � " ÛÜÉ U�ÉÌé
�

// 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



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

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;
� �

}

Program 18: ¢¤£³�ÄÁ�� � �³£�©¯�������º���³� �¬� � Å �
ÆÈÇµÉ ]�ÉÄìôæ¹ÊÌÍÂè

const
ÛÜØëÔÜÍÂÊ�Ø¯Ë Ê�Ô

n
� Ò¡èÚÉIY ØµÛñË�ÛÜÊ�ØâÞ®Ð ]�É�Ò

n
ÐÈØÚÊ�Ø���ÞßÊôèµÛVY Ð _ÚáÜÉ ±Ä���¤�³�î©��¤� æ ÇµÛÜÙäÇÒ�É�Í U�É³Ò Ð�ÒòÐ Ô×ÖÚáñáñì � Q É�èÚå�É�è�Ù³Ê�ØµÒîËäÐçØ ËÈÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø¤éÕÆÈÇµÉÏÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í æ·ÛÜáÜá ØµÊÌËòÐ�áÜáÜÊ¦æ ì�Ê�Ö ËÂÊ ÙäÇÚÐ�Øµå�É

ËÂÇµÉ UÌÐçáÜÖµÉ Ê�ÔòÐ Ù³Ê�ØµÒîËäÐ�Ø¯Ë¬é [ ÊÌÍ¿ÉIPµÐçÞÀÎ áñÉÌí ËÂÇµÉ®Ô×Ê�áÜáÜÊ¦æ ÛÜØµåóáÜÉ³Ð�èµÒ Ë�Ê Ð�Ø É�Í�ÍÂÊÌÍ¿ÞßÉ³ÒîÒÂÐ�å�ÉßèµÖ«ÍÂÛÜØµå
Ù³Ê�ÞÀÎÚÛÜá×ÐÑËÂÛÜÊ�Ø¤é
const unsigned int n = 1000;

n = 10000; // error: can’t assign to a constantê»Ë ÛñÒ Ð�áÜÒ�Ê�ØµÊÌËÓÐ�áÜáÜÊ¦æ¹É³è�Ë�ÊÀáÜÉ¬ÐXU�ÉàÐ¿Ù³Ê�ØµÒîËäÐ�Ø¯Ë ÖµØµÛÜØµÛñËÂÛ×Ð�áñÛ
�³É³è¤í«Ð�ÒòËÂÇµÉ�ÍÂÉëÛÜÒòØµÊßÙ´ÇÚÐ�ØµÙ³ÉãËÂÊßÐ�Ò�ÒîÛÜå�Ø Ð
U�Ð�áÜÖµÉÏË�Ê ÛñËÈá×ÐçË�É�Í��
const unsigned int n; // error: uninitialized constantÆÈÇµÛÜÒòÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ É³ØµÒ�Ö«ÍÂÉ³Ò·Ë�Ç ÐÑË·ËÂÇµÉ U�Ð�áÜÖµÉãÊ�Ô Ð�Ù³Ê�ØµÒîËÂÐ�Ø Ë·ÛÜÒ�]ôØÚÊ¦æ Ø ÐÑË·Ù³Ê�ÞÀÎÚÛÜáñÉÓË�ÛÜÞßÉÌí � ÖµÒîË
áÜÛV]�É ËÂÇµÉ
UÌÐçáÜÖµÉãÊ�Ô Ë�ÇÚÉÏáÜÛñË�É�ÍäÐ�á

1000
é

Command line arguments.
ê�Ø � Í�Ê�åÌÍäÐ�Þ ��� Ô×ÊÌÍëÒ�Ë�ÍÂÛÜØµå�Þ®ÐÑËÂÙäÇÚÛñØÚå«í Û²ËâÛÜÒÏØµÊÌË U�ÉÄÍ�ìÝÙ³Ê�Ø U�É³ØµÛÜÉ³Ø¯Ë

ËÂÇÚÐçËÏËÂÇµÉ�ÒîÉ¬ÐçÍÂÙäÇ ÒîË�ÍÂÛñØÚå ÛÜÒ�� �Ú�IF é S É¿Ë�ÇÚÉ�Ø Ç ÐXU�É¿ËÂÊ ÍÂÉ�Ù³Ê�ÞÀÎÚÛÜáÜÉàËÂÇµÉ¿ÎµÍÂÊ�åÌÍÂÐ�Þ ÉIU�É�Í�ì ËÂÛÜÞßÉàæ¹É
æÈÐ�Ø¯ËòËÂÊ¿Ò�É¬ÐÑÍÂÙäÇ Ô×ÊÌÍ Ð�ØµÊÌËÂÇµÉ�ÍÈÒîË�Í�ÛÜØµå«é

� ÞßÊÌÍÂÉ�Q ÉGP«ÛV_ÚáÜÉòÐ�áñËÂÉÄÍÂØÚÐçËÂÛVU�ÉòÛÜÒÕËÂÊëÎ Ð�ÒîÒ�ËÂÇµÉ Ò�É¬ÐÑÍÂÙäÇ ÒîËîÍÂÛÜØµåàÐ�ÒïÐ ±���¨�¨ ©���F �­�°� �À©�£îÁ�� ¨ �³�¤�ËÂÇÚÐçË¹æ¹ÉãÎµÍÂÊ�U¥ÛñèÚÉÓÖ«Î Ê�ØóÙ³Ð�áÜáÜÛÜØµåëËÂÇµÉÓÎµÍÂÊ�åÌÍäÐ�Þ é
ÆÈÇµÉ�Þ®Ð�ÛÜØ Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÝÙ¬Ð�ØÝÐ�Ù³Ù³É³ÒîÒëÒ�ÖµÙäÇ Ù³Ê�ÞßÞ®Ð�Øµè½áñÛÜØµÉ�ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒÓÛÜÔÃæ¹É�ÎµÍÂÊ�U¥ÛÜèµÉ¿Ò�ÖµÛñËäÐ _ÚáÜÉ

Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³é �·É�ÍÂÉ ÛÜÒÓÇµÊ¦æ ËÂÇµÉ�YµÍÂÒ�ËÏË�É³Ø áÜÛñØÚÉ�Ò Ê�Ô � ÍÂÊ�åÌÍäÐ�Þ ��� ÇÚÐKU�É ËÂÊ
_ É ÙäÇ ÐçØÚå�É�èÝÛÜØ ÊÌÍÂèµÉ�Í
ËÂÊ�Þ®Ð ]�É ËÂÇµÛÜÒïæ¹ÊÌÍ ]�é
�

// 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[])



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

{
�

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];ÆÈÇµÉ�UÌÐ�áñÖÚÉ�Ò Ê�Ô

argc
Ð�ØµèàÐ�Øµè

argv[]
^»æ·ÇµÛÜÙäÇëÛÜÒ ÐçØàÐçÍ�ÍäÐ³ìãÊ�ÔôÎ Ê�ÛÜØ¯ËÂÉ�ÍÂÒ¡É¬Ð�ÙäÇàÊ�Ôôæ·ÇµÛÜÙäÇëÛÜØâËÂÖ«ÍÂØ

Î Ê�ÛÜØ¯ËÂÒ ËÂÊ ËÂÇµÉ YµÍÂÒîËÃÉ³áÜÉ�ÞßÉ³Ø ËÂÒ Ê�Ô�Ð �³É�Í�Ê ��ËÂÉ�Í�ÞßÛÜØÚÐçËÂÉ³è ÐçÍîÍäÐ³ì Ê�Ô ÙäÇÚÐçÍäÐ�ÙÄËÂÉ�ÍÂÒ ` ÐçÍ�ÉïÛÜØµÛñËÂÛ×Ð�áñÛ
�³É³è _ ìàËÂÇµÉ
ÊÌÎ É�ÍÂÐçËÂÛÜØµå ÒîìôÒîËÂÉ³Þ æ ÇµÉ³Ø�ÛñË Ù¬Ð�áñáÜÒ ËÂÇµÉ

main
Ô×ÖµØÚÙÄËÂÛÜÊ�Ø¤éTSÝÉïæ·ÛÜáÜáôÉGP¥ÎÚá×Ð�ÛÜØ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ ÛÜØ

èµÉ�ËäÐ�ÛñáÚáÜÐçËÂÉ�Í¬í¯ÇµÉ�ÍÂÉÈæ¹Éòæ ÛñáÜá _ É·ÒÂÐÑËÂÛÜÒ YÚÉ³è æ·ÛñËÂÇßÐçØÀÉIPµÐçÞÀÎ áñÉÌé " Ö«ÎµÎ Ê�Ò�ÉòË�Ç ÐÑËÕæ¹É Ù³Ð�áÜá«ËÂÇµÉòÎµÍÂÊ�åÌÍäÐçÞ
áÜÛV]�É ËÂÇµÛÜÒ ^ºÐ�ÒîÒ�ÖµÞßÛÜØµå Ð �·ØµÛ P ��Ë ìôÎ�ÉãÒîìôÒîËÂÉ³Þ ` �
./ string_matching2 boolÆÈÇµÉ³Ø

argc
^»æ·ÇµÛÜÙäÇ Ù�Ê�ÖÚØ¯ËÂÒëËÂÇµÉßØôÖµÞ�_ É�ÍâÊ�ÔòÙ³Ê�ÞßÞ®ÐçØÚè½áÜÛÜØµÉßÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ `Óå�É�ËÂÒàÛÜØµÛñË�Û×Ð�áÜÛ
��É³è

æ Û²ËÂÇLUÌÐçáÜÖµÉ
2
éÃÆÈÇµÛÜÒ Ù�Ê�ÖÚØ¯Ë¹ÛÜØµÙ³áÜÖµèµÉ³Ò�ËÂÇµÉ ÎµÍÂÊ�åÌÍäÐçÞ ØÚÐ�ÞßÉ·ÛñË�Ò�É³áÜÔ ^

"string_matching2"
ÛñØ®Ë�ÇÚÛñÒ

Ù¬Ð�ÒîÉ�`Äí¡Ð�Øµè Ð�Ø ì½Ð�èµèµÛñËÂÛñÊ�Ø Ðçá ÒîË�Í�ÛÜØµå�ÒÏÎµÍÂÊ�U¥ÛÜèµÉ³è½Ê�Ø ËÂÇµÉ¿Ù³Ê�ÞßÞ®Ð�Øµè áÜÛÜØµÉ ^ � ÖµÒîËãË�ÇÚÉ¿Ò�ÛÜØµå�áÜÉ ÒîËîÍÂÛÜØµå
"bool"

ÛñØ ËÂÇµÛÜÒÈÙ¬Ð�Ò�ÉK`Äé�Æ¹ÇµÉ
2
ÐçÍ�ÍÂÐ¬ìôÒ

argv[0]
Ð�Øµè

argv[1]
å�É�ËòÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³èÀæ·ÛñËÂÇ ËÂÇµÉãÒîËîÍÂÛÜØµå�Ò

"string_matching2"
Ð�Øµè

"bool"
Ð�ÒàèµÉ³Ò�Ù�Í�ÛV_ É³è ÛÜØ " É³Ù�ËÂÛÜÊ�Ø \ é � é � � Ð _ Ê�U�ÉÌé&�ïÊ�ØÚÒîÉXWôÖµÉ³Ø¯ËÂáñì�í

Ð�ÔÜËÂÉÄÍâÛñË�Ò èÚÉIY ØµÛñË�ÛÜÊ�Ø¤í�ËÂÇµÉàÎ Ê�ÛÜØ Ë�É�Í
UÌÐçÍ�Û×Ð _ÚáÜÉ
s
ÛñØ ËÂÇµÉ�Ð _ Ê�U�ÉàÎ ÛñÉ³Ù³É Ê�Ô�Ù³Ê èµÉ¿Î Ê�ÛñØ ËÂÒ ËÂÊ®ËÂÇµÉ YµÍÂÒîË

É³áÜÉ�ÞßÉ³Ø ËòÊ�Ô Ð$�³ÉÄÍÂÊ ��ËÂÉÄÍÂÞßÛÜØÚÐçËÂÉ³èóÐçÍ�ÍäÐ³ì Ê�Ô Ù´ÇÚÐçÍÂÐ�Ù�ËÂÉ�Í�Ò·ËÂÇÚÐçË Ù�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÒ·Ë�Ê ËÂÇµÉâÒîËîÍÂÛÜØµå
"bool"

é
Æ¹ÇÚÛñÒëå�É�ËÂÒëÖµÒZ_ Ð�Ù ]ÝËÂÊ ËÂÇµÉßÒ�ÛñËÂÖÚÐçËÂÛñÊ�ØÝÛÜØ � ÍÂÊ�åÌÍäÐ�Þ ��� ÐçÔÜËÂÉ�ÍàáÜÛñØÚÉ � � í Ð�Øµè ËÂÇµÉ ÍÂÉ³Þ®Ð�ÛñØÚèµÉ�Í�ÒâÊ�Ô
_ ÊÌËÂÇ ÎµÍÂÊ�åÌÍäÐ�ÞßÒÈÐçÍÂÉÏÛÜèµÉ³Ø¯ËÂÛÜÙ¬Ð�á»é

2.6.14 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `L]¥ØµÊ¦æ æ ÇÚÐçË·Ð�Ø ÐçÍ�ÍÂÐ¬ì�ÛÜÒ³í Ð�Øµè æ ÇÚÐçË·ÍÂÐ�ØµèÚÊ�ÞðÐ�Ù³Ù�É³Ò�ÒÓÐ�Øµè ÛñËÂÉ�ÍÂÐçËÂÛÜÊ�ØóÞßÉ³Ð�ØóÛÜØóËÂÇµÉëÙ�Ê�Ø ËÂÉIPôË
Ê�Ô ÐçÍ�ÍäÐ³ìôÒ��

\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè�ËÂÇµÉÓÎ Ê�ÛÜØ¯ËÂÉ�ÍÈÙ³Ê�ØµÙ³É�ÎµË¬íÚÐ�ØµèóÇµÊ¦æ Ë�Ê�Ù³Ê�ÞÀÎÚÖ«ËÂÉ æ Û²ËÂÇóÐ�èµè«ÍÂÉ³ÒîÒ�É³Ò��
� `L_ ÉãÐ¬æÈÐÑÍÂÉÏË�Ç ÐÑË ^�Ð�ØµèóÖµØÚèµÉ�Í�ÒîËäÐ�Øµè�æ·Ç ìa`ïÐçÍîÍäÐ³ì¥Ò ÐçØÚè Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒÈÞ�ÖµÒîË _ ÉÏÖµÒ�É³èóæ·ÛñËÂÇ Ù¬ÐçÍÂÉ �
� `L]¥ØµÊ¦æðËÂÇÚÐçË�ÙäÇÚÐçÍäÐ�Ù�Ë�É�ÍÂÒÀÐçØÚè ÐÑÍ�ÍäÐ³ì¥Ò�Ê�Ô ÙäÇ ÐÑÍäÐ�Ù�ËÂÉÄÍÂÒ Ù¬ÐçØ _ É�ÖµÒ�É³è Ë�Ê Î É�ÍÂÔ×ÊÌÍ�Þ _ Ð�Ò�ÛÜÙ®ËÂÉIPôË
ÎÚÍ�ÊôÙ³É³ÒîÒ�ÛÜØµå�ËäÐçÒ ]¥Ò��

� `L]¥ØµÊ¦æ ËÂÇÚÐçË�^»Þ�ÖµáñËÂÛñèÚÛñÞßÉ³ØµÒ�ÛÜÊ�ØÚÐçá `¾ÐçÍ�ÍäÐ³ìôÒïÊ�Ô U�ÐçÍÂÛÜÐ _ÚáÜÉ·áÜÉ�ØÚåÌË�ÇßÙ¬Ð�Ø
_ É Ê _µËäÐ�ÛÜØµÉ³èL_ ìßè«ì¥ØÚÐ�ÞßÛÜÙ
ÞßÉ³ÞßÊÌÍ�ì®Ð�áñáÜÊôÙ¬ÐÑËÂÛÜÊ�Ø �

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � `ßÍ�É¬Ð�è¤íÌÖµØµèÚÉÄÍÂÒîËäÐ�Øµè¤í�Ð�Øµè ÐçÍ�å�ÖÚÉ Ð _ Ê�Ö«Ë Ò�ÛñÞÀÎ áñÉ ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ ÛÜØ U�Ê�áVU¥ÛñØÚåòÐçÍ�ÍÂÐ¬ìôÒ Ð�ØµèëÎ Ê�ÛÜØ¯ËÂÉ�ÍÂÒ��



����\ ������������� ����� ����������� � �����
^ � \ `ßæòÍÂÛñËÂÉãÎÚÍ�Ê�åÌÍäÐ�ÞßÒ·ËÂÇÚÐçË èÚÉIY ØµÉ¿ÐçÍ�ÍÂÐ¬ì UÌÐçÍ�Û×Ð _ÚáÜÉ³Ò ÊÌÍÏè«ì¥ØÚÐ�ÞßÛñÙ¬Ð�áÜáñì ÐçáÜáÜÊôÙ³ÐçËÂÉ ^»Þ�ÖµáñËÂÛñèÚÛñÞßÉ³Ø��

Ò�ÛñÊ�Ø Ðçá ` ÐçÍ�ÍäÐ³ìôÒ��
^ � � `ßæòÍÂÛñËÂÉ ÎµÍÂÊ�åÌÍäÐ�ÞßÒ®ËÂÇÚÐçË ÍÂÉ¬Ð�è Ð ÒîÉXWôÖµÉ³ØµÙ³É Ê�ÔàèÚÐçËäÐ ÛÜØ Ë�Ê Ð ^�è«ìôØ ÐçÞßÛÜÙ¬Ð�áÜá²ì Ð�áÜáÜÊ Ù¬ÐçËÂÉ�è �

Þ¿ÖµáñËÂÛÜèµÛÜÞßÉ³ØµÒ�ÛñÊ�Ø Ðçá ` ÐçÍ�ÍäÐ³ì �
^ � � `ßæòÍÂÛñËÂÉ ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ ËÂÇÚÐçË Î ÉÄÍÂÔ×ÊÌÍÂÞ Ò�ÛÜÞÀÎÚáÜÉ�èÚÐçËÂÐ ÎµÍÂÊ Ù³É³Ò�ÒîÛÜØµåÓËÂÐ�Ò ]¥Ò�_ôì ÖµÒ�ÛñØÚåÓÍäÐ�ØµèµÊ�Þ Ð�Ù³Ù�É³Ò�Ò

ÛÜØ ^�Þ¿ÖÚá²ËÂÛÜèµÛÜÞßÉ³ØµÒ�ÛÜÊ�ØÚÐ�á ` ÐçÍ�ÍäÐ³ì¥ÒòÐ�ÒÈËÂÇµÉãÞ®Ð�� ÊÌÍïËÂÊ Ê�á �
^ � � `ßæ·ÛñËÂÇµÛÜØ ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ³í¯ÛñËÂÉ�ÍäÐÑËÂÉ Ê�U�É�ÍòÐ ^�è«ì¥ØÚÐ�ÞßÛÜÙ³Ð�áÜáñì¿Ð�áñáÜÊôÙ¬ÐÑËÂÉ³è � Þ¿ÖÚá²ËÂÛÜèµÛÜÞßÉ³ØµÒ�ÛÜÊ�ØÚÐÑá `¡ÐçÍîÍäÐ³ì

_ ì ÖµÒ�ÛñØÚå¿Î Ê�ÛÜØ¯ËÂÉ�ÍòÐçÍÂÛñË�ÇÚÞßÉÄËÂÛÜÙ �
^ � � `ßæòÍÂÛñËÂÉÏÎµÍÂÊ�åÌÍäÐ�ÞßÒÈËÂÇÚÐçË Î É�Í�Ô×ÊÌÍÂÞ Ò�ÛÜÞÀÎÚáÜÉÓËÂÉIPôË ÎµÍÂÊôÙ³É�Ò�Ò�ÛÜØµåßËäÐ�Ò ]ôÒ æ ÛñË�Ç ÐçÍ�ÍäÐ³ì¥Ò Ê�Ô ÙäÇÚÐçÍäÐ�Ù �

ËÂÉÄÍÂÒ��

2.6.15 Exercises

Exercise 65

©KM��Ý��©¯� Fµ���¬� �º���È¶����°�§��¸¹�»��Á¿¢¤£³��ÁÌ£�©�¨ �����ñ¢¤����� ©���Fó¸È��J �
#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;

}

  M�� ��£³� Á«��� �³£�©¯�»� J��ó���¯¢«¢ ����� �º��©¯�ß�»� �º��� ¢¤£³�XD��î����� ¢¤£³��Á�£�©�¨�� a ��� �°� ����� ©¯�­� 
 �IF¼¸¹���º�
����¨½�à��� � � �³� ±Ä�ß�Â¶ n

èµÛ	��ÉÄÍÂÉ³Ø Ë � ��¨½ ��³£¦�ë�»� {0, . . . , n− 1} Hî¸Ó� �����à�º�¥�»��¶���£ n = 7 �°�
�º���Ï¢¤£³�XDÌ������� ¢¤£³��Á�£Ä©�¨ M¥Å �È£³� Dô�ß�º��©¯�·�º���Ï¢¤£³��Á�£�©�¨ ���³£¬¨ �»� ©¯���¬�¿�»� �º�¥�»�®±´©¯����Å

^ � � `

Exercise 66
� �³��� ¨ �à�º��©¯�È�»� ����¨½�Ó¢¤£���Á�£�©�¨�� a ��� ©�� ©�£¬£�©�JÝ�Â¶â����Fµ�³£¦� J �°��Áó� J¦¢ � int ©���F

�ª�³��Á��º� n Å
©KM � � D¥�³� © Dô©�£¬� ©« ¦�ª� i �Â¶�� J¦¢ � int ¸¹���º� D ©¯�­�¡� 0

�
i

�
n � ����¸ ±Ä©�� JÚ��� �¥ ¦�î©��°� ©

¢ ���°�¤���³£ p ��� �º���ó�³�§�³¨½�³�¤�à�Â¶��°��Fµ��� i �°� a
� H � ����� 
 � ¶ i = n � �º�¥���¿���®©¯��
��»��Áâ¶���£�©

¢�©¯���
�î�º�����´�³��Fß¢ ���»�¤����£ÌÅ M



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

  M � � D¥�³� ©�¢ ���°�¤���³£ p ��� �ç��¨ � �¬�§��¨ �³�¤�ë�°� a �â����¸ ±´©�� J ��� �¥ ¦�î©��°� �º��� �»��Fµ��� i �Â¶
�º�¥�»���¬�ª�³¨ ���¤� � H � ����� 
 � ¶ p �»�¿©ë¢�©¯�³�
�î�º�����´�³��F ¢ ���»�¤����£��ï�º���ë�»��Fµ� �®����Fµ� � � �IF ©¯� n Å M

� £¬����� ±�� Fµ�ò¶�£�©�Á�¨½�³�¤�º� �º��©¯�ã±���¨�¢¤����� p ¶�£³��¨ i �»�¼©KM½©���F i ¶Ä£³��¨ p �»�   M¥Å ^ � � `

Exercise 67 � �¬� ���®±Ä©¯�°�¹© � ©¯��� £�©¯� � ��¨½ ��³£ k
�ºÙ³Ê�ÞÀÎ�Ê�Ò�ÛñËÂÉ � ¶ß©���F ���¤� J½� ¶ ��� ��� F�� D������  ¦�§�  KJ

���µ©µ±³�º�EJ k F�� � �³£³���¤�ã¢¤£¬�»¨½� � � ¨½ ��³£¦�çÅ � ��£����«©�¨�¢¾�ª���ã¢¤£¬�°¨ �ß¢ ��¸Ó�³£¦� ©�£³� 
 �´±���¨¿¢ ��������� �
©���F 6 = 2 � 3 ©¯�Ó¸Ï�³�»� ©¯� 20 = 2 � 2 � 5 ©�£³� � �Ä±Ä��¨�¢ �����»����Å � £¬����� ©â¢¤£³��ÁÌ£�©�¨ k_composite.C

�º��©¯� £³�Ä© F¯� � � ¨½ ³��£¦� n � 0 ©���F k � 0 ¶Ä£³��¨ �º��� �»�¥¢¤���Ý©���F �º����� �����ñ¢¤���º� ©¯�»� k �
±���¨¿¢ �����»��� � � ¨½ ³��£¦� �°� {2, . . . , n − 1} Å�� ��¸ ¨½©�� J � �´±���¨¿¢ ��������� � � ¨½ ³��£¦� ©�£³� �º���³£³�
¶���£ n = 1, 000, 000

� ^ � \ `I^ � � `

Exercise 68 � £¬����� ©Ï¢¤£���Á�£�©�¨ invert.C �º��©¯� �»� Dô�³£¦�º� © 3 � 3 ¨ ©¯��£¬� � A ¸¹���º�®£³�´©¯� ���¤��£¬�î�¬�çÅ
�Õ���â¢¤£³��Á�£Ä©�¨ �³������� F £³�´© FÝ�º���ß� �°� �ß¨½©¯��£¬� � ���¤��£¬�î�¬� ¶Ä£³��¨ �º���ß�°�¥¢¤�����â©���F �º���³� �����ñ¢¤���
�º���à�»� Dô�³£¦���à¨½©¯��£¬� � A−1 H���£ �º���à�»��¶ç��£¬¨½©¯������� �º��©¯�È�º���à¨ ©¯��£¬� � A ���â� ���ï�°� D¥�³£¦���� ¬�§� MôÅ �Â�
© F F���������� � �º��� ¢¤£³�ÄÁ�£�©�¨ �³������� F �����ñ¢¤���ï�º���à¨ ©¯��£¬� � AA−1 �»� ��£ Fµ�³£¿��� �ª�¬�¹�º���à�����³£®±¬���Ä±�

¸È���¬�º���³£½�º��� ±���¨�¢¤���î©¯���î��� �Â¶ó�º��� �»� Dô�³£¦��� ¸ ©¯� ©µ±�±³� £�©¯��� H��»� �º��� ¶����°�EJ ©µ±�±���£�©¯��� ±Ä©¯��� �
�º���À�×©¯�º���³£â¢¤£�� F�� ±¬�ò��� �º��� � Fµ�³�¤����� J ¨½©¯��£¬� ��M¥Å

Hint:
� ��£ë�º����±���¨¿¢¤���î©¯���î��� �Â¶Ó�º���â�°� D¥�³£¦������JÚ��� ±Ä©�� �³¨¿¢¾�§� J �ïÍäÐçÞßÉ�Í!� Ò ÍÂÖµáÜÉ Å � ¢«¢¾�­���IF

��� �º���ß±���¨¿¢¤���î©¯���î���¼�Â¶ë�º���à�°� D¥�³£¦��� �ï���RJ ���¬� F¯�ë�º��©¯� A−1
ij Hî�º���ß�³�¤��£KJÝ�Â¶ A−1 �°� £³��¸ i ©���F

±�������¨ �¤� j M��»� ÁÌ� D¥�³�  KJ

A−1
ij =

(−1)i+j
èµÉ�Ë

(Aji)èµÉ�Ë
(A)

,

¸È���³£³� èµÉ�Ë (M) ���à�º��� Fµ�¬���³£¬¨ �»� ©��¤�Ï�Â¶�© � � �¾©�£³� ¨½©¯��£¬� � M �·©���F Aij ���à�º��� 2 � 2 ¨ ©¯��£¬� �
�¥ ¦�î©��°� �IFà¶Ä£³��¨ A  KJ Fµ�¬�ª�¬���»��Á�£³��¸ j ©���FÝ±�������¨ � i Å

� � ±���¨�¢¤����� �º���
Fµ�¬���³£¬¨ �»� ©��¤�â�Â¶�© 3 � 3 ¨ ©¯��£¬� ���RJÚ��� ¨��§Á��«�ò¸ ©��¤�·��� �����¿�º��� ¸Ó�¬�»� �

�� ��¸¹� " ÐçÍîÍÂÖµÒ �«ÍÂÖµáÜÉ Å ^ � \ `I^ � � `I^ � � `

Exercise 69 � £¬����� ©½¢¤£³�ÄÁ�£�©�¨ read_array �º��©¯��£³�´© F¯� ©���� � � �³� ±Ä���Â¶ n �°�¤����Á«�³£¦�¿¶�£³��¨
�³�î©���F«©�£ F �°�¥¢¤��� �°�¤��� ©��Ý©�£¬£�©�JµÅß�Õ��� � ��¨  ³�³£ n ���È�º��� � £¦�³� �°�¥¢¤�����Ã©���F¿�º���³� �º����¢¤£³��ÁÌ£�©�¨
���¦¢���±¬�º� JÚ��� ��� �»�¥¢¤��� ©�� ���º���³£ n Dô©¯�­�¡�¬�çÅ � ¶³����£ £³�´© F��»��Á �º��� n Dô©¯��� �¬� �ß�º��� ¢¤£³�ÄÁ�£�©�¨
�³������� F �����ñ¢¤���ã�º����¨ �°� �º��� �ç©�¨½� ��£IFµ�³£ÌÅ H �×¶ JÚ��� ±Ä©�� Fµ� �º�¥�»� �
J ��� ��©�D¥�à¢¤£³� Dô�³� �º��©¯�
JÚ��� ©�£³�ó� � �ª����Á«�³£ © ±���¨¿¢¾�§�³��� � � DÌ�î±Ä���ß©µ±�±���£IF��»��Á �����¤��£³��������£¬� ¢ Å M � ��£ � �µ©�¨�¢¾�ª���ß���
�»�¥¢¤��� 5 4 3 6 1 2 �º���Ï¢¤£³��Á�£Ä©�¨ �³������� F½�����ñ¢¤��� 4 3 6 1 2 Å ^ � \ `I^ � � `

Exercise 70 �È�¤��©�� ±Ä�ß�º���ã¢¤£���Á�£�©�¨ read_array.C ¶Ä£³��¨ � �Ú�³£�±³�������	� �����º��©¯� �º��� £³�³�����­�
�
�»��Á ¢¤£³��Á�£Ä©�¨ sort_array.C ����£¦�º� �º���¼©�£¬£�©�J �¬�ª�³¨ �³�¤�º� �»�¤��� ©¯��±Ä�³��F��»��Á ��£ Fµ�³£  ���¶���£³�
�����ñ¢¤���º���»��Á��º���³¨½Å�
 ����£¿����£¦���»��Á ©¯� Á«��£¬���º�¥¨ Fµ�Ì�¬� � ��� ��©�D¥�����½ ��ã¢�©�£¦����±³���×©�£¦� J � � ±³���³�¤���
�º��� ¨½©��»� �º�¥�»��Á ���³£³� ���®�º��©¯�Ï���ã¸Ó��£ 
Ì� ±Ä��£¬£³��±¬�º� JµÅ � �¬��� JÚ����£ ¢¤£³��Á�£Ä©�¨ ��� ����¨ � �×©�£îÁ«�³£
�»�¥¢¤���º� H§¢¤£³��¶���£�©« ¦� J½£³�´© Fà¶�£���¨ © � �§���Ó©ä¶³����£À£³�IF��°£³��±³���»��Á½�³�î©���F«©�£ F��»�¥¢¤���VMôÅ � ��£ó���µ©�¨¿¢¾�§� �
�����°�¥¢¤��� 5 4 3 6 1 2 �º���ã¢¤£³�ÄÁ�£�©�¨ ��������� F½�����ñ¢¤��� 1 2 3 4 6 Å ^ � \ `I^ � � `I^ � � `



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

Exercise 71 �È�¤��©�� ±Ä� �º��� ¢¤£³��Á�£�©�¨ read_array.C ¶�£³��¨ � �µ�³£³±³�»��� �	�ë���ë�º��©¯�¡�º���·£³�¬�Ä���­���»��Á
¢¤£³��ÁÌ£�©�¨ cycles.C �»�¤���³£�¢¤£��¬�º� �º���ë�»�¥¢¤���ï��� � �¡�³� ±��®�Â¶ n �»�¤��� Á«�³£¦�À©¯�¿© Î�É�ÍÂÞ¿ÖµËÂÐçËÂÛÜÊ�Ø

π �Â¶
{0, . . . , n − 1} � ©���Fó�º��©¯�·���Ï�����ñ¢¤���º�¿�º��� Ù�ì¥Ù�áÜÉâèµÉ³Ù³Ê�ÞÀÎ�Ê�Ò�ÛñËÂÛÜÊ�Ø �Â¶ π Å
� ��¨ �Ý� �¦¢¾�ª©�� ©¯�������¤� ©�£³� �»� ��£IFµ�³£ 
 ©ó¢ ��£¬¨����î©¯������� π ��� ©� ³� � �Ä±¬��� Dô�ó¨½©¬¢«¢¤�°��ÁÀ¶�£���¨

�º���à���³� {0, . . . , n− 1} ���ß���º���³� ¶ � �º���³£³�»¶���£³���¹�º���â�»�¥¢¤���ï�ç� � �¡�³� ±��ß±´©��  ��ë�»�¤����£�¢¤£³�¬���IF ©¯�ë�º���
��� � � �³� ±Ä�Ý�Â¶ Dô©¯��� �¬� π(0), . . . , π(n − 1) �Â¶ó© ¢ �³£¬¨ ���î©¯���î��� π � ¶ó©���F����¤� J � ¶ß�»��±����¤�î©��°�¤�
�XD¥��£KJ � � ¨½ ��³£ ¶�£���¨ {0, . . . , n − 1} ���µ©µ±³�º�EJ ��� ±��çÅ

����� ¢¤£³��Á�£Ä©�¨ cycles.C �³������� F � £¦�³��±¬���Ä±�
�¸È���¬�º���³£ �º���Ý�°�¥¢¤������� � �¡�³� ±�� �Ñ©¯����� � �¬�
�º�¥���½±�����F���������� �ß©���F � ¶�� �����¿���³£¬¨ �»� ©¯��� ¸¹���º� © ±���£¬£��¬��¢ ����F��°��Á�¨½�¬�³�ç©�Á«�çÅ �×¶ó�º��� �°�¥¢¤���
�»��Fµ�Ä�IF �³� ±Ä� Fµ�¬�À©ë¢ �³£¬¨ ���î©¯������� π ���º��� ¢¤£³��Á�£�©�¨ �³������� F �����ñ¢¤���ï�º��� Ù�ìôÙ³áÜÉ èµÉ³Ù�Ê�ÞÀÎ Ê�Ò�ÛñËÂÛñÊ�Ø
�Â¶ π Å � ±XJÚ±¬�ª� �»� π ���ß©�� J ��� � � �³� ±Ä�ó�Â¶¿�º���ò¶ç��£¬¨ ( n1 n2 ����� nk ) ��� ±³�½�º��©¯�

� n2 = π(n1), n3 = π(n2), . . . , nk = π(nk−1) � ©���F n1 = π(nk) �Ó©���F
� n1 �»���º��� ��¨½©¯�°�§�³�³�Ï�³�§�³¨½�³�¤�â©�¨ ����Á n1, . . . , nk Å

� � J ±XJÚ±¬�§����� � � � �¬� J Fµ�¬���³£¬¨ �»� �¬���º��� π �ND ©¯�­�¡�¬� �Â¶À©¯�°� ���º�®�¬�ª�³¨ �³�¤�º� � �����º�������º���³£ß��©���F �
�XD¥��£KJó�¬�ª�³¨ �³�¤�ï©¬¢«¢ �´©�£¦� �»� ����¨ �à± J ±¬�ª�bHî¸È�¥�î±¬�À¨ �°Á��«�  ��¿�Â¶ �º���Ó��£¬� DÌ� ©¯�ç¶���£¬¨ (n1) � ¨ �´©�� �
�»��Á �º��©¯� π(n1) = n1 MôÅ½�Õ�¥���¿�»¨¿¢¾�­���¬� �º��©¯� �º���â¢��³£¬¨����î©¯���î��� Fµ��±Ä��¨�¢ �����³� �»�¤���Ý© � � � � �¡�
���¬�ã�Â¶ß±XJ ±³�§�¬�ÑÅ � ��£����«©�¨�¢¾�ª���È�º���ã¢ �³£¬¨ ���î©¯������� π Á�� D¥�³�  KJ

π(0) = 4, π(1) = 2, π(2) = 3, π(3) = 1, π(4) = 0

Fµ��±Ä��¨�¢ ���ç�¬���°�¤���ó�º���À��¸Ó�Ý± J ±¬�ª�¬� ( 0 4 ) ©���F ( 1 2 3 ) Å ^ � \ `I^ � � `G^ � � `

Exercise 72 �Ó���¤�Ä�NFµ�³£ �º��� �³��£¬�»��Á½¨½©¯��±¬�¥�°��Á ©¯� Á«��£¬�»�º�¥¨ �Â¶ �È£���Á�£�©�¨ 
 �ôÅ �¹£³� D¥� �º��©¯�Ã¶ç��£
©¯�»� m > 1, n � m �ï�º���³£�� �������³�º� © ���´©�£³±¬� �³��£¬�»��Á s �Â¶ë�ª�³��Á��º� m ©���F © ����� � t �Â¶ë�ª�³��Á��º� n

��� ¸È�¥�î±¬� �º����©¯��Á«��£¬�»�º�¥¨ �°� �È£³�ÄÁ�£�©�¨ 
 �ã¢ ��£º¶���£¬¨ó� m(n−m+ 1) ±Ä��¨�¢�©�£¬�»�����¤�� ��¬��¸Ó���³�
���°��Á��§� ±¬��©�£�©µ±¬����£¦�çÅ ^ � � `

Exercise 73 �Ó���¤�Ä�NFµ�³£Ó�º��� ¶ç���»�ª��¸È�°��Á ¢¤£³��ÁÌ£�©�¨ �º��©¯� Fµ� � � �¬�â©���F¿�»� �»����©¯��� 
 �¬�Ó©��º�¥£³���GF��»¨ ��� �
������� ©¯��©�£¬£�©�JÚÅ
#include <iostream >

int main()

{

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]

}

};

return 0;

}

� £¬������©Ý¢¤£���Á�£�©�¨ threedim_array.C �º��©¯�ó�³�¤��©�� ±��¬� �º�¥��� ¢¤£���Á�£�©�¨  KJ © Hî� �¬�³���GFKM
�ª�Ì�³¢ �º��©¯�È�»���³£�©¯���¬�®� D¥�³£¿�º���ß©�£¬£�©�J a ©���F ���º�à���¾ �©�£¬£�©�J �à���½�����ñ¢¤��� ©¯�»�¾�º��� � � int Dô©¯��� �¬�
�º��©¯�À©�£³� �³����£³�GF �°� a ©���F �»�º� ���¡ Ä©�£¬£�©�Jô�ÑÅ � � � ���¿�����ó£�©���Fµ��¨ ©µ±Ä±��¬��� ��� Fµ� �º�¥�»�  ¬���
¢ ���°�¤���³£�©�£¬���º�¥¨½�¬���î±çÅ ^ � � `

Exercise 74 � £¬����� © ¢¤£���Á�£�©�¨ frequencies.C �º��©¯��£³�´© F¯� © ����� �ò¶�£³��¨ �³�î©���F«©�£IF��°�¥¢¤���
H�����
ô� �»� �¹£³��ÁÌ£�©�¨ 
 � M ©���F �����ñ¢¤���º� �º���ã¶�£³� � � �³� ±��î�¬�Ý�Â¶ �º��� �ª�¬�º���³£¦���°� �º���ó��� � ���à¸È���³£³�
¸Ó� Fµ�ó� ��� F��»�³���»��Á�� ���³�  ³�³��¸Ï�Ä�³� �ª��¸Ó�³£ó©���F �¯¢«¢ �³£ó±´©¯���ß�ª�¬�º���³£¦�çÅ � ��£ß�º�¥��� ���Ú�³£�±³����� ��J ���
¨½©�J ©¯�³����¨½� �º��©¯�â�º��� � JÑ¢ � char �»¨�¢¾�ª�³¨½�³�¤�º� � � � � � �³� ±�� F��»��Á¥Å ���¥�»�ß¨ �Ä©��¤� �º��©¯�¿©¯�°�
±¬��©�£�©µ±³���³£¦�À��©�D¥�À�°�¤����Á«��£ D ©¯�­�¡�¬���°� {0, 1, . . . , 127} Å � ��£³��� Dô�³£�� �»� � � � � � �ò�º���LDô©¯��� �³� �Â¶
�º��� 26 �¯¢«¢ �³£ ±Ä©¯�����­�»���³£�©¯�­� ’A’ � ¢���� ’Z’ ©�£³� ±����¤���Ä±³����� D¥� � � ¨½ ��³£¦�¿�°� {65, . . . , 90}

� ¶���£
�º���À�ª��¸Ó�³£ó±´©¯��� ��������£�©¯�²� ’a’ � ¢ ��� ’z’ �È�º���bDô©¯��� � £Ä©���Á«� �»� {97, . . . , 122} Å ^ � � `
� ÖµØµØµÛÜØµå ËÂÇµÛÜÒ·Ê�ØóË�ÇÚÉâáñìôÍÂÛñÙ³Ò·Ê�Ô 
 �¬�³����£ F«©�J ^ºÆÈÇµÉ���É³ÐçËÂáÜÉ³Ò `ÈÔ×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉÏÒ�ÇµÊ�ÖÚáñèóì¥ÛÜÉ³áñè�ËÂÇµÉ

Ô×Ê�áÜáÜÊ¦æ ÛñØÚåàÊ�Ö«Ë�ÎÚÖ«Ë¬é

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

Exercise 75 �����Õ¶ç©µ±¬�ï�º��©¯�·©�� ©�£¬£Ä©�J���©¯� � �Ú�IF �ª�³��Á��º� ���¿�Â¶³���³� �°� ±���� D¥��� �î�³�¤�îÅ � ��£ ���µ©�¨ �
¢¾�ª���¹�»� � �Ú�³£�±³����� �	�½©���F��»� � �Ú�³£³±������ � � �¹�º��� � ��¨  ³�³£��Â¶ �³�§�³¨½�³�¤�º� ���½ ³� £��Ä© F �°�¤��� �º���



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

©�£¬£�©�J ��© F ���  ���¢¤£³� D��NFµ�IF ©¯� �º��� � £¦�³�Ï�»�¥¢¤���â�»� ��£IFµ�³£ë¶���£ó�º����¢¤£³��ÁÌ£�©�¨ ���  ��½©« ¦�ª� ���
F�J¯� ©�¨��î±´©¯�»� J ©¯�»�ª�Ì±Ä©¯���À©�� ©�£¬£�©�J �Â¶ã�º��� ©¬¢«¢¤£³�³¢¤£¬� ©¯���à�§����Á��º��Å�� ��� �»� ¢¤£�©µ±¬���î±Ä���¹�º���à�ª�³��Á��º�
�Â¶¿�º�����°�¥¢¤���ò��� � �¡�³� ±�� ���®�Â¶³���³� � ��� 
�� ��¸¹� © ¢¤£¬����£¬��Å

��� ¸Ó����� F �º���³£���¶���£³� �­� 
ô�Ý��� ¸¹£¬����� ©½¢¤£³��Á�£Ä©�¨ �º��©¯� £��Ä© F¯� © ��� � � �³� ±Ä� �Â¶ �»�¤��� Á«�³£¦�
¶�£���¨ �³�î©���F«©�£ F �°�¥¢¤��� �»�¤��� ©�� ©�£¬£�©�J�� ¸È���³£³�®�º���®�ª�³��Á��º� �Â¶À�º���®��� � � ��� ±��®��� � ��� 
�� ��¸¹�
 ³�»¶���£³�¬��©���F H´©���F � ����¢�©�£¦� �Â¶·�º���·�»�¥¢¤���VM � �º���Õ¢¤£³��ÁÌ£�©�¨ �³������� Fë���»¨¿¢¾�EJ £³�´© F®��� � � ��¨  ³�³£
©ä¶³����£ ©�� ���º���³£À� �¤����� �º��� �³��£³�Ä©�¨  ³�Ä±���¨ �³���³¨�¢¾� JµÅ

�Ó� � ¢ �������� ¦�ª� �³��£Ä©¯����Á J �»�Ý��� F�J � ©�¨ �î±´©¯�»� J ©¯�°�§�Ì±´©¯��� ©�� ©�£¬£�©�J �Â¶ �ª©�£�Á«� �§�³��Á��º� �  ¬�§Á
�³� ���ÚÁ�� ��� ������£³� ©�� Jß¢ ���³�Ä�� ¦�ª���°�¥¢¤���ò��� � �¡�³� ±��çÅ�� ���ò� ¶¿�º���À��� � � �³� ±Ä�À���¿�³����£¦���È�º�¥��� ���ß©
�¥� Á¥� ¸ ©¯�³��� �Â¶À¨½�³¨ ��£KJ��ë©���F½� ¶ß�º��� ��� � � �³� ±Ä� �»�LD¥�³£KJ �ª����Á �Ó�º��� ©�£¬£�©�JÝ¨ �°Á��«�Ï�³�����°�Õ� ���
 ³� �ª©�£�Á«���³� ���ÚÁ���Å
©KM�� £¬�����ß© ¢¤£³��ÁÌ£�©�¨ read_array2.C �º��©¯�È£³�´© F¯�À©��ç� � �¡�³� ±�� �Â¶ë�»�¤��� Á«�³£¦�ß�Â¶ë� � 
�� ��¸¹�

�ª�³��Á��º� �»�¤��� ©�� ©�£¬£�©�J�� ©���F �º���³� �����ñ¢¤���º�Ý�º��� ��� � �¡�³� ±��çÅ �Õ���ó¢¤£³��Á�£Ä©�¨ �³������� F
�ç©¯���»�»¶ Jó�º���·¶����°�§��¸¹�°��Áó��¸Ó��¢¤£��³¢ �³£¦���î�³�çÅ
Hî�EM �Õ��� ©�¨ ��� �¤� �Â¶ F�J � ©�¨ �î±´©¯�»� J ©¯�»�ª�Ì±´©¯���IF ¨½�³¨ ��£KJ �»� ���ç�  KJ �º��� ¢¤£³��ÁÌ£�©�¨

��������� F ©¯�·©�� J����°¨ �À ³� ÎÚÍ�ÊÌÎ ÊÌÍ�ËÂÛÜÊ�ØÚÐ�á«ËÂÊëË�ÇÚÉ·ØôÖµÞb_�É�ÍïÊ�Ô Ò�ÉXW ÖµÉ³ØµÙ³ÉÓÉ³áÜÉ³ÞßÉ³Ø¯ËÂÒÕË�Ç ÐÑË
ÇÚÐXU�É�_ É³É³Ø ÍÂÉ¬Ð�è Ò�Ê ÔªÐçÍ Å � �  �� ±Ä��� ±³£³�¬��� 
 �º���³£³� ¨����³�  ³�ß© ¢ �����»��� D¥�®±����¤���î©��¤� a

�Ä� ±¬�Ý�º��©¯�ò� �ó¨ ��£³� �º��©�� ak ±��³�»�­���Â¶ F�J � ©�¨ �î±Ä©¯�°�EJÝ©¯�°�§��±Ä©¯���IF ¨½�³¨ ��£KJ ©�£³���»�
����� ¸È���³� k �¬�ª�³¨ �³�¤�º� ��©�D¥�  ����³� £³�´© F � k � 1 Å ��� £���¶��³£®���ó�º�¥��� ¢¤£³�³¢ �³£¦� J ©¯�Ò�Î�ÐçÙ³ÉâÉ � Ù³ÛÜÉ³ØµÙ�ì Å �ä�ã���¤����£³�³� �º��©¯�â�XDô�³� D¥�³£KJ �ª����Á ��� � � �³� ±Ä�¬��±´©��  ³�À£��Ä© F Hî�¯¢
���ó�º��� ©¬¢«¢¾���î±Ä©« ¬�§��¨ �³¨½��£KJ½���»¨ ���º�NM �Ó ³��� �º��©¯� ������£¦�·��� � � �³� ±Ä�¬�ó±����¤�Ä��¨ � ���¤�EJ
�����º�º�ª�À¨½�³¨ ��£KJµÅ

Hî�»�EM �Õ����� � ¨½ ��³£ �Â¶ ©¯�³���°ÁÌ� ¨ �³�¤�º� H��Â¶ Dô©¯��� �¬� ����©�£¬£�©�J �¬�ª�³¨ ���¤�º�NMó¢ �³£º¶ç��£¬¨ �GF ���
¶Ñ©�£Ó�³������� FÀ©¯��©�� J ���»¨ �ã ³� ¢¤£³�³¢ ��£¦������� ©¯����� �º��� � � ¨½ ³��£¿�Â¶·��� � � �³� ±Ä�¿�³�§�³¨½�³�¤�º�
�º��©¯�Ï��©�D¥�  ³�Ä�³� £��Ä© F ��� ¶ç©�£�� ¸¹���º� �º���®�ç©�¨½� ¨½�Ä©�� �°��Á �Â¶ã¢¤£³�³¢ ��£¦���î��� ©¯����� J ©¯�
©« �� D¥��Å ��� £³��¶ç�³£Ó��� �º�¥���Ã¢¤£³�³¢ �³£¦� J ©¯� ËÂÛñÞßÉÃÉ � Ù³ÛÜÉ�ØÚÙÄì Å �ä� �³�¤��� £³�¬� �º��©¯� �º��� ¢¤£�� �
ÁÌ£�©�¨ �»� ���¤� J  KJÝ©Ý±Ä���¤�³�î©��¤� ¶ç©µ±³����£À�³�ª��¸Ó�³£ß�º��©�� �º���Ó¢¤£³��Á�£Ä©�¨ read_array.C

�º��©¯� 
�� ��¸È� �º������� � �¡�³� ±��®�ª�³��Á��º�½�»� © F�D ©�� ±���Å
  M � �¬���³£¬¨ �»� �Ó�º���ë±Ä���¤�³�î©��¤�º�à�Â¶Ã¢¤£��³¢ ��£¦���î��� ©¯����� J a ¶ç��£ ¢¤£³�³¢ �³£¦�����¬� Hî�EM ©���F Hî�°� MÀ�Â¶�J ��� £

¢¤£³�ÄÁ�£�©�¨½Å
Exercise 76

� ��£ó�×©�£îÁ«�³£ � �Ì��£¦� � �È£³�ÄÁ�£�©�¨ 
 � ±Ä©��  ���±���¨½� � ���»��� �°� � � ±³���³�¤���à���°� ±��½�XD¥�³£KJ
�³���î¢ i ���µ©�¨ �»� �¬� Ð�áÜá ±Ä�¬�»�­�½�Â¶®�º��� � �Ì��£ �»� ��£ Fµ�³£ ��� � ��F �º��� H§¢ ���³���  ¦�EJ Dô�³£KJ®¶��³¸ M ��� �¬�
�º��©¯�â��©�Dô� ���  ³� �ª©« ��¬�ª�IF ¸¹���º� i �°� �º��©¯�Ï�³���î¢ Å �  ³�¬�º����£ �����­�����î��� ¸Ó����� F  ��ó��� ���µ©�¨ �»� �
���¤� J �º��� � ���°Á��� ���£¦� �Â¶®�º��� ±Ä�¬�»�­� �º��©¯�à©�£³� ©¯�­£��Ä© F�J �×©« ³�¬�ª�IF ¸È�»�º� i − 1 �Ï���°� ±�� ���¤� J �º���¬���
©�£³� ±Ä©���F��NF«©¯���³�È¶ç��£�Á«�¬�º���°��Á �×©« ³�¬� i Å

� £¬�����®©¿¢¤£���Á�£�©�¨ shortest_path_fast.C �º��©¯�È£³�´©¯�­� 
 �¬� �º�¥���à� Fµ�Ä© �·©���F ¨ �´©¯����£³���º���
¢ �³£º¶ç��£¬¨½©�� ±Ä��Á¥©��°� ��� ����¨½� �×©�£îÁ«��£ � �Ì��£¦�®�Â¶�J ��� £ ±³�����î±��çÅ
Exercise 77 �Â� 
 � � � � � �����¤��©�£IF �È���§��£ F�����±Ä� D¥�³£³�GF �º��� � �¡© F�£�©¯����±Ï¢ ��� J¯� ��¨���©¯�

n2 + n + 41



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

¸¹���º� �º���ã¶ç���»�ª��¸¹�»��Á £³�³¨ ©�£ 
 ©« ¦�ª��¢¤£³�³¢��³£¦� J 
 � ¶ J ��� �XDô©¯���¡©¯���®��� ¶���£ n = 0, 1, . . . , 39 ��JÚ���
©¯��¸Ó©�J � Á«�¬�ë©®¢¤£¬�»¨½�ß� ��¨  ³�³£��ë©���F ¨ ��£���� D¥�³£��ë©¯�°���º���¬�ç�ë¢¤£¬�»¨ �ß� � ¨½ ��³£¦��©�£³� F�� � �³£��³�¤�îÅ
� �³£�� ��� �º��� �­�»�³�ã�Â¶ß©¯�»� �º��� 40 ¢¤£¬�»¨ �¿� ��¨  ³�³£¦� Á«�³� �³£Ä©¯���IF  KJ �¹���ª�³£�� � ¢ ��� J � ��¨ ��©¯� 


41 � 43 � 47 � 53 � 61 � 71 � 83 � 97 � 113 � 131 � 151 � 173 � 197 � 223 � 251 � 281 �
313 � 347 � 383 � 421 � 461 � 503 � 547 � 593 � 641 � 691 � 743 � 797 � 853 � 911 � 971 �
1033 � 1097 � 1163 � 1231 � 1301 � 1373 � 1447 � 1523 � 1601 Å

� �³£³� ¸Ó�ß©�£³�®±���� ±Ä�³£¬� �IF ¸¹�»�º�½�º��� � �¡�¬�³������� ¸È���¬�º���³£��º���³£³�®©�£³�¿�³���»�»�  ³�¬�º���³£ � �¡© F�£�©¯����±
¢ ��� J � ��¨ ��©¯�­� �°� �º���½���³�¤���½�º��©¯�À�º���XJ Á¥�³� �³£�©¯��� � D¥�³� ¨½��£³� ¢¤£¬�°¨ � � ��¨½ ��³£¦�çÅ ��� �ç©�J
�º��©¯�ã© � �¡© F�£�©¯����±Ï¢����EJ¯� ��¨�� ©¯� an2 + bn + c ��©¯� � ÖµáÜÉ�Í�WôÖÚÐ�áÜÛ²Ë ì

p � ¶��º��� p � ��¨½ ��³£¦�
|an2 + bn + c|, n = 0, ..., p − 1

©�£³� F�� � �³£³���¤�â¢¤£¬�»¨ � � � ¨½ ³��£¦�çÅ ��J �î©�
��°��Á ©« ¦�ç���­����� Dô©¯��� �³� � ¸Ó�Ý�º����£³��¶���£���©¯�²�ç�¼©¯�°�§��¸� � ��Áô©¯��� D¥�Ï¢¤£¬�»¨ �³� 
 Å � �®©��¼���µ©�¨¿¢¾�§� �ò�ª�¬�·��� �§�Ì� 
 ©¯�·�º���Ï¢ ��� J � ��¨ ��©¯� n2 − 10n + 2 Å � ��£
n = 0 �ï¸Ó��Á«�¬� 2 H°¢¤£¬�°¨ � M � ¶���£ n = 1 ¸Ï� �¥ ¦�î©��»� −7 H�� ��Á¥©¯��� D¥�â¢¤£¬�»¨½� M � ©���F n = 2 Á�� Dô�¬�
−14 Hî� � Hî� � Á¥©¯��� Dô� M�¢¤£¬�°¨ � MôÅ �Õ��� �¹���ª�³£ � �¡©¯����� J �Â¶ n2 − 10n + 2 �»�à�º���³£³��¶ç��£³� 2  ³���ï� ���
�¥�°Á����³£ÌÅ
� �³£³�È���¹�º���Ó±¬��©¯�°�§�³��Á¥� 
 ¸¹£¬�»���Ï©È¢¤£³��Á�£Ä©�¨ �º��©¯�¾� J �³���³¨½©¯����±Ä©¯�°�EJ ���´©�£³±¬���¬�¤¶���£ © � �¡© F�£Ä©¯���î±

¢ ��� J � ��¨ ��©¯�¥¸¹���º� �¥�°Á�� �È���§�³£ � �¡©¯����� JµÅß�Õ���ÈÁ¥��©¯�«���È��� � ��F ©·¢ ���EJ¯� ��¨�� ©¯�¥¸¹���º� �¹���ª�³£ � �¡©¯� �
��� J��ª©�£�Á«�³£��º��©�� 40 � �»� ��£ Fµ�³£¿��� �  ³�´©¯� 
 n2 + n + 41 Å �Ý��©¯�È�»�ë�º��� �¥�°Á����³�³� �È���§�³£ � �¾©¯�­�»� J
�º��©¯��JÚ��� ±Ä©�� � ��F �� ��£ã�º�¥�»�ë±¬��©¯�»�ª�³��Á«� �Ã�»�ï±Ä©��  ³�Ó�����»¶����Ú��� £³�Ä© F �º��� ¢�©�£�©�ÁÌ£�©¬¢¾� ��� ±Ä���¤�³�î©��¤�ò���¬¢¤£³�¬�³�������¤�
�»���º��� � �¬�î©��»�²�¿����±³���î��� Å
Exercise 78 ����� XBM � �ª� ¶���£¬¨ ©¯� ����©Ó¶ç��£¬¨½©¯��¶ç��£ �³����£¬�»��Áß¨½��� �Ì±¬�¥£³��¨½�
HÄ ¦�×©µ±�
 � ¸È�¥�»��� M
�»¨ ©�Á«�¬�çÅ �Õ��� ¶ç��£¬¨½©¯� ���À�ç��¨ �³¸È��©¯�à����� F«©¯���GF �ë ¬��� ¨½©�� J  ¬£³��¸È���³£¦� H �Â�¤���³£¬� �¬� � �¦¢¾�ª��£³�³£
���ß©ó� ���î©« ¬�§� ���Ú±���¢¾���î����MÝ±´©�� �³���»�»� F���� ¢¾�ª©�Jó�°¨½©�Á«�³�¿�°� XBM ¶���£¬¨ ©¯�îÅ

� � XBM �»¨ ©�Á«� � �ª� ¶ç��£ ©�� �»¨½©�Á¥� � ©�¨ �GF test ¨��§Á��«� �ª�Ì� 
�����
 �Ý�º�¥��� H��î©�
ô��� ¶�£³��¨
� ��
��­¢ �IF�� ©�� � XBM ¢�©�Á«� MôÅ

#define test_width 16

#define test_height 7

static char test_bits[] = {

0x13 , 0x00 , 0x15 , 0x00 , 0x93 , 0xcd , 0x55 ,

0xa5 , 0x93 , 0xc5 , 0x00 , 0x80 , 0x00 , 0x60};
� �
J ��� ±´©�� Á�� �³�³� ¶�£³��¨ �º�¥��� � XBM � �ª�¬� ©�£³� Fµ�³���°Á�� �GF ���  ����°�¤����Á�£�©¯���GF �»�¤��� �ð©���F

����� ����� £³±�� ±�� Fµ��¸È�¥�î±¬� ¨½©�
ô�³�¿�»�ã�Ä©¯�IJ ����¢¤£³�Ì±Ä�¬�³�¿�º���³¨ H��º���³£³�¿���à� ��� �Ä�IF ��� £³�Ä© Fó�»�
�º��� F«©¯�î© � ���°¨�¢¾� JÝ�»� ±³�­� Fµ� �º��� � �ª�ã¶Ä£³��¨ �º��� ����� ¢¤£³��Á�£�©�¨ �º��©¯�ã� �Ä�IF¯� ��� ¢¤£³��±��¬�³� �º���
�»¨ ©�Á«� M¥Å �Â� ����£�� �µ©�¨�¢¾�ª��� test_width ©���F test_height Fµ�³� ����� �º����¸¹� F¯�º� ©���Fó���³�°Á��«�
�Â¶ �º��� �»¨ ©�Á«���°� ¢¤� �Ú�¬�­�çÅ � ��£¬¨½©¯�»� J��¹�º���¬���¿� ©�¨ �¬�À©�£³� Þ®Ð�Ù�Í�Ê�Ò �· ¬���È�°���º���Ó¢¤£³��Á�£Ä©�¨ �º��� J
±Ä©��  �� �����GF¼�­� 
ô� ±Ä���¤�³�î©��¤� ���¦¢¤£³�¬�����î���¤�çÅ test_bits ��� ©�� ©�£¬£�©�J �Â¶ ±¬��©�£Ä©µ±¬���³£¦� �º��©¯�
�³� ±Ä� Fµ�¬� �º���Ý±����ª��£¦�Ý�Â¶ �º��� 16 � 7 ¢¤� �Ú�³�²���°� �º���ó�»¨ ©�Á«��Å ��D¥��£KJ ÇµÉIPµÐçèÚÉ�Ù³ÛÜÞ®Ð�á áÜÛñË�É�ÍäÐ�á �Â¶
�º��� ¶���£¬¨ 0xd1d2 �³� ±Ä� Fµ�¬� �³�°Á��«� ¢¤� �Ú�¬�­� � ¸È���³£³� �º��� ��£ Fµ�³£ ����£³��¸ð KJ½£³��¸ Å �Â� ��� £ ±Ä©¯��� �



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

0x13 ©���F 0x00 �³� ±Ä� Fµ�¿�º��� 
 �ã¢¤� �µ�¬�²���Â¶â�º��� � £¦�³�Õ£³��¸ � ¸È�¥���ª� 0x15 ©���F 0x00 ©�£³� ¶ç��£ �º���
���Ä±�����F £³��¸ �Ï�¬��±�Å
� �³£³�ò���¹����¸ ©â��¸Ó� �GF��°ÁÌ��� �����«© Fµ��±³�°¨½©¯�«�������³£�©¯� �³� ±Ä� Fµ�¬�ò�º���ã±Ä���§��£¦�Ó�Â¶ �³�°Á��«�Õ±����¤�ç��±³����� D¥�

¢¤� �µ�¬�²� ¸È�»�º�¥�»� © £³��¸ Å � � � D¥�³£KJ������µ© Fµ��±��»¨½©¯�
F��°Á��»� di ���â¶Ä£³��¨ �º��� �ç�¬� {0, ..., 9, a, . . . , f}

¸È���³£³� a � ¢ ��� f �³�î©���Fâ¶���£ 10, . . . , 15 Å �Õ���®©µ±¬���¡©¯� � ��¨  ³�³£��³� ±�� Fµ�GF  KJ © �����«© Fµ��±³�°¨½©¯�
�������³£�©¯� �»� 16d1 + d2 � {0, . . . , 255} Å � � � ��£����µ©�¨¿¢¾�§� � 0x13 ��©¯� Dô©¯��� � 1 � 15 + 3 = 19 Å
� ��¸ ��©�� J � ��¨  ³�³£ �°� {0, . . . , 255} ��©¯� ©  ¬�»� ©�£KJ £³�î¢¤£��¬���³�¤�î©¯������� ¸¹�»�º� 8  ¬�»�º�çÅ 19 �

¶���£ � �µ©�¨�¢¾�ª��� ��©¯�  ¬�»� ©�£KJ £³�î¢¤£³�³���³�¤�î©¯���î��� 00010011 Å �����â¢¤� �Ú�¬�¹±����ª��£¦� ©�£³� �¥ ¦�î©��°� �IF  KJ
£³�´© F��»��Á �º�¥�»�® Ä©µ±�
�¸ ©�£ F¯� �Ï©���Fó�»�¤����£�¢¤£³�¬���»��Á 1 ©¯�® ¬�ª©µ±�
 ©���F 0 ©¯� ¸È�¥������Åó���¥��� �È�º��� � £¦�³�
�³�§Á��«�Õ¢¤� �µ�¬�²� �»� £³��¸ 1 �Â¶ �º��� test �»¨ ©�Á«� ©�£³�® ¦�×©µ±�
 �Ó ¦�×©µ±�
 �¹¸È�¥�������È¸È�¥�������  ¦�×©µ±�
 �È¸È�¥�������
¸È�¥�������¹¸È�¥�����çÅó�Õ��� ±Ä��¨�¢¾�ª�¬��� test �»¨ ©�Á«� �ª�Ì� 
Ì�¿����
ô� �º�¥��� 


� £¬�����ë© ¢¤£³�ÄÁ�£�©�¨ xbm.C �º��©¯� #include �Ó©�� XBM
� �§�ë�Â¶�JÚ����£ë±¬������±�� HNJ ��� ¨½©�J¿���´©�£³±¬�

�º��� ¸Ó�� ���� � ��F ��� ���î©« ¦�ª� XBM � �ª�¬�NM �ò©���F��º��©¯�Ó�����ñ¢¤���º� ©�� XBM
� �§�¹¶ç��£ �º�����Ñ©�¨ �à�»¨ ©�Á«���ÍÂÊÌËäÐÑËÂÉ³è _ ì ��� èµÉ³åÌÍ�É³É³Ò Å������ ¢¤£³��ÁÌ£�©�¨ ¨ ©�Jó¸¹£¬�������º����£��¬�����­���»��Á � �ª� ��� �³�î©���F«©�£ F �����ñ¢¤���îÅ

�Â� ±Ä©¯�ç�ß�Â¶ë�º��� test �°¨½©�Á«� �ï�º���ë£³�¬�Ä���­���»��Á XBM
� �ª� ©���F �º���à£³�³�����­���»��Á®£³���î©¯���GF��°¨½©�Á«��©�£³�

©¯�¹¶����»�ª��¸È�çÅ
#define rotated_width 7

#define rotated_height 16

static char rotated_bits[] = {

0x3c , 0x54 , 0x48 , 0x00 ,

0x04 , 0x1c , 0x00 , 0x1c ,

0x14 , 0x08 , 0x00 , 0x1f ,

0x00 , 0x0a , 0x15 , 0x1f};
� �����¿�º��©¯�ï¸Ï� � ��¸ ��©�D¥� 
 �ß�»�¤�³���´© F �Â¶ 
 � �����«© Fµ��±³�°¨½©¯� ��������£�©¯�²�ÑÅ��Õ�¥���ë�»� F�� � ��� �º���

¶ç©µ±³� �º��©¯�·�Ä©µ±³� �Â¶Ï�º��� 
 ��£���¸ò�Ï� ���GF¯� ��� �ë�������³£Ä©¯��¶ç��£â�»�º� � ¢¤� �Ú�¬�­� �Ã¸ò����£³�à�º���ë�ª�Ä© F��°��Á� ¬�»�º�
�Â¶¿�º���  ³�»� ©�£KJ £³�î¢¤£³�³���³�¤�î©¯���î���¤� ©�£³�  ��³�»��Á��°Á�� ��£³�GF«Å

 ��� ¨½©�J ��� ������F JÚ����£ ¢¤£³��ÁÌ£�©�¨ ���à¢ �³£º¶���£¬¨ ���º���³£ 
��»��F¯� �Â¶ã�»¨ ©�Á«� ¢¤£³�Ì±Ä�¬�³���°��Á��î©¯� 
Ì�

�Â¶ JÚ����£ ±¬�����î±Ä��Å � �«©�¨�¢¾�ª�¬� �°� ±¬���"Fµ� ±����ª��£ �»� Dô�³£¦���î��� Hî£³��¢¾�ª©µ±Ä�  ¦�×©µ±�
 ¸È�»�º� ¸È�¥����� � ©���F
DÌ��±�� D¥�³£¦�Ñ©KM �ë±���¨¿¢¤�����°��Á ©½¨ �»£¬£³��£ß�°¨½©�Á«� � ��±Ä©¯���»��Á �º���ß�°¨½©�Á«� Hî��� �º��©¯� ���ë�Ì±Ä±³� ¢¤���¬�ß�§�³�³�
��£ ¨½��£³�ã¢¤� �Ú�¬�­�NM � �¬��±çÅ
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7� � $&	�/S
��?	 �8* ��
 �L" ����
�	��
� � �2����,)
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char
�
� � �����.� �9�%��* 6 �

{−128, . . . , 127}
,�
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Chapter 3

Functions

��� �



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

3.1 A first C++ function
� ©�£Ì �©�Á«���»� �ïÁ¥©�£Ì Ä©�Á«�������îÅ

� �º��£¬�  ¬�����GF ��� � �Ä��£îÁ«� � �¡��±¬�«���³� � � � � �È�ª©¯��� 
 � � � � �

�Õ�¥��� ����±³���î��� �»�¤��£�� F�� ±Ä�¬� ����� ¶�� � ±¬���î���¤� ©¯� © ¨½�Ä©��¤� ��� �³� ±Ä©¬¢¾�Ä���×©¯��� ©���F
£³�������Ó¶�� � ±¬���î��� ©¯����� J��â©���F ��� ���¡ IF�� DÌ� Fµ�ó© ¢¤£���Á�£�©�¨ �»�¤��� ���¾ ¦�î©¯��
Ì�ÑÅ 
 ��� ¸È�»�»�
�ª�Ä©�£¬� ����¸ ��� © F FÓ¶Ä��� ±¬�������¤�à���
J ��� £ ¢¤£³��Á�£�©�¨�� � ©���F ����¸ ��� ±´©¯�»�¡�º���³¨½Å ���
©¯�­��� � �¦¢¾�ª©��°� ����¸ ¶Ä��� ±¬�������¤� ±Ä©�� � � ±³���³�¤�º�EJ  ³� ¨½© Fµ� ©�Dô©����×©« ¦�ª� ¶���£½¨½©�� J
¢¤£³�ÄÁ�£�©�¨ó�®©¯�·�º��� �ç©�¨ �����»¨½���È�º�¥£³��� Á�� ���î¢�©�£�©¯��� ±���¨¿¢¤���×©¯���î��� ©���Fó�­�  ¬£�©�£¬���¬�çÅ

ê�Ø Þ®Ð�Ø ì Ø ÖµÞßÉ�ÍÂÛÜÙ¬Ðçá Ù¬Ð�áÜÙ�ÖÚáÜÐçËÂÛÜÊ�ØµÒ³í Ù³Ê�ÞÀÎÚÖ«ËÂÛÜØµåßÎ Ê¦æ¹É�ÍÂÒÏÛÜÒëÐ®Ô×ÖµØµè ÐçÞßÉ³Ø ËäÐçá ÊÌÎ É�ÍäÐçË�ÛÜÊ�Ø�^»Ò�É³É
" É³Ù�Ë�ÛÜÊ�Ø \ é � `Äí«Ð�Øµè Ë�ÇÚÉÄÍÂÉâÐÑÍÂÉÓÞ®Ð�Ø ìßÊÌË�ÇÚÉÄÍòÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ Ë�Ç ÐÑËòÊ Ù³Ù³Ö«ÍÈÔÜÍÂÉXW ÖÚÉ�Ø ËÂáñì ÛÜØ ÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�ØµÒ³é
ê�Ø&�����àí ¶���� ±³���î���¤� ÐÑÍÂÉàÖµÒ�É³è ËÂÊßÉ³ØµÙ¬ÐçÎÚÒ�Öµá×ÐçË�ÉëÒ�ÖµÙäÇ ÔÜÍÂÉXW ÖµÉ³Ø ËÂá²ì ÖµÒ�É³è ÊÌÎ É�ÍäÐçË�ÛÜÊ�ØµÒ³í Þ®Ð ]¥ÛÜØµå Û²Ë
É¬Ð�Ò�ì ËÂÊëÛñØ U�Ê ]�É·ËÂÇµÉ³Þ Þ®Ð�Ø ì ËÂÛñÞßÉ³Ò³í�æ ÛñË�ÇÀèµÛ	��É�Í�É³Ø Ë¹ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ�í ÐçØÚèßÔÜÍ�Ê�Þ èµÛ	��É�Í�É³Ø ËÕÎÚÍ�Ê�åÌÍäÐ�ÞßÒ³í
_ÚÖ«Ë ¸¹���º������� ÇÚÐXU¥ÛÜØµå ËÂÊ�Í�É�ÎµÍÂÊ�åÌÍäÐ�Þ ËÂÇµÉ³Þ É U�É�Í�ì ËÂÛÜÞßÉ�é

��U�É�Ø�ÞßÊÌÍÂÉòÛÜÞÀÎ ÊÌÍ�ËäÐçØ ËÂáñì�í�Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ¹ÐçÍÂÉ ÖµÒ�É³è®ËÂÊàÒîËîÍÂÖµÙ�ËÂÖ«ÍÂÉÓÐãÎµÍÂÊ�åÌÍäÐçÞ é ê�Ø ÎµÍäÐçÙ�ËÂÛÜÙ³É�íôá×ÐçÍ�å�É
ÎµÍÂÊ�åÌÍäÐ�ÞßÒ Ù�Ê�ØÚÒîÛÜÒîËÕÊ�Ô�Þ®Ð�Ø¯ìàÒ�Þ®Ð�áÜáôÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ³í É³Ð�ÙäÇÀÊ�Ô æ·ÇÚÛñÙ´Ç�Ò�É�Í U�É�ÒïÐÏÙ�áÜÉ¬ÐçÍÂá²ìàèµÉ YÚØÚÉ�èÀÒ�Ö _µËäÐ�Ò ]�é
Æ¹ÇÚÛñÒòÞ®Ð ]�É�ÒÈÛ²Ë·Ð áÜÊÌËÈÉ¬Ð�ÒîÛÜÉ�ÍÈËÂÊ�ÍÂÉ³Ð�è¤íÚÖµØµèµÉ�ÍÂÒîËÂÐ�Øµè¾íµÐçØÚè�Þ®Ð�ÛÜØ ËÂÐ�ÛÜØÀËÂÇµÉÓÎÚÍ�Ê�åÌÍäÐ�Þ é

SÝÉ ÇÚÐXU�É�ÐçáñÍÂÉ¬Ð�è«ì�Ò�É³É³Ø WôÖµÛñËÂÉ ÐÀØ ÖÚÞ�_ É�Í Ê�ÔÕÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í�Ò�ÛÜØµÙ³ÉëËÂÇµÉ
main

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ê�ÔÃÉ U�É�Í�ì
����� ÎµÍÂÊ�åÌÍäÐ�Þ ÛÜÒòÐ ÒîÎ É³Ù³ÛÜÐ�á¤Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø ^ " É�Ù�ËÂÛÜÊ�Ø \ é � é � `Äé

� Í�Ê�åÌÍäÐ�Þ � � É³ÞÀÎÚÇÚÐ�Ò�Û��³É³ÒëËÂÇµÉ É³ØµÙ¬ÐçÎÚÒ�Öµá×ÐçËÂÛñÊ�Ø�Ð�Ò�Î É³Ù�Ë Ð�Øµè�Ò�ÇµÊ¦æ Ò¿ÇµÊÑæ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ Ù¬Ð�Ø�_ É
ÖµÒ�É³è¤é ê»ËZYµÍÂÒîËëèµÉ YÚØµÉ³ÒàÐ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø Ô×ÊÌÍàÙ³Ê�ÞÀÎÚÖ«ËÂÛÜØµå®ËÂÇµÉ UÌÐçáÜÖµÉ

be
Ô×ÊÌÍ Ð å�ÛVU�É³Ø ÍÂÉ¬Ðçá�ØôÖµÞ�_ É�Í

bÐ�Øµè®å�ÛVU�É³Ø ÛÜØ Ë�É³å�É�Í
e
^»Î�Ê�Ò�Ò�ÛV_Úáñì�ØµÉ³å�ÐçËÂÛVU�ÉK`Äé ê»ËïËÂÇµÉ³Ø®Ù¬Ð�áÜáñÒ�ËÂÇµÛÜÒ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø®Ô×ÊÌÍ¹Ò�ÉIU�É�ÍäÐ�á U�Ð�áÜÖµÉ³ÒïÊ�Ô

bÐ�Øµè
e
éÃÆ¹ÇµÉâÙ³Ê�ÞÀÎÚÖ«ËäÐçËÂÛñÊ�ØÚÒ ÐçÍÂÉÓÎ É�ÍÂÔ×ÊÌÍÂÞßÉ�è�Ê�U�É�Í·ËÂÇµÉ
QÚÊ�ÐçËÂÛÜØµåàÎ Ê�ÛÜØ¯ËòØ ÖµÞb_ ÉÄÍÈË ì Î É

double
é

�
// Prog: callpow.C�
// Define and call a function for computing powers.

�

�
#include <iostream >

�

	
// PRE: e >= 0 || b != 0.0



// POST: return value is b^e

�
double pow (double b, int 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;
���

}
���

���
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;�
�

}

Program 19: ¢¤£³��Á�� � ±´©¯�»� ¢ ��¸ Å �
��É³Ô×ÊÌÍÂÉ æ¹ÉòÉIP¥ÎÚá×Ð�ÛñØ ËÂÇµÉ Ù³Ê�ØµÙ³É�ÎµËÂÒ�ØÚÉ�Ù³É³Ò�ÒÂÐÑÍ�ì ËÂÊâÖÚØµèµÉ�ÍÂÒ�ËäÐ�ØµèÀËÂÇµÛÜÒÕÎµÍÂÊ�åÌÍÂÐ�Þ ÛñØßèÚÉÄËäÐ�ÛÜá�í�áÜÉÄË ÖµÒ

å�É�Ë�Ð�Ø Ê�U�É�Í UôÛÜÉ�æ¼Ê�Ô æ·ÇÚÐçËÃÛÜÒ å�Ê�ÛÜØµåãÊ�Ø�ÛÜØ�ËÂÇµÉÈÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
pow

é [ ÊÌÍ�ØµÊ�ØµØµÉ³å�ÐçËÂÛ U�ÉÈÉGP¥Î Ê�ØµÉ³Ø¯ËÂÒ
e
í
beÛÜÒòÊ _ÚËÂÐ�ÛÜØµÉ³èóÔÜÍÂÊ�Þ ËÂÇµÉâÛÜØµÛñË�Û×Ð�á U�Ð�áÜÖµÉâÊ�Ô

1
_ôì

e
��Ô×Ê�áÜè Þ¿ÖÚá²ËÂÛñÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�Ø æ·ÛñËÂÇ

b
é¹Æ¹ÇµÛÜÒ·ÛñÒòæ ÇÚÐçËÈËÂÇµÉ

for
�ºáÜÊ ÊÌÎÀèµÊôÉ³Ò�éÕÆ¹ÇµÉ·Ù¬ÐçÒ�É·Ê�Ô ØµÉ³å�ÐçË�ÛVU�É

e
Ù¬Ð�Ø _ ÉòÇÚÐ�ØµèÚáñÉ³è _ôì¿ËÂÇµÉ·Ô×ÊÌÍ�Þ�Öµá×Ð

be = (1/b)−e
� Ð�ÔÜË�É�Í

ÛÜØ U�É�Í�ËÂÛÜØµå
b
Ð�Øµè ØµÉ³å�ÐçË�ÛÜØµå

e
ÛñØ½ËÂÇµÉ

if
��ÒîËäÐçË�É³ÞßÉ³Ø Ë³í�æ¹É Ç ÐXU�É�Ð�Ø É WôÖµÛVU�Ð�áÜÉ³Ø¯ËÏÎµÍÂÊ _ÚáÜÉ�Þ æ ÛñËÂÇ Ð

Î Ê�Ò�Û²ËÂÛVU�ÉÏÉIP¥Î Ê�ØµÉ³Ø¯Ë¬é¹Æ¹ÇÚÉãá×ÐçË�Ë�É�Í·Ê�Øµáñì®æ¹ÊÌÍ ]ôÒ·ÛÜÔ
b

	
= 0

í Ð�ØµèóÛÜØµèµÉ³É³è¤íÚØÚÉ�å�ÐçËÂÛVU�ÉÓÎ Ê¦æ¹É�ÍÂÒ Ê�Ô
0
ÐçÍÂÉ

Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�áñáñì ÖµØÚèµÉ YÚØµÉ³è¤é

3.1.1 Pre- and postconditions
� U�É³Ø®Ð U�É�Íîì Ò�ÛñÞÀÎ áñÉïÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØÀÒ�ÇµÊ�ÖµáÜèÀèµÊôÙ�ÖÚÞßÉ�Ø ËÃÛñËÂÒ ¢¤£³��±Ä����F���������� Ð�ØµèÀÛñËÂÒ ¢ ���³��±Ä����F������î��� í ÛÜØËÂÇµÉ Ô×ÊÌÍÂÞ Ê�Ô Ù³Ê�ÞßÞßÉ³Ø Ë�Ò³é Æ¹ÇÚÉòÎÚÍ�É³Ù³Ê�ØµèµÛñËÂÛÜÊ�ØÀÒ�Î É³Ù³ÛVYÚÉ³ÒÕæ ÇÚÐçË ÇÚÐ�ÒÕËÂÊàÇµÊ�áÜèÀæ ÇµÉ³ØÀËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�ØßÛÜÒ
Ù¬Ð�áñáÜÉ³è¤í�Ð�Øµè ËÂÇµÉ¹Î�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØàèµÉ³ÒîÙ�ÍÂÛV_ É�Ò�U�Ð�áÜÖµÉ¹Ð�Øµè�É ��É³ÙÄËÕÊ�ÔµËÂÇµÉ¹Ô×ÖµØÚÙÄËÂÛÜÊ�Ø¤é Æ¹ÇÚÛñÒ ÛÜØµÔ×ÊÌÍÂÞ®ÐçËÂÛÜÊ�Ø
Ð�áÜáñÊÑæ·Ò ÖÚÒÓËÂÊ ÖÚØµèµÉ�ÍÂÒ�ËäÐ�Øµè ËÂÇµÉ¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø½æ·ÛñËÂÇµÊ�Ö«ËÓáÜÊôÊ ]ôÛÜØµå ÐÑËÏË�ÇÚÉ�Ð�Ù�Ë�Ö ÐçáÃÒîÊ�ÖµÍ�Ù³É³Ù³Ê èÚÉ�� ËÂÇµÛÜÒÓÛÜØ
ËÂÖ«ÍÂØ ÛÜÒ¹ÐëØµÉ³Ù³É³ÒîÒÂÐçÍ�ì®Ô×ÊÌÍ ]�É³É�ÎÚÛÜØµåàË�ÍäÐçÙ ]ÀÊ�Ô¡á×ÐÑÍÂå�É�Í ÎµÍÂÊ�åÌÍäÐçÞßÒ³é ê�Ø Ù³Ð�Ò�ÉÓÊ�Ô ËÂÇµÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø

pow
íôËÂÇµÉ

ÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛñÊ�Ø
// PRE: e >= 0 || b != 0.0ËÂÉ³áñáÜÒëÖµÒàËÂÇÚÐçË

e
Þ�ÖµÒîË _�ÉßØÚÊ�ØµØµÉ³å�ÐçË�ÛVU�ÉÌí ÊÌÍ ^�ÛÜÔ

e
ÛÜÒàØµÉ³å�ÐçËÂÛ U�É�`ãËÂÇÚÐçË

b
	
= 0

Þ¿ÖµÒîËàÇµÊ�áÜè¤é ÆÈÇµÉ
Î Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø
// POST: return value is b^eËÂÉ³áñáÜÒ¹ÖÚÒ¹ËÂÇµÉâÔ×ÖµØµÙ�ËÂÛñÊ�Ø U�Ð�áÜÖµÉÌíµèµÉ�Î É³ØµèµÛÜØµå�Ê�Ø ËÂÇµÉâÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ³é ê�Ø ËÂÇµÛÜÒ¹Ù¬Ð�Ò�ÉÌíµËÂÇµÉ�ÍÂÉÏÛÜÒÈØµÊ É ��É³Ù�Ë¬é

ÆÈÇµÉ¿ÎÚÍ�É � ÐçØÚèÝÎ�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ ÒîÎ�É³Ù³ÛÜÔÜì ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ÛÜØ Ð®Þ®ÐçËÂÇµÉ³Þ®ÐçËÂÛñÙ¬Ð�á¾Ò�É³ØµÒ�ÉÌé �ïË YÚÍ�ÒîË
Ò�ÛÜå�Ç¯Ë¬í Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒëæ ÛñË�Ç U�Ð�áÜÖµÉ³Ò ©���F É ��É³Ù�Ë��âèµÊ ØµÊÌË YµË�ÛñØ ËÂÊóËÂÇµÉ®ÔÜÍäÐ�ÞßÉÄæ¹ÊÌÍ ]ÝÊ�ÔÈÞ®ÐçËÂÇµÉ³Þ®ÐçË�Û �
Ù¬Ð�á�Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒëæ ÇµÛÜÙäÇ Ê�ØÚá²ì ÇÚÐKU�ÉLU�Ð�áÜÖµÉ³Ò�é ��Ö«Ë ÖµÒ�ÛÜØµå ËÂÇµÉßÙ³Ê�ØµÙ³É�ÎµË Ê�Ô ¢¤£³��ÁÌ£�©�¨ �³�î©¯���¬� ^ " É�Ù �
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��� \ ������������� � ��� ��� ��� � �����
ËÂÛÜÊ�Ø � é \ é � `Äí Ð ����� Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø Ù³Ð�Ø _�ÉßÙ³Ê�ØµÒ�ÛÜèµÉ�ÍÂÉ³è�Ð�Ò ÐóÞ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á Ô×ÖµØµÙ�ËÂÛñÊ�Ø ËÂÇÚÐçË Þ®ÐÑÎ Ò
ÎµÍÂÊ�åÌÍäÐ�Þ ÒîËäÐÑËÂÉ³Ò ^»ÛÜÞßÞßÉ³èµÛ×ÐçËÂÉ�áñì  ���¶���£�� ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�ØÝÙ¬Ð�áÜá ` ËÂÊ ÎµÍÂÊ�åÌÍäÐ�Þ ÒîËäÐçË�É³Ò ^�ÛñÞßÞßÉ³èµÛ×ÐçËÂÉ³á²ì
©ä¶³����£ ËÂÇµÉãÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá `Äé

�·ØµèµÉ�Í Ë�ÇÚÛñÒÀÎ Ê�ÛÜØ Ë Ê�Ô
U¥ÛÜÉÄæëíòË�ÇÚÉ ÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛñÊ�Ø¼Ò�Î É³Ù³ÛVYÚÉ³Ò®ËÂÇµÉ Fµ��¨½©��°� Ê�ÔÏËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�Ø¾í
ËÂÇµÉ Ò�É�Ë�Ê�ÔòÎµÍÂÊ�åÌÍäÐ�Þ ÒîËÂÐçËÂÉ³Ò¿ÛÜØ æ ÇµÛÜÙäÇ ËÂÇµÉ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø�Þ®Ð³ì _ É®Ù¬ÐçáÜáÜÉ³è¤é ê�Ø�Ù³Ð�Ò�É�Ê�Ô

pow
íÃËÂÇµÉ³Ò�É

ÐçÍÂÉ Ð�áÜá ÎµÍÂÊ�åÌÍäÐ�Þ ÒîËÂÐçËÂÉ³ÒãÛÜØ æ ÇµÛÜÙäÇ Ë�ÇÚÉ ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ
b
Ð�Øµè

e
ÐçÍÂÉ�ÛÜØ Ð®Ò�ÖµÛñËäÐ _ÚáÜÉàÍÂÉ³áÜÐçËÂÛÜÊ�Ø¤é�ÆÈÇµÉ

Î Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø èµÉ³Ò�Ù�ÍÂÛ _ É³ÒÓËÂÇµÉ�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø½ÛñËÂÒ�É�áÜÔ _ ì½Ò�Î É³Ù³ÛÜÔÜìôÛÜØµå ÇµÊ¦æ ËÂÇµÉ ^°ÍÂÉ³áÜÉ U�Ð�Ø¯ËãÎ ÐçÍ�ËÏÊ�ÔÃËÂÇµÉ�`
ÎµÍÂÊ�åÌÍäÐ�Þ ÒîËÂÐçËÂÉ å�É�ËÂÒÏË�ÍäÐ�ØµÒ�Ô×ÊÌÍÂÞßÉ�è¾éëê�ØÝÙ¬Ð�Ò�É¿Ê�Ô

pow
í¤ËÂÇµÉ¿ÍÂÉÄËÂÖ«ÍÂØ U�Ð�áÜÖµÉ

be
æ ÛÜáñá ^»ËÂÉ³ÞÀÎ�ÊÌÍäÐçÍÂÛÜá²ìa`

_ ÉÓÎÚÖµË·ÐçËòÒ�Ê�ÞßÉÓÞßÉ³ÞßÊÌÍ�ì áÜÊôÙ¬ÐÑËÂÛÜÊ�Ø¤é
Æ Ê Ò�ÖµÞßÞ®ÐçÍÂÛ
��ÉÌí�ËÂÇµÉ�Î Ê�Ò�ËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�Ø ËÂÉ�áÜáÜÒ ÖµÒßæ ÇÚÐçË ÇÚÐçÎµÎ É³ØµÒÀæ ÇµÉ³Ø ËÂÇµÉóÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛÜÊ�Ø�ÛÜÒ

ÒÂÐçË�ÛÜÒ YÚÉ³è¤é � ØóËÂÇµÉãÊÌË�ÇÚÉÄÍ ÇÚÐ�Øµè¤íµË�ÇÚÉÏÎ Ê�ÒîËÂÙ�Ê�ØÚèµÛñË�ÛÜÊ�Ø å�Û U�É³Ò � � Á��¡©�£�©��¤���Ä�ß¸È��©¯�º���Ì�XD¥��£ Ô×ÊÌÍòËÂÇµÉÙ¬Ð�ÒîÉãæ ÇµÉ�Í�ÉãËÂÇµÉãÎµÍÂÉ�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø ÛÜÒ·ØµÊÌËòÒÂÐçËÂÛÜÒNY É�è¾é [ ÍÂÊ�Þ Ð Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�áÚÎ Ê�ÛÜØ¯ËòÊ�Ô"U¥ÛÜÉ�æâí«ËÂÇµÛÜÒ¹ÛÜÒ
YÚØµÉ ��Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ÛÜÒòÒîÛÜÞÀÎÚáñìÀØµÊÌËòèÚÉIY ØµÉ³è�Ô×ÊÌÍ ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒïÊ�Ö«ËÂÒ�ÛÜèµÉÏÛñËÂÒ¹èµÊ�Þ®Ð�ÛÜØ¤é

Arithmetic pre- and postconditions.
Æ¹ÇµÉàÙ¬ÐçÍÂÉ³Ô×Öµá Í�É¬Ð�èµÉ�Í Ê�Ô " É³Ù�Ë�ÛÜÊ�Ø \ é � ÞßÛÜå�Ç¯Ë·ÇÚÐXU�ÉëÍÂÉ¬ÐçáÜÛ
�³É³è

ËÂÇÚÐçË _ ÊÌË�Ç ÎµÍÂÉ ��Ð�Øµè¼Î Ê�Ò�ËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�Ø Ê�Ô ËÂÇµÉ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
pow

Ù¬Ð�ØµØµÊÌËL_ É Ù³ÊÌÍîÍÂÉ³Ù�Ë¬é ê�Ô
e
ÛñÒÀËÂÊôÊ

á×ÐçÍ�å�ÉÌíïÔ×ÊÌÍ®ÉIPµÐçÞÀÎ áñÉÌí�ËÂÇµÉóÙ³Ê�ÞÀÎÚÖ«ËäÐçË�ÛÜÊ�Ø�ÞßÛÜå�Ç¯Ë Ê�U�É�Í QÚÊ¦æëíR_ÚÖ«ËßÒ�ÖµÙäÇ
e
ÐÑÍÂÉ ØµÊÌËÀÉIP¥Ù³áÜÖµèµÉ³è _ ì

ËÂÇµÉëÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛñÊ�Ø¾é�� U�É³Ø ÛÜÔ ËÂÇµÉ�Í�ÉàÛÜÒ ØµÊßÊ U�ÉÄÍ QÚÊÑæâí�ËÂÇµÉZUÌÐçáÜÖµÉëÍäÐ�Øµå�ÉëÊ�Ô ËÂÇµÉëË ìôÎ É
double

Þ®Ð³ì
ÇÚÐXU�ÉóÐ ÇµÊ�áÜÉ�ÐÑË

be
í�ÞßÉ¬Ð�ØµÛÜØµåóËÂÇÚÐçË ËÂÇµÛÜÒ�U�Ð�áÜÖµÉ®Ù¬Ð�ØµØµÊÌË _ É®ÍÂÉ�Ë�ÖµÍ�ØÚÉ�è _ôì ËÂÇµÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø¤é Æ¹ÇµÉ

Î Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø ÛÜÒïËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉãÛÜÞÀÎµÍÂÉ³Ù³ÛñÒ�ÉÏÐ�ÒÈæ¹É�áÜá�é
ê�ØóËÂÇµÉâÙ³Ê�Ø¯ËÂÉIPôË Ê�Ô ÐçÍ�ÛñËÂÇµÞßÉ�ËÂÛÜÙ ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ¹Ê�U�É�Í ËÂÇµÉãÔ×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á ����� Ë ìôÎ É�Ò³í Û²Ë·ÛÜÒòÊ�ÔÜËÂÉ³Ø

ËÂÉ³èµÛÜÊ�ÖµÒ®Ð�Øµè¼É U�É³Ø ÖµØµèµÉ³Ò�ÛñÍÂÐ _ÚáÜÉ�ËÂÊ æ·ÍÂÛ²ËÂÉóèµÊÑæ·Ø¼ÎµÍÂÉ�Ù³ÛÜÒ�É ÎµÍÂÉ ��Ð�Øµè¼Î Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛñÊ�ØÚÒ �·Î ÐçÍ�Ë®Ê�Ô
ËÂÇµÉ®ÎÚÍ�Ê _ áñÉ³Þ ÛÜÒ ËÂÇÚÐçË¿Ô×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á�Ë ì Î É³Ò¿Þ®Ð¬ì _ É³ÇÚÐXU�É�èµÛ	��ÉÄÍÂÉ³Ø Ë�áñì Ê�Ø�èµÛ	��É�ÍÂÉ³Ø¯Ë�ÎÚá×ÐçË�Ô×ÊÌÍÂÞßÒ³é
Æ¹ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉÌí æ¹É½Ê�ÔÜËÂÉ³Ø Ù³Ê�Ø YÚØµÉ½Ê�Ö«ÍÂÒ�É�áVU�É³Ò Ë�Ê�ÎµÍÂÉ �ÀÐ�Øµè Î Ê�ÒîËÂÙ�Ê�ØÚèµÛñË�ÛÜÊ�ØµÒÀËÂÇÚÐçË�èµÊ Ù³ÖµÞßÉ³Ø Ë Ê�Ö«Í
¨½©¯�º����¨½©¯���î±´©¯� ÛñØ ËÂÉ³Ø¯ËÂÛÜÊ�Ø¤í _ÚÖµËÃæ¹É ÇÚÐXU�É·ËÂÊ ]�É³É�Î ÛÜØÀÞßÛÜØµè�Ë�Ç ÐÑË�ÛÜØÀÍ�É¬Ð�áÜÛñË ì�í�ËÂÇµÉ·Ô×ÖµØµÙ�ËÂÛñÊ�ØßÞßÛÜå�Ç Ë
_ É³ÇÚÐXU�ÉâèµÛ	��É�ÍÂÉ³Ø¯ËÂáñì�é

Assertions.
" Ê ÔªÐçÍ¬íµÊ�Ö«ÍÈÎÚÍ�É³Ù³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ¹ÐçÍÂÉ � ÖÚÒ�Ë·Ù³Ê�ÞßÞßÉ�Ø ËÂÒïáÜÛ ]�ÉÏÛñØ

// PRE: e >= 0 || b != 0.0Æ¹ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉÌíÚÛÜÔ Ë�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
pow

ÛÜÒÈÙ¬Ð�áñáÜÉ³è æ·ÛñËÂÇ�ÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò
b
ÐçØÚè

e
ËÂÇÚÐçË�U¥ÛÜÊ�á×ÐÑËÂÉ ËÂÇµÉãÎµÍÂÉ³Ù³Ê�Ø��

èµÛñËÂÛÜÊ�Ø¤í�ËÂÇµÛÜÒ�Î Ð�Ò�ÒîÉ³Ò¹ÖÚØµØµÊÌËÂÛÜÙ�É³è¤é � Ø®ËÂÇµÉ Òîì¥Ø¯ËäÐ�Ù�ËÂÛñÙ¬Ð�á�áÜÉIU�É³á�í Ë�ÇÚÉÄÍÂÉÓÛÜÒïØµÊÌËÂÇµÛÜØµåâæ¹É Ù¬Ð�Ø èµÊ�Ð _ Ê�Ö«Ë
ÛñË�� Ë�ÇÚÉ¿Ô×ÖµØµÙ�ËÂÛÜÊ�Ø½Ù¬Ð�áÜá

pow (0.0, -1)
í¾Ô×ÊÌÍâÉIP«Ð�ÞÀÎÚáÜÉÌí�æ·ÛÜáÜá Ù³Ê�ÞÀÎÚÛÜáñÉÌé ��Ö«ËÏæ¹É�Ù¬ÐçØÝÞ®Ð ]�É Ò�Ö«ÍÂÉ

ËÂÇÚÐçË Ë�ÇÚÛñÒ�_ áñÖÚØµèµÉ�Í ÛñÒ èµÉ�ËÂÉ³Ù�Ë�É³èÝÐçË Í�ÖÚØ¯ËÂÛÜÞßÉÌé � Ò�ÛÜÞÀÎÚáÜÉÏæÈÐ¬ì ËÂÊ®èµÊ®Ë�ÇÚÛñÒ ÖµÒ�É³Ò ©¯�³���³£¦�������¤� é � ØÐ�Ò�ÒîÉ�Í�ËÂÛÜÊ�Ø ÇÚÐ�ÒòËÂÇµÉÏÔ×ÊÌÍÂÞ
� ��� � 	 � ^ ������	 `
æ ÇµÉ�Í�É �����
	 ÛÜÒ Ð ÎµÍÂÉ³èµÛÜÙ¬ÐÑËÂÉÌí�Ð�Ø�ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø Ê�Ô Ð Ë ìôÎ Éïæ ÇµÊ�Ò�É U�Ð�áÜÖµÉ³Ò Ù¬ÐçØ _ É¹Ù³Ê�Ø U�É�Í�ËÂÉ³è�ËÂÊ

bool
é

O ÊóÙ�Ê�ÞßÞ®ÐÀÛÜÒâÐçáÜáÜÊ¦æ¹É³è ÛÜØ �����
	 í Ð Ù³Ê�ØµÒ�ÉXW ÖÚÉ�ØÚÙ�ÉÀÊ�Ô ËÂÇµÉ ÔªÐ�ÙÄËâËÂÇÚÐçË
assert

ÛÜÒÏØµÊÌËàÐ Ô×ÖµØµÙ�ËÂÛñÊ�Ø
_ÚÖ«ËàÐ ¨ ©µ±³£³� é � Þ®ÐçÙ�ÍÂÊ�ÛñÒëÐ ÎÚÛÜÉ�Ù³ÉÀÊ�Ô ÞßÉ�ËÂÐ �ºÙ³Ê èµÉ¿ËÂÇÚÐçËãËÂÇµÉ Ù³Ê�ÞÀÎÚÛÜáñÉ�ÍÓÍÂÉ�ÎÚá×Ð�Ù³É�Òâæ ÛñË�ÇÝÐ�Ù�Ë�Ö Ðçá
����� Ù³Ê èÚÉÓÎµÍÂÛÜÊÌÍÈËÂÊ¿Ù³Ê�ÞÀÎÚÛÜá×ÐçËÂÛñÊ�Ø¾é

S¼ÛñËÂÇ Ð�ÒîÒ�É�Í�ËÂÛñÊ�ØÚÒ�í
pow

Ù¬Ð�Ø _ ÉÓæ·Í�ÛñË�ËÂÉ³Ø�Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é



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

// 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;

// the remainder is as before

...

} ÆÈÇµÉ¿Î Ö«Í�Î�Ê�Ò�É Ê�Ô�Ð�Ø Ð�Ò�Ò�ÉÄÍ�ËÂÛÜÊ�ØÝÛñÒÏËÂÊ ÙäÇÚÉ�Ù ]½æ ÇµÉ�ËÂÇµÉ�ÍâÐ®Ù³É�Í�ËäÐçÛÜØ ÎµÍÂÉ³èµÛÜÙ¬ÐÑËÂÉ�ÇµÊ�áÜèµÒãÐçËâÐ Ù³ÉÄÍ��
ËäÐ�ÛñØ Î Ê�ÛÜØ¯Ë¬éÀÆ¹ÇµÉ�ÎµÍÂÉ³Ù³ÛñÒ�ÉÀÒ�É³Þ®ÐçØ ËÂÛÜÙ�ÒÏÊ�Ô¹ÐçØ Ð�Ò�Ò�É�ÍîËÂÛÜÊ�ØÝÛÜÒâÐ�ÒâÔ×Ê�áñáÜÊÑæ·Ò³é �����
	 ÛÜÒâÉ U�Ð�áÜÖÚÐçË�É³è¤í Ð�Øµè
ÛÜÔ ÛñËòÍÂÉ�ËÂÖ«ÍÂØµÒ � � � ��� í�ÉGP«É³Ù³Ö«ËÂÛñÊ�Ø Ê�Ô ËÂÇµÉâÎµÍÂÊ�åÌÍÂÐ�ÞðËÂÉÄÍÂÞßÛÜØÚÐçËÂÉ³ÒÈÛÜÞßÞßÉ³èµÛ×ÐÑËÂÉ³áñìÀæ·ÛñËÂÇ ÐçØ ÉÄÍ�ÍÂÊÌÍÓÞßÉ³Ò �
ÒÂÐ�å�É�ËÂÉ³áÜáÜÛñØÚå ÖµÒâËÂÇÚÐçËâË�ÇÚÉ�ÍÂÉ³ÒîÎ É�Ù�ËÂÛVU�É®Ð�ÒîÒ�É�Í�ËÂÛñÊ�ØÝæÈÐ�Ò U¥ÛñÊ�á×ÐçËÂÉ³è¤é ê�Ô ������	 ÍÂÉ�Ë�ÖµÍ�ØÚÒ ��	

�
� í ÉIP¥É³Ù³Ö��

ËÂÛÜÊ�Ø Ù³Ê�Ø ËÂÛñØôÖµÉ³ÒÏØÚÊÌÍ�Þ®Ð�áÜáñì�é¿ê�Ø Ê�Ö«ÍâÙ³Ð�Ò�ÉÌí Ë�ÇÚÛñÒãÞßÉ¬ÐçØÚÒÓËÂÇÚÐçËÏËÂÇµÉ É U�Ð�áÜÖÚÐçË�ÛÜÊ�Ø Ê�Ô�Ë�ÇÚÉ�ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø
pow (0.0,-1)

áñÉ¬Ð�èµÒÈË�ÊßÐ £¬� �¤���»¨½���³£¬£³��£ é¹Æ¹ÇµÛÜÒÈÞßÛÜå�Ç Ë¹ØµÊÌË�_ ÉëÐ�U�É�Í�ì Î Ê�áÜÛñËÂÉ æÈÐ³ì Ê�Ô ËÂÉ³áÜáñÛÜØµå
ËÂÇµÉÏÖÚÒîÉ�Í·ËÂÇÚÐçË¹ËÂÇµÉãÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒïæ¹É�ÍÂÉÏÛÜáÜáÜÉ³å�Ðçá _ÚÖµËÈËÂÇµÉÓÎ Ê�ÛÜØ Ë¹æ·ÛÜáÜá�Ò�Ö«ÍÂÉ�áñì�Ù�Ê�ÞßÉãÐçÙ�ÍÂÊ�Ò�Ò³é

� Ê�Ö¿Ù³Ð�Ø ÐÑÍÂå�ÖµÉ ËÂÇÚÐçË ÛñË ÛñÒ Ù³Ê�ÒîËÂáñìâËÂÊ ËÂÉ³ÒîË Ë�ÇÚÉ¹ÐçÒ�Ò�É�Í�Ë�ÛÜÊ�Ø�ÛñØ¿ÉIU�É�Í�ì Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¿Ù¬Ð�áÜá»í � ÖµÒîË ËÂÊÓÙ¬ÐçËÂÙäÇ
Ð Ô×É�æ �N_ Ð�è
	ÓÙ¬Ð�áÜáñÒ³é �·Ê¦æ¹É U�É�Í³í¯Û²Ë ÛÜÒ Î Ê�Ò�Ò�Û _ áñÉ�ËÂÊÓËÂÉ³áÜáôË�ÇÚÉïÙ�Ê�ÞÀÎ ÛñáÜÉ�Í Ë�ÊÏÛñå�ØÚÊÌÍ�É ËÂÇµÉ

assert
Þ®Ð�ÙÄÍÂÊ«í

ÞßÉ¬Ð�ØµÛÜØµåâË�Ç ÐÑËÈÐ�Ø�É³ÞÀÎµË ìÀÎÚÛÜÉ³Ù�É Ê�Ô ����� Ù³Ê èÚÉ ÍÂÉÄÎ áÜÐ�Ù³É³Ò¹ÛñË¬é Æ¹ÇµÉÓÖÚÒîÖ Ðçá�æÈÐ¬ìßË�Ê¿å�Ê¿ÛÜÒ ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉ
Ð�ÒÃÔ×Ê�áÜáÜÊ¦æ Ò �¡èµÖµÍ�ÛÜØµåÏÙ�ÊôèµÉòèµÉ U�É�áÜÊÌÎÚÞßÉ³Ø Ë¬íÌÎÚÖ«Ë�Ð�Ò�Ò�É�ÍîËÂÛÜÊ�ØµÒ É U�É�Í�ì æ ÇµÉ�ÍÂÉÈì�Ê�Ö æÈÐ�Ø Ë ËÂÊ _ ÉÈÒ�Ö«ÍÂÉÈË�Ç ÐÑË
Ò�Ê�ÞßÉ�Ë�ÇÚÛñØÚå ÍÂÉ¬Ð�áñáñìÝÇµÊ�áÜèµÒ³é S¼ÇµÉ³Ø ËÂÇµÉßÙ³ÊôèµÉÀÛñÒàÒîËäÐ _ÚáÜÉ ^�Ð�Øµè ØµÊ Ð�ÒîÒ�É�Í�ËÂÛñÊ�Ø UôÛÜÊ�á×ÐçË�ÛÜÊ�ØµÒãÒ�É�É³Þ ËÂÊ
ÊôÙ�Ù³Ö«Í Ð�Ø¯ì¥ÞßÊÌÍÂÉK`ÄíôËÂÉ³áñá�ËÂÇµÉãÙ³Ê�ÞÀÎÚÛÜáñÉ�Í ËÂÊ ÍÂÉ³ÞßÊ�U�É ËÂÇµÉâÐ�ÒîÒ�É�Í�ËÂÛñÊ�ØÚÒ�éÕÆ¹ÇµÉãÞ®ÐçÙ´ÇµÛÜØµÉ á×ÐçØÚå�ÖÚÐ�å�É Ù�ÊôèµÉ
ÛÜÒ¹ËÂÇµÉ³Ø Ð�ÒÈÉ � Ù³ÛÜÉ³Ø¯Ë Ð�ÒòÛÜÔ¡ì�Ê�Ö æ¹Ê�ÖÚáñè�ØµÉ U�É�Í·Ç ÐXU�ÉÓæ·ÍÂÛ²Ë�ËÂÉ³Ø ËÂÇµÉâÐ�ÒîÒ�É�Í�ËÂÛñÊ�ØÚÒÈÛÜØ ËÂÇµÉ YµÍÂÒîËÈÎÚá×Ð�Ù³É�é

Æ Ê ÖµÒ�ÉÏËÂÇµÉ
assert

Þ®Ð�Ù�ÍÂÊ«í æ¹ÉãÇÚÐXU�ÉãËÂÊ�ÛÜØµÙ³áÜÖµèµÉ ËÂÇµÉãÇµÉ¬Ð�èµÉ�Í
cassert

é

3.1.2 Function definitions
� ÛÜØµÉ³Ò ��� �!� Ê�Ô � ÍÂÊ�åÌÍäÐçÞ � � èµÉ YÚØµÉ ÐÈÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØàÙ¬Ð�áÜáñÉ³è

pow
é ÆÈÇµÉ Ò�ì¥Ø ËÂÐ PàÊ�Ô«ÐòÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØëèµÉ YÚØµÛñËÂÛÜÊ�Ø

ÛÜÒòÐ�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é
� � ��� 
 � ^ � � ����� 
 � � í � � � ��� 
 � � í¤éñé²éñí � � ����� 
 � � `
� � � � �

Æ¹ÇÚÛñÒ èµÉ YÚØÚÉ�ÒÓÐ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø Ù¬Ð�áÜáñÉ³è � ��� 
 � í æ·ÛñËÂÇ £³�³����£¬�¼� JÑ¢�� � í�Ð�Øµè æ·ÛñËÂÇ ¶ç��£¬¨½©¯�ï©�£îÁ���¨½�³�¤�º�
����� 
 � � íñé´é³é¬í ����� 
 � � Ê�Ô¤Ë ìôÎ É�Ò � � íñéÄé¬é³í � � í¥ÍÂÉ³ÒîÎ�É³Ù�ËÂÛVU�É�áñì�í«Ð�Øµè®æ ÛñËÂÇ Ð ¶�� � ±¬���î���  ³� F�J � � � � � é

" ì¥Ø¯ËäÐ�Ù�ËÂÛñÙ¬Ð�áÜáñì�í � Ð�Øµè � � íñé�é¬é�í � � ÐçÍÂÉ Ë ìôÎ ÉÃØÚÐ�ÞßÉ³Ò³í � ��� 
 � Ð�Ò¤æ¹É³áÜá¯Ð�Ò � ��� 
 � � íñé´é³é¬í ����� 
 � �
ÐçÍÂÉ·ÛÜèµÉ³Ø ËÂÛ Y ÉÄÍÂÒ�^ " É³Ù�ËÂÛÜÊ�Ø \ é � é � `Äí¯Ð�Øµè � � � � � ÛñÒïÐ _ÚáÜÊ Ù ]�í¥ÐÏÒ�ÉXWôÖµÉ³ØµÙ³É Ê�Ô Ò�ËäÐçËÂÉ³ÞßÉ�Ø ËÂÒÕÉ³ØµÙ³áÜÊ�Ò�É³è _ ì
Ù³Ö«ÍÂáñì
_µÍäÐ�Ù�É³Ò ^ " É³Ù�ËÂÛÜÊ�Ø \ é � é � `´é

SÝÉãÙ¬Ð�Ø�ËÂÇµÛÜØ ]®Ê�Ô¾ËÂÇµÉãÔ×ÊÌÍÂÞ®Ðçá¤ÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò¹Ð�ÒÈÎÚá×ÐçÙ³É³ÇµÊ�áÜèµÉ�ÍÂÒ¹Ô×ÊÌÍ·Ë�ÇÚÉãÐ�Ù�Ë�Ö Ðçá¤ÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò¹Ë�Ç ÐÑË
ÐçÍÂÉÏÒ�Ö«ÎµÎÚáÜÛÜÉ³è ^�ÊÌÍ���Î Ð�ÒîÒ�É³è
	 `¹èµÖ«ÍÂÛÜØµå�Ð¿Ô×ÖµØµÙ�ËÂÛñÊ�Ø�Ù¬Ð�áñá�é

[ ÖÚØµÙ�Ë�ÛÜÊ�Ø èµÉ YÚØµÛñËÂÛñÊ�ØÚÒÕÞ�ÖµÒîË¹ØµÊÌËÈÐçÎµÎ É³ÐçÍ¹ÛÜØµÒ�ÛÜèµÉ�_ÚáÜÊ Ù ]ôÒ³í¥ÊÌËÂÇµÉ�ÍÈÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³íôÊÌÍ¹Ù³Ê�Ø Ë�Í�Ê�á ÒîËäÐçËÂÉ �
ÞßÉ³Ø¯ËÂÒ³é¡ÆÈÇµÉ�ìÏÞ®Ð³ì ÐçÎµÎ É³ÐçÍ¾ÛÜØµÒ�ÛÜèµÉ ØÚÐ�ÞßÉ³ÒîÎ Ð�Ù³É�Ò³í¬ËÂÇµÊ�ÖÚå�Ç¤í¦ÊÌÍ¡ÐçË¾å�áÜÊ _ Ð�áÌÒ�Ù�ÊÌÎ ÉÌíÑáÜÛV]�É ÛÜØ

callpow.C
é



����� ������������� � ��� ��� ��� � �����
� ÎµÍÂÊ�åÌÍÂÐ�Þ Þ®Ð³ì¿Ù³Ê�Ø ËÂÐ�ÛÜØ®Ð�Ø®ÐçÍ _ Û²Ë�ÍäÐçÍ�ì�ØôÖµÞ�_ É�ÍÕÊ�Ô Ô×ÖµØÚÙÄËÂÛÜÊ�ØßèµÉ YÚØµÛñËÂÛÜÊ�ØµÒ³í¯ÐçÎµÎ É¬ÐÑÍÂÛÜØµåâÊ�ØµÉ Ð�ÔÜË�É�Í
Ð�ØµÊÌËÂÇµÉ�ÍÈæ ÛñË�ÇÚÊ�Ö«ËòÐ�Ø¯ì èµÉ³áñÛÜÞßÛñËÂÉ�Í�Ò _ É�Ë æ¹É³É³ØóËÂÇµÉ³Þ éÕê�ØóÔªÐ�ÙÄË¬íÚË�ÇÚÉÓÎµÍÂÊ�åÌÍäÐ�Þ

callpow.C
Ù³Ê�ØµÒ�ÛÜÒ�ËÂÒ

Ê�Ô ��¸Ó� Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�èÚÉIY ØµÛñË�ÛÜÊ�ØµÒ³í¥Ò�ÛÜØµÙ³ÉÓËÂÇµÉ
main

Ô×ÖµØµÙ�ËÂÛñÊ�ØóÛÜÒÈÐ¿Ô×ÖµØµÙ�ËÂÛñÊ�Ø Ð�Ò¹æ¹É³áÜá�é

3.1.3 Function calls
ê�Ø � ÍÂÊ�åÌÍäÐ�Þ � � í

pow(2.0,-2)
ÛÜÒÈÊ�ØµÉãÊ�Ô Y U�ÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�ØóÙ³Ð�áÜáÜÒ³é [ ÊÌÍÂÞ®ÐçáÜáñì�í Ð¿Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá¤ÛÜÒÈÐ�Ø

ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø¤é Æ¹ÇÚÉ�Òîì¥Ø¯ËäÐ PÝÊ�Ô¹Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬ÐçáÜáÃË�Ç ÐÑËâÞ®ÐçË�Ù´ÇµÉ³ÒÏËÂÇµÉ å�É³ØµÉ�ÍÂÐ�á�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�Ø
ÔÜÍÂÊ�ÞðÐ _ Ê�U�ÉãÛñÒ·Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò�é
� ��� 
 � ^ �����
	 � í¤éñé²éñí ������	 � `
�·É�Í�ÉÌí �����
	 � íñé¬é�é³í �����
	�� Þ¿ÖµÒîË _ É®ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�ØµÒ¿Ê�ÔòË ìôÎ�É³Òàæ ÇµÊ�Ò�É
UÌÐ�áñÖÚÉ�Ò¿Ù³Ð�Ø�_ É®Ù³Ê�Ø U�É�Í�ËÂÉ�è�ËÂÊ
ËÂÇµÉ Ô×ÊÌÍ�Þ®Ð�á ÐçÍÂå�ÖµÞßÉ³Ø¯ËÏË ì Î É³Ò � � íñé�é³é³í � � éÀÆÈÇµÉ³Ò�É�ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�ØµÒëÐÑÍÂÉ�ËÂÇµÉ ±Ä©¯�»� ©�£îÁÌ��¨ ���¤�º� é [ ÊÌÍ
Ð�áÜá Ë ì Î É³ÒãË�Ç ÐÑËãæ¹É�]¥ØµÊ¦æ ÒîÊ�ÔªÐçÍ¬í¾ËÂÇµÉ�Ù³Ð�áÜáÃÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒÓÐ�Òãæ¹É�áÜáÃÐ�ÒÏË�ÇÚÉ¿Ô×ÖµØµÙ�ËÂÛÜÊ�ØÝÙ³Ð�áÜá ÛñËÂÒîÉ³áÜÔ ÐÑÍÂÉ
Í U�Ð�áÜÖµÉ³Ò³éÕÆ¹ÇÚÉÓË ìôÎ ÉãÊ�Ô¡ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�ØóÙ¬ÐçáÜá ÛÜÒ¹ËÂÇµÉãÔ×ÖµØµÙ�ËÂÛÜÊ�Ø�� ÒÈÍÂÉÄËÂÖ«ÍÂØ�Ë ìôÎ É � é

S¼ÇÚÉ�ØóÐàÔ×ÖµØÚÙÄËÂÛÜÊ�Ø®Ù¬Ð�áÜá ÛñÒïÉ UÌÐçáÜÖÚÐçËÂÉ³è¤íôËÂÇµÉ Ù¬ÐçáÜá ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒïÐçÍ�ÉÏÉIUÌÐ�áñÖ ÐÑËÂÉ³è
YÚÍ�ÒîË
^�ÛÜØ Ð�Ø ÊÌÍÂèµÉ�Í
ËÂÇÚÐçË ÛñÒ ÖµØÚÒ�Î É³Ù³ÛVYÚÉ³èZ_ ìëËÂÇµÉ������ ÒîËäÐ�ØµèÚÐçÍÂè `Äé ÆÈÇµÉ ÍÂÉ³ÒîÖÚá²ËÂÛÜØµå�U�Ð�áÜÖµÉ³Ò ÐçÍ�É ËÂÇµÉ³Ø ÖÚÒîÉ³è¿Ë�Ê ÛÜØµÛñËÂÛ×Ð�áñÛ
�³É
ËÂÇµÉ�Ô×ÊÌÍ�Þ®Ð�á·ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ�é [ ÛÜØÚÐ�áÜá²ì�íÃËÂÇµÉóÔ×ÖµØµÙ�ËÂÛñÊ�Ø _ Êôè«ì ÛÜÒ ÉGP«É³Ù³Ö«ËÂÉ�è �òÛÜØ ËÂÇµÛÜÒ�ÉIP«É³Ù�ÖµË�ÛÜÊ�Ø¤í�ËÂÇµÉ
Ô×ÊÌÍÂÞ®Ð�á ÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò
_�É³ÇÚÐKU�É áÜÛV]�ÉóË�ÇÚÉÄì¼æ¹ÉÄÍÂÉ U�ÐçÍÂÛÜÐ _ÚáÜÉ³Ò®èµÉ YÚØÚÉ�è ÛÜØ¼ËÂÇµÉ _ É�å�ÛÜØµØÚÛñØÚå Ê�Ô � � � � � íÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É�èÀæ ÛñËÂÇ ËÂÇµÉ U�Ð�áÜÖµÉ³ÒÈÊ�Ô ËÂÇµÉÏÙ¬Ð�áÜá¤ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ�é

ÆÈÇµÉ ÉIUÌÐ�áñÖ ÐÑËÂÛÜÊ�ØÀÊ�Ô ÐÏÔ×ÖµØÚÙÄËÂÛÜÊ�ØßÙ¬Ð�áñáÚËÂÉÄÍÂÞßÛÜØÚÐçËÂÉ³ÒÃÐ�Ò�Ò�ÊôÊ�Ø®Ð�Ò�ÐÏÍÂÉÄËÂÖ«ÍÂØ®ÒîËäÐçËÂÉ�ÞßÉ³Ø ËÕÛÜÒÕÍ�É¬Ð�ÙäÇµÉ³è¤í
Ò�É³É " É³Ù�ËÂÛñÊ�Ø \ é � é ��� é ÆÈÇµÛÜÒ¹ÍÂÉ�ËÂÖ«ÍÂØ�ÒîËäÐçËÂÉ�ÞßÉ³Ø ËÈÞ¿ÖÚÒ�Ë�_�ÉãÊ�Ô¾ËÂÇµÉãÔ×ÊÌÍÂÞ

return
�����
	 �

æ ÇµÉ�Í�É ������	 ÛñÒ·Ð�Ø�ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø Ê�Ô ÐàË ìôÎ ÉÏæ ÇµÊ�Ò�É
UÌÐ�áñÖÚÉ�Ò·Ù¬Ð�Ø _ ÉâÙ³Ê�Ø U�É�Í�ËÂÉ�èóËÂÊ�ËÂÇµÉÏÍÂÉ�ËÂÖ«ÍÂØ�Ë ì Î É
� éµÆÈÇµÉÓÍÂÉ³Ò�ÖµáñËÂÛñØÚå U�Ð�áÜÖµÉÓÛÜÒïËÂÇµÉ U�Ð�áÜÖµÉÓÊ�Ô¡Ë�ÇÚÉÓÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá»é ÆÈÇµÉÏÉ ��É³ÙÄË·Ê�Ô¾ËÂÇµÉãÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áñá ÛÜÒ
èµÉ�ËÂÉ�Í�ÞßÛÜØµÉ³è _ôìÀËÂÇµÉ � Ê�ÛÜØ Ë É ��É³ÙÄËÂÒòÊ�Ô¤ËÂÇµÉ Ù¬Ð�áñá ÐçÍÂå�ÖµÞßÉ³Ø¯ËïÉ U�Ð�áÜÖÚÐçËÂÛÜÊ�ØµÒ³íôÐ�Øµè Ê�Ô¾ÉIP¥É³Ù³Ö«ËÂÛÜØµå � � � � � éÆÈÇµÉòÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø _ Ê èµì¿Þ®Ð³ì Ù³Ê�Ø¯ËäÐ�ÛÜØÀÒîÉ U�É�ÍäÐ�áÚÍÂÉ�ËÂÖ«ÍÂØ ÒîËäÐçËÂÉ�ÞßÉ³Ø ËÂÒ�í�_ÚÖ«ËÕÛÜÔ�ØµÊãÍÂÉÄËÂÖ«ÍÂØÀÒîËäÐÑËÂÉ³ÞßÉ³Ø¯Ë
ÛÜÒ¤ÍÂÉ¬Ð�ÙäÇµÉ³èàèµÖ«ÍÂÛÜØµå¹ËÂÇµÉÕÉIP¥É³Ù³Ö«ËÂÛÜÊ�ØâÊ�Ô � � � � � í�U�Ð�áÜÖµÉ�ÐçØÚèâÉ ��É³ÙÄË Ê�Ô Ë�ÇÚÉÕÔ×ÖµØÚÙÄËÂÛÜÊ�ØâÙ³Ð�áÜá¯ÐçÍÂÉÃÖµØÚèµÉ YÚØµÉ³è^�ÖµØµáÜÉ³Ò�Ò¹ËÂÇµÉÓÍÂÉ�ËÂÖ«ÍÂØ�Ë ì Î ÉãÛñÒ

void
íÚÒîÉ³É " É³ÙÄËÂÛÜÊ�Ø � é � é � _ É³áÜÊ¦æ
`Äé

[ ÊÌÍàÉIPµÐçÞÀÎ áñÉÌí¡èµÖ«ÍÂÛÜØµå ËÂÇµÉÀÉIP«É�Ù³Ö«ËÂÛÜÊ�Ø Ê�Ô � � � � � ÛñØ
pow(2.0,-2)

í
b
ÐçØÚè

e
ÛÜØµÛñË�Û×Ð�áÜáñìóÇ ÐXU�É

U�Ð�áÜÖµÉ³Ò
2
Ð�Øµè

−2
é Æ¹ÇÚÉ�Ò�É U�Ð�áÜÖµÉ³Ò�ÐçÍÂÉ Ù´ÇÚÐ�Øµå�É³è ÛñØ ËÂÇµÉ

if
��ÒîËäÐçËÂÉ�ÞßÉ³Ø Ë ËÂÊ

0.5
Ð�Øµè

2
í _ É�Ô×ÊÌÍÂÉ

ËÂÇµÉ�ÒîÖa_ÚÒ�É WôÖµÉ³Ø ËÀáÜÊôÊÌÎ ÒîÉ�ËÂÒ
result

ËÂÊ
0.5

ÛÜØ Û²ËÂÒ YµÍÂÒîËÀÐ�Øµè�ËÂÊ
0.25

ÛÜØ ÛñËÂÒ�Ò�É³Ù³Ê�Øµè Ð�Øµè á×ÐçÒîË
ÛñËÂÉÄÍäÐçËÂÛÜÊ�Ø¤éÏÆ¹ÇÚÛñÒ�UÌÐ�áñÖÚÉ ÛÜÒ ÍÂÉÄËÂÖ«ÍÂØµÉ³èÝÐ�Øµè _ É³Ù³Ê�ÞßÉ�Ò ËÂÇµÉ�U�Ð�áÜÖµÉ Ê�Ô ËÂÇµÉ¿Ô×ÖµØµÙ�ËÂÛñÊ�Ø½Ù¬ÐçáÜá ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø
pow(2.0,-2)

é

3.1.4 The type void
ê�Ø������ í«ËÂÇµÉ�Í�ÉÏÛñÒ¹ÐëÔ×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�áÚË ì Î ÉÓÙ¬Ð�áÜáñÉ³è

void
í«ÖµÒ�É³è�Ð�ÒïÍÂÉ�ËÂÖ«ÍÂØ®Ë ìôÎ ÉÓÔ×ÊÌÍÈÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ ËÂÇÚÐçË

Ê�Øµáñì®ÇÚÐXU�ÉëÐ�ØóÉ ��É³Ù�Ë³ía_ÚÖ«ËòØÚÊbUÌÐçáÜÖµÉÌé " ÖµÙäÇ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÈÐçÍÂÉâÐ�áÜÒ�Ê¿Ù¬Ð�áÜáñÉ³è D¥��� Fâ¶Ä��� ±¬�������¤� é



� ��� ��� ��� ��� � � ��� � ��� ��� � ��� ��� �
� ÒÏÐ�Ø ÉIPµÐ�ÞÀÎÚáÜÉ�í�Ù³Ê�ØµÒ�ÛÜèµÉ�ÍÓËÂÇµÉàÔ×Ê�áÜáñÊÑæ·ÛÜØµå ÎµÍÂÊ�åÌÍäÐ�Þ ^»ØÚÊÌË�ÉëËÂÇÚÐçË ËÂÇµÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø

print_pairÍÂÉXW ÖµÛñÍÂÉ³ÒÈØµÊ�ÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛñÊ�Ø¾íôÒ�ÛÜØµÙ³ÉÏÛñËòæ¹ÊÌÍ ]¥ÒÈÔ×ÊÌÍ Ð�Ø¯ì Ù³Ê�Þb_ÚÛÜØÚÐçË�ÛÜÊ�Ø®Ê�Ô
int

U�Ð�áÜÖµÉ³Ò `Äé
�

#include <iostream >�
�

// POST: "(i, j)" has been written to standard output
�

void print_pair (int i, int j)
�

{
	

std::cout << "(" << i << " , " << j << ")\n";



}
�

�
int main()

���
{

�
�
print_pair(3 ,4); // outputs (3, 4)

� �
}ÆÈÇµÉâË ì Î É

void
Ç ÐçÒ·É³ÞÀÎµË ì U�Ð�áÜÖµÉÏÍäÐ�Øµå�ÉÌí Ð�ØµèóËÂÇµÉ�ÍÂÉàÐçÍ�ÉâØµÊÀáÜÛñË�É�ÍäÐ�áÜÒ�íaU�ÐçÍÂÛÜÐ _ÚáÜÉ³Ò³íµÊÌÍ Ô×ÊÌÍ�Þ®Ð�á

Ô×ÖµØµÙ�ËÂÛÜÊ�ØâÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò Ê�Ô Ë ìôÎ É
void

é ÆÈÇµÉ�Í�É�ÐçÍ�ÉÕÉIPôÎµÍÂÉ³Ò�Ò�ÛñÊ�ØÚÒ¾Ê�Ô�Ë ì Î É
void

íçË�ÇÚÊ�Öµå�Ç¤í¦Ô×ÊÌÍ ÉGPµÐ�ÞÀÎÚáÜÉ
print_pair(3,4)

é
� U�Ê�ÛÜè Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÊ É³Ò�ØµÊÌËóÍÂÉ WôÖµÛñÍÂÉ Ð ÍÂÉ�ËÂÖ«ÍÂØ Ò�ËäÐçËÂÉ³ÞßÉ�Ø Ë¬í�_ÚÖ«Ë ÛñË Þ®Ð³ì Ù³Ê�Ø¯ËäÐ�ÛÜØ ÍÂÉ�ËÂÖ«ÍÂØ

ÒîËäÐÑËÂÉ³ÞßÉ³Ø¯ËÂÒïæ ÛñËÂÇ �����
	 Ê�Ô¾Ë ì Î É
void

í«ÊÌÍòÍ�É�ËÂÖ«ÍÂØ ÒîËäÐÑËÂÉ³ÞßÉ³Ø¯ËÂÒ¹Ê�Ô¡ËÂÇµÉÏÔ×ÊÌÍÂÞ

return
�

� UÌÐ�áñÖ ÐÑËÂÛÜÊ�Ø�Ê�Ô·Ð U�Ê�ÛÜè�Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø�Ù¬ÐçáÜáïËÂÉ�ÍÂÞßÛÜØÚÐçË�É³Òàæ ÇµÉ³Ø Ð ÍÂÉ�ËÂÖ«ÍÂØ Ò�ËäÐçËÂÉ³ÞßÉ�Ø Ë¿ÛÜÒ ÍÂÉ¬Ð�ÙäÇµÉ³è¤í ��£æ ÇµÉ³Ø ËÂÇµÉãÉIP¥É³Ù³Ö«ËÂÛÜÊ�Ø�Ê�Ô � � � � � ÛÜÒ Y ØµÛÜÒîÇÚÉ�è¾é

3.1.5 Functions and scope
Æ¹ÇÚÉ¿Î ÐçÍÂÉ³Ø¯ËÂÇµÉ³Ò�Û
�³É�è Î ÐçÍ�ËãÊ�Ô Ð®Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÝèµÉ YÚØµÛñËÂÛÜÊ�Ø Ù³Ê�Ø ËÂÐ�ÛÜØµÒÏË�ÇÚÉ¿èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ Ê�Ô�Ë�ÇÚÉ¿Ô×ÊÌÍÂÞ®Ð�á
ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³é [ ÊÌÍ Ð�áÜáôÊ�Ô¥Ë�ÇÚÉ�Þ íçËÂÇµÉ èµÉ³Ù³áÜÐçÍäÐçËÂÛ U�ÉÕÍÂÉ³å�ÛñÊ�Ø¿ÛñÒ ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�ØàèµÉ YÚØµÛñËÂÛÜÊ�Ø¤íçÒ�Ê ËÂÇµÉ Ô×ÊÌÍÂÞ®Ð�á
ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒÏÇ ÐXU�É�áÜÊôÙ¬ÐçáÃÒîÙ³ÊÌÎ É ^ " É�Ù�ËÂÛÜÊ�Ø \ é � é � `Äé ÆÈÇµÉ Î�ÊÌËÂÉ³Ø Ë�Û×Ð�á Ò�Ù³ÊÌÎ�ÉÀÊ�ÔïÐ Ô×ÊÌÍ�Þ®Ð�áÃÐçÍÂå�ÖµÞßÉ³Ø Ë
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø
_ É³å�ÛñØÚÒòÐ�ÔÜËÂÉÄÍ·ËÂÇµÉÏèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØóÐçØÚè�ÉIP¥ËÂÉ�ØÚèµÒòÖÚØ¯ËÂÛÜá�ËÂÇµÉãÉ³ØµèóÊ�Ô ËÂÇµÉâÔ×ÖµØµÙ�ËÂÛñÊ�Ø _ Ê èµì�é
Æ¹ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉÌí ËÂÇµÉâÔ×ÊÌÍÂÞ®Ð�á¾ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒòÐçÍÂÉëØµÊÌË�U¥ÛÜÒ�Û _ áñÉãÊ�Ö«ËÂÒ�ÛñèÚÉÏËÂÇµÉâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ YÚØµÛñËÂÛñÊ�Ø¾é S Û²ËÂÇµÛÜØ
ËÂÇµÉ
_ Êôè«ì�í¥ËÂÇµÉÏÔ×ÊÌÍÂÞ®Ð�á¤ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒR_ É³ÇÚÐXU�ÉãáñÛV]�É U�ÐçÍÂÛÜÐ _ÚáÜÉ³ÒïËÂÇÚÐçËòÐçÍÂÉÏáÜÊôÙ³Ð�á ËÂÊ � � � � � éê�Ø Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í�ÙäÇÚÐ�Øµå�É³ÒÏÞ®Ð�èµÉëËÂÊ®ËÂÇµÉ�U�Ð�áÜÖµÉ³ÒÏÊ�Ô�Ô×ÊÌÍ�Þ®Ð�á ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ ^�áÜÛ ]�É¿ÛñØ ËÂÇµÉ¿Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
pow

`ëÐçÍÂÉ �îáÜÊ�ÒîË 	 ÐçÔÜËÂÉ�ÍàËÂÇµÉ®Ô×ÖµØÚÙÄËÂÛÜÊ�Ø Ù¬Ð�áÜá�Ð�Øµè ÇÚÐXU�É®ØÚÊ É ��É³Ù�Ë¿Ê�Ø Ë�ÇÚÉLU�Ð�áÜÖµÉ³Ò Ê�Ô¹ËÂÇµÉßÙ¬Ð�áÜá ÐçÍ��
å�ÖµÞßÉ³Ø Ë�Ò³éàÆ¹ÇÚÛñÒ ÛÜÒÓØÚÊÌËÏÒ�Ö«Í�ÎµÍÂÛñÒ�ÛÜØµå«í Ò�ÛÜØµÙ³É ËÂÇµÉ Ù¬Ð�áÜá ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒÓÐçÍ�É Í UÌÐ�áñÖÚÉ�Ò³í _ÚÖ«ËÓËÂÊ Þ®Ð ]�ÉëËÂÇµÉ
Î Ê�ÛÜØ¯ËÈÙ³áÜÉ¬ÐçÍ³í«áÜÉ�ËòÖÚÒÈÙ³Ê�ØµÒ�ÛÜèµÉ�ÍÈËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµå¿Ð�áñËÂÉÄÍÂØÚÐçËÂÛVU�É

main
Ô×ÖµØµÙ�ËÂÛÜÊ�ØóÛñØ

callpow.C
é

�
int main() {�

double b = 2.0;
�

int e = -2;
�

std::cout << pow(b,e); // outputs 0.25
�

std::cout << b; // outputs 2
	

std::cout << e; // outputs -2



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



�
return 0;

�
}

Æ¹ÇÚÉ
U�Ð�áÜÖµÉ³ÒÈÊ�Ô¡ËÂÇµÉ�UÌÐÑÍÂÛ×Ð _ÚáÜÉ³Ò
b
Ð�Øµè

e
èµÉ YÚØµÉ³èóÛÜØ áÜÛÜØµÉ³Ò \ � � ÒîËäÐ³ì®ËÂÇµÉÏÒ�Ð�ÞßÉ ËÂÇ«ÍÂÊ�Öµå�ÇÚÊ�Ö«Ë¬íôÒ�ÛÜØµÙ³É

ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø _ Ê èµìÀÊ�Ô
pow

ÛÜÒ ØµÊÌË¹ÛÜØßËÂÇµÉ Ò�Ù³ÊÌÎ�É Ê�Ô¾ËÂÇµÉ³Û²ÍïèµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØµÒ³í¯Ô×ÊÌÍïË æ¹Ê Í�É¬Ð�Ò�Ê�ØµÒ³é [ ÛñÍÂÒ�Ë¬í
ËÂÇµÉ èµÉ YÚØµÛñËÂÛÜÊ�Ø Ê�Ô

pow
ÐçÎµÎ É¬ÐÑÍÂÒ  ³�»¶���£³� ËÂÇµÉ èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØµÒ�Ê�Ô b Ð�Øµè e

ÛÜØßáñÛÜØµÉ³Ò \ � � íôÒîÊëËÂÇµÉ�_ Êôè«ì
Ê�Ô

pow
Ù¬Ð�ØµØµÊÌËÓÉ U�É³Ø _ É¿ÛÜØ ËÂÇµÉ ¢ �����³�¤����©¯� ÒîÙ³ÊÌÎ É¿Ê�ÔÃËÂÇµÉ³ÒîÉ�èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØÚÒ�é " É³Ù�Ê�ØÚè¤í¾É U�É³ØÝÛñÔÃæ¹É

æ¹Ê�ÖµáÜè ÞßÊ�U�É ËÂÇµÉ èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ Ê�Ô�Ë�ÇÚÉbUÌÐÑÍÂÛ×Ð _ÚáÜÉ³Ò
b
ÐçØÚè

e
ËÂÊ ËÂÇµÉ�_ É³å�ÛÜØµØµÛÜØµå Ê�Ô�ËÂÇµÉ¿ÎµÍÂÊ�åÌÍÂÐ�Þ

^ _ É�Ô×ÊÌÍÂÉÏË�ÇÚÉÓèµÉ YÚØµÛñËÂÛÜÊ�Ø®Ê�Ô
pow

í«Ò�Ê¿ËÂÇÚÐçËïËÂÇµÉ�ì ÇÚÐXU�Éãå�áÜÊ _ Ð�á�Ò�Ù³ÊÌÎ É�`´í¥ËÂÇµÉ³ÛñÍÈÒ�Ù³ÊÌÎ ÉÓæ¹Ê�ÖµáÜè ÉIP«Ù³áñÖÚèµÉ
ËÂÇµÉ�_�Êôè«ì¿Ê�Ô

pow
í Ò�ÛñØÚÙ�ÉòËÂÇÚÐçË�_ Êôè«ì¿ÛÜÒÃÛÜØ ËÂÇµÉ¹Î ÊÌËÂÉ³Ø¯ËÂÛ×Ð�áµÒ�Ù�ÊÌÎ É³Ò�Ê�Ô ÍÂÉ³èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ Ê�Ô�ËÂÇµÉÈØÚÐ�ÞßÉ³Ò

b
ÐçØÚè

e
^»ËÂÇµÉãÔ×ÊÌÍ�Þ®Ð�á¤ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ `Äí¥ÒîÉ³É " É³ÙÄËÂÛÜÊ�Ø \ é � é � é

��Ö«ËïËÂÇµÉ å�É³ØµÉ�ÍäÐ�á�Ò�Ù³ÊÌÎ É ÍÂÖµáÜÉ³Ò�Ê�Ô " É�Ù�ËÂÛÜÊ�Ø \ é � é � Fµ� Ð�áÜáÜÊ¦æ Ô×ÖµØµÙ�ËÂÛñÊ�Ø
_�ÊôèµÛÜÉ³Ò�Ë�ÊàÖÚÒîÉ Ø ÐçÞßÉ³Ò Ê�Ô
å�áÜÊ _ Ð�á¥ÊÌÍÕØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�ÉÈÒîÙ³ÊÌÎ É ��ËÂÇµÉÈÎµÍÂÊ�åÌÍÂÐ�Þ Ê�Ø Î Ð�å�É ��� � Ô×ÊÌÍÕÉIP«Ð�ÞÀÎÚáÜÉïÖµÒ�É³Ò

std::cout
Ð�Ò Ò�ÖµÙ´Ç

ÐßØÚÐ�ÞßÉÌé �òÉ�ÍÂÉ¿ÛÜÒÏÐ®Ù�Ê�Ø Ë�ÍÂÛ U�É³è½ÎµÍÂÊ�åÌÍäÐçÞ Ë�Ç ÐÑËÓèÚÉ�ÞßÊ�ØÚÒ�Ë�ÍäÐçËÂÉ�Ò ÇÚÊ¦æ ÐßÎÚÍ�Ê�åÌÍäÐ�Þ Þ®Ð³ì ÞßÊôèµÛÜÔÜìóÐ
Á��ª�¥ �©¯�aDô©�£¬��©« ¬�§� ^ºÐ�U�ÐçÍÂÛÜÐ _ÚáÜÉÃæ·ÇµÊ�Ò�É�èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØâÇÚÐ�Ò å�áñÊ _�Ðçá¯ÒîÙ³ÊÌÎ É�`Äé"S ÇµÛÜáñÉÕÒ�ÖµÙäÇ Ù³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÛÜÊ�ØµÒ
Þ®Ð³ì _ É¿ÖµÒ�É³Ô×ÖµáÕÛñØ Ù³É�ÍîËäÐ�ÛÜØ½Ù¬Ð�Ò�É³Ò�í¾ËÂÇµÉ�ì ÖµÒ�ÖÚÐ�áÜá²ì Þ®Ð ]�ÉàËÂÇµÉàÎÚÍ�Ê�åÌÍäÐ�Þ áÜÉ³Ò�ÒÓÍÂÉ¬Ðçè Ð _ áñÉÌí Ò�ÛÜØµÙ³É ËÂÇµÉ
É ��É³Ù�Ë Ê�Ô Ð¿Ô×ÖµØµÙ�ËÂÛñÊ�ØóÙ¬Ð�áÜá Þ®Ð³ìßËÂÇµÉ³Ø _ É³Ù³Ê�ÞßÉ�U�É�Í�ì ØµÊ�Ø��ºáÜÊ Ù¬Ð�á�é
�

#include <iostream >�
�

int i = 0; // global variable
�

�
void f()

	
{



++i; // in the scope of declaration in line 3

�
}

�

���
int main()

�
�
{

� �
f();

���
std::cout << i << "\n"; // outputs 1

���

���
return 0;

��	
}

" ÛÜØµÙ³ÉãË�ÇÚÉãÔ×ÊÌÍÂÞ®Ð�á¤ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ¹Ê�Ô Ð Ô×ÖµØÚÙÄËÂÛÜÊ�ØóÇÚÐXU�ÉâáÜÊ Ù¬Ð�á¤Ò�Ù³ÊÌÎ�ÉÌíÚË�ÇÚÉÄì�ÐçáÜÒ�Ê ÇÚÐXU�ÉëÐçÖµË�Ê�Þ®ÐçËÂÛÜÙ
ÒîËÂÊÌÍÂÐ�å�ÉâèµÖ«ÍäÐçËÂÛñÊ�Ø¾é¹Æ¹ÇµÛÜÒ ÞßÉ¬ÐçØÚÒ¹ËÂÇÚÐçËòæ¹Éëå�É�Ë Ð �îÔÜÍÂÉ³Ò�Ç
	ßÒ�É�Ë Ê�Ô Ô×ÊÌÍÂÞ®Ð�á¡ÐçÍÂå�ÖµÞßÉ³Ø Ë�ÒòÉ U�ÉÄÍ�ìóËÂÛÜÞßÉ
ËÂÇµÉâÔ×ÖµØµÙ�ËÂÛñÊ�ØóÛÜÒÈÙ¬Ð�áÜáÜÉ�è¾í¥æ·ÛñËÂÇóÞßÉ�ÞßÊÌÍ�ì®Ð�Ò�ÒîÛÜå�ØµÉ³è�ËÂÊ¿ËÂÇµÉ³Þ Ê�Øµáñì ÖµØ ËÂÛñá¤Ë�ÇÚÉÏÍÂÉ³ÒîÎ�É³Ù�ËÂÛVU�ÉãÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
Ù¬Ð�áñá¤Ë�É�ÍÂÞßÛÜØÚÐçËÂÉ�Ò³é

O Ð�ÞßÉ³Ò¾èµÉ³Ù³á×ÐÑÍÂÉ³èëÛÜØµÒ�ÛñèÚÉ ËÂÇµÉÕÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø _ Ê èµìÏÞ¿ÖµÒîË"_�ÉÕèµÛÜÒîË�ÛÜØµÙ�Ë¾ÔÜÍÂÊ�Þ ËÂÇµÉÕØ ÐçÞßÉ³Ò¤Ê�Ô«Ð�áÜá�Ô×ÊÌÍÂÞ®Ð�á
ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³í¤ÖµØµáÜÉ³Ò�ÒÓËÂÇµÉ�ì½ÐçÎµÎ É¬ÐçÍãÛÜØ Ð ØµÉ³ÒîË�É³è _ÚáÜÊôÙ ]�é¿Æ¹ÇµÛÜÒãÞ®Ð ]�É³ÒÓÒ�É³ØµÒ�ÉÀÒ�ÛñØÚÙ�É�ÊÌËÂÇµÉ�Íîæ ÛÜÒ�É�í¾Û²Ë
æ¹Ê�ÖµáÜè _ ÉßÎ Ê�Ò�Ò�ÛV_ÚáÜÉÀË�Ê½ÛñÍîÍÂÉ U�ÊôÙ³Ð _Úáñì ÇµÛÜèµÉÀËÂÇµÉ®Ø ÐçÞßÉßÊ�Ô Ð Ô×ÊÌÍÂÞ®Ð�áïÐÑÍÂå�ÖµÞßÉ³Ø Ë¬é½Æ¹ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉÌíÃæ¹É
Ù¬Ð�ØµØµÊÌËÈæ·ÍÂÛñË�É
int f (int i)



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

{

int i = 5; // invalid ; i hides formal argument

return i;

}æ ÇµÛÜáñÉ ËÂÇµÉãÔ×Ê�áÜáñÊÑæ·ÛÜØµå¿ÛñÒòØµÊÌË¹ÍÂÉ³Ù³Ê�ÞßÞßÉ�ØÚèµÉ³è
_ÚÖ«Ë·áÜÉ�å�Ð�á�é
int f (int i)

{

{

int i = 5; // ok; i is local to nested block

}

return i; // the formal argument

}Æ¹ÇÚÉïáÜÐçË�ËÂÉ�Í Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø�ÛñÒ ËÂÇµÉïÛÜèµÉ³Ø Ë�ÛñË ì�íÌÒ�ÛÜØµÙ³É ËÂÇµÉïÒ�Ù�ÊÌÎ É¹Ê�ÔµË�ÇÚÉ¹èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø
int i = 5

ÛÜÒ áÜÛÜÞßÛ²ËÂÉ³è
ËÂÊ¿ËÂÇµÉãØµÉ³ÒîË�É³è _ÚáÜÊôÙ ]�é

Function declarations.
� Ô×ÖµØÚÙÄËÂÛÜÊ�Ø ÛñËÂÒ�É�áÜÔ¹Ð�áÜÒ�Ê ÇÚÐ�Ò ÐóÒîÙ³ÊÌÎ ÉÌíÃÐ�Øµè ËÂÇµÉßÔ×ÖµØÚÙÄËÂÛÜÊ�Ø Ù¬Ð�Ø Ê�Øµáñì _ É

Ù¬Ð�áñáÜÉ³è�æ·ÛñËÂÇµÛÜØ�Û²ËÂÒ·Ò�Ù�ÊÌÎ ÉÌéòÆÈÇµÉëÒ�Ù�ÊÌÎ ÉëÊ�Ô Ð�Ô×ÖµØµÙ�ËÂÛñÊ�Ø ÛÜÒ·Ê _µËäÐ�ÛñØÚÉ�è _ôì�Ù³Ê�Þb_ÚÛÜØµÛÜØµå ËÂÇµÉâÒ�Ù�ÊÌÎ É³Ò Ê�Ô
Ð�áÜá«Û²ËÂÒ Fµ�Ä±¬�×©�£�©¯���î���¤� éÃÆ¹ÇµÉÈÎ ÐçÍ�ËÕÊ�Ô Ë�ÇÚÉÈÔ×ÖµØµÙ�ËÂÛÜÊ�Ø�èÚÉIY ØµÛñË�ÛÜÊ�Øb_�É³Ô×ÊÌÍÂÉ � � � � � ÛñÒ�ÐÓèµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�Ø¤í _ÚÖ«Ë
ËÂÇµÉ�ÍÂÉ¿Þ®Ð³ì _ É¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØÚÒ Ë�Ç ÐÑËãÇÚÐXU�É ØµÊ Ò�Ö _ ÒîÉXWôÖµÉ³Ø¯Ë � � � � � é¿ÆÈÇµÛÜÒÏÛÜÒÓÛÜØ Ù�Ê�Ø Ë�ÍäÐçÒîË
ËÂÊZU�ÐçÍÂÛ×Ð _ áñÉ³Ò�æ ÇµÉ�Í�É É U�É�Í�ì®èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØßÛÜÒïÐçË Ë�ÇÚÉ Ò�Ð�ÞßÉ·ËÂÛÜÞßÉ·ÐâèµÉ YÚØµÛñËÂÛÜÊ�Ø¤é � Ô×ÖµØµÙ�ËÂÛñÊ�Ø Þ®Ð³ìb_ É
èµÉ³Ù³á×ÐÑÍÂÉ³èóÒ�ÉIU�É�ÍäÐ�á¤ËÂÛÜÞßÉ³Ò�í _ÚÖµËòÛñËÈÙ¬Ð�Ø _ ÉãèµÉ YÚØµÉ³èóÊ�ØµÙ³ÉãÊ�Øµáñì�é

ÆÈÇµÉàÔ×Ê�áÜáñÊÑæ·ÛÜØµå¿ÎµÍÂÊ�åÌÍäÐçÞ í Ô×ÊÌÍ ÉGPµÐ�ÞÀÎÚáÜÉÌíÚèµÊôÉ³Ò·ØÚÊÌË Ù³Ê�ÞÀÎÚÛÜáÜÉÌí«Ò�ÛñØÚÙ�ÉëËÂÇµÉëÙ¬Ð�áÜá¡Ê�Ô
f
ÛÜØ

main
ÛÜÒ

ØµÊÌË·ÛñØ ËÂÇµÉÏÒ�Ù³ÊÌÎ ÉãÊ�Ô
f
é

#include <iostream >

int main()

{

std::cout << f(1); // f undeclared

return 0;

}

int f (int i) // scope of f begins here

{

return i;

}
��Ö«Ë æ¹ÉàÙ¬Ð�Ø ÎÚÖ«Ë

f
ÛñØ ËÂÊÀËÂÇµÉàÒ�Ù�ÊÌÎ ÉàÊ�Ô

main
_ôì Ð�èµèµÛÜØµåßÐÀèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø _ É³Ô×ÊÌÍÂÉ

main
í Ð�Øµè Ë�ÇÚÛñÒ

ì¥ÛñÉ³áÜèµÒÈÐ�U�Ð�áÜÛÜè ÎµÍÂÊ�åÌÍäÐ�Þ é
#include <iostream >

int f (int i); // scope of f begins here

int main()
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{

std::cout << f(1); // ok , call is in scope of f

return 0;

}

int f (int i)

{

return i;

}

ê�ØßËÂÇµÉ·ÎµÍÂÉ U¥ÛñÊ�ÖÚÒÕÎÚÍ�Ê�åÌÍäÐ�Þ í�æ¹É Ù³Ê�ÖµáÜèßå�É�Ë�ÍÂÛÜèßÊ�Ô�ËÂÇµÉ ÉIPôË�ÍäÐâèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø _ôì Ò�ÛÜÞÀÎÚáñì èµÉ YÚØµÛÜØµå
f
_ É³Ô×ÊÌÍÂÉ

main
í _ÚÖ«ËïÒ�Ê�ÞßÉ�ËÂÛñÞßÉ³Ò³í�Ò�É�Î ÐçÍäÐÑËÂÉ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø®èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØµÒÕÐçÍÂÉ ÛÜØµèµÉ³É³è®ØµÉ³Ù³É³ÒîÒÂÐçÍ�ì�é*�¹Ê�Ø��

Ò�ÛÜèµÉ�ÍÃË æ¹ÊâÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ
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3.1.6 Procedural programming
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test whether i is perfect
�¥Ð�Øµè ËÂÊ èµÊàËÂÇµÉ á×ÐçË�Ë�É�Í¬í æ¹É ÇÚÐXU�É ËÂÊ

compute the sum of
all proper divisors of i
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�

// Program: perfect2 .C�
// Find all perfect numbers up to an input number n

�

�
#include <iostream >

�

	
// POST: return value is the sum of all divisors of i



// that are smaller than i

�
unsigned int sum_of_proper_divisors ( unsigned int i)



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

{
���

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;

� 

}

Program 20: ¢¤£³�ÄÁ�� � ¢ �³£º¶ç��±¬� � Å��
� èµÞßÛñË�ËÂÉ�èÚá²ì�í�ËÂÇµÉ�ÎµÍÂÊ�åÌÍäÐçÞ ÛÜÒÏáÜÊ�Øµå�É�ÍÏËÂÇÚÐ�Ø
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� É³ÒîÎÚÛñËÂÉÓËÂÇµÛÜÒ³í � � " ê � æÈÐ�Ò·Ð�ØóÉIPôË�ÍÂÉ³ÞßÉ�áñì®Ò�ÖµÙ³Ù³É³ÒîÒ�Ô×Öµá ÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛÜØµåëáÜÐ�Øµå�Ö Ðçå�ÉÌé�ê»ËÈÍÂÉ¬ÐçÙ´ÇµÉ³è
ËÂÇµÉßÎ É¬Ð ] Ê�ÔÈÛñËÂÒëÎ�ÊÌÎ Öµá×ÐÑÍÂÛñË ìÝÛÜØ ËÂÇµÉ®á×ÐçËÂÉ � � � � � Ò Ð�Øµè É³ÐçÍÂáñì � � ��� � Òëæ ÇµÉ³Ø Ë�ÇÚÉÀÎµÍÂÊ�Öµè ÊÑæ·ØÚÉÄÍÂÒ
Ê�Ô ËÂÇµÉZYÚÍ�ÒîËÏÇÚÊ�ÞßÉâÙ³Ê�ÞÀÎÚÖµË�É�ÍÂÒZ^ºÐçÞßÊ�ØÚåÀË�ÇÚÉ�Þ ËÂÇµÉ Ð�Ö«ËÂÇµÊÌÍÂÒ `·Ù�ÍÂÉ³ÐçËÂÉ³è ÎÚÍ�Ê�åÌÍäÐ�ÞßÒ Ê�ÔÃÔªÐ�ÛñÍÂá²ìóÇµÛÜå�Ç
Ù³Ê�ÞÀÎÚáÜÉIP¥ÛñË ìßÛÜØ � � " ê �Óé �

3.1.7 Arrays as function arguments
SÝÉÈÇÚÐXU�É·Ò�É³É�ØßÛÜØ " É³ÙÄËÂÛÜÊ�Ø \ é � é \ ËÂÇÚÐçËÕÐ�ØßÐçÍ�ÍÂÐ¬ì¿Ù¬ÐçØÚØµÊÌË�_ ÉÈÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³è ÔÜÍÂÊ�Þ Ð�ØµÊÌËÂÇµÉ�ÍÕÐçÍ�ÍÂÐ¬ì�í¯Ð�Øµè
ËÂÇµÛÜÒÃÛÜÞÀÎÚáÜÛÜÉ³Ò¡ËÂÇÚÐçË ÐÑÍ�ÍäÐ³ì¥ÒÕÇ ÐXU�ÉÈËÂÊâÍÂÉ³Ù�É³ÛVU�É·Ò�Î É³Ù³Û×Ðçá ÐÑË�ËÂÉ³Ø¯ËÂÛÜÊ�ØÀÛÜØ¿ËÂÇµÉ·Ù³Ê�Ø¯ËÂÉIPôË Ê�Ô�Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é Æ¹ÇµÉ
ÖµÒ�ÖÚÐ�á YµÍÂÒîËÈÒîË�É�Î�ÛñØ�ÐëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø®Ù¬ÐçáÜá�É U�Ð�áÜÖÚÐçËÂÛñÊ�Ø ^°ËÂÇµÉ Ù¬Ð�áÜá ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ ÐçÍÂÉ É U�Ð�áÜÖÚÐçËÂÉ�è¾í¥Ð�Øµè ËÂÇµÉ³Û²Í
U�Ð�áÜÖµÉ³ÒòÐçÍÂÉÏÖÚÒîÉ³èóËÂÊ ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³ÉòËÂÇµÉÏÔ×ÊÌÍÂÞ®Ð�á¤ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ ` Ù¬ÐçØ � Ë _ ÉãèµÊ�ØµÉÓæ ÛñËÂÇ�ÐçÍ�ÍäÐ³ìôÒ³é

� ÛVU�É�Ø½ËÂÇµÛÜÒ³í Û²ËÓÞßÛÜå�Ç Ë�_�É¿ÒîÖµÍîÎÚÍ�ÛÜÒ�ÛÜØµåßËÂÇÚÐçËÓÔ×ÊÌÍÂÞ®Ð�á ÐçÍÂå�ÖµÞßÉ³Ø Ë�Ò Ê�Ô ÐçÍîÍäÐ³ì Ë ì Î É¿ÐçÍÂÉ¿Ð�áÜáñÊÑæ¹É³è¤é
[ ÊÌÍ·ÉGPµÐ�ÞÀÎÚáÜÉÌí æ¹ÉãÙ³Ê�ÖµáÜè�èÚÉ�Ù³á×ÐçÍÂÉãÐ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø
// PRE: a[0],...,a[n-1] are elements of an array

// POST: a[i] is set to value , for 0 <= i < n

void fill_n (int a[], int n, int value);

ËÂÊóÒîÉ�Ë¿Ð�áÜáÃÉ³áÜÉ³ÞßÉ�Ø ËÂÒÏÊ�ÔÈÐ�Ø ÐçÍ�ÍäÐ³ì½ËÂÊóÒ�Ê�ÞßÉbYaP¥É³è UÌÐçáÜÖµÉÌé�Æ¹ÇµÉÀÙ³Ê�ÞÀÎÚÛÜáÜÉÄÍ¬í¡ÇµÊ¦æ¹É U�É�Í¬í ÛÜØ ËÂÉÄÍÂØÚÐ�áÜáñì
© F � ���³�º� ËÂÇµÛÜÒïËÂÊ¿ËÂÇµÉãÙ³Ê�ÞÀÎÚáÜÉÄËÂÉ³áñì ÉXWôÖµÛVU�Ð�áÜÉ³Ø¯Ë·èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø
// PRE: a[0],...,a[n-1] are elements of an array

// POST: a[i] is set to value , for 0 <= i < n

void fill_n (int* a, int n, int value);

Æ¹ÇÚÉßÒ�Ð�ÞßÉßÐ�è � ÖµÒîËÂÞßÉ³Ø¯Ëâæ¹Ê�ÖµáÜè ÇÚÐçÎµÎ É³Ø Ô×ÊÌÍàËÂÇµÉßÔ×ÊÌÍÂÞ®Ð�á ÐÑÍÂå�ÖµÞßÉ³Ø Ë
int a[5]

í ÒÂÐ³ì�í ÞßÉ¬Ð�ØµÛÜØµå
ËÂÇÚÐçËòËÂÇµÉëÐçÍ�ÍÂÐ¬ì�áÜÉ³ØµåÌËÂÇóÛñÒ ÛÜå�ØµÊÌÍÂÉ³è¤é � Ê�Ö Ù³Ê�ÖµáÜèóÛÜØ ÔªÐçÙ�Ë ^�áÜÉ�å�Ð�áÜáñì�í�_ÚÖ«Ë�W ÖÚÛ²ËÂÉâÙ³Ê�ØµÔ×ÖµÒ�ÛÜØµå�áñì `ÈÇÚÐXU�É
Ð Ô×ÊÌÍÂÞ®Ð�á¤ÐçÍÂå�ÖµÞßÉ³Ø¯Ë

int a[5]
í ÐçØÚè ËÂÇµÉ³ØóÖµÒ�ÉëÐçØ ÐçÍ�ÍäÐ³ì Ê�Ô áñÉ³ØµåÌËÂÇ
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ÆÈÇµÉÓÞßÊÌÍäÐ�áÚÛÜÒ ËÂÇÚÐçË ÛÜØßÍÂÉ¬Ð�áÜÛ²Ë ì�í¯ØµÊ Ô×ÊÌÍÂÞ®Ð�á�ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒÕÊ�Ô ÐÑÍ�ÍäÐ³ìÀË ìôÎ É ÉGP«ÛÜÒîË³í«Ð�Øµè®ÛÜØ®ÊÌÍÂèµÉ�ÍïËÂÊ
ÐXU�Ê�ÛÜè�Ù�Ê�ØÚÔ×ÖµÒ�ÛñÊ�Ø¾íµÛñËÈÛÜÒ _ É�ËîËÂÉ�ÍòØÚÊÌË¹ËÂÊ¿ÎµÍÂÉ�ËÂÉ³ØµèóÊÌË�ÇÚÉÄÍ�æ ÛÜÒîÉÌé

ê�Ôòæ¹ÉÀæÈÐ�Ø¯Ë ËÂÊ _ ÖµÛÜáñè Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ËÂÇÚÐçËàæ¹ÊÌÍ ]ôÒàæ ÛñËÂÇ ÐçÍîÍäÐ³ì¥Ò³í æ¹ÉßËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ®ÇÚÐXU�É Ë�Ê Ë�ÇÚÛñØa]
Ð _ Ê�Ö«ËÕÐ�áñË�É�ÍÂØÚÐçËÂÛVU�ÉïæÈÐ³ì¥ÒÃÊ�Ô�Î Ð�Ò�ÒîÛÜØµåÏËÂÇµÉòÐçÍ�ÍäÐ³ì¿ËÂÊÓËÂÇµÉ·Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤é � Ø Ê _ U¥ÛñÊ�ÖÚÒ æÈÐ³ì¿ÛÜÒÕÒîÖÚå�å�É�ÒîËÂÉ³è
_ôì ËÂÇµÉ¿èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�Ø Ê�Ô

fill_n
Ð _ Ê�U�É � æ¹É¿Î Ð�ÒîÒâÐÀÎ Ê�ÛÜØ¯ËÂÉ�ÍÓËÂÊ®ËÂÇµÉbYµÍÂÒ�ËãÉ�áÜÉ³ÞßÉ³Ø¯Ë¬í¤Ð�áÜÊ�Øµå®æ ÛñËÂÇ

ËÂÇµÉàØôÖµÞ�_ É�Í·Ê�ÔÃÉ�áÜÉ³ÞßÉ³Ø¯ËÂÒ³é � èµÛ	��É�ÍÂÉ³Ø¯Ë Î Ê�Ò�Ò�Û _ ÛñáÜÛñË ì ÛÜÒ·ËÂÊßÎ Ð�Ò�Ò ��¸Ó� Î Ê�ÛÜØ Ë�É�ÍÂÒ³í Ê�ØÚÉëË�Ê®Ë�ÇÚÉ YÚÍ�ÒîË
É³áÜÉ�ÞßÉ³Ø Ë¬í ÐçØÚè ÐóÎ Ð�ÒîË��»ËÂÇµÉ �ºÉ³Øµè Î Ê�ÛÜØ Ë�É�Í¬é½ÆÈÇµÛÜÒ Ð�áñÒ�Ê ÖÚØµÛ W ÖµÉ³áñìÝèµÉ³ÒîÙ�ÍÂÛV_ É�Ò Ë�ÇÚÉ ÐçÍîÍäÐ³ì�é ê�Ø _ ÊÌËÂÇ
U�ÐçÍÂÛ×Ð�Ø¯ËÂÒ³íµæ¹ÉâÞ®Ð³ì Ð�Ù�ËÂÖÚÐ�áñáñì Ù´ÇµÊ Ê�Ò�ÉãËÂÇµÉëÙ³Ð�áÜá¾ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒòÛñØ Ò�ÖµÙ´Ç Ð æÈÐ¬ì ËÂÇÚÐçËòËÂÇµÉ�ì�èµÉ³ÒîÙ�ÍÂÛV_ ÉâÐ
Ù³Ê�Ø¯ËÂÛÜå�ÖµÊ�ÖµÒ ���¾ �©�£¬£�©�J Ê�Ô�ËÂÇµÉ ÊÌÍÂÛÜå�ÛÜØÚÐ�áÚÐçÍ�ÍÂÐ¬ì�éÃÆ¹ÇµÛÜÒ å�É³ØµÉ�ÍäÐçáÜÛ
�¬ÐçË�ÛÜÊ�ØÀÛÜÒ�Î�Ê�Ò�Ò�ÛV_ÚáÜÉòÒ�ÛÜØµÙ³É ËÂÇµÉ ÐçÍîÍäÐ³ì
ÛñËÂÒîÉ³áÜÔ¾ØÚÉIU�É�Í ÐçÎµÎ É³ÐçÍÂÒòÐ�Ò·ÐçØ ÐçÍÂå�ÖµÞßÉ³Ø¯Ë¬é

�ïË¡ËÂÇµÛÜÒ¤Î Ê�ÛÜØ¯Ë¬í¦ÛñË¡Ò�É³É³ÞßÒ¾áÜÛV]�ÉÃÐ¹Þ®ÐçË�ËÂÉ�Í¾Ê�Ô¯ËäÐ�ÒîËÂÉ æ ÇµÛÜÙäÇëÊ�Ô¯ËÂÇµÉÕË æ¹Ê UÌÐçÍ�Û×Ð�Ø Ë�Ò¡ÛÜÒ¤ÎµÍÂÉ³Ô×É�ÍÂÐ _ÚáÜÉ � _ÚÖ«Ë
ÛÜÔ ì�Ê�Ö ËÂÇµÛÜØ ]óÐ _ Ê�Ö«Ë ÇµÊÑæ ËÂÇµÉëÔ×ÖµØÚÙÄËÂÛÜÊ�Ø

fill_n
ÛÜÒ ØÚÐçËÂÖ«ÍäÐ�áñáñì ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÉ³è ÛÜØ _ ÊÌËÂÇ UÌÐÑÍÂÛ×Ð�Ø¯ËÂÒ³í
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� ��� ��� ��� ��� � � ��� � ��� ��� � ��� �!� �
æ¹É Ò�É�É ÐãèµÛ	��É�ÍÂÉ³ØµÙ³ÉÌé �·É�Í�É·ÛÜÒ�ÐãÎµÍÂÊ�åÌÍäÐ�Þ ËÂÇÚÐçË èµÉ YÚØµÉ³ÒïÐçØÚèßÖµÒ�É�Ò�ËÂÇµÉ·Ë æ¹Ê U�ÐçÍÂÛ×Ð�Ø¯ËÂÒ�^°ËÂÇµÉ Ò�É³Ù³Ê�Øµè
Ê�ØµÉ®ÛÜÒ ��ÖµÒîË�Ù¬Ð�áñáÜÉ³è

fill
ÒîÛÜØµÙ³ÉßËÂÇµÉ�ÍÂÉ ÛÜÒ ØÚÊ

n
`âËÂÇÚÐçË¿ØÚÐçËÂÖ«ÍäÐ�áÜá²ì ÍÂÉ³ÒîÖÚá²Ë¬íÕå�Û U�É³Ø ËÂÇµÉ®ÍÂÉ³ÒîÎ�É³Ù�ËÂÛVU�É

Ô×ÊÌÍÂÞ®Ð�á¤ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ�é
�

// Program: fill.C�
// define and use two functions to fill an array

�

�
#include <iostream >

�

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



// POST: a[i] is set to value , for 0 <= i < n

�
void fill_n (int* a, int n, int value) {

�
// iteration by index

���
for (int i = 0; i < n; ++i)

�
�
a[i] = value;

� �
}

���

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

���
// POST: *p is set to value , for p in [first , last)

��	
void fill (int* first , int* last , int value) {

� 

// iteration by pointer

���
for (int* p = first; p != last; ++p)

���
*p = value;���

}� �
���

int main()�
�
{� �

int a[5];���
fill_n (a, 5 , 0); // a == {0 , 0 , 0 , 0 , 0}�
	
fill (a, a+5 , 1); // a == {1 , 1 , 1 , 1 , 1}� 

return 0;�
�

}

Program 21: ¢¤£³�ÄÁ�� � � �»�×Å �
ê�Ø Ë�ÇÚÉ�YÚÍ�ÒîË U�ÐçÍÂÛ×Ð�Ø¯Ë¬í æ¹É·ÛñËÂÉ�ÍäÐÑËÂÉ Ê�U�É�ÍÈÐ�áÜáÚÛÜØµèµÛÜÙ³É³Ò ÛñØÀËÂÇµÉ Ò�É�Ë

{0, . . . , n − 1}
í Ð�Øµèßæ¹É å�É�Ë ËÂÇµÉ

ÐçÍ�ÍÂÐ¬ìÝÉ³áÜÉ³ÞßÉ³Ø¯ËÂÒ _ ìÝÍäÐ�ØµèµÊ�Þ Ð�Ù�Ù³É³Ò�Ò³é ê�Ø ËÂÇµÉßÒ�É³Ù�Ê�ØÚè U�ÐçÍÂÛ×Ð�Ø¯Ë¬í æ¹ÉßÛñË�É�ÍäÐçËÂÉ Ê U�É�Í¿ÐçáÜá Ð�èµè«ÍÂÉ³ÒîÒ�É³Ò
ÛÜØ ËÂÇµÉ £Ä©���Á«� [first, last)

í¡ÐçØÚè æ¹É å�É�ËÓËÂÇµÉ�ÐÑÍ�ÍäÐ³ì É³áÜÉ³ÞßÉ³Ø¯ËÂÒ�_ôì èµÉ�Í�É³Ô×É�ÍÂÉ³ØµÙ³ÛñØÚå«é � U�Ð�áÜÛÜè
ÍäÐ�Øµå�É Ù³Ê�Ø ËÂÐ�ÛÜØµÒ¿Ë�ÇÚÉ�Ð�èµè«ÍÂÉ³Ò�Ò�É�ÒÀÊ�Ô Ð ^»Î Ê�Ò�Ò�Û _ á²ì É³ÞÀÎµË ì ` ÒîÉ�ËÀÊ�Ô Ù�Ê�ØÚÒîÉ³Ù³Ö«ËÂÛVU�É�ÐçÍ�ÍäÐ³ì É³áÜÉ³ÞßÉ³Ø¯ËÂÒ³í
æ ÇµÉ�Í�É�ËÂÇµÉ¿Ç ÐçáÜÔ×ÊÌÎ É³ØÝÛñØ ËÂÉ�Í UÌÐ�áÃØµÊÌËäÐçËÂÛñÊ�Ø

[first, last)
ÞßÉ³Ð�ØµÒÓË�Ç ÐÑËãËÂÇµÉ¿ÍäÐ�Øµå�É�ÛñÒãå�ÛVU�É�Ø _ôì

ËÂÇµÉ�U�Ð�áÜÖµÉ³Ò�Ê�Ô
first

í
first+1

í�é¬é³é³í
last-1

éÃê�ØßÊÌËÂÇµÉ�Í�æ¹ÊÌÍ�èÚÒ�í
last

ÛñÒ ÐÏÎ Ð�Ò�Ë���ËÂÇµÉ ��É³ØµèÀÎ Ê�ÛÜØ¯ËÂÉ�Í
Ô×ÊÌÍÈËÂÇµÉâÒ�Ö _ ÐçÍ�ÍäÐ³ì èµÉ³Ò�Ù�Í�ÛV_ É³è _ ì®ËÂÇµÉÏÍäÐçØÚå�É�é

� Òïæ¹ÉÓÇ ÐXU�ÉÏÐ�áñÍ�É¬Ð�è«ì®ÐçÍÂå�ÖµÉ³è ÛÜØ " É³Ù�ËÂÛñÊ�Ø \ é � é � í ËÂÇµÉÓÒ�É³Ù�Ê�ØÚè UÌÐÑÍÂÛ×Ð�Ø¯Ë¹ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÒÃË�ÇÚÉ �îØÚÐçË��
Ö«ÍäÐ�á
	®ÛñË�É�ÍäÐçËÂÛñÊ�Ø½Ê�U�É�ÍâÐ�Ø ÐçÍ�ÍÂÐ¬ì�í¾Ð�Øµè ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ�Ò�É³É³ÞßÒ ÎµÍÂÉ³Ô×ÉÄÍäÐ _ÚáÜÉÌé ��Ö«ËÓËÂÇµÉ £³�´©¯� ÍÂÉ¬Ð�ÒîÊ�Ø æ Ç¯ì
ÛñËòÛÜÒÈÛÜØµèÚÉ�É³èóÎµÍÂÉ³Ô×É�ÍäÐ _ áñÉâáÜÛÜÉ�ÒòÒ�Ê�ÞßÉÄæ ÇµÉ�ÍÂÉÓÉ³áÜÒîÉÌé¹ê�Ø �����àí ËÂÇµÉ�Í�ÉëÐçÍÂÉÏËÂÉ³ÙäÇµØµÛ WôÖµÉ³ÒÈËÂÊ Þ®Ð ]�ÉÏÔ×ÖµØµÙ �



�!��\ ������������� � ��� ��� ��� � �����
ËÂÛÜÊ�ØµÒïáÜÛ ]�É

fill
ÊÌÍ

fill_n
ÐXU�Ð�ÛÜá×Ð _ áñÉ ØµÊÌË¹Ê�ØÚá²ìßÔ×ÊÌÍòÐçÍ�ÍäÐ³ì¥Ò�í _ÚÖµËÈÔ×ÊÌÍÈÞ®Ð�Ø¯ìÀÊÌËÂÇµÉ�Í¹Ù�Ê�Ø ËäÐ�ÛñØÚÉÄÍÂÒÈÐçË

ËÂÇµÉëÒÂÐçÞßÉãËÂÛÜÞßÉ�éòê�ØóË�ÇÚÛñÒ å�É³ØµÉ�ÍäÐ�á¡Ò�É�Ë�Ë�ÛÜØµå«íÚËÂÇµÉëÔ×ÖµØµÙ�ËÂÛñÊ�ØÚÒòæ¹ÊÌÍ ]�æ·ÛñËÂÇóÛñË�É�ÍäÐçËÂÊÌÍ�Ò³é S ÉâÞ®Ð³ì Ë�ÇÚÛñØa]
Ê�Ô ËÂÇµÉ³Þ Ð�Òëå�É³ØµÉ�ÍäÐçáÜÛ
�³É³èÝÎ�Ê�ÛÜØ ËÂÉÄÍÂÒãËÂÊ�Ù³Ê�Ø ËäÐçÛÜØµÉ�ÍëÉ³áñÉ³ÞßÉ³Ø Ë�Ò³í"_ÚÖ«ËâËÂÇµÉÀÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒÓËÂÇÚÐçËãæ¹ÉÀÙ¬Ð�Ø
Ð�Ù�Ë�Ö ÐçáÜáñìÀÎ ÉÄÍÂÔ×ÊÌÍÂÞ Ê�Ø�ËÂÇµÉ³Ò�É ��Î Ê�ÛÜØ Ë�É�ÍÂÒ 	¿èµÉ�Î É³ØµèóÊ�Ø�Ë�ÇÚÉÏÙ³Ê�Ø¯ËäÐ�ÛÜØµÉ�Í¬é

ÆÈÇµÉ�Í�É ÐçÍÂÉòÞ®Ð�Ø ì¿ØÚÐçËÂÖ«ÍäÐ�áÚÙ³Ê�Ø¯ËäÐ�ÛÜØµÉ�ÍÂÒÃËÂÇÚÐçËÕèÚÊâØÚÊÌË�Ê ��É�ÍÕÍäÐ�ØµèµÊ�Þ Ð�Ù�Ù³É³Ò�Ò�Ë�ÊâËÂÇµÉ³ÛñÍ�É³áÜÉ³ÞßÉ³Ø¯ËÂÒ³é
[ ÊÌÍ Ò�ÖµÙäÇàÙ³Ê�Ø¯ËäÐ�ÛÜØµÉ�ÍÂÒ�í

fill_n
Ð�Ò Ð _�Ê U�É æ¹Ê�Ø�� Ë¾æ¹ÊÌÍ ]�íçÒ�ÛÜØµÙ³É ËÂÇµÉÕÒ�Ö _ÚÒ�Ù�Í�ÛñÎµË ÊÌÎ É�ÍÂÐçËÂÊÌÍ¾ÛÜÒ¾ØÚÊÌË ÐXUÌÐçÛÜá �

Ð _ÚáÜÉ¹Ô×ÊÌÍÃËÂÇµÉ³ÛñÍ ��Î Ê�ÛÜØ¯ËÂÉ�ÍÂÒ 	«é ÆÈÇµÉÈÖÚØµèµÉ�ÍÂá²ì¥ÛÜØµåÓÊÌÎ É�ÍäÐÑËÂÛÜÊ�Ø¿Ê�Ô�Ð�èµèµÛÜØµåãÛñØ ËÂÉ³å�ÉÄÍÂÒ ËÂÊâÒ�ÖµÙäÇ ��Î Ê�ÛñØ ËÂÉ�Í�Ò 	
ÛÜÒ¹ËÂÇµÉ³ØóØµÊÌËÈèµÉ YÚØÚÉ�è¾íµÉ³Û²ËÂÇµÉ�Í¬é

� Ø ËÂÇµÉ ÊÌËÂÇµÉ�ÍÀÇÚÐ�Øµè¤íÕË�ÇÚÉ æÈÐ³ì æ¹É Ç ÐXU�É èÚÉIY ØµÉ³è Ð Ù³Ê�Ø¯ËäÐ�ÛÜØµÉ�Í�ÛÜØ " É³ÙÄËÂÛÜÊ�Ø \ é � é � íÕæ¹É ©�£³�å�ÖÚÐçÍäÐ�Ø¯ËÂÉ³É³èÀË�Ç ÐÑË�æ¹É Ù¬ÐçØ Û²ËÂÉ�ÍäÐçË�É·Ê�U�É�Í¹ÛñËÂÒÕÉ³áÜÉ³ÞßÉ³Ø¯ËÂÒ³é �ÕìÀÙ³Ê�Ø U�É³Ø¯ËÂÛÜÊ�Ø¤í�ËÂÇµÛÜÒ ÛÜÒÃÍÂÉ¬Ð�áÜÛ��³É³èÀËÂÇ«ÍÂÊ�Öµå�Ç
��Î Ê�ÛÜØ¯ËÂÉ�Í 	 ÛÜØµÙ�Í�É³ÞßÉ³Ø Ë³í¥ÖµÒ�ÛÜØµå¿Ë�ÇÚÉÓÊÌÎ ÉÄÍäÐçËÂÊÌÍ

++
é�ê�Ø�ÔªÐ�Ù�Ë¬í¥ËÂÇµÉÏÊÌÎ É�ÍäÐÑËÂÛÜÊ�Ø

++p
ÛÜÒÈÐXUÌÐ�Ûñá×Ð _ÚáÜÉÌí É U�É³Ø

ÛÜÔ
p+1

ÛÜÒ¿ØÚÊÌË�� ËÂÇµÉ á×ÐÑË�ËÂÉ�Í ÛÜÒ ÍäÐ�ØµèµÊ�Þ Ð�Ù³Ù³É�Ò�Ò Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áñÛñË ìÝÔ×ÊÌÍ¿ËÂÇµÉ ÒîÎ�É³Ù³Û×Ð�áïÍÂÛñå�Ç Ë���Ç ÐçØÚè Ò�ÛÜèµÉ
ÊÌÎ É�ÍÂÐ�Øµè

1
é

ÆÈÇµÉ�Í�É³Ô×ÊÌÍÂÉÌí ËÂÇµÉÀÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
fill

Ð�Ò Ð _ Ê�U�ÉÀÇÚÐ�ÒëËÂÇµÉ Î ÊÌË�É³Ø ËÂÛÜÐ�áÃË�Êóæ¹ÊÌÍ ]ÝÔ×ÊÌÍ ÐçáÜá�Ù³Ê�Ø¯ËäÐ�ÛÜØµÉ�Í�Ò³í
Ò�ÛÜØµÙ³ÉÏÛñËÈÊ�Øµáñì®ÍÂÉXW ÖÚÛ²ÍÂÉ³Ò���Î Ê�ÛÜØ Ë�É�Í 	¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì Ë�Ç ÐÑË·ÛÜÒ¹Ê ��É�ÍÂÉ³è _ ìóÐ�áñá Ù³Ê�Ø ËäÐçÛÜØµÉ�ÍÈÛñËÂÉ�ÍäÐÑËÂÊÌÍÂÒ³é

Mutating functions.
Æ¹ÇµÉ�ÍÂÉ¹ÛÜÒÃÐ Ò�Ö _ÚÒîËäÐ�Ø¯ËÂÛ×Ð�á¥èµÛ	��É�ÍÂÉ³ØµÙ³ÉR_ ÉÄË æ¹É�É³Ø�Ë�ÇÚÉïÔ×ÖµØµÙ�ËÂÛñÊ�Ø

pow
Ê�Ø ËÂÇµÉ¹Ê�ØÚÉ

ÇÚÐ�Øµè¤íµÐ�Øµè ËÂÇµÉÓÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
fill

Ð�Øµè
fill_n

Ê�Ø ËÂÇµÉÓÊÌËÂÇµÉ�ÍòÇ ÐçØÚè¤é�� Ù¬Ð�áÜá ËÂÊ¿Ë�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
powÇÚÐ�Ò·ØµÊßÉ ��É³Ù�Ë¬í Ò�ÛÜØµÙ³ÉâË�ÇÚÉãÙ³Ê�ÞÀÎÚÖ«ËäÐçËÂÛÜÊ�ØµÒ¹Ê�Øµáñì ÞßÊôèµÛÜÔÜì Ô×ÊÌÍÂÞ®Ð�á¾ÐçÍ�å�ÖÚÞßÉ�Ø Ë�UÌÐ�áñÖÚÉ�Ò�� ËÂÇµÉ³ÒîÉ UÌÐçáÜÖµÉ³Ò

ÐçÍÂÉ �îáÜÊôÙ¬Ðçá
	 Ë�Ê�ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù³Ð�áÜáÕÐ�Øµè �îèÚÛñÒÂÐçÎµÎ É¬ÐçÍ 	�Ö«Î Ê�Ø ËÂÉÄÍÂÞßÛÜØÚÐçËÂÛÜÊ�Ø¤é�S¼ÛñËÂÇ
pow

í ÛñË!� ÒÏËÂÇµÉ
Dô©¯��� � Ê�Ô ÐàÔ×ÖµØµÙ�ËÂÛÜÊ�ØóÙ³Ð�áÜá ËÂÇÚÐçË¹æ¹ÉâÐÑÍÂÉãÛñØ ËÂÉ�Í�É³ÒîËÂÉ³è�ÛÜØ¤é

�ÈÐçáÜáÜÒ ËÂÊëËÂÇµÉ·Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ
fill

Ð�Øµè
fill_n

íôÊ�ØÀË�ÇÚÉ·ÊÌËÂÇµÉ�ÍïÇÚÐ�Øµè¤í ÇÚÐXU�É É ��É³Ù�ËÂÒ � Ë�ÇÚÉÄìÀÞßÊôèµÛÜÔÜì
ËÂÇµÉ U�Ð�áÜÖµÉ³Ò Ê�ÔÃÐçÍ�ÍÂÐ¬ì�É³áÜÉ³ÞßÉ�Ø ËÂÒ³í�Ð�Øµè ËÂÇµÉ³Ò�ÉZU�Ð�áÜÖµÉ³ÒÓÐçÍÂÉ � ��� áñÊôÙ¬Ð�á¾ËÂÊÀËÂÇµÉëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬ÐçáÜá�é�S¼ÇµÉ³Ø
æ¹ÉÓæ·ÍÂÛñË�É
int a[5];

fill (a, a+5 , 0);

ËÂÇµÉàÉ ��É³Ù�ËÏÊ�ÔÃË�ÇÚÉàÉGP¥ÎµÍÂÉ³Ò�ÒîÛÜÊ�Ø
fill (a, a+5, 0)

ÛñÒ ËÂÇÚÐçËÏÐ�áÜá¡É³áÜÉ³ÞßÉ³Ø¯ËÂÒ Ê�Ô
a
ÍÂÉ³Ù³É³Û U�É�U�Ð�áÜÖµÉ

0
é

Æ¹ÇÚÛñÒëÛÜÒâÎ Ê�ÒîÒ�ÛV_ÚáÜÉ ÒîÛÜØµÙ³ÉÀËÂÇµÉ�ÍÂÉßÐÑÍÂÉßÔ×ÊÌÍÂÞ®Ð�áÕÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒâÊ�ÔïÎ Ê�ÛÜØ¯ËÂÉ�ÍãË ì Î ÉÌé S¼ÇµÉ³Ø ËÂÇµÉßÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
Ù¬Ð�áñá

fill (a, a+5, 0)
ÛÜÒãÉ UÌÐçáÜÖÚÐçËÂÉ³è¤í¤ËÂÇµÉ Ô×ÊÌÍÂÞ®Ð�á ÐÑÍÂå�ÖµÞßÉ³Ø Ë

first
ÛñÒãÛÜØµÛñË�Û×Ð�áÜÛ
��É³è æ ÛñËÂÇ ËÂÇµÉ

© F F�£³�¬��� Ê�Ô a � Ò�YµÍÂÒîË É�áÜÉ³ÞßÉ³Ø¯Ë¬éïê�Ø ËÂÇµÉâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø _�Êôè«ì�í«ËÂÇµÉ UÌÐçáÜÖµÉëÐçËòËÂÇµÛÜÒ Ð�èµè«ÍÂÉ³ÒîÒ ÛÜÒ·ÞßÊ èµÛVYÚÉ³è
ËÂÇ«ÍÂÊ�Öµå�Ç Ë�ÇÚÉÏáVU�Ð�áÜÖµÉ

*p
íÚÐ�Øµè�Ë�ÇÚÉÏÒÂÐ�ÞßÉÓÇÚÐçÎµÎ É³ØµÒÈÔ×ÊÌÍòË�ÇÚÉÏÊÌËÂÇµÉ�ÍòÔ×Ê�Ö«Í ÐçÍ�ÍÂÐ¬ì É³áñÉ³ÞßÉ³Ø Ë�ÒÈÛñØ ËÂÖ«ÍÂØ¤é

[ ÊÌÍÂÞ®Ð�á¹ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ¿Ê�ÔòÎ Ê�ÛÜØ¯ËÂÉ�Í¿Ë ìôÎ É ÐçÍÂÉ ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ�Ð½ÞßÉ¬ÐçØÚÒ Ê�Ô Ù�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÛÜØµå Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
æ Û²ËÂÇ U�Ð�áÜÖµÉ ��ÞßÊôèµÛÜÔÜì¥ÛñØÚåàÉ ��É³Ù�Ë�Ò³é " ÖµÙäÇ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒòÐçÍÂÉÏÙ¬Ð�áÜáÜÉ�è ¨����î©¯���»��Á é

3.1.8 Modularization
Æ¹ÇÚÉÄÍÂÉ ÐçÍÂÉëÔ×ÖµØµÙ�ËÂÛñÊ�ØÚÒÈËÂÇÚÐçË ÐÑÍÂÉëËäÐ�ÛÜáñÊÌÍ��ºÞ®Ð�èµÉ Ô×ÊÌÍÓÐ�ÒîÎ É³Ù³Û Y ÙãÎÚÍ�Ê�åÌÍäÐ�Þ íÚÐ�Øµè ÛñË·æ¹Ê�ÖµáÜè ØµÊÌË Þ®Ð ]�É
Ò�É³ØµÒ�ÉòËÂÊëÖµÒ�É·ËÂÇµÉ³Þ ÛÜØ®Ð�ØµÊÌËÂÇµÉ�ÍÃÎµÍÂÊ�åÌÍäÐ�Þ é ��ÖµËÕËÂÇµÉ�ÍÂÉ·ÐçÍÂÉ ÐçáÜÒ�Êëå�É³ØµÉ�ÍÂÐ�áÚÎÚÖ«Í�Î Ê�ÒîÉ·Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÕË�Ç ÐÑË
ÐçÍÂÉ¹ÖµÒ�É³Ô×ÖµáµÛÜØ¿Þ®Ð�Ø ìãÎµÍÂÊ�åÌÍäÐ�ÞßÒ³é ê»Ë ÛÜÒ Ù³áÜÉ¬ÐÑÍÂáñìëÖµØµèµÉ³Ò�ÛñÍÂÐ _ÚáÜÉ ËÂÊÓÙ³ÊÌÎôìàË�ÇÚÉ¹Ù³ÊÌÍîÍÂÉ³ÒîÎ Ê�ØµèµÛÜØµåÓÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
èµÉ YÚØµÛñËÂÛÜÊ�ØóÛñØ ËÂÊßÐçØ ì�ÎµÍÂÊ�åÌÍÂÐ�ÞðËÂÇÚÐçË Ù¬Ð�áÜáÜÒÈËÂÇµÉëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø � æ·ÇÚÐçË·æ¹ÉëØµÉ³É�è½ÛÜÒ ¨ � F����ª©�£¬� 
 ©¯���î��� í ÐÒ�Ö _ èµÛVUôÛÜÒ�ÛÜÊ�Ø Ê�Ô¡ËÂÇµÉÓÎµÍÂÊ�åÌÍäÐ�Þ ÛÜØ¯ËÂÊ ÛÜØµèµÉ�Î É�ØÚèµÉ³Ø¯Ë¹Î�ÐÑÍ�ËÂÒ³é



� ��� ��� ��� ��� � � ��� � ��� ��� � ��� �!� �
ÆÈÇµÉ¿Î ÊÑæ¹ÉÄÍâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø

pow
ÔÜÍÂÊ�Þ � ÍÂÊ�åÌÍÂÐ�Þ � � ÛÜÒÏÙ³É�Í�ËäÐçÛÜØµáñì å�É³ØµÉ�ÍäÐçáÃÎÚÖ«Í�Î Ê�Ò�É�é ê�ØÝÊÌÍ�èÚÉÄÍãËÂÊ

Þ®Ð ]�ÉàÛñË ÐKU�Ð�ÛÜáÜÐ _ÚáÜÉâËÂÊ Ð�áÜá Ê�ÖµÍÓÎµÍÂÊ�åÌÍäÐçÞßÒ³í æ¹É Ù¬Ð�Ø½Ò�ÛÜÞÀÎÚáñì ÎÚÖµË Ë�ÇÚÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ YÚØµÛñËÂÛÜÊ�Ø ÛÜØ¯ËÂÊ®Ð
Ò�É�Î ÐçÍÂÐçËÂÉÏÒ�Ê�Ö«ÍÂÙ³É³Ù³Ê èµÉ YÚáÜÉ

pow.C
íµÒÂÐ³ì�í«ÛÜØóÊ�Ö«ÍÈæ¹ÊÌÍ ]¥ÛÜØµå¿èµÛñÍÂÉ³Ù�Ë�ÊÌÍ�ì�é

�
#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;

��	
}

Program 22: ¢¤£³��Á�� � ¢ ��¸ Å �
ÆÈÇµÉ³Øóæ¹ÉÏÙ¬Ð�Ø�ÛÜØµÙ³áÜÖµèµÉÓË�ÇÚÛñÒ YÚáÜÉÏÔÜÍÂÊ�Þ Ê�Ö«Í·Þ®Ð�ÛñØ®ÎµÍÂÊ�åÌÍÂÐ�Þ Ð�ÒòÔ×Ê�áñáÜÊÑæ·Ò³é

�
// 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;

��	
}

Program 23: ¢¤£³�ÄÁ�� � ±Ä©¯�°� ¢���¸ � Å��
� ØóÛÜØµÙ³áñÖÚèµÉÓèµÛñÍÂÉ³ÙÄËÂÛVU�ÉÏÊ�Ô¡ËÂÇµÉÏÔ×ÊÌÍÂÞ

#include
	�� � ����� 
 � 	



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

áÜÊ�å�ÛÜÙ³Ð�áÜáñì ÍÂÉ�ÎÚá×ÐçÙ³É³ÒßËÂÇµÉ ÛÜØµÙ³áÜÖµèµÉóèµÛñÍÂÉ³Ù�Ë�ÛVU�É _ôì ËÂÇµÉ Ù³Ê�Ø¯ËÂÉ³Ø Ë�Ò Ê�ÔÓËÂÇµÉ ÒîÎ É³Ù�ÛVYÚÉ³è YÚáÜÉ�é �·ÒîÖ ÐçáÜáñì�í
� � ����� 
 � ÛÜÒÈÛÜØ¯ËÂÉ�Í�ÎµÍÂÉ�Ë�É³è�ÍÂÉ³áÜÐçËÂÛVU�É ËÂÊ¿ËÂÇµÉÏæ¹ÊÌÍ ]ôÛÜØµå�èµÛñÍ�É³Ù�ËÂÊÌÍ�ì�é

Separate compilation and object code files.
Æ¹ÇµÉëÙ³Ê èÚÉâÒ�É�Î ÐçÍäÐçË�ÛÜÊ�ØóÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ ÔÜÍÂÊ�Þ ËÂÇµÉâÎµÍÂÉ �

U¥ÛñÊ�ÖÚÒ Î ÐçÍÂÐ�åÌÍäÐçÎÚÇ ÇÚÐ�Ò Ê�ØµÉ¿Þ®Ð�� ÊÌÍ·èµÍÂÐ¬æ�_ Ð�Ù ] �òË�ÇÚÉàÙ�Ê�ÞÀÎ ÛñáÜÉ�Í èµÊ É³Ò ØµÊÌË �îÒ�É³É 	 ÛñË¬é ��É³Ô×ÊÌÍÂÉ Ù³Ê�Þ��
ÎÚÛÜá×ÐçË�ÛÜÊ�Ø¤í

pow.C
ÛÜÒàáÜÊ�å�ÛñÙ¬Ð�áÜáñì Ù³ÊÌÎÚÛÜÉ�è _ Ð�Ù ] ÛÜØ¯ËÂÊ ËÂÇµÉßÞ®Ð�ÛÜØ YÚáÜÉÌí ÒîÊ ËÂÇµÉßÙ³Ê�ÞÀÎÚÛÜáñÉ�ÍëÒîË�ÛÜáÜá�ÇÚÐ�ÒëË�Ê

Ë�ÍäÐçØÚÒîá×ÐçËÂÉÃËÂÇµÉ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø èµÉ YÚØÚÛ²ËÂÛÜÊ�ØëÛÜØ¯ËÂÊ Þ®Ð�ÙäÇµÛÜØµÉÃá×Ð�Øµå�ÖÚÐ�å�É �XDô�³£KJÀ���°¨ � ÛñË Ù³Ê�ÞÀÎÚÛÜáÜÉ³Ò¡ÐòÎµÍÂÊ�åÌÍäÐçÞËÂÇÚÐçËÈÙ¬Ð�áñáÜÒ
pow

éÕÆÈÇµÛÜÒÈÛÜÒÈÐàæÈÐ�ÒîËÂÉÏÊ�Ô ËÂÛÜÞßÉ Ë�Ç ÐÑËòÙ³Ð�Ø _ ÉãÐXU�Ê�ÛÜèµÉ³è _ôì ����¢�©�£�©¯���ó±Ä��¨�¢¤���×©¯���î��� éê�Ø�Ê�Ö«Í¿Ù¬Ð�Ò�É�íÃæ¹Éßæ¹Ê�ÖµáÜè Ù³Ê�ÞÀÎÚÛÜáÜÉ�Ë�ÇÚÉ YÚáÜÉ
pow.C

Ò�ÉÄÎ�ÐÑÍäÐçËÂÉ³á²ì�é S É Ê�Øµáñì ÇÚÐXU�ÉßËÂÊ ËÂÉ³áÜá�Ë�ÇÚÉ
Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍ ËÂÇÚÐçËÓÛñËÓÒ�ÇµÊ�ÖµáÜè½ØÚÊÌËÏå�É³ØµÉ�ÍÂÐçËÂÉ¿Ð�Ø ÉGP«É³Ù³Ö«ËäÐ _ áñÉ ÎµÍÂÊ�åÌÍÂÐ�Þ ^�ÛñËÓÙ¬ÐçØ � Ë¬í¤Ò�ÛÜØµÙ³ÉàËÂÇµÉ�ÍÂÉ ÛÜÒÓØµÊ
main

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ` _ÚÖµËòÐ�Ø �¥  � �Ä±¬�ã±Ä� Fµ� YÚáÜÉÌí«Ù¬Ð�áñáÜÉ³è
pow.o

í«ÒÂÐ³ì�éÕÆÈÇµÛÜÒRYÚáÜÉ Ù³Ê�Ø¯ËäÐ�ÛÜØµÒïËÂÇµÉÓÞ®Ð�ÙäÇÚÛñØÚÉ
á×Ð�Øµå�ÖÚÐ�å�É ÛÜØµÒîË�Í�ÖÚÙÄËÂÛÜÊ�ØµÒ ËÂÇÚÐçËâÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèÝË�Ê�ËÂÇµÉ ����� ÒîËÂÐçËÂÉ³ÞßÉ³Ø¯ËÂÒÏÛÜØ ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�Ø _ Êôè«ì Ê�Ô
pow

é

Header files.
Æ¹ÇÚÉ¿Ò�É�Î ÐçÍÂÐçËÂÉ¿Ù³Ê�ÞÀÎÚÛÜá×ÐçËÂÛñÊ�ØóÙ³Ê�ØµÙ³É�ÎµËãÛÜÒÓÞßÊÌÍÂÉëÎ Ê¦æ¹É�ÍÂÔ×Öµá ËÂÇÚÐ�Ø½æ¹É¿ÇÚÐKU�É¿Ò�É³É�Ø Ò�Ê

ÔªÐçÍ�� ÒîÖµÍîÎÚÍ�ÛÜÒ�ÛÜØµå�áñì�í�ÉIU�É³Ø ÎµÍÂÊ�åÌÍäÐ�ÞßÒòËÂÇÚÐçËÓÙ¬Ð�áÜá Ë�ÇÚÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
pow

Ù¬Ð�Ø _ É Ù³Ê�ÞÀÎÚÛÜáÜÉ³è ÒîÉ�Î ÐçÍäÐçËÂÉ�áñì�í
æ Û²ËÂÇµÊ�ÖµË�]¥ØµÊ¦æ ÛÜØµå®Ð _ Ê�Ö«Ë Ë�ÇÚÉ Ò�Ê�Ö«ÍÂÙ�É¿Ù�ÊôèµÉZYÚáÜÉ

pow.C
ÊÌÍ ËÂÇµÉ Ê _ � É³ÙÄËÓÙ³ÊôèµÉZYÚáÜÉ

pow.o
é�S¼ÇÚÐçË

ËÂÇµÉÏÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í¹ØµÉ³É³èµÒÈËÂÊ�ÇÚÐXU�ÉÌíµËÂÇµÊ�Öµå�Ç¾í«ÛñÒòÐ èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø Ê�Ô ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
pow

é
ÆÈÇµÛÜÒ¹Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØßÛñÒ _�É³ÒîËïÎÚÖ«ËòÛñØ ËÂÊ ÐàÒ�É�Î ÐçÍÂÐçËÂÉ�YÚáÜÉÓÐ�Ò æ¹É³áÜá»é ê�Ø�Ê�Ö«ÍÈÙ¬Ð�Ò�ÉÌí¥Ë�ÇÚÛñÒ Y áñÉ

pow.h
íµÒÂÐ³ì�íµÛÜÒ U�É�Í�ì Ò�ÇµÊÌÍ�Ë �µÛñËÈÙ³Ê�Ø¯ËäÐ�ÛÜØµÒ � ÖÚÒ�ËòËÂÇµÉÏáÜÛÜØµÉ³Ò

// PRE: e >= 0 || b != 0.0

// POST: return value is b^e

double pow (double b, int e);
" ÛÜØµÙ³É ËÂÇµÛÜÒ ÛñÒ ËÂÇµÉ �îÇÚÉ³Ð�èµÉ�Í 	ÓÊ�Ô«ËÂÇµÉÈÔ×ÖµØµÙ�ËÂÛñÊ�Ø

pow
íÌËÂÇµÉRYÚáÜÉ

pow.h
ÛÜÒ Ù¬ÐçáÜáÜÉ³è¿Ð ���Ä© Fµ��£ � �ª� é ê�Ø ËÂÇµÉÙ¬Ð�áñáÜÛÜØµå � ÍÂÊ�åÌÍÂÐ�Þ \ � í«æ¹ÉãÒ�ÛÜÞÀÎÚáñìÀÍÂÉÄÎ áÜÐ�Ù³ÉãË�ÇÚÉãÛÜØµÙ³áÜÖµÒ�ÛÜÊ�Ø Ê�Ô

pow.C
_ôì ËÂÇµÉãÛÜØµÙ³áñÖÚÒîÛÜÊ�Ø�Ê�Ô

pow.h
í

ÍÂÉ³ÒîÖÚá²ËÂÛÜØµå�ÛñØ ËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµåàÎµÍÂÊ�åÌÍäÐ�Þ é
�

// 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

���



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

return 0;
��	

}

Program 24: ¢¤£³�ÄÁ�� � ±Ä©¯�°� ¢���¸ � Å��
[ ÍÂÊ�Þ ËÂÇµÛÜÒ·ÎµÍÂÊ�åÌÍäÐçÞ í ËÂÇµÉàÙ³Ê�ÞÀÎÚÛÜáÜÉÄÍ·Ù¬ÐçØ ËÂÇµÉ³Ø å�É³ØµÉ�ÍäÐÑËÂÉ Ð�Ø Ê _ � É³Ù�Ë Ù³ÊôèµÉZYÚáÜÉ

callpow3.o
é

ê�ØµÒîËÂÉ¬Ðçè Ê�Ô ËÂÇµÉâÞ®Ð�ÙäÇµÛÜØµÉãáÜÐ�Øµå�Ö Ðçå�ÉãÛÜØµÒîËîÍÂÖµÙ�ËÂÛÜÊ�ØµÒÈÔ×ÊÌÍ ÉIP¥É³Ù³Ö«ËÂÛÜØµåÀËÂÇµÉ _�Êôè«ì�Ê�Ô
pow

íÚËÂÇµÛÜÒòÊ _ � É³Ù�Ë
Ù³Ê èÚÉ Ù³Ê�Ø ËäÐçÛÜØµÒàÐ ¢¾�×©µ±��¬����� Fµ�³£ Ô×ÊÌÍàËÂÇµÉÀáÜÊôÙ³ÐçËÂÛÜÊ�ØÝÖµØµèµÉ�Íàæ ÇµÛÜÙäÇÝËÂÇµÉ³ÒîÉßÛÜØµÒîË�ÍÂÖµÙ�ËÂÛñÊ�ØÚÒâÐçÍÂÉ Ë�Ê _ É
Ô×Ê�ÖµØµèßÛÜØ�ËÂÇµÉòÉIP«É³Ù�ÖµËÂÐ _ÚáÜÉÈÎµÍÂÊ�åÌÍÂÐ�Þ é ê»ËÕÛÜÒÃÛÜÞÀÎ ÊÌÍ�ËäÐçØ Ë ËÂÊãÖÚØµèµÉ�ÍÂÒ�ËäÐ�Øµè ËÂÇÚÐçË

callpow3.o
Ù¬Ð�ØµØµÊÌË

_ ÉÓÐ�Ø ÉIP¥É³Ù³Ö«ËäÐ _ÚáÜÉ ÎµÍÂÊ�åÌÍäÐçÞ ì�É�Ë�� ÛñË Fµ�Ì�³� Ù³Ê�Ø ËäÐçÛÜØ®Þ®Ð�ÙäÇÚÛñØÚÉòá×Ð�Øµå�ÖÚÐ�å�É Ù³Ê èµÉ Ô×ÊÌÍ main í�_ÚÖµË � ���Ô×ÊÌÍ·Ð�ØµÊÌËÂÇµÉ�Í·Ô×ÖµØµÙ�ËÂÛñÊ�Ø ËÂÇÚÐçËòÛñËÈØµÉ³É³èµÒ³íµØÚÐ�ÞßÉ³áñì
pow

é

The linker.
� Øµáñì æ·ÇµÉ³Ø Ð�Ø ÉGP«É³Ù³Ö«ËäÐ _ áñÉ ÎµÍÂÊ�åÌÍäÐçÞ ÛñÒ _ÚÖµÛÜáñË ÔÜÍÂÊ�Þ

callpow3.o
í Ë�ÇÚÉ Ê _ ��É�Ù�Ë

Ù³Ê èÚÉ YÚáÜÉ
pow.o

Ù³Ê�ÞßÉ³ÒßÛÜØ¯ËÂÊ Î áÜÐ¬ì�é � ÛVU�É�Ø Ð�áÜá·Ê _ � É³Ù�Ë
YÚáÜÉ³ÒßËÂÇÚÐçË ÐçÍ�É ÛñØ U�Ê�áVU�É³è¤íÈËÂÇµÉ ���»� 
 �³£_ÚÖµÛÜáÜèµÒãËÂÇµÉßÉIP¥É³Ù³Ö«ËäÐ _ÚáÜÉÀÎµÍÂÊ�åÌÍÂÐ�Þ _ ì å�áÜÖµÛÜØµå�ËÂÊ�å�É�Ë�ÇÚÉÄÍ Þ®Ð�ÙäÇÚÛñØÚÉ�á×Ð�Øµå�ÖÚÐ�å�É Ù�ÊôèµÉßÔ×ÊÌÍ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
Ù¬Ð�áñáÜÒ�^»ÛÜØ

callpow3.o
` æ ÛñË�ÇÀÞ®Ð�ÙäÇµÛÜØµÉòá×ÐçØÚå�ÖÚÐ�å�É¹Ù³Ê èµÉ Ô×ÊÌÍ ËÂÇµÉ·Ù�ÊÌÍ�ÍÂÉ³Ò�Î Ê�ØµèÚÛñØÚåãÔ×ÖµØÚÙÄËÂÛÜÊ�ØL_ Ê èÚÛñÉ³Ò

^�ÛÜØ
pow.o

`Äé Æ É�Ù´ÇµØµÛÜÙ¬ÐçáÜáñì�í ËÂÇµÛÜÒ¿ÛÜÒ èÚÊ�ØµÉ
_ôì ÎÚÖ«Ë�ËÂÛÜØµå½Ð�áÜáïÊ _ ��É�Ù�Ë�Y áñÉ³Ò¿Ë�Ê�å�É�ËÂÇµÉ�Í�ÛÜØ ËÂÊ½Ð Ò�ÛÜØµå�áÜÉ
ÉIP¥É³Ù³Ö«ËäÐ _ÚáÜÉ YÚáÜÉ�í Ð�Øµè _ôì Y áñáÜÛÜØµå ÎÚá×ÐçÙ³É³ÇµÊ�áÜèµÉ�ÍÂÒãÔ×ÊÌÍàÔ×ÖµØÚÙÄËÂÛÜÊ�Ø _ Ê èµì½áÜÊ Ù¬ÐçËÂÛÜÊ�ØµÒÓæ ÛñË�ÇÝËÂÇµÉÀÐ�Ù�Ë�Ö Ðçá
áÜÊ Ù¬ÐçËÂÛÜÊ�ØµÒïÛÜØ ËÂÇµÉãÉGP«É³Ù³Ö«ËäÐ _ áñÉÌé

" É�Î ÐçÍäÐçË�É¿Ù�Ê�ÞÀÎ Ûñá×ÐçËÂÛÜÊ�Ø ÛÜÒ�U�É�Í�ì ÖµÒ�É³Ô×Öµá�éãê»ËÏÐ�áÜáñÊÑæ·Ò·ËÂÊ®ÙäÇ ÐçØÚå�ÉàËÂÇµÉàèµÉ YÚØµÛñËÂÛÜÊ�Ø Ê�ÔÃÐßÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
æ Û²ËÂÇµÊ�ÖµË ÇÚÐKUôÛÜØµåÝËÂÊÝÍÂÉ³Ù�Ê�ÞÀÎ ÛñáÜÉóÐÝÒ�ÛñØÚå�áñÉ�ÎµÍÂÊ�åÌÍäÐ�Þ Ë�Ç ÐÑËßÙ¬Ð�áÜáñÒÀÛñË¬é �·ÒßáÜÊ�Øµå Ð�ÒÀËÂÇµÉ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø½ÍÂÉ³Þ®Ð�ÛÜØµÒãÖÚØµÙäÇÚÐ�Øµå�É³è¤í ÛñËëÛñÒëÊ�Øµáñì ËÂÇµÉÀáñÛÜØ ]�É�ÍâËÂÇÚÐçËëÇ ÐçÒâËÂÊóæ¹ÊÌÍ ] ÛñØÝËÂÇµÉßÉ³Øµè �ÃÐ�Øµè
ËÂÇµÉâáñÛÜØ ]�É�Í ÛÜÒòÖµÒ�ÖÚÐ�áÜáñì
U�É�Í�ì�ÔªÐ�ÒîË¬é¹ê»Ë Ô×Ê�áÜáÜÊ¦æ ÒïËÂÇÚÐçË ÒîÉ�Î ÐçÍäÐçËÂÉãÙ³Ê�ÞÀÎÚÛÜá×ÐçË�ÛÜÊ�Ø Ð�áÜÒ�ÊÀÞ®Ð ]�É³ÒòÒîÉ³ØµÒ�ÉàÔ×ÊÌÍ
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ¹ËÂÇÚÐçËòÐçÍÂÉÏÒîÎ É³Ù³Û Y ÙÓËÂÊ�Ê�ØÚÉÓÎµÍÂÊ�åÌÍäÐ�Þ Ê�Øµáñì�é

" É�Î ÐçÍäÐçË�É Ù³Ê�ÞÀÎÚÛÜáÜÐçËÂÛÜÊ�Ø Í�É QÚÉ³Ù�ËÂÒ ËÂÇµÉ �îÙ³ÖµÒîËÂÊ�ÞßÉ�Í 	 UôÛÜÉ�æ Ê�Ô¹ËÂÇµÉ Ù¬ÐçáÜáÜÛÜØµå�ÎµÍÂÊ�åÌÍäÐçÞ �ßÐ�Ò áÜÊ�Øµå
Ð�ÒãÐßÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø èµÊôÉ�ÒÓæ·ÇÚÐçËÏÛñËÂÒ ÎµÍÂÉ �·Ð�Øµè½Î Ê�Ò�ËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�Ø ÎµÍÂÊ�ÞßÛÜÒ�ÉâÛÜØ½ËÂÇµÉ¿ÇµÉ¬Ð�èµÉ�Í
YÚáÜÉÌí¤ÛñËÓÛÜÒÏØµÊÌË
ÛÜÞÀÎ ÊÌÍîËäÐ�Ø ËÏËÂÊ ]¥ØµÊ¦æ ����¸ Û²ËàèµÊôÉ³ÒëËÂÇµÛÜÒ�é � Ø ËÂÇµÉßÊÌËÂÇµÉ�Í ÇÚÐ�Øµè¾í ÛñÔ¹Ë�ÇÚÉßÔ×ÖµØµÙ�ËÂÛñÊ�Ø èµÉ YÚØµÛñËÂÛÜÊ�Ø ÛÜÒ
ÇµÛÜèµèµÉ³ØëÔÜÍÂÊ�Þ ËÂÇµÉ Ù¬Ð�áÜáñÛÜØµå¹ÎµÍÂÊ�åÌÍÂÐ�Þ íçÙ�áÜÉ¬Ð�ØâÎµÍÂÉ �¤Ð�ØµèëÎ Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�ØµÒ¤ÐçÍÂÉ Ê�ÔôÙ�ÍÂÛñËÂÛñÙ¬Ð�á�ÛÜÞÀÎ ÊÌÍ�ËÂÐ�ØµÙ³ÉÌí
Ò�ÛÜØµÙ³ÉÓËÂÇµÉ�ì Þ®Ð³ì _ ÉÓËÂÇµÉâÊ�Øµáñì®ÛÜØµÔ×ÊÌÍÂÞ®ÐçË�ÛÜÊ�Ø®ÐXUÌÐ�Ûñá×Ð _ÚáÜÉÓÐ _ Ê�Ö«ËÈËÂÇµÉãÔ×ÖµØµÙ�ËÂÛñÊ�Ø � ÒR_ É³ÇÚÐXU¥ÛÜÊÌÍ¬é

Availability of sourcecode.
ê�Ô ì�Ê�Ö ÇÚÐXU�ÉàÙ¬ÐçÍÂÉ�Ô×ÖÚáñáñìóå�Ê�ØµÉâËÂÇ«ÍÂÊ�Öµå�Ç æ ÇÚÐçËòæ¹ÉàÇÚÐKU�ÉàèµÊ�ØµÉëÒ�Ê®ÔªÐçÍ³í

ì�Ê�ÖóÍÂÉ¬ÐçáÜÛ
�³ÉÓËÂÇÚÐçËÈæ¹ÉâÙ³Ê�ÖµáÜèóÛñØ�ÎµÍÂÛÜØµÙ³ÛñÎÚáÜÉÓèµÉ³áÜÉ�Ë�ÉãËÂÇµÉâÒîÊ�ÖµÍ�Ù³É³Ù³Ê èÚÉ YÚáÜÉ
pow.C

Ð�ÔÜËÂÉ�Í·ÇÚÐKUôÛÜØµå å�É³Ø��
É�ÍäÐÑËÂÉ³è

pow.o
í«Ò�ÛÜØµÙ³ÉÏá×ÐçËÂÉÄÍ¬íôËÂÇµÉÓÔ×ÖµØÚÙÄËÂÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�Ø®ÛÜÒ¹ØÚÊÌË¹ØµÉ³É�èÚÉ�è Ð�Ø ìôÞßÊÌÍÂÉÌé�S¼ÇµÉ³Ø�ì�Ê�Ö _ Ö«ì

Ù³Ê�ÞßÞßÉ�Í�Ù³Û×Ð�á Ò�Ê�ÔÜË æÈÐçÍ�ÉÌí ì�Ê�Ö ÐçÍÂÉãÊ�ÔÜËÂÉ³Ø ÔªÐ�Ù³É�è æ·ÛñËÂÇ�ËÂÇµÉâÐ _ÚÒ�É³ØµÙ³ÉàÊ�Ô Ò�Ê�Ö«ÍÂÙ³É�Ù³ÊôèµÉ YÚáÜÉ³Ò�í Ò�ÛñØÚÙ�ÉâËÂÇµÉ
U�É³ØµèµÊÌÍ¹èµÊôÉ³ÒïØµÊÌË æÈÐ�Ø¯ËïÙ³ÖµÒîËÂÊ�ÞßÉÄÍÂÒ�ËÂÊàÞßÊ èÚÛñÔÜì�ËÂÇµÉ ÒîÊ�ÖµÍ�Ù³É³Ù³Ê èÚÉÓÛÜØµÒîË�É¬Ð�èßÊ�Ô _ÚÖµìôÛÜØµåàÖ«Î èÚÐçËÂÉ³Ò³í ÊÌÍ
ËÂÊ�èÚÛñÒ�Ù³Ê�U�É�Í·ÇµÊ¦æ Þ�ÖµÙäÇ�ÞßÊ�ØµÉ�ìßËÂÇµÉ�ì ÇÚÐXU�ÉÏÎ Ð�ÛÜè Ô×ÊÌÍ áÜÊ�ÖµÒîì®ÒîÊ�ÔÜË æÈÐÑÍÂÉâèµÉ³Ò�Ûñå�Ø¾é �

ê�Ø ÐçÙ¬Ð�èµÉ³ÞßÛÜÙ Ò�Ê�ÔÜË æÈÐçÍÂÉÌíòÐXUÌÐ�Ûñá×Ð _ÚÛÜáÜÛñË ì Ê�ÔÓÒ�Ê�Ö«ÍÂÙ³É�Ù³ÊôèµÉ å�ÊôÉ³ÒÀæ·ÛñËÂÇµÊ�Ö«Ë Ò�Ð¬ìôÛÜØµå«é ê�Ø ÊÌÍÂèµÉ�ÍßËÂÊ
É U�Ð�áÜÖÚÐçËÂÉïÊÌÍ Í�É�ÎµÍÂÊôèµÖµÙ³É ËÂÇµÉ¹Ù³Ê�Ø ËîÍÂÛV_ÚÖ«ËÂÛÜÊ�ØàÊ�ÔµÒ�ÖµÙäÇ Ò�Ê�ÔÜË æÈÐçÍÂÉïËÂÊ ËÂÇµÉ ÍÂÉ�ÒîÎ É³Ù�Ë�ÛVU�ÉÈÐçÍÂÉ¬Ð Ê�Ô«ÍÂÉ³ÒîÉ¬ÐçÍÂÙäÇ¤í
ÛñË·ÛÜÒ ØµÉ³Ù³É³ÒîÒÂÐçÍ�ì ËÂÊßÇÚÐXU�ÉàÒ�Ê�Ö«ÍÂÙ³É�Ù³ÊôèµÉÌé � U�É³Ø½ÛÜØ Ù³Ê�ÞßÞßÉ�ÍÂÙ�Û×Ð�á¤Ù³Ê�Ø Ë�ÉIP¥ËÂÒ�í �³¢ �³�¼����� £³±�� ÒîÊ�ÔÜË æÈÐÑÍÂÉÛÜÒãÐ�è UÌÐçØÚÙ�ÛÜØµå«é�Æ¹ÇµÉ�ÞßÊ�Ò�ËÏÎµÍÂÊ�ÞßÛñØÚÉ�Ø ËÓÒ�Ê�ÔÜË æÈÐçÍÂÉ ËÂÇÚÐçËÏÙ³Ê�ÞßÉ³ÒÓæ Û²ËÂÇ ÐçáÜá Ò�Ê�Ö«ÍÂÙ³É³Ù³Ê èµÉ YÚáÜÉ³ÒÓÛÜÒÓËÂÇµÉ
ÊÌÎ É�ÍÂÐçËÂÛÜØµå�Ò�ì¥ÒîËÂÉ�Þ �Ã�°� � � é � Î É³Ø Ò�Ê�Ö«ÍÂÙ�ÉÝÒ�Ê�ÔÜË æÈÐçÍÂÉÝÙ³Ð�Ø U�É�Í�ì É � Ù³ÛñÉ³Ø ËÂá²ì _ ÉÝÐ�èÚÐçÎµËÂÉ³è Ð�Øµè
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ÛÜÞÀÎµÍÂÊ�U�É³è�ÛñÔ Þ®Ð�Ø ì®Î É�ÊÌÎ áñÉãÙ³Ê�Ø¯Ë�ÍÂÛV_ÚÖ«ËÂÉÌé ��ÖµË·Ò�ÖµÙäÇ½Ð¿Ù³Ê�Ø ËîÍÂÛV_ÚÖ«ËÂÛÜÊ�Ø�ÛñÒÈÎ Ê�ÒîÒ�ÛV_ÚáÜÉÏÊ�ØÚá²ì æ·ÇµÉ³ØóËÂÇµÉ
Ò�Ê�Ö«ÍÂÙ³É�Ù³ÊôèµÉâÛñÒ·ÐXU�Ð�ÛÜá×Ð _ÚáÜÉ�é

Libraries.
Æ¹ÇµÉßÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø

pow
æ·ÛÜáÜáÃØµÊÌËb_�ÉÀËÂÇµÉ ÊÌØÚá²ìÝÞ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ËÂÇÚÐçËàæ¹ÉßæÈÐ�Ø¯Ë

ËÂÊ ÖµÒ�ÉßÛÜØ Ê�Ö«ÍàÎµÍÂÊ�åÌÍäÐ�ÞßÒ³éóÆ Ê Þ®Ð ]�É ËÂÇµÉ®Ð�èµèµÛñËÂÛñÊ�Ø Ê�ÔÈØµÉ�æ Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒàÉ¬Ð�Òîì�í æ¹ÉßÙ¬ÐçØ ÎÚÖ«ËàËÂÇµÉ
èµÉ YÚØµÛñËÂÛÜÊ�Ø Ê�Ô

pow
^ºÐ�ØµèóÒ�ÛñÞßÛÜá×ÐçÍ¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ¹ËÂÇÚÐçËÈæ¹ÉâÞ®Ð³ì Ð�èµè á×ÐçËÂÉÄÍG` ÛÜØ ËÂÊ Ð�Ò�ÛñØÚå�áñÉÏÒîÊ�ÖµÍ�Ù³É³Ù³Ê èÚÉ

YÚáÜÉ
math.C

í Ò�Ð¬ì�í Ð�Øµè ËÂÇµÉÈÙ³ÊÌÍ�ÍÂÉ�ÒîÎ Ê�ØµèµÛÜØµåâèµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ ÛÜØ¯ËÂÊëÐÓÒ�ÛÜØµå�áÜÉ¹ÇµÉ¬Ð�èµÉ�Í�YÚáÜÉ
math.h

é ÆÈÇµÉ
Ê _ ��É�Ù�ËëÙ³Ê èµÉ YÚáÜÉ

math.o
ËÂÇµÉ³Ø Ù³Ê�Ø ËÂÐ�ÛÜØµÒãÞ®ÐçÙ´ÇµÛÜØµÉ¿á×Ð�Øµå�ÖÚÐ�å�É¿Ù³ÊôèµÉ Ô×ÊÌÍàÐ�áÜá Ê�Ö«ÍëÞ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á

Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é
� áñËÂÇµÊ�Öµå�ÇàØµÊÌË ÒîË�ÍÂÛñÙ�ËÂáñìâØÚÉ�Ù³É³Ò�ÒÂÐÑÍ�ì�í�ÛñË ÛÜÒ å�Ê ÊôèàÎµÍäÐ�Ù�ËÂÛñÙ³É�ËÂÊÓÛÜØµÙ³áÜÖµèµÉ

math.h
ÛÜØàËÂÇµÉ _ É³å�ÛñØÚØµÛÜØµå

Ê�Ô
math.C

éÓÆÈÇµÛÜÒ É�ØÚÒîÖµÍ�É³ÒÓÙ³Ê�ØµÒ�ÛÜÒîËÂÉ�ØÚÙÄì _ É�Ë æ¹É³É³Ø Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ·Ð�Øµè½Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ YÚØµÛ �
ËÂÛÜÊ�ØµÒïÐçØÚè®ÎÚÖ«ËÂÒ ËÂÇµÉ Ù³ÊôèµÉ ÛÜØ

math.C
ÛÜØ¯ËÂÊëËÂÇµÉ Ò�Ù³ÊÌÎ É Ê�Ô¡Ð�áÜá Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒ èµÉ³Ù³á×ÐÑÍÂÉ³è ÛÜØ

math.h
í¥Ò�É³É

" É³Ù�Ë�ÛÜÊ�Ø � é � é � é ê�Ø ÐçáÜá Ô×ÖµØµÙ�ËÂÛñÊ�ØL_ ÊôèµÛÜÉ³ÒÃÛÜØ
math.C

í¯æ¹É Ù¬Ð�ØßËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉ Ù¬Ð�áñá ËÂÇµÉ·ÊÌË�ÇÚÉÄÍïÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ³í
æ Û²ËÂÇµÊ�ÖµË¹ÇÚÐXU¥ÛñØÚå ËÂÊ¿ËÂÇµÛÜØ ] Ð _ Ê�Ö«Ë¹æ ÇµÉ�ËÂÇµÉ�ÍÈËÂÇµÉ³Ò�ÉãÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒÈÇÚÐXU�ÉëÐçáñÍÂÉ¬Ð�è«ì _ É�É³Ø èµÉ³Ù³á×ÐçÍ�É³è¤é

ê�Ø å�É³ØµÉ�ÍäÐ�á�í�Ò�É U�É�ÍäÐçá¥Ê _ � É³ÙÄË Ù³Ê èÚÉ Y áñÉ³Ò Þ®Ð³ì
_ É ØµÉ³É³èµÉ³è ËÂÊ å�É³ØµÉ�ÍÂÐçËÂÉïÐ�Ø ÉIP¥É³Ù³Ö«ËäÐ _ÚáÜÉÃÎµÍÂÊ�åÌÍäÐ�Þ í
Ð�Øµè Û²Ë æ¹Ê�ÖÚáñè _ É¿Ù³ÖµÞ�_ É�ÍÂÒ�Ê�ÞßÉãËÂÊ Ë�É³áÜá ËÂÇµÉ¿áÜÛÜØ ]�É�ÍÏÐ _ Ê�Ö«ËÏÐ�áñá Ê�ÔÕËÂÇµÉ³Þ éâê�ØÚÒ�ËÂÉ¬Ð�è¤í¤Ê _ � É³ÙÄËãÙ�ÊôèµÉ
YÚáÜÉ³ÒÃËÂÇÚÐçË�áñÊ�å�ÛÜÙ¬Ð�áÜá²ìZ_ É³áÜÊ�ØµåÏËÂÊ�å�É�ËÂÇµÉ�Í�Ù¬Ð�ØL_ É ©�£�±¬�¥� D¥�GF ÛÜØ Ë�ÊëÐ ���� ³£�©�£KJ é � Øµáñì�Ë�ÇÚÉòØÚÐ�ÞßÉòÊ�Ô�Ë�ÇÚÛñÒ
áÜÛV_µÍäÐÑÍ�ìëÞ¿ÖµÒîË ËÂÇµÉ³Ø�_ É¹å�ÛVU�É³Ø�Ë�ÊÓË�ÇÚÉ¹áÜÛñØa]�ÉÄÍ ÛÜØ�ÊÌÍ�èÚÉÄÍÃË�ÊÏÇÚÐXU�ÉòÐ�áÜá¥áÜÛ _ÚÍÂÐçÍ�ìëÔ×ÖµØµÙ�ËÂÛñÊ�ØÚÒ ÐXU�Ð�ÛÜá×Ð _ áñÉ Ô×ÊÌÍ
ËÂÇµÉ·ÉGP«É³Ù³Ö«ËäÐ _ áñÉòÎµÍÂÊ�åÌÍäÐ�Þ é ê�ØßÊ�ÖµÍ�Ù¬Ð�Ò�É�íôæ¹É·Ò�ÊàÔªÐÑÍ ÇÚÐXU�É Ê�Øµáñì Ê�ØµÉòÊ _ � É³Ù�Ë YÚáÜÉ

math.o
Í�É³Ò�ÖµáñËÂÛÜØµå

ÔÜÍÂÊ�Þ
math.C

í _ Ö«Ë¹æ¹ÉâÙ³Ð�ØóÒîËÂÛñáÜá _ÚÖÚÛñáÜè�Ð áÜÛV_µÍäÐÑÍ�ìLYÚáÜÉ
libmath.a

íµÒÂÐ³ì�íµÔÜÍÂÊ�Þ ÛñË¬é
[ ÛÜå�Ö«ÍÂÉ ��� Ò�ÙäÇµÉ³Þ®ÐçËÂÛñÙ¬Ð�áÜáñìÝÒ�ÇµÊÑæ·Ò ÇµÊÑæ Ê _ � É³Ù�ËÀÙ�ÊôèµÉ YÚáÜÉ�Ò³íïÐ½áñÛV_µÍäÐçÍ�ì Ð�Øµè YÚØÚÐ�áÜá²ì Ð�Ø ÉIP¥É �

Ù³Ö«ËäÐ _ÚáÜÉ ÎµÍÂÊ�åÌÍäÐçÞðÐÑÍÂÉâÊ _µËäÐ�ÛñØÚÉ�è ÔÜÍÂÊ�ÞðÐ ØôÖµÞb_�É�ÍÈÊ�Ô Ò�Ê�Ö«ÍÂÙ³É³Ù�ÊôèµÉ YÚáÜÉ�Ò³é

Centralization and namespaces
ê»Ë ÛñÒàÙ³áÜÉ¬ÐçÍâËÂÇÚÐçËàæ¹ÉßèµÊ ØµÊÌËàæÈÐ�Ø¯ËëËÂÊ ]�É³É�Î�ÇµÉ¬Ð�èµÉ�Í�YÚáÜÉ³ÒàÐ�Øµè

áÜÛV_µÍäÐÑÍÂÛÜÉ³ÒàÊ�Ôòå�É³ØµÉ�ÍäÐ�á¹ÛÜØ¯ËÂÉ�ÍÂÉ³Ò�Ë ÛÜØ Ê�Ö«Í�æ¹ÊÌÍ ]ôÛÜØµå½èµÛñÍ�É³Ù�ËÂÊÌÍ�ì�íÃÒ�ÛÜØµÙ³É®æ¹É ^ºÐ�Øµè�ÊÌËÂÇµÉ�Í�Ò ` Þ®Ð³ì ÇÚÐXU�É
Þ®Ð�Ø¯ìßæ¹ÊÌÍ ]¥ÛÜØµå¿èµÛñÍÂÉ³Ù�Ë�ÊÌÍÂÛÜÉ³Ò³é��·É³Ð�èµÉ�Í�YÚáÜÉ�ÒòÐçØÚè�áÜÛV_µÍäÐçÍÂÛñÉ³ÒïÒ�ÇµÊ�ÖµáÜè _ ÉâÐçËÈÒ�Ê�ÞßÉÓÙ³É³Ø¯Ë�ÍäÐ�á¤ÎÚá×Ð�Ù³ÉÌé

SÝÉÓÙ¬Ð�Ø Þ®Ð ]�É Ê�Ö«ÍïÎµÍÂÊ�åÌÍäÐçÞßÒ ÛÜØµèµÉ�Î É³ØµèµÉ³Ø Ë ÔÜÍÂÊ�Þ ËÂÇµÉ áÜÊôÙ³ÐçËÂÛÜÊ�ØßÊ�Ô¾ÇµÉ¬Ð�èµÉ�ÍRYÚáÜÉ³Ò _ ìÀæ·ÍÂÛ²ËÂÛÜØµå
#include �

� � ����� 
 ���

_ÚÖ«Ë ÛÜØàËÂÇµÛÜÒ Ù¬ÐçÒ�ÉÌí�æ¹ÉïÇÚÐKU�É Ë�ÊÓË�É³áÜá Ë�ÇÚÉïÙ�Ê�ÞÀÎ ÛñáÜÉ�Í ^»æ ÇµÉ³Øàæ¹ÉïÒîËäÐÑÍ�Ë ÛñËG` æ ÇµÉ�ÍÂÉ ËÂÊ ÒîÉ¬ÐçÍÂÙäÇ Ô×ÊÌÍ YÚáÜÉ�Ò ËÂÊ
_ ÉÕÛÜØµÙ³áÜÖµèµÉ³è¤é Æ¹ÇÚÛñÒ ÛÜÒ¾ÉIPµÐçÙ�ËÂáñìÏËÂÇµÉ�æÈÐ³ìãË�Ç ÐÑË ÇµÉ¬Ð�èµÉ�Í�Ò áÜÛV]�É

iostream
ÔÜÍÂÊ�Þ ËÂÇµÉÕÒîËäÐ�ØµèÚÐçÍÂèàáÜÛ _ÚÍÂÐçÍ�ì

ÐçÍÂÉ ÛñØÚÙ�áÜÖµèÚÉ�è �¯ËÂÇµÉ³ÛñÍïáñÊôÙ¬ÐçË�ÛÜÊ�ØµÒ ÐçÍÂÉ�]ôØµÊÑæ·Ø®Ë�Ê Ë�ÇÚÉ·Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í¬í¯Ò�Êàæ¹É èµÊ�Ø�� ËïÇÚÐXU�É ËÂÊàÎµÍÂÊ UôÛÜèµÉ Ð�Ø¯ì
ÛÜØµÔ×ÊÌÍÂÞ®ÐçË�ÛÜÊ�Ø®ÇÚÉÄÍÂÉÌé " ÛÜÞßÛÜáÜÐçÍÂáñì�í�æ¹ÉâÙ¬ÐçØóËÂÉ³áÜá¤ËÂÇµÉãáñÛÜØ ]�É�Íòæ·ÇµÉ�ÍÂÉãË�ÇÚÉãáÜÛV_µÍäÐçÍ�ÛÜÉ³Òïæ¹ÉâØµÉ³É³è ÐçÍ�ÉãËÂÊb_ É
Ô×Ê�ÖµØµè¾é�� å�Ð�ÛñØ¾íôÔ×ÊÌÍ·ËÂÇµÉ
UÌÐçÍ�ÛÜÊ�ÖµÒÈáñÛV_µÍäÐçÍÂÛÜÉ�ÒÈÊ�Ô¾ËÂÇµÉãÒ�ËäÐ�ØµèÚÐçÍÂèóáÜÛ _ÚÍÂÐçÍ�ì�í Ë�ÇÚÉÏÙ³Ê�ÞÀÎÚÛÜáÜÉÄÍR]¥ØµÊÑæ·ÒÈË�ÇÚÛñÒ³é

SÝÉ æÈÐ�Ø ËÓËÂÊ®ÍÂÉ³Þ®ÐÑÍ ]óËÂÇÚÐçË � � ����� 
 � ÛñÒÏØµÊÌËÏØµÉ³Ù³É³ÒîÒÂÐçÍÂÛÜá²ì ËÂÇµÉ�ØÚÐ�ÞßÉëÊ�Ô�ÐÀÎ Ç¯ì¥Ò�ÛñÙ¬Ð�á YÚáÜÉ � ËÂÇµÉ
Þ®ÐçÎµÎÚÛÜØµåàÊ�Ô � � ����� 
 � ËÂÊ Ð�Ù�ËÂÖÚÐ�á YÚáÜÉ³Ò¹ÛÜÒÈÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø ËäÐçË�ÛÜÊ�Ø èµÉ YÚØµÉ³è¤é

[ ÛÜØÚÐ�áÜá²ì�í¯Û²Ë ÛÜÒÕå�ÊôÊôè�ÎÚÍÂÐ�Ù�ËÂÛÜÙ�ÉòËÂÊëÎÚÖ«ËïÐ�áñá Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÕÊ�Ô¤ÐãáÜÛV_µÍäÐÑÍ�ì¿ÛÜØ ËÂÊëÐãØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�ÉÌí ÛñØßÊÌÍÂèµÉ�Í
ËÂÊ®ÐXU�Ê�ÛÜè Ù³á×ÐçÒ�ÇµÉ³Ò æ ÛñË�ÇóÖµÒ�É�Í���èÚÉ�Ù³á×ÐçÍÂÉ�è½ØÚÐ�ÞßÉ³Ò�í�Ò�É³É " É�Ù�ËÂÛÜÊ�Ø \ é � é � é � É�ËÓÖµÒ ÖµÒ�ÉëËÂÇµÉëØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�É
ifm

ÇµÉ�ÍÂÉÌé
�·É�ÍÂÉ ÐçÍ�É®Ë�ÇÚÉ®ÇµÉ¬Ð�èµÉ�Í�Ð�Øµè ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËäÐçËÂÛÜÊ�Ø YÚáÜÉ³Ò

math.h
Ð�Øµè

math.C
ËÂÇÚÐçËàÍ�É³Ò�ÖµáñË ÔÜÍÂÊ�Þ

ËÂÇµÉ³Ò�Éãå�ÖµÛÜèµÉ³áÜÛÜØµÉ³Ò¹Ô×ÊÌÍ Ê�Ö«ÍòÛÜØ Ë�É³ØµèÚÉ�èóáÜÛV_µÍäÐçÍîì®Ê�Ô Þ®ÐçËÂÇµÉ³Þ®ÐçË�ÛÜÙ¬Ð�áÚÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ ^°ËÂÇÚÐçËÈÙ³Ö«Í�ÍÂÉ³Ø¯ËÂáñì Ù³Ê�Ø��
ËäÐ�ÛñØÚÒ

pow
Ê�Øµáñì `Äé



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

Ù³Ê�ÞÀÎÚÛÜá×ÐçËÂÛñÊ�ØÙ³Ê�ÞÀÎÚÛÜáÜÐçËÂÛÜÊ�Ø

ÛñØÚÙ�áÜÖµÒ�ÛÜÊ�Ø ÛÜØµÙ³áÜÖµÒ�ÛÜÊ�Ø

áÜÛñØa]ôÛÜØµå
áÜÛÜØ ]¥ÛñØÚå

ÐçÍÂÙäÇµÛVUôÛÜØµå

libmath.a

math.h

math.o callpow4.o

math.C callpow4.C

callpow4

Figure 17: � � ��� F��»��Á½�¥  � �Ä±¬�â±Ä� Fµ� � �ª�¬� �È���� ¬£�©�£³�î�¬�ß©���FÝ���µ��±³���î©« ¦�§�ë¢¤£���Á�£�©�¨��çÅ

�
// 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: ¢¤£���Á�� � ¨ ©¯�º��Å×�
�

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

�

�
#include <cassert >

�
#include <IFM/math.h>

	



namespace ifm {

�

�
double pow (double b, int e)

���
{



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

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: ¢¤£³��Á�� � ¨ ©¯�º��Å �
[ ÛÜØÚÐ�áÜá²ì�í¯ËÂÇµÉ·ÎµÍÂÊ�åÌÍÂÐ�Þ

callpow4.C
Ù¬Ð�áÜáÜÒÕÊ�Ö«ÍïáÜÛV_µÍäÐçÍîì Ô×ÖµØµÙ�ËÂÛÜÊ�Ø

ifm::pow
éÃê»ËïÛÜØµÙ³áñÖÚèµÉ³ÒÃËÂÇµÉ

ÇµÉ¬Ð�èµÉ�Í�YÚáÜÉ
math.h

ÔÜÍÂÊ�Þ Ð Ù�É³Ø Ë�ÍÂÐ�á¡èµÛñÍ�É³Ù�ËÂÊÌÍ�ì
IFM

é
�

// 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: ¢¤£³�ÄÁ�� � ±Ä©¯�°� ¢���¸ � Å��

3.1.9 Using library functions
� Ê�Ö�Ù¬ÐçØ ÛÜÞ®Ð�å�ÛÜØµÉ Ë�Ç ÐÑË�æ¹É®æ¹É�ÍÂÉ ØµÊÌË�ËÂÇµÉ
YµÍÂÒîË¿ËÂÊ½ÎÚÖ«ËÀÐ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø áÜÛV]�É

pow
ÛÜØ Ë�Ê Ð áÜÛV_µÍäÐçÍîì�é

ê�ØµèµÉ³É³è¤íïËÂÇµÉóÒîËäÐ�ØµèÚÐçÍÂè áñÛV_µÍäÐçÍ�ì Ù³Ê�Ø ËÂÐ�ÛÜØµÒÀÐ Ô×ÖµØµÙ�ËÂÛñÊ�Ø
std::pow

ËÂÇÚÐçË ÛÜÒÀÉ U�É�Ø ÞßÊÌÍÂÉ å�É³ØµÉ�ÍäÐ�á
ËÂÇÚÐ�Ø Ê�Ö«ÍÂÒ ��ÛñË Ù¬Ð�Ø Ù�Ê�ÞÀÎ Ö«ËÂÉ

be
Ô×ÊÌÍ £³�´©¯� ÉGP¥Î Ê�ØµÉ³Ø¯ËÂÒ e

é � Ù³Ù³ÊÌÍ�èÚÛñØÚå�á²ì�íòËÂÇµÉÝÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ®Ê�Ô
std::pow

Ð�Øµè Û²ËÂÒ�ÍÂÉ�Ë�ÖµÍ�Ø U�Ð�áÜÖµÉ ÐçÍ�É Ê�Ô¤Ë ì Î É
double

éÃê�Ø ÊÌÍÂèµÉ�Í ËÂÊ ÖµÒ�É ËÂÇµÛÜÒ Ô×ÖµØµÙ�ËÂÛñÊ�Ø¾í¯æ¹É ÇÚÐKU�É



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

ËÂÊ ÛÜØµÙ³áÜÖµèµÉÀËÂÇµÉ®ÇÚÉ³Ð�èµÉ�Í
cmath

é Æ¹ÇµÛÜÒ ÇÚÉ³Ð�èµÉ�Í¿Ù³Ê�Ø ËäÐçÛÜØµÒàèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØµÒëÔ×ÊÌÍ Ð U�ÐçÍÂÛñÉ�Ë ì Ê�ÔòÊÌËÂÇµÉ�Í
ØôÖµÞßÉ�Í�ÛÜÙ¬Ð�á Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é

�·Ò�ÛÜØµåàÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒïÔÜÍÂÊ�Þ Ë�ÇÚÉ Ò�ËäÐ�ØµèÚÐçÍÂè®áÜÛV_µÍäÐçÍîìÀÙ¬Ð�Ø ÇµÉ³áñÎ ÖµÒ ËÂÊ å�É�Ë¹Ò�ÇµÊÌÍ�ËÂÉÄÍ¬í _ É�ËîËÂÉ�Í¬í¥ÊÌÍ¹ÞßÊÌÍ�É
É � Ù³ÛÜÉ³Ø¯Ë Ù�ÊôèµÉÌí¹æ ÛñËÂÇµÊ�Ö«ËßÇÚÐXU¥ÛÜØµåÝËÂÊ æòÍÂÛñËÂÉ ÐÝÒîÛÜØµå�áÜÉ ØµÉ�æ áÜÛÜØµÉ _ ì Ê�Ö«ÍÂÒ�É³áVU�É�Ò³é [ ÊÌÍ®ÉIP«Ð�ÞÀÎÚáÜÉÌí
Ù³Ê�ÞÀÎÚÖ«ËÂÛÜØµå � � �¡©�£³�¿£³�Ì���º� Ù¬ÐçØ�ÒîÎ É�É³èóÖ«ÎóÊ�Ö«Í¹ÎµÍÂÛÜÞ®Ð�áÜÛ²Ë ì ËÂÉ�ÒîËÈÛÜØ � ÍÂÊ�åÌÍäÐ�Þ � é � Ê�Ö ÞßÛñå�Ç ËïÇÚÐXU�É
ÍÂÉ¬ÐçáÜÛ
�³É³è ËÂÇµÛÜÒ¹Þ�ÖµÙäÇ�É³ÐçÍÂáÜÛÜÉÄÍ¬í _ÚÖ«Ëòæ·ÇÚÉ�Ø æ¹ÉãÐçÍÂÉÏáÜÊôÊ ]ôÛÜØµåàÔ×ÊÌÍ·Ò�Ê�ÞßÉ ÎµÍÂÊÌÎ ÉÄÍ·èµÛVUôÛÜÒ�ÊÌÍ¹Ê�Ô Ð ØÚÐçËÂÖ«ÍäÐ�á
ØôÖµÞ�_ É�Í

n � 2
í Û²ËÓÛÜÒ Ò�Ö � Ù³ÛñÉ³Ø ËÓËÂÊ®Ò�É¬ÐÑÍÂÙäÇ ÛÜØ ËÂÇµÉàÍäÐ�Øµå�É

{2, . . . ,
� �

n � } éâê�ØÚèµÉ³É�è¾í ÛñÔ n
Ù¬Ð�Ø _ É

æ·Í�ÛñË�ËÂÉ³Ø Ð�ÒëÐßÎµÍÂÊôèµÖµÙ�Ë
n = dd �

í¡ËÂÇµÉ³ØÝËÂÇµÉ¿Ò�Þ®Ð�áÜáñÉ�ÍÓÊ�Ô
d
Ð�Øµè

d �
Þ¿ÖµÒîË
_ É _�Ê�ÖÚØµèµÉ³è _ ì �

n
�

Ò�ÛÜØµÙ³ÉÓËÂÇµÉÏèÚÛ U¥ÛÜÒ�ÊÌÍ�ÒòÐÑÍÂÉâÛÜØ¯ËÂÉ³åÌÍäÐçá�íôæ¹ÉÏÉ U�É³Ø å�É�Ë·Ð�_�Ê�ÖÚØµè Ê�Ô � �
n � í � n

ÍÂÊ�ÖµØÚèµÉ³è�èÚÊ¦æ Ø¤é
ÆÈÇµÉ¹ÎµÍÂÛÜÞ®Ð�áÜÛ²Ë ìÏËÂÉ³Ò�Ë�Ù³Ê�ÖµáÜè¿ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍ�É�_ É¹æ·ÍÂÛ²Ë�ËÂÉ³Ø¿ÞßÊÌÍÂÉ¹É � Ù�ÛÜÉ³Ø Ë�áñì¿Ð�ÒÃÛÜØ � ÍÂÊ�åÌÍäÐ�Þ \�� í�ÖµÒ�ÛÜØµå

ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�Ø
std::sqrt

ÔÜÍ�Ê�Þ ËÂÇµÉÀáÜÛ _ÚÍÂÐçÍ�ì
cmath

í æ·ÇµÊ�Ò�ÉÀÐçÍ�å�ÖÚÞßÉ�Ø ËâÐ�ØµèÝÍÂÉ�ËÂÖ«ÍÂØÝË ìôÎ�É³ÒàÐçÍÂÉ
double

é
�

// Program: prime2.C�
// Test if a given natural number is prime.

�

�
#include <iostream >

�
#include <cmath >

	



int main ()

�
{

�
// Input

���
unsigned int n;

�
�
std::cout << "Test if n>1 is prime for n =? ";

� �
std::cin >> n;

���

���
// Computation: test possible divisors d up to sqrt(n)

���
unsigned int bound = ( unsigned int)(std::sqrt(n));

��	
unsigned int d;

� 

for (d = 2; d <= bound && n % d != 0; ++d);

���

���
// Output���
if (d <= bound)� �

// d is a divisor of n in {2,...,[sqrt(n)]}���
std::cout << n << " = " << d << " * " << n / d << ".\n";�
�

else� �
// no proper divisor found���
std::cout << n << " is prime.\n";�
	

� 

return 0;�
�

}

Program 28: ¢¤£³��Á�� � ¢¤£¬�»¨ � � Å �
ÆÈÇµÉ·ÎµÍÂÊ�åÌÍÂÐ�Þ ÛñÒÕÙ³ÊÌÍîÍÂÉ³Ù�Ë�� ÛÜÔ

d <= bound
ÒîË�ÛÜáÜáµÇµÊ�áÜèµÒ�Ð�ÔÜË�É�Í ËÂÇµÉ·áñÊôÊÌÎ¾í�æ¹É·ÇÚÐXU�É áÜÉ³ÔÜËÃËÂÇµÉ·áÜÊ ÊÌÎ



� ��� ������������� � ��� ��� ��� � �����
_ É³Ù³Ð�ÖµÒ�É�ËÂÇµÉ ���º���³£ Ù³Ê�ØµèµÛñËÂÛÜÊ�Ø

n % d != 0
Ç ÐçÒãÔªÐ�ÛñáÜÉ³è¤é¿ÆÈÇµÛÜÒÓÞßÉ¬Ð�ØµÒ ËÂÇÚÐçËÓæ¹É ÇÚÐXU�É¿Ô×Ê�ÖÚØµè Ð

èµÛVU¥ÛñÒ�ÊÌÍ¬éÝê�Ô
d > bound

ÇµÊ�áÜèµÒ�ÐçÔÜËÂÉ�Í ËÂÇµÉ áñÊôÊÌÎ¾í æ¹É ÇÚÐXU�É®Ë�ÍÂÛÜÉ³è�Ð�áÜá�Î�Ê�Ò�Ò�ÛV_ÚáÜÉßèµÛVUôÛÜÒ�ÊÌÍÂÒ Ò�Þ®Ð�áñáÜÉ�Í
ÊÌÍ ÉXWôÖÚÐ�á ËÂÊ

bound
^»æ ÇµÊ�Ò�É U�Ð�áÜÖµÉ ÛÜÒ � �

n � í Ò�ÛÜØµÙ³É ËÂÇµÉ ÉIP¥ÎÚáÜÛÜÙ�ÛñË®Ù³Ê�Ø U�ÉÄÍÂÒ�ÛÜÊ�Ø Í�Ê�ÖÚØµèµÒ®èµÊÑæ·Ø¾í
Ò�É³É " É³Ù�Ë�ÛÜÊ�Ø \ é � é � `Äí Ò�Ê æ¹É®Ù³É�Í�ËÂÐ�ÛÜØµáñìÝÇÚÐXU�É ØÚÊÌË ÞßÛñÒ�Ò�É³è Ð�Ø ì èµÛVUôÛÜÒ�ÊÌÍ¬é ��Ö«Ëàæ¹É®Ç ÐXU�É®ËÂÊ _ É Ð
áÜÛñËîËÂáÜÉ¿Ù¬ÐçÍÂÉ³Ô×ÖµáïÇµÉ�ÍÂÉ ��Ê�Ö«Í¿ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒëÐçÒ�Ò�ÖµÞßÉ ËÂÇÚÐçË

std::sqrt
æ¹ÊÌÍ ]ôÒàÙ³ÊÌÍ�ÍÂÉ�Ù�ËÂáñì Ô×ÊÌÍ Ò WôÖÚÐçÍÂÉ³Ò�é

[ ÊÌÍßÉIP«Ð�ÞÀÎÚáÜÉÌí
std::sqrt(121)

Þ¿ÖµÒîË¿ÍÂÉ�ËÂÖ«ÍÂØ
11

^�Ð½áÜÛñËîËÂáÜÉ®ÞßÊÌÍÂÉ æ¹Ê�ÖµáÜèµØ�� Ë¿Ç ÖµÍîËG`Äí _ÚÖ«Ë � ���
10.99998

íµÒÂÐ³ì�éòê�Ø Ë�Ç ÐÑË á×ÐçËîËÂÉ�Í Ù³Ð�Ò�ÉÌí
(unsigned int)(std::sqrt(121))

æ¹Ê�ÖµáÜè ÇÚÐXU�É U�Ð�áÜÖµÉ
10
í Ð�ØµèL_ôì�Þ®Ð ]¥ÛñØÚåÓËÂÇµÛÜÒÃÊ�Ö«Í _ Ê�ÖµØµè¤í¯æ¹ÉòÞßÛÜÒ�Ò ËÂÇµÉ·èµÛVU¥ÛñÒ�ÊÌÍ

11
Ê�Ô

121
í¯É�Í�Í�Ê�ØÚÉ�Ê�ÖÚÒîáñì Ù�Ê�ØÚÙ�áÜÖµèÚÛñØÚå

ËÂÇÚÐçË
121

ÛÜÒ¹ÎµÍÂÛÜÞßÉÌé
ê»ËëÛÜÒãå�É³ØµÉ�ÍäÐ�áñáñì ØµÊÌËâÒÂÐ�Ô×É ËÂÊ ÍÂÉ³áñì½Ê�Ø Ò�Ê�ÞßÉ�ÎµÍÂÉ�Ù³ÛÜÒ�É�Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ³ÒÏÊ�ÔïáÜÛV_µÍäÐçÍîì½Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ�í É U�É³Ø

ÛÜÔ�ì�Ê�Ö«ÍãÎ áÜÐçËÂÔ×ÊÌÍÂÞ ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÒ�QÚÊ�ÐçËÂÛñØÚå®Î Ê�ÛÜØ¯ËëÐÑÍÂÛñËÂÇµÞßÉ�ËÂÛñÙàÐ�Ù³Ù³ÊÌÍ�èÚÛñØÚå ËÂÊ�ËÂÇµÉ ê � � � Ò�ËäÐ�ØµèÚÐçÍÂè
� ��� ^�Ò�É³É " É³ÙÄËÂÛÜÊ�Ø \ é � é � `´éãÆ¹ÇµÉ Ò WôÖÚÐçÍÂÉàÍÂÊ ÊÌË Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ÛÜÒ ÒîÎ É�Ù³Û×Ð�á ÛñØ ËÂÇµÉ Ò�É³ØµÒ�ÉàËÂÇÚÐçË Ë�ÇÚÉ ê � � �
ÒîËäÐçØÚèÚÐçÍ�èßÒîËÂÛÜáÜáÚå�ÖÚÐçÍäÐ�Ø¯ËÂÉ³É³ÒÕËÂÇµÉ·ÍÂÉ³Ò�ÖµáñË�Ê�Ô

std::sqrt
Ë�ÊZ_ É·ËÂÇµÉ�QÚÊ�ÐçËÂÛñØÚåÏÎ Ê�ÛÜØ¯Ë�Ø ÖÚÞ�_ É�Í�Ù³áÜÊ�Ò�É�ÒîË

ËÂÊ Ë�ÇÚÉÏÍÂÉ¬Ð�á¾Ò W Ö ÐÑÍÂÉâÍÂÊ ÊÌË � Ù�Ê�ØÚÒîÉXWôÖµÉ³Ø¯ËÂáñì�íÚÊ�ÖµÍ·Ð _ Ê�U�ÉëÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø ËäÐÑËÂÛÜÊ�ØÀÊ�Ô ËÂÇµÉÏÎÚÍ�ÛÜÞ®Ð�áÜÛñË ì�ËÂÉ³ÒîË·ÛÜÒ
ÒÂÐ�Ô×É�é ��Ö«Ë·ÒîÛÜÞßÛÜá×ÐçÍ�å�ÖÚÐçÍäÐ�Ø¯ËÂÉ³É³ÒÈèµÊ � ��� ØµÉ³Ù³É�Ò�ÒÂÐçÍÂÛñáñì ÇÚÊ�áñè�Ô×ÊÌÍòÊÌËÂÇµÉ�Í·áñÛV_µÍäÐçÍ�ì®Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é

� áÜÒ�ÊãÛÜØßÊ�Ö«Í Ò�É�Ù³Ê�ØµèÀÎÚÍ�ÛÜÞßÉ¹ØôÖµÞb_�É�Í ÐÑÎÚÎÚáÜÛñÙ¬ÐçËÂÛÜÊ�Ø¤í �¹£�©¯�����³�º���³� �³� � � � ���XD¥� í¯æ¹É�� èL_�É�Ë�ËÂÉ�Í�Ù¬Ð�áÜá
ÐëÒîËäÐçØÚèÚÐçÍ�è áÜÛ _ÚÍÂÐçÍ�ìÀÔ×ÖµØµÙ�ËÂÛñÊ�Ø ÛÜØ ÊÌÍÂèµÉ�ÍïËÂÊ ÛÜØµÛñË�Û×Ð�áÜÛ
��ÉòÊ�Ö«ÍÈáÜÛÜÒîË Ê�Ô¡Ù�Í�Ê�Ò�Ò�É³è Ê�ÖµË¹Ø ÖµÞb_ ÉÄÍÂÒ³í¥ÛÜØµÒîË�É¬Ð�è
Ê�Ô èµÊ�ÛÜØµå¿ÛñËòÊ�ÖµÍ�Ò�É³áVU�É³Ò¹æ Û²ËÂÇóÐ áÜÊôÊÌÎ¾é [ ÊÌÍÈËÂÇµÛÜÒ³í¥æ¹Éãæ¹Ê�ÖµáÜè®ÍÂÉ�ÎÚá×ÐçÙ³ÉÏË�ÇÚÉÓË æ¹Ê áÜÛñØÚÉ�Ò

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

crossed_out[i] = false;Ê�Ô � ÍÂÊ�åÌÍäÐçÞ ��� æ ÛñËÂÇ®ËÂÇµÉÏÒ�ÛÜØµå�áÜÉÓáÜÛÜØµÉ
std::fill (crossed_out , crossed_out + n, false);Æ¹ÇÚÉÓÎµÍÂÉ ��Ð�Øµè Î�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ Ê�Ô¾ËÂÇµÛÜÒ¹ÒîËäÐ�ØµèÚÐçÍÂè áÜÛV_µÍäÐçÍîìÀÔ×ÖµØµÙ�ËÂÛÜÊ�Ø ÉIPµÐ�ÙÄËÂáñì®Þ®ÐçËÂÙäÇ®ËÂÇµÉãÊ�ØµÉ³ÒÈÊ�Ô
Ê�Ö«Í Ê¦æ Ø

fill
Ô×ÖµØµÙ�ËÂÛñÊ�Ø ÔÜÍÂÊ�Þ � Ð�å�É �!� � éÈÆ¹ÇµÉZ_ É³ØµÉ YµË ÇµÉ�ÍÂÉàÛñÒ·ØµÊÌË ËÂÇµÉëÒÂÐXUôÛÜØµåÀÊ�Ô Ê�ØµÉëáÜÛÜØµÉâÊ�Ô

Ù³Ê èÚÉ���ËÂÇµÛÜÒ ÒÂÐXU¥ÛñØÚå¹èµÊôÉ�Ò¡ØµÊÌË¤É U�É³ØâÉIP«ÛÜÒ�Ë¬íçÒîÛÜØµÙ³É æ¹ÉÕÐçèÚèµÛñË�ÛÜÊ�ØÚÐ�áÜáñìÈÇÚÐXU�ÉÃËÂÊ
#include <algorithm>ÛÜØ ËÂÇµÉ _ É�å�ÛÜØµØÚÛñØÚå Ê�Ô Ë�ÇÚÉÓÎµÍÂÊ�åÌÍäÐ�Þ é

ÆÈÇµÉ
_ É³ØµÉ YµË¹ÛÜÒïËÂÇÚÐçËïæ¹ÉÓÉ³áÜÛñÞßÛÜØÚÐçËÂÉòÎ�Ê�Ò�Ò�ÛV_ÚáÜÉ Ò�Ê�Ö«ÍÂÙ�É³ÒòÊ�Ô¾É�Í�Í�ÊÌÍ ^»É U�É³Ø ÐëË�ÍÂÛ U¥Û×Ð�á áÜÊôÊÌÎ ÇÚÐ�ÒïËÂÇµÉ
Î ÊÌËÂÉ�Ø ËÂÛ×Ðçá�Ê�Ô _ É³ÛÜØµåàæ·ÍÂÊ�Øµå `ÄíôÐ�Øµè ËÂÇÚÐçË�æ¹ÉÏÒîÛÜÞÀÎÚáÜÛÜÔÜì¿ËÂÇµÉÏÙ�Ê�Ø Ë�ÍÂÊ�á Q Ê¦æ ^�ÒîÉ³ÉâÐçáÜÒ�Ê " É³Ù�Ë�ÛÜÊ�Ø \ é � é � `Äé

3.1.10 Details

Default arguments.
" Ê�ÞßÉ·Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÕÇ ÐXU�É·Ë�ÇÚÉÈÎµÍÂÊÌÎ É�Í�Ë ì�ËÂÇÚÐçËÕË�ÇÚÉÄÍÂÉ ÐçÍÂÉ��îØ ÐÑËÂÖ«ÍäÐ�á
	
UÌÐçáÜÖµÉ³Ò Ô×ÊÌÍ

Ê�ØµÉ ÊÌÍïÞßÊÌÍÂÉòÊ�Ô¤Ë�ÇÚÉ�ÛñÍïÔ×ÊÌÍÂÞ®Ð�á ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³é [ ÊÌÍ¹ÉIP«Ð�ÞÀÎÚáÜÉÌí�æ ÇµÉ³Ø YÚáÜáÜÛÜØµåãÐ�Ø ÐçÍ�ÍäÐ³ìÀÊ�Ô¤ÖµØµèµÉ�ÍÂáñìôÛÜØµå
Ë ìôÎ É

int
í ËÂÇµÉ U�Ð�áÜÖµÉ

0
ÛÜÒëÒîÖÚÙäÇ Ð�ØÚÐçËÂÖ«ÍäÐ�á�UÌÐçáÜÖµÉÌé ê�Ø Ò�ÖµÙäÇ Ð�Ù¬ÐçÒ�ÉÌí ÛñËëÛñÒâÎ Ê�Ò�Ò�Û _ áñÉ ËÂÊ ÒîÎ É�Ù³ÛÜÔÜì

ËÂÇµÛÜÒLU�Ð�áÜÖµÉ Ð�Ò Ð Fµ��¶ç©����²�ó©�£îÁÌ��¨ ���¤� �ãËÂÇµÛÜÒ®Ð�áñáÜÊÑæ·Ò�ËÂÇµÉ Ù¬Ð�áñáÜÉ�Í®Ê�ÔÓËÂÇµÉ Ô×ÖµØµÙ�ËÂÛñÊ�Ø¼ËÂÊ Ê�ÞßÛñË�ËÂÇµÉ
Ù³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµå Ù¬Ð�áÜáïÐÑÍÂå�ÖµÞßÉ³Ø ËëÐ�Øµè�áÜÉ�ËàË�ÇÚÉßÙ�Ê�ÞÀÎ ÛñáÜÉ�ÍëÛñØÚÒîÉ�Í�ËàËÂÇµÉ®èµÉ³ÔªÐ�ÖµáñË U�Ð�áÜÖµÉßÛÜØµÒîËÂÉ¬Ðçè¾é ê�Ø
Ù¬Ð�ÒîÉâÊ�Ô¡Ë�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø

fill
ÔÜÍÂÊ�Þ � ÍÂÊ�åÌÍäÐ�Þ \�� í¥ËÂÇµÛÜÒïæ¹Ê�ÖµáÜè�áÜÊ Ê ] Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é

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

// POST: *p is set to value , for p in [first , last)

void fill (int* first , int* last , int value = 0) {

// iteration by pointer



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

for (int* p = first; p != last; ++p)

*p = value;

}

ÆÈÇµÛÜÒÈÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�ØóØµÊ¦æ _�ÉãÙ¬ÐçáÜáÜÉ³è æ ÛñËÂÇ É³ÛñËÂÇµÉ�Í¹Ë æ¹Ê ÊÌÍÈËÂÇ«ÍÂÉ³ÉâÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³í«Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò�é
int a[5];

fill (a, a+5); // means: fill (a, a+5, 0)

fill (a, a+5 , 1);

ê�ØÀå�É³ØµÉ�ÍäÐçá�í�ËÂÇµÉ�ÍÂÉÈÙ¬Ð�Ø _�ÉòèµÉ³ÔªÐ�ÖµáñË�U�Ð�áÜÖµÉ³Ò Ô×ÊÌÍ�Ð�Ø ì¿ØôÖµÞ�_ É�ÍÃÊ�Ô�Ô×ÊÌÍ�Þ®Ð�á«ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³í _ÚÖ«ËÕË�ÇÚÉ�Ò�É
ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒÏÞ�ÖµÒîË _ ÉÀÐÑËâÙ³Ê�ØµÒ�É�Ù³Ö«ËÂÛVU�É Î Ê�ÒîÛñËÂÛÜÊ�ØµÒ

i, i + 1, . . . , k
ÐçÞßÊ�ØÚå®ËÂÇµÉ

k
ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ�í¡Ô×ÊÌÍ

Ò�Ê�ÞßÉ
i
é Æ¹ÇµÉßÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø Ù¬Ð�Ø ËÂÇµÉ³Ø _�ÉÀÙ¬Ð�áÜáñÉ³è æ ÛñËÂÇ ÐçØ ì Ø ÖÚÞ�_ É�ÍëÊ�ÔÈÙ³Ð�áÜá ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ _ É�Ë æ¹É³É³Ø

i−1
Ð�Øµè

k
í¥ÐçØÚè�ËÂÇµÉ·Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍÃÐ�Ö«ËÂÊ�Þ®ÐçËÂÛÜÙ³Ð�áÜáñìÏÛÜØµÒ�É�ÍîËÂÒÕËÂÇµÉòèÚÉ�ÔªÐ�ÖµáñË U�Ð�áÜÖµÉ³ÒÕÔ×ÊÌÍ�ËÂÇµÉÈÞßÛÜÒ�Ò�ÛñØÚåÏÙ¬Ð�áñá

ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³é
� Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Þ®Ð³ì�ÇÚÐXU�ÉàÐ ÒîÉ�Î ÐçÍäÐçËÂÉâèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØóËÂÇÚÐçË·ÒîÎ É³Ù³Û Y É�Ò èµÉ³ÔªÐ�ÖµáñËÓÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ³íÚáÜÛV]�ÉãÛÜØ

ËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµå èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�Ø Ê�Ô
fill

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

// POST: *p is set to value , for p in [first , last)

void fill (int* first , int* last , int value = 0);

ê�Ø�Ë�ÇÚÛñÒ Ù¬Ð�Ò�ÉÌí�ËÂÇµÉÈÐ�Ù�Ë�Ö Ðçá¥èµÉ YÚØÚÛ²ËÂÛÜÊ�ØàÞ¿ÖÚÒ�Ë ØÚÊÌË Í�É�Î É¬ÐçË ËÂÇµÉïèµÉ³ÔªÐ�ÖµáñËÃÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ ^»ËÂÇµÉÈÐ�Ù�ËÂÖÚÐ�áôÍ�ÖÚáñÉ³Ò
ÐçÍÂÉãÐ _ Û²ËòÞßÊÌÍ�ÉÏÙ�Ê�ÞÀÎ áñÛÜÙ¬ÐçËÂÉ�è¾í _ÚÖµËÈËÂÇµÛÜÒ¹ÛÜÒ¹ËÂÇµÉãÖ«ÎÚÒ�ÇµÊÌËG`Äé

Function declarations and definitions.
� Ô×ÖµØµÙ�ËÂÛñÊ�Ø Þ®Ð³ì Ç ÐXU�ÉÓÒ�É U�ÉÄÍäÐ�á èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ³í É U�É³Ø æ ÛñË�Ç

ËÂÇµÉ¿ÒÂÐ�ÞßÉ¿èÚÉ�Ù³á×ÐçÍäÐÑËÂÛVU�ÉàÍÂÉ³å�ÛÜÊ�ØµÒb^»ËÂÇµÉ¿á×ÐçË�ËÂÉÄÍãÛñÒãØµÊÌËâÐ�áÜáÜÊ¦æ¹É³è Ô×ÊÌÍ U�ÐçÍÂÛ×Ð _ÚáÜÉ�Ò³í¤Ò�É³É " É³ÙÄËÂÛÜÊ�Ø \ é � é � `Äé
Æ¹ÇÚÉ ÎÚÖ«Í�Î Ê�ÒîÉ Ê�ÔÚÐ·Ô×ÖµØÚÙÄËÂÛÜÊ�Ø èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØëÛñÒ ËÂÊ ÎÚÖ«Ë Ò�Ö _ÚÒ�ÉXWôÖµÉ³Ø¯ËÃÙ³ÊôèµÉ ÛÜØ¯ËÂÊ ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�� Ò Ò�Ù³ÊÌÎ É�í
Ð�Øµè�ËÂÇµÉ�Í�ÉãÞ®Ð³ì _ ÉÏÒ�É U�É�ÍÂÐ�á¡ÎÚá×Ð�Ù�É³Òïæ ÇµÉ�ÍÂÉÏËÂÇµÛÜÒ¹ÛÜÒòØµÉ³Ù�É³Ò�ÒÂÐçÍîì�é

� Ø ËÂÇµÉàÊÌËÂÇµÉ�ÍÓÇÚÐ�Øµè¤í�É U�É�Íîì½Ô×ÖµØµÙ�ËÂÛñÊ�Ø Ù³Ð�Ø½ÇÚÐXU�ÉàÊ�ØµáñìóÊ�ØµÉ èµÉ YÚØµÛñËÂÛÜÊ�Ø¤í Ð�Øµè Ë�ÇÚÛñÒ ÛÜÒ ËÂÇµÉàÊ�ØµÉ
Ð�áÜá Û²ËÂÒòèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØµÒ ÍÂÉ³Ô×É�ÍòËÂÊ«é

Function signatures.
ê�Ø Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØµÒ³í ËÂÇµÉßÔ×ÊÌÍÂÞ®Ð�áïÐÑÍÂå�ÖµÞßÉ³Ø ËàØÚÐ�ÞßÉ�Ò � ��� 
 � � íñé´é³é³í

����� 
 � � Ù¬Ð�Ø _�ÉãÊ�ÞßÛñËîËÂÉ³è¤é
ÆÈÇµÛÜÒ·Þ®Ð ]�É³Ò·ÒîÉ³ØµÒ�É Ò�ÛÜØµÙ³ÉâËÂÇµÉ³ÒîÉàØ ÐçÞßÉ³Ò ÐçÍ�ÉëÊ�Øµáñì�ØµÉ³É�èÚÉ�è½ÛÜØ ËÂÇµÉëÔ×ÖµØµÙ�ËÂÛñÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�Ø¤éòÆ¹ÇµÉ

ÛÜÞÀÎ ÊÌÍîËäÐ�Ø ËÈÛÜØµÔ×ÊÌÍÂÞ®ÐÑËÂÛÜÊ�Ø¤í«ØÚÐ�ÞßÉ³áñì èµÊ�Þ®Ð�ÛÜØ�Ð�Øµè ÍÂÐ�Øµå�ÉëÊ�Ô ËÂÇµÉëÔ×ÖµØÚÙÄËÂÛÜÊ�Ø¤í�ÐçÍ�ÉàÐ�áñÍÂÉ³Ð�è«ì�ÒîÎ�É³Ù³ÛVYÚÉ³è
_ôì�ËÂÇµÉ ÐçÍÂå�ÖµÞßÉ³Ø¯Ë�Ë ìôÎ�É³ÒïÐ�ØµèßËÂÇµÉ·ÍÂÉ�Ë�ÖµÍ�Ø®Ë ì Î ÉÌé�� áÜáµËÂÇµÉ³Ò�É·Ë ì Î É³Ò ËÂÊ�å�É�Ë�ÇÚÉÄÍ Ô×ÊÌÍÂÞ Ë�ÇÚÉ ���°Á�� ©¯��� £³�Ê�Ô¡Ë�ÇÚÉãÔ×ÖµØÚÙÄËÂÛÜÊ�Ø¤é

ê�Ø
math.h

í«æ¹ÉãÙ�Ê�ÖÚáñè ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉâÉXW ÖµÛVUÌÐçáÜÉ³Ø Ë�áñìßæ·ÍÂÛ²ËÂÉ ËÂÇµÉãèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø
double pow (double , int);

Æ¹ÇÚÉãÊ�ØµáñìßÎµÍÂÊ _ÚáÜÉ³Þ ÛÜÒ¹ËÂÇÚÐçËòæ¹ÉÏØµÉ³É³èóËÂÇµÉãÔ×ÊÌÍÂÞ®Ð�á¤ÐçÍÂå�ÖµÞßÉ³Ø¯Ë¹ØÚÐ�ÞßÉ³Ò¹ËÂÊ ÒîÎ�É³Ù³ÛÜÔÜì®ÎµÍÂÉ � Ð�Øµè�Î Ê�ÒîË �
Ù³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ³í æ Û²ËÂÇµÊ�ÖµË¿å�Ê�ÛÜØµå ËÂÊ áñÉ³ØµåÌËÂÇ ì Ô×ÊÌÍÂÞ¿Öµá×ÐçËÂÛÜÊ�ØµÒàÛÜØ U�Ê�áVU¥ÛñØÚå���ËÂÇµÉ
YµÍÂÒîËßÐÑÍÂå�ÖµÞßÉ³Ø Ë 	 Ð�Øµè
��ËÂÇµÉ Ò�É�Ù³Ê�Øµè�ÐçÍ�å�ÖÚÞßÉ�Ø Ë 	«é Æ¹ÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ�íôæ¹É ÖµÒ�ÖÚÐ�áÜáñì¿æ·ÍÂÛ²ËÂÉòËÂÇµÉ Ô×ÊÌÍÂÞ®Ðçá�ÐçÍ�å�ÖÚÞßÉ�Ø Ë ØÚÐ�ÞßÉ�Ò�É U�É³Ø ÛÜØ
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØµÒ³é



� ��\ ������������� � ��� ��� ��� � �����

Mathematical functions.
)óÐ�Ø ì Ê�Ô¹ËÂÇµÉßÞ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒëËÂÇÚÐçË ÐçÍÂÉ®ÐXU�Ð�ÛÜá×Ð _ áñÉ Ê�Ø Ò�Ù³Û �

É³Ø¯ËÂÛVYÚÙãÎ Ê Ù ]�É�Ë Ù¬Ð�áñÙ³Öµá×ÐçËÂÊÌÍÂÒÈÐçÍ�ÉàÐ�áÜÒ�Ê ÐXUÌÐ�Ûñá×Ð _ÚáÜÉÏÔÜÍÂÊ�ÞðËÂÇµÉëÞ®ÐÑËÂÇ�áÜÛ _ÚÍÂÐçÍ�ì
cmath

éÈÆ¹ÇÚÉâÔ×Ê�áÜáÜÊ¦æ ÛÜØµå
ËäÐ _ÚáÜÉ áÜÛÜÒ�ËÂÒ�ÒîÊ�ÞßÉ Ê�Ô·Ë�ÇÚÉ�Þ é � áÜáÈÐçÍÂÉ�ÐXUÌÐ�Ûñá×Ð _ÚáÜÉ®Ô×ÊÌÍÀËÂÇµÉ Ë�ÇµÍ�É³É QÚÊ�ÐçËÂÛñØÚå Î Ê�ÛÜØ¯Ë Ø ÖµÞb_ ÉÄÍ�Ë ìôÎ�É³Ò
float

í
double

Ð�Øµè
long double

é
ØÚÐ�ÞßÉ Ô×ÖµØµÙ�ËÂÛñÊ�Ø
std::abs |x|

std::sin
Ò�ÛñØ

(x)

std::cos
Ù³Ê�Ò

(x)

std::tan
ËäÐçØ

(x)

std::asin
ÒîÛÜØ

−1(x)

std::acos
Ù�Ê�Ò

−1(x)

std::atan
ËÂÐ�Ø

−1(x)

std::exp ex

std::log
áÜØ

x

std::log10
áñÊ�å

10 x

std::sqrt
�

x

3.1.11 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `L_ ÉãÐ _ÚáÜÉÏË�Ê�ÉIPôÎÚá×Ð�ÛÜØ ËÂÇµÉÏÎÚÖ«Í�Î Ê�Ò�ÉÏÊ�Ô Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ¹ÛÜØ ����� �
\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè®ËÂÇµÉ Òîì¥Ø¯ËäÐ P Ð�Øµè®Ò�É³Þ®ÐçØ ËÂÛÜÙ�Ò Ê�Ô������ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø®èÚÉIY ØµÛñË�ÛÜÊ�ØµÒ Ð�Øµè®èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØµÒ��
� `L]¥ØµÊ¦æ æ·ÇÚÐçË¹ËÂÇµÉÏËÂÉÄÍÂÞ ��ÎµÍÂÊ Ù³É³èµÖ«ÍäÐ�á ÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛñØÚå 	ãÞßÉ¬Ð�ØµÒ��
� `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè½Ë�ÇÚÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø

pow
ÔÜÍÂÊ�Þ � ÍÂÊ�åÌÍäÐ�Þ � � Ð�Øµè½ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ

fill_n
Ð�Øµè

fillÔÜÍÂÊ�Þ � ÍÂÊ�åÌÍäÐçÞ \�� �
� `L]¥ØµÊ¦æ ËÂÇÚÐçËÓÔ×ÊÌÍÂÞ®Ð�á ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ Ê�Ô Î Ê�ÛÜØ¯ËÂÉ�Í Ë ìôÎ�É¿Ù³Ð�Ø _ É ÖµÒ�É³è½ËÂÊßæ·ÍÂÛñË�É ÐçÍ�ÍäÐ³ì �»ÎµÍÂÊôÙ³É�Ò�Ò�ÛÜØµå
Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ³íÚÐ�Øµè�Þ¿ÖµËÂÐçËÂÛÜØµåàÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ��

� `L]¥ØµÊ¦æ æ·Ç ì¼ÛñË Þ®Ð ]�É³Ò®Ò�É�ØÚÒîÉ ËÂÊ Ù³Ê�ÞÀÎÚÛÜáÜÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�ØµÒßÒ�É�Î ÐçÍäÐçË�É³áñì�í Ð�Øµè Ë�Ê ÎÚÖ«Ë
Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒòÛÜØ¯ËÂÊ¿áÜÛV_µÍäÐçÍÂÛñÉ³Ò³é

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � `®å�Û U�ÉÏË æ¹Ê ÍÂÉ¬Ð�Ò�Ê�ØµÒÈæ Ç ì ÛñËÈÛÜÒÈèµÉ³Ò�ÛñÍÂÐ _ÚáÜÉ ËÂÊ Ò�Ö _ èµÛVUôÛÜèµÉ ÎµÍÂÊ�åÌÍäÐ�ÞßÒ¹ÛÜØ¯ËÂÊ�Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ �
^ � \ ` YÚØµèóÎµÍÂÉ �ïÐ�Øµè Î�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒÈÔ×ÊÌÍ å�ÛVU�É³Ø Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ�í æ ÇµÉ�Í�ÉâËÂÇµÉâÎµÍÂÉ³Ù³Ê�ØµèµÛñËÂÛñÊ�ØÚÒÈÒ�ÇµÊ�ÖµáÜè

_ ÉãÐ�Ò ¸Ó�Ä©�
 Ð�Ò¹Î Ê�Ò�Ò�Û _ áñÉÌíµÐ�Øµè�ËÂÇµÉÓÎ Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛñÊ�ØÚÒïÒîÇÚÊ�ÖµáÜè _ ÉãÐ�Ò ����£³����Á Ð�Ò¹Î Ê�Ò�ÒîÛV_ÚáÜÉ �
^ � � ` YÚØµè ÒîìôØ ËäÐ�ÙÄËÂÛÜÙ¬Ð�áòÐ�Øµè Ò�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á¹É�Í�ÍÂÊÌÍÂÒ ÛÜØ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ YÚØµÛñËÂÛÜÊ�ØµÒ³í�Ð�Øµè ÛÜØ ÎµÍÂÊ�åÌÍäÐ�ÞßÒ

ËÂÇÚÐçËÈÙ³Ê�Ø¯ËäÐ�ÛÜØ Ô×ÖµØÚÙÄËÂÛÜÊ�ØóèµÉ YÚØµÛñËÂÛÜÊ�ØµÒ��
^ � � `®ÉIUÌÐ�áñÖ ÐÑËÂÉÓå�ÛVU�É³ØóÔ×ÖµØµÙ�ËÂÛÜÊ�Ø�Ù¬Ð�áÜá ÉIPôÎµÍÂÉ³Ò�Ò�ÛñÊ�ØÚÒ �
^ � � `ßæòÍÂÛñËÂÉ ^�Þ¿Ö«ËäÐçËÂÛñØÚå `ÓÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ�Ô×ÊÌÍ�å�ÛVU�É³Ø ËäÐ�Ò ]ôÒ³í Ð�Øµè�æòÍÂÛñËÂÉßÎµÍÂÊ�åÌÍäÐçÞßÒàÔ×ÊÌÍ å�ÛVU�É�Ø�ËäÐ�Ò ]ôÒ

ËÂÇÚÐçËÈÖµÒ�ÉãÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ��



� ��� ��� ��� ��� � � ��� � ��� ��� � ��� � � �
^ � � `®ÒîÖa_�èÚÛ U¥ÛÜèµÉ¹Ð å�ÛVU�É³Ø¿ËäÐ�Ò ] ÛÜØ¯ËÂÊÏÒ�Þ®Ð�áÜá Ò�Ö _ÚËÂÐ�Ò ]¥Ò�íôÐ�Øµè æ·ÍÂÛ²ËÂÉÈÐ ÎµÍÂÊ�åÌÍÂÐ�Þ Ô×ÊÌÍÕË�ÇÚÉ¹å�ÛVU�É�Ø�ËäÐ�ÒN]

ËÂÇÚÐçËÈÖµÒ�É³ÒòÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒÈË�Ê�ÍÂÉ¬ÐçáÜÛ
�³É ËÂÇµÉÏÒ�Ö _ÚËÂÐ�Ò ]¥Ò �
^ � � ` _ÚÖµÛÜáÜè�Ð áÜÛV_µÍäÐÑÍ�ì Ê�Øóì�Ê�ÖµÍ·Î áÜÐçËÂÔ×ÊÌÍÂÞ í«å�ÛVU�É�ØóËÂÇÚÐçËòì�Ê�Ö ÐçÍ�ÉâËÂÊ�áÜè�Ë�ÇÚÉãØµÉ³Ù³É³Ò�Ò�ÐçÍ�ìóËÂÉ�Ù´ÇµØµÛÜÙ¬Ðçá

èµÉ�ËäÐçÛÜáÜÒ³é

3.1.12 Exercises

Exercise 79
� �»��F�¢¤£³���à©���F ¢ ������±�����F����������¤�ò¶ç��£À�º���È¶����»�ª��¸¹�»��Áã¶�� � ±¬���î���¤�çÅ ^ � \ `I^ � � `

Ð `
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;

}

_ `
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 �Ý��©¯�à©�£��®�º���ë¢¤£³�¥ ¦�ª�³¨ó� Hî� ¶ ©�� J�M ¸¹���º� �º��� ¶ç���»�ª��¸È�°��Áà¶�� � ±¬���î���¤� � � � � �º���³¨
©���F � ��F½©¬¢«¢¤£³�³¢¤£¬��©¯���Ó¢¤£³���à©���F ¢����³��±�����F��»���î���¤�çÅ ^ � \ `I^ � � `
Ð `

bool is_even (int i)

{

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

}

_ `
double inverse (double x)

{

double result;

if (x != 0.0)

result = 1.0 / x;

return result;

}



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

Exercise 81 �Ý��©¯�®�»�Ý�º��� �����ñ¢¤���ó�Â¶Ý�º���®¶����°�§��¸¹�»��Á ¢¤£³��Á�£�©�¨�� Fµ�î¢��³��F��»��Á ��� �º��� �»�¥¢¤���
� ��¨  ³�³£ i � � �³��±³£¬�� �� �º���ß�����ñ¢¤�����»� ¨ ©¯�º���³¨½©¯����±Ä©¯� ����£¬¨ó� � �§Á�� ��£¬�»��Áâ¢ ���³���  ¦�§� � D¥�³£ �ã©���F
����Fµ��£ � ��¸È�çÅ ^ � � `
#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
� �»��Fó�º�¥£³���ã¢¤£³�¥ ¦�ª�³¨ó�¿�»� �º���ò¶����°�§��¸¹�»��Á¿¢¤£³��ÁÌ£�©�¨½Å ^ � � `I^ � � `

#include <iostream >

double f (double x)

{

return g(2.0 * x);

}

bool g (double x)

{

return x % 2.0 == 0;

}

void h ()

{



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

std::cout << result;

}

int main()

{

double result = f(3.0);

h();

return 0;

}

Exercise 83 � �»¨¿¢¾�­� ¶ J �º���Ý¢¤£³��Á�£�©�¨ ¶Ä£³��¨ � �Ú�³£³±������ � �  KJ �����»��Á �º��� ���� ³£�©�£KJ�¶Ä��� ±¬�������
std::pow Å ^ � � `

Exercise 84
� �³��� ¨ �·�º��©¯� ��� JÚ����£Õ¢¾�ª©¯� ¶ç��£¬¨ � �º���Ó���� ¬£Ä©�£KJ·¶�� � ±¬���î��� std::sqrt �»�·� ����D¥�³£KJ

£³�¬����©« ¬�§��Å � ��£ x © Dô©¯�­�¡�ó�Â¶�� JÑ¢ � double H x � 0 M �ò¸Ï�À�§�¬� s(x)  ³�ß�º���LD ©¯�­�¡�À£³�¬��� £¬� �IF  KJ
std::sqrt(

�����
	
) �ë� ¶ �����
	 ��©¯� Dô©¯��� � x �À©���F ¸Ó� ©¯������¨½�ó�º��©¯�ë¸Ó� ���¤�EJ 
�� ��¸ �º��©¯� ¶���£

����¨½�Ï¢ ���Ä����� Dô� Dô©¯��� � ε
�

1/2 �¹�º��� £��¬�ª©¯��� D¥����£¬£³��£ß�ç©¯���»� � �¬�
|s(x) −

�
x|

�
x

�
ε, � x.

� ��¸ ±Ä©�� JÚ��� ±¬��©���Á«� �¹£³��Á�£Ä©�¨ ��� ���¡±¬� �º��©¯�à���ß±���£¬£���±¬�º� J ¸Ï��£ 
��ó����Fµ�³£ �º�¥���ó£��¬�ª©¯��� D¥�
�³£¬£³��£ß �������F � 
 ��� ¨½©�J ©¯�³����¨½�ë�º��©¯�¹�º��� � �ç©¯���»��Áà¢ ���°�¤�¹� � ¨½ ��³£¿� Jô�����³¨ ���ç�IF ��� J ��� £
¢¾�×©¯� ¶���£¬¨ ���  ¬�°� ©�£KJ � ©���Fà�º��©¯� ©¯�»� D ©¯�­�¡�¬� �Â¶¹� JÑ¢ � unsigned int ©�£³�ã� �µ©µ±¬�º� Jà£³�î¢¤£³�¬�ç�³�¤�î©« ¦�ª�
�»���º�¥���¿� J �³���³¨½Å H��Õ�¥���à���ß© �º���Ä��£KJ ���Ú�³£³±�������Å M ^ � � `

Exercise 85

©KM�� £¬����� ©ë¶Ä��� ±¬�������
// POST: return value is true if and only if n is prime

bool is_prime (unsigned int n);

©���F ���ç� �º�¥��� ¶�� � ±¬���î��� �°� © ¢¤£³�ÄÁ�£�©�¨ ��� ±������¤�È�º��� � ��¨  ³�³£ �Â¶ Ë æ ÛÜØßÎµÍÂÛÜÞßÉ³Ò �»� �º���
£�©���Á¥� {2, . . . , 10000000} H���¸Ó���¯¢ ��� ���³� ¨����°�­�����¤�NM¥Å � ��¸¹�°� ¢¤£¬�»¨½�½�»� ©½¢�©��»£��Â¶
� � ¨½ ³��£¦� (i, i + 2)  ����º���Â¶à¸È�¥�î±¬� ©�£³�ã¢¤£¬�°¨ ��Å

  M �ä� �º��� ©¬¢«¢¤£³��©µ±¬� �Â¶Ý©KM �º���  ��¬�³� H�¨ ���³� � � ±³���³�¤�VM ��� �½��� �º�¥���À¢¤£³�¥ ¦�ª�³¨ � �×¶ J ���
±´©�� �º�¥�»� 
 �Â¶ ©ó ��¬�º���³£ß©¬¢«¢¤£³��©µ±¬� ��JÚ��� ©�£³��¶�£³�Ä�à���À�»¨¿¢¾�§��¨ �³�¤� �»���»�¤�³���´© F �Â¶Ï�º���À��� �
�����º�­�°� �IFó�°� ©KM¥Å

^ � � `



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

Exercise 86 �����ï¶Ä��� ±¬������� pow �°� �¹£³��ÁÌ£�©�¨ 
 � � ���IF¯� |e| ¨����²���­¢¾�­��±Ä©¯���î���¤�â��� ±Ä��¨�¢¤����� be Å
�¹��©���Á«� �º���â¶Ä��� ±¬�������  ³� F�J ���¡±¬���º��©¯�à�ª�¬�³� ¨����­���²¢¾���î±´©¯���î���¤� ©�£³� ¢ �³£º¶ç��£¬¨ �GF«Å 
 ��� ¨½©�J
���ç� �º���È¶����°�§��¸¹�»��Áã¶ç©µ±³�îÅ �×¶ e � 0 ©���F e ��©¯�À ¬�»� ©�£KJ £³��¢¤£³�¬���³�¤�î©¯�������

e =

∞∑

i=0

bi2
i,

�º���³�
be =

∞∏

i=0

�
b2i � bi

.

^ � � `
Exercise 87 � £¬����� ©â¢¤£³��ÁÌ£�©�¨ swap.C �º��©¯��Fµ� � � �¬� ©���F ±Ä©¯�°�²�à© ¶Ä��� ±¬������� ¶ç��£ã�°�¤���³£³±¬��©���Á �
�»��Áß�º��� Dô©¯��� �¬�¿�Â¶â��¸Ó� int �¥  � ��±¬�º�çÅ �Õ���·¢¤£³��ÁÌ£�©�¨ �³������� FÀ��©�D¥�à�º��� ¶ç���»�ª��¸¹�»��Á �³��£¬� ±¬��� £³��Å
#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;

}

� �³£�� ���À©�� � �µ©�¨�¢¾�ª��£¬� � �Â¶ �º����±Ä��¨�¢¾�ª�¬���IFß¢¤£���Á�£�©�¨ 

i =? 5

j =? 8

Values after swapping : i = 8, j = 5. ^ � � `
Exercise 88 � � F�� ¶IJ �º���·¢¤£³��Á�£Ä©�¨ sort_array.C ¶Ä£³��¨ � �Ú��£³±³���ç� � � �»� �Ä� ±¬��¸ ©�J �º��©¯�ï�º���
£³�¬�Ä���­���»��Á ¢¤£���Á�£�©�¨ sort_array2.C Fµ� � � �³� ©���FÝ±´©¯�»�­�®©â¶�� � ±¬���î���



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

// 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);

���À¢ �³£º¶ç��£¬¨ �º���®����£¦���°��Á �Â¶��º���ó©�£¬£�©�J½�°�¤���Ý©¯��±�����F��»��Á ��£ Fµ�³£ÌÅ �ä� ¨½©�J  ³�®���³¨¿¢¾���»��Á HÄ ³���
� ���·©¯�»�ª��¸Ó�IFÓ¶ç��£À�¥ KDÌ�������Ó£³�Ä©¯�����¤� M®���ß����� std::sort ��£à���»¨ ���×©�£ë�³�î©���F«©�£IF �­�  ¬£�©�£KJÏ¶���� ±��
���î���¤�ß�°� �º���  ³� F�J �Â¶®�º���Ï¶Ä��� ±¬������� sort �º��©¯�Ï���ß���  ³� Fµ� � � �IF«Å �ä� ÛÜÒ ©¯�°�§��¸Ó�IF �Ï�º�����ÚÁ�� �
��� ±���¨¿¢�©�£³�ß�º����� � ±³���³� ±XJ �Â¶ JÚ����£ sort ¶�� � ±¬���î��� ¸¹�»�º�Ý�º��©¯�ë�Â¶ std::sort Hî¸È�¥��±¬�Ý��©¯�
�º���À�Ñ©�¨ �Ó¢¤£³���à©���F ¢ ���³��±Ä����F����������¤�®©���F ±Ä©��  ³�������GF ©ä¶����³£ include<algorithm> M¥Å� ��£à�º�¥��� ���Ú�³£�±³����� �����Õ��� Fµ�¬���»£Ä©« ¦�§� HÄ ¬���Õ� ���ï�³��£¬��±¬�º�EJ®� �Ä±��¬�³�Ñ©�£KJ M®���������¹¢ ���°�¤���³£à�»� ±³£����
¨ ���¤� H ++p M ©¯�ë�º���ß���¤�EJ �³¢ �³£Ä©¯���î��� ���ó¢ ���»�¤����£¦� HÄ©¬¢�©�£¦��¶�£���¨ �»� �»����©¯��� 
 ©¯��������©���F ©¯�³���§Á�� �
¨ ���¤���È�Â¶ã±���� £¦��� M¥Å �×¶�J ��� �Ä� ±�±Ä���GF �°� Fµ���°��Á¿��� � JÚ����£Ó����£¦���°��Á¹¶���� ±³���î��� ��©¯� �º��� ¢ �����³�¤��� ©¯�
�Â¶ë¸Ó��£ 
��°��Áã¶ç��£®±����¤�î©��»� ��£¦�¿�º��©¯��Fµ�®� ���Ï� � ��£�£�©���Fµ��¨ ©µ±�±��³�³� Hî�����À©¯�­��� � ��±¬������� � Å 
¥Å � M¥Å^ � � `
Exercise 89

� Î É�ÍîÎ É�ËÂÖÚÐ�áòÙ¬Ð�áÜÉ³ØµèÚÐçÍ ±´©��  �� �����GF ��� Fµ�³���³£¬¨��°� � �º��� ¸Ó�Ä��
 F«©�J H � ����F«©�J��
ÅÌÅ�Å�� � ����F«©�J�M �Â¶ ©�� JÝÁ�� D¥����F«©¯����Å 
 ����¨½©�Jß¶���£½���µ©�¨¿¢¾�§� 
�� ��¸ �º��©¯�ë�º��� �ë�³£¦���»� ¸ ©¯�»�
±Ä©�¨½� Fµ��¸¹����� � � D¥�³¨  ³�³£ � � 
 � � � �ï ¬���Õ¸È��©¯��¸ ©¯�Ó�º���â¸Ó����
 F«©�J � H �ä�Õ¸ ©¯�à©Ý�Õ�¥��£¦� F«©�JµÅ M
� £¿¸È��©¯�ï���ã�º���à¸Ó����
 F«©�J �Â¶â�º��� 
 ����� �º� ©�� � � D¥�³£¦�ç©�£KJ �Â¶ë�º��� � ¸¹����� ±�����¶ç�IFµ�³£�©¯������� �È���ó ³�
±��³�§�� ³£�©¯���IF ��� � �ÚÁ����³� 
 � ��� � 
 � H � ���»��� © Fµ� � �¡©¯���¬� J��ò�»�ò¸¹���°�� ³� ©�� ©¯����£ F«©�JµÅ M
©KM �Õ���À�î©¯��
 ���¿���ó¸¹£¬������© ¢¤£³��Á�£�©�¨ �º��©¯�ë�����ñ¢¤���º���º����¸Ï�Ä��
 F«©�J H � ����F«©�J � ÅÌÅ�Å�� � � � �

F«©�J�M �Â¶®© Á�� Dô�³� �»�¥¢¤��� F«©¯����Å
�XFµ�³�¤��� ¶ J ©����¬� �Â¶½�Ä�¡ ¦�î©¯��
�� ��� ¸È�¥�î±¬� J ��� ±´©�� £³�GF�� ±��Ý�º�¥��� �î©¯��
 Å � � ±³� ©����¬� �»�
� ��� ��� � � � ���®�Â¶ ±Ä����£¦�����ß ¬���®©¯�°�·�»��F�� DÌ�NF��¾©¯�ò�Ä�¡ ¦�î©¯��
�� �³������� F  ³�½��¨½©¯�°� H���� ��¨ ©¯�»�
�º��©¯�ß�º���XJ ±������ F  ��Ý£³�Ä©¯��� 
 �IF ¸È�»�º�Ý¶��³¸ ���»� �¬� �Â¶ ±Ä� Fµ� M¥Å �ä�À�����Â¶ ±���� £¦����¢ ���³�Ä�� ¦�ª�
¶ç��£½© �Ä�¡ ¦�î©¯��
 �»� J ��� £ó���³�â���Ý£³�GF�� ±Ä� �������º���³£ó���¡ ¦�î©¯� 
Ì�çÅ�H � ���º�������ÏÁ�� DÌ�»��Á ©�¸Ó©�J
©�� J �º�¥�»��Á �·��� �à���¡ ¬�î©¯��
 �º��©¯� JÚ��� ±Ä�³£¦�î©��»�¤� J�� �Ä�IF ���ã��� Fµ�¬���³£¬¨ �»� �à¸È���¬�º���³£ß©ÀÁ�� D¥�³�
JÚ�Ä©�£À�»�À© �ª�Ä©¬¢ JÚ�Ä©�£ M¥Å

  M�� £¬����� ©À¢¤£³��ÁÌ£�©�¨ perpetual_calendar.C �º��©¯�·£³�Ä© F¯�®© F«©¯���·¶Ä£³��¨ �º���À�»�¥¢¤���Ï©���F
�����ñ¢¤���º�¿�º���ó±���£¬£³�³��¢ ����F��»��Á ¸Ó�Ä��
 F«©�JµÅ½�Õ��� £Ä©���Á«�ó�Â¶
F«©¯���¬� �º��©¯� �º���ã¢¤£³��Á�£�©�¨ ±Ä©��
¢¤£³��±��¬�³� �³������� F½�³�î©�£¦�Ó� �Ý�×©¯���³£ �º��©����«©�� �¡©�£KJ 
 ��
 � ��� H � ����F«©�J�M¥Å������à¢¤£³��ÁÌ£�©�¨
�³������� F ±¬����±�
ë¸ò���³�º���³£Ï�º��� �»�¥¢¤��� ���Ó© �§� Á¥©¯� F«©¯��� ��©���F � ¶È� ����� £³� � ��±¬� ���îÅ � � � �µ©�¨�¢¾�ª�
£¬� � �Â¶¿�º���Ï¢¤£���Á�£�©�¨ ¨��°Á��«�·�ª�Ì� 
�����
ô���º�¥���ÑÅ

day =? 13

month =? 11

year =? 2007

Tuesday

� �À�³��£¬� ±¬��� £³� JÚ����£·¢¤£³�ÄÁ�£�©�¨ �ï�°¨�¢¾�ª�³¨ ���¤�ï�º���à���¡ ¬�î©¯��
Ì��¶Ä£³��¨ ©KM ©¯�Õ¶�� � ±¬���î���¤� �ò©���F
¢¤���·�º���ã¢¤£���Á�£�©�¨ ����Á«�¬�º����£ ¶�£³��¨ �º���¬���ò¶�� � ±¬���î���¤�çÅ

^ � � `I^ � � `



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

Exercise 90 � ���»� F ©¼���� ³£�©�£KJ ��� JÚ����£ ¢¾�ª©¯� ¶ç��£¬¨ ¶�£���¨ �º��� � �ª�¬� math.h ©���F math.C �»�
�¹£³��Á�£�©�¨ � � ©���F �¹£³��ÁÌ£�©�¨ � �ôÅ � �����º�¥�»� ���� ³£�©�£KJ���� Á«�³� �³£Ä©¯���Ý©�� ���Ú�Ä±³���î©« ¦�ª�À¢¤£³��ÁÌ£�©�¨
¶�£���¨ �¹£³��ÁÌ£�©�¨ � � Å ^ � � `I^ � � `

Exercise 91

©KM �Â¨¿¢¾�§�³¨½�³�¤�Ó�º��� ¶����°�§��¸¹�»��Áâ¶�� � ±¬���î��� ©���F ���¬���Ó�»�îÅ�
 ��� ¨½©�J ©¯�³����¨½�À�º��©¯� �º���®� J¦¢ �
double ±Ä��¨�¢¾���î�¬�ã¸È�»�º�ó�º��� � � � � �³�î©���F«©�£ F � � � ������� � ��±¬������� � Å � Å �ôÅß�Õ��� ¶Ä��� ±¬�������
�»�����¤�EJ½£³� � ���»£��IF ��� ¸Ó��£ 
Ý±Ä��£¬£³��±¬�º� J��Ï� ¶À�º���ß� �´©�£³�¬�³�Ï�»�¤����Á¥�³£ �»� �»� �º��� D ©¯�­�¡�ß£�©���Á«�
�Â¶¿�º����� JÑ¢ � int Å ^ � � `
// POST: return value is the integer nearest to x

int round (double x);

  M �Õ���Ï¢����³��±�����F��»���î��� �Â¶¿�º���È¶���� ±³���î��� Fµ�Ì�³�¿� ��� �Ñ©�J ¸ò��©¯�ò��©¬¢«¢ �³�¤� � ¶¿�º���³£³� ©�£³� ��¸Ó�
� �´©�£³�¬�³�·�°�¤����Á«��£¦�çÅ �¥¢ �Ä±³� ¶IJ �º���  ��¬��©�DÌ�î��£ �Â¶ JÚ����£¿�»¨�¢¾�ª�³¨½�³�¤�î©¯���î��� �»� �º���Ó¢ ���³��±Ä��� �
F��»���î��� �Â¶ JÚ����£ò¶�� � ±¬���î��� Å ^ � \ `

Ù�` � èµè ÐÏèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø�Ê�ÔÚì�Ê�ÖµÍÕÔ×ÖµØµÙ�ËÂÛÜÊ�Ø¿ËÂÊãËÂÇµÉRYÚáÜÉ
math.h

^ � ÍÂÊ�åÌÍäÐçÞ \ � ` Ð�ØµèßÐ èµÉ YÚØµÛñËÂÛÜÊ�Ø
ËÂÊ

math.C
^ � ÍÂÊ�åÌÍäÐ�Þ \ � `Äé ��ÖµÛÜáÜèßÐÏáÜÛV_µÍäÐçÍîì ÔÜÍÂÊ�Þ ËÂÇµÉ³ÒîÉ·Ë æ¹Ê YÚáÜÉ³Ò³í Ð�ØµèÀÍÂÉ�æòÍÂÛñËÂÉÈì�Ê�ÖµÍÕËÂÉ³ÒîË

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ÔÜÍÂÊ�ÞðÐ `ïË�Ê Ù¬Ð�áñá�ËÂÇµÉâáÜÛV_µÍäÐÑÍ�ìLU�É�ÍÂÒîÛÜÊ�ØóÊ�Ô ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
round

é ^ � � `

Exercise 92 ���¥�»�À����©�� ���º���³£ Hî� ���Ï���Ì� F�� � ±³���²�VM ��� �Ï¶�£���¨ � Í�Ê�� É³ÙÄË � ÖµáÜÉ�Í H �¹£³�¥ ¦�ª�³¨ � � �
http://projecteuler.net/ M¥Å � �»��F � ©¯����£�©¯� � � ¨½ ��³£¦� a, b < 100 ¶���£ ¸È�¥�î±¬� ab ��©¯� �º���
�×©�£îÁ«�¬�³��±³£³���³�®��� ¨ H�����¨ �Â¶ Fµ��±³�°¨½©¯��F��§Á����º�NMôÅ � �¬�ã��� �Ñ©�JÝ� ¢�¶Ä£³���¤�ã�º��©¯� 9999 �»�®� ���ã�º���
©��¤��¸Ó�³£ÌÅ

� £¬����� ©½¢¤£³�ÄÁ�£�©�¨ power_cross_sums.C �º��©¯� ±Ä��¨�¢¤�����³� �º���  ��¬�³� a ©���F b Hî¸¹�»�º�¥�»�
£³�´©¯����� ©« ¦�ª�ß���»¨½� M¥Å

� ©�� J ��� ©¯�­��� � ��Fó�º���  ��¬�³� a, b � ¢���� 1, 000
�

3.1.13 Challenges

Exercise 93 ����� ���°¨�¢¾�ª�¬�³�®±���¨¿¢¤�����³£Ý¨½� Fµ�¬� �º��©¯�¿���Ý ³���»��Á �����"F��î�GF��°� �º���Ä��£³�¬���î±´©¯�à±���¨ �
¢¤������£Ý��±³���³� ±�� ��� �º��� èµÉ�Ë�É�ÍÂÞßÛÜØµÛÜÒîË�ÛÜÙ YÚØµÛñËÂÉ Ð�Ö«ËÂÊ�Þ®ÐçËÂÊ�Ø H � � � M¥Å � � ±¬� ©�� ©�������¨½©¯����� �»�
Fµ� � � �GF � D¥��£ © � � ����� ÐçáñÎÚÇ Ð _ É�Ë Σ Hñ¶ç��£ � �µ©�¨�¢¾�ª� Σ = {0, 1} M¥Å®�Õ���³� ���¹��©¯� © � � �����¿���¬�Ó�Â¶ÒîËäÐÑËÂÉ³Ò

Q Å �����¿¨½©��°���»��ÁÌ£³�IF����³�¤� ���¿�º��� Ë�ÍäÐ�ØµÒ�ÛñË�ÛÜÊ�Ø Ô×ÖµØµÙ�ËÂÛñÊ�Ø
δ : Q � Σ→ Q.

���À±Ä©�� D������¾©¯�­� 
 �â�º�¥�»�Õ¶Ä��� ±¬��������©¯�Õ¶ç���»�ª��¸ò� 
 ¸È���³� �XD¥�³£ δ(q, σ) = q �	�Ã¸Ó� F�£�©�¸ ©���©�£¬£³��¸
¶�£���¨ ���î©¯��� q �����³�î©¯��� q � �È�ª©« ��¬�ª�IF ¸¹���º� σ Å� �»� ©¯�°�EJ��ã�º���³£³���»� © ÒîËäÐÑÍ�ËÂÛÜØµå®ÒîËäÐçË�É

s � Q ©���F�©Ý���¡ ¦�ç�¬� F � Q �Â¶ Ð�Ù�Ù³É�ÎµËÂÛÜØµå ÒîËäÐçËÂÉ�Ò Å� �§Á���£³� � �°ÁÌ��£³� 
 � Fµ�î¢¤�î±³�º� © � � � ¸¹���º���³�î©¯���ó���³� Q = {0, 1, 2} Å¼�Õ�����³�î©�£¦���°��Á �³�î©¯�������
�»��F���±Ä©¯���GF  KJ ©�� ©�£¬£���¸ ±���¨ �»��Á �°��¶Ä£³��¨ � ��¸È���³£³���ï©���F��º���à©µ±�±Ä�î¢¾���»��Á �³�î©¯���¬�ë©�£³� ¨ ©�£ 
ô�IF
¸¹���º� Fµ���¡ ¦�ª� ±��»£³±¬�ª�¬� Hî�»���º�¥���®±Ä©¯�����ò�º���³£³�����®���¤�EJ ��� �NM¥Å



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

0 1

2

0

1

1

0

1

0

Figure 18:
� Fµ�¬���³£¬¨��°� ���³����± � � �»��� ©�������¨½©¯����� H � � � M

�Ý��J ±´©�� ¸Ó�Ý±´©¯�»�È��� ±³� ©�� ©�������¨ ©¯����� © ±���¨¿¢¤�����³£ ¨ � Fµ�¬� � �ë��±Ä©������ó�»�·¢ �³£º¶���£¬¨��
© ±Ä��¨�¢¤���î©¯������� �¹� ©�¨ �¬� J �º���ò¶����°�§��¸¹�»��Á 
 Á�� D¥�³� ©�� �°�¥¢¤��� æ¹ÊÌÍ�è w � Σ � H � � �����À�ç� � �¡�³� ±��
�Â¶ � J¯¨½ ����²�à¶Ä£³��¨ �º��� ©¯� ¢¾��©« ��¬� Σ M ���º��� ©�������¨½©¯����� �³�»�º���³£ Ð�Ù³Ù�É�ÎµËÂÒ �®��£ ÍÂÉ ��É�Ù�ËÂÒ ���îÅ � �
Fµ� �º�¥��� �¿�º��� ¸Ï��£IF w �»� ¢¤£³�Ì±Ä�¬�³���GF � J¯¨½ ³���Ï KJ � J¯¨½ ³��� ���³�î©�£¦���»��Á �»� s Å �Ý���³� �XD¥��£ �º���
©�������¨ ©¯����� �»�à�»� ����¨ � �³�î©¯��� q ©���F��º��� � ��� � �IJ ¨  ³��� �»� σ �¹�º���ß©�������¨½©¯����� ��¸¹����±¬���¬�¿���
�³�î©¯��� q � = δ(q, σ) Å �Ý���³� ©¯�»�Õ� J¯¨½ ³���­�®��©�D¥�ó ³�Ä�³� ¢¤£��Ì±��¬�����IF �ã�º��� ©�������¨½©¯����� �»���³���º����£
�»� ©�� ©µ±Ä±��î¢¾���°��Á �³�î©¯��� q � F H��»� ¸È�¥�î±¬� ±´©¯��� w ��� ©µ±�±Ä�î¢¾���IFKM �®��£ �°� © � ��� �´©µ±Ä±��î¢¾���°��Á
�³�î©¯��� q � Q \ F H��»��¸È�¥��±¬� ±´©¯��� w ��� £³� � �Ä±¬���IFKMôÅ� ��£ ���µ©�¨¿¢¾�§� � ¸ò����� ¸Ó� ¶ç���GF �º���¼©�������¨½©¯�����ð�Â¶ � �°Á�� £³� 
 � ¸¹���º� �º��� ¸Ó��£ F w =

0101 �È�º��� ��� � �¡�³� ±�� �Â¶��³�î©¯���¬���º��©¯�â©�£³�  ��³�»��Á DÌ�����»���IF �»� 0, 0, 1, 2, 2 Å �Ó���¤�ç� � �¡�³�¤�º�EJ�� w �»�
£³� � ��±¬���GF«Å

����� áÜÐ�Øµå�Ö Ðçå�É
L �Â¶À�º��� ©�������¨½©¯����� ���ß�º��� ���³�¿�Â¶�©µ±Ä±��î¢¾���GFÝ¸Ó��£ F¯�çÅ �Õ�¥���À����©�H�Á¥�³� �

�³£�©¯�°�EJ �°� � � ����� Mó���¡ ¦�ç�¬�â�Â¶ Σ �çÅ � �¬� � ����£KJ ��� Fµ�¬���³£¬¨��°� �ß�º���À�×©���Á��¾©�Á«���Â¶��º��� ©�������¨½©¯�����
�»� � �°ÁÌ��£³� 
 � Å

�ä� ����£¬�¤�®�����ò�º��©¯�·�º�¥�»�¿�»� � ���·��� ±¬� © ����£�©��°Á��«� ¶ç��£¬¸ ©�£ F �î©¯��
 � ©���F J ��� � ���GF �º��� £¬�§Á��«�
�NFµ�´©«Å Hç� �� ³�ó����� �¬�³���à¸Ó� ��© F �º��� � Fµ�Ä© � £¦�³� ©���F �º����� ±Ä©�¨ � �¯¢ ¸¹���º� ©�� ©�������¨½©¯�����
�º��©¯�ë£³�´©¯�­� 
 �¬���»�VM¥Å ���Ý±¬�×©��»¨ �º��©¯�à�º��� ©�������¨ ©¯����� ©µ±�±���¢¾�º� ���µ©µ±¬�º� J ©¯�°�¹�º���ó¸Ó��£ F¯�ó�º��©¯�
©�£³� F�� DÌ�»���� ¦�ª�  KJ 3 � ¶
J ��� �°�¤���³£�¢¤£³�¬�à�º��� ¸Ï��£IF ©¯� ©  ¬�»� ©�£KJ � � ¨½ ��³£ Hî¸È���³£³�ó�º���½�³¨¿¢¾� J
¸Ó��£ F �»� �°�¤���³£�¢¤£³�¬���GF ©¯� 0 MôÅ � ��£ ���µ©�¨�¢¾�ª��� 0101 ��� �º���  ³�»� ©�£KJ � ��¨  ³�³£

0 � 23 + 1 � 22 + 0 � 21 + 1 � 20 = 5,

©���Fó�°��Fµ���GF 5 ���à� ��� F�� DÌ�����  ¦�ª�® XJ 3 HÄ©���F����³� ±Ä� £³� � ��±¬���GFKM¥Å �Â� ¶ç©µ±¬� HÄ©���Fó�º�¥�»�à��� �º��� 
 �XJ
��� �º���¿¢¤£³�Ì�Â¶ �Â¶ ��� £ ±¬�×©��»¨bM �ë�º�����³�î©¯���½©ä¶����³£ ¢¤£³��±��¬�³�Ä�»��Á w �»� �º���½��� ��� ��¨  ³�³£��IF ¸¹���º�
w
ÞßÊ è

3 Å 
 ��� ±´©�� �º���³£³��¶ç��£³�ó�Ñ©�JÝ�º��©¯�â�º��� � � � �Â¶ � �§Á���£³� 
 � ���ó©�±Ä��¨�¢¤�����³£ Hî¸¹�»�º� ©
 ¬� ���­�
���»� ¢¤£³��ÁÌ£�©�¨ M �º��©¯��±´©�� ����� D¥� �º��� Fµ��±³�»���î��� ¢¤£³�¥ ¦�ª�³¨ �Â¶ó±¬���Ä±�
��»��Á½¸È���¬�º���³£ ©½Á�� D¥�³�
� ��¨  ³�³£ ��� F�� DÌ�»���� ¦�ª�ß KJ � Å

��� ©�£³� �³�ª��¸ã�EJ ©¬¢«¢¤£���©µ±¬�¥�»��Á �º��� ©µ±¬���¾©¯�â±¬��©¯�»�ª�³��Á«�çÅ � ��£ �XDô�³£KJ ���¾ ¦���¬� L �Â¶ {0, 1} �
¶�£���¨ �º��� ¶ç���»�ª��¸È�°��Á¼�­�»�³��� �����º���³£ � ��F © � � � �º��©¯� ��©¯� L ©¯�Ý���º� �×©���Á��¡©�Á«� � ��£ ¢¤£³� D¥�



\ ��� ������������� � ��� ��� ��� � �����

�º��©¯�À���¡±¬� © � � � ±´©�� � ���ó���¯����� Hî¸È�¥�î±¬�¼¸Ó����� F �³����¸ �º��©¯� � � � ©�£³� ���»¨ �����GF �»� �º�����»£
±���¨¿¢¤���î©¯������� ©¯��¢ ��¸Ó�³£ M¥Å
©KM L = {w � {0, 1} � | w ��©¯�À©�� �XD¥�³� � � ¨½ ��³£ó�Â¶ 
 �³£���� ©���F ©�� �XD¥�³��� ��¨½ ��³£ �Â¶ß��� �¬� }
  M L = {w � {0, 1} � | w �»�LF�� DÌ�»���� ¬�§�® KJ 5 ¸È���³���»�¤���³£�¢¤£³�³���IF ©¯�À©  ¬�°� ©�£KJ � � ¨½ ��³£ }
± M L = {w � {0, 1} � | w ��©¯�à¨½��£³� 
 �³£³���¿�º��©�� ��� �¬� }
FKM L = {w � {0, 1} � | w Fµ���¬� � ���â±����¤�î©��°� �º�¥£³����±����¤���Ä±³����� D¥�ó��� �¬� }

Exercise 94
� � �"Fµ� 
�� ¢¤� 
 
 �ª�Ó����¢ �����GFó��� ©�Á�£¬� F��Â¶ 9 � 9 ±��¬�°�²� �Ã���¾  F�� DÌ�NFµ�GF �°�¤��� � � � �¡©�£��

 ³� �µ�¬�½�Â¶ 3 � 3 ±��³�»�­�½�Ä©µ±³��Å � ��¨½� Á�£¬� F ±��³�»�­� ©�£³� ©¯�­£��Ä© F�J � �»�ª�IF  KJ � ��¨½ ��³£¦�  ��¬��¸Ó���³� 1

©���F 9
� �º��� Á«��©¯�¹��� ��� � �»�¹�º����£��³¨½©��°� �»��Á ±Ä�¬�»�­�½ KJ � ��¨  ³�³£¦�  ³�¬��¸Ó����� 1 ©���F 9 �»� �Ä� ±¬�

© ¸ ©�J �º��©¯� ¸¹�»�º�¥�»� �Ä©µ±³� £���¸ �ã±�������¨ � �â©���F  ³� � �Â¶ �º���ó±���¨¿¢¾�§�³���IF Á�£¬�NF �ã�XD¥�³£KJ½� ��¨  ³�³£
�Ì±Ä±³��£¦� ���µ©µ±¬�º� J ��� ±���Å � �³£³�����ß©�� ���µ©�¨¿¢¾�§� �Â¶À© � � Fµ� 
�� ¢¤� 
 
 �ª� 


1 7 4

5 9 3 2

6 7 9

4 8

2 1

9 5

4 7 3

7 3 2 6

6 5 4

�Â�Ý����� DÌ�°��ÁÀ�º���¹¢¤� 
 
 �§���¹��� �Ï¨½©�J®��£KJ®��� Fµ�IF�� ±Ä��¶Ä£³��¨ �º����©¯��£³�Ä© F�J � �°�§�GFÀ� � ¨½ ³��£¦�â�º��©¯�ÉIP«Ð�Ù�ËÂáñì Ê�ØµÉ � ��¨½ ��³£ó�»� ©�±Ä©���F�� F«©¯���â¶���£ © �Ä�����î©« ¬�§� �³¨�¢¾� J ±Ä�¬�»�×Å �Õ���³� �º�¥���®� ��¨½ ��³£ó�»�
� �»�ª�IFó�»�¤��� �º��� ±��¬�°� �Ó©���F �º��� Fµ�GF�� ±¬������� ¢¤£³�Ì±Ä�¬�³� �»�¿£��î¢ �Ä©¯���GF«Å �Õ���³£³� ©�£³�ß��¸Ó� ���»���¡©¯�������¤�
¸È���³£³�Ó���¡±¬��©LFµ�GF�� ±¬�������¿¶ç��£ �º���ë±Ä�¬�»�Ú�»� £³��¸ r

� ±Ä���­� ¨�� c ©���Fë� ��¨½ ��³£ n ���Õ¢�©�£¦����±³���×©�£¦� J
�Ä©¯�IJ ©���FÀ¶����°�§��¸È�®�º��� �¤���³£¦�§��±�
 � ����¨ �³� ©¬¢«¢¤£���©µ±¬� H �òÊÑæ Ê�ÔÜËÂÉ�ØÝÇÚÐKU�É�êòÒ�Ð�ÛÜè½Ë�Ê ì�Ê�Ö Ë�Ç ÐÑË
æ ÇµÉ³Ø ì�Ê�Ö�ÇÚÐXU�ÉãÉ�áÜÛÜÞßÛÜØÚÐçËÂÉ�è ËÂÇµÉÓÛÜÞÀÎ Ê�Ò�Ò�Û _ áñÉÌí¯æ·ÇÚÐçËÂÉ U�É�Í¹ÍÂÉ�Þ®Ð�ÛÜØµÒ³íôÇµÊ¦æ¹É U�É�ÍòÛÜÞÀÎµÍÂÊ _ Ð _ÚáÜÉÌí�Þ¿ÖÚÒ�Ë
_ ÉÓËÂÇµÉÏËîÍÂÖ«ËÂÇ � M¥Å

¥Å � �»� � � ¨½ ³��£¦� F����³���°� ±¬� ¶Ä£³��¨ n ©¯��£³�Ä© F�J ©¬¢«¢ �Ä©�£À����¨ �³¸È���³£��ß�»� �º���ß�Ñ©�¨ � £���¸ �ã±���� �

� ¨�� �Ó��£ � � �  ³� �µÅ����¥�»�¿� �Ä±��¬�³�Ñ©�£¬��� J ¨½�Ä©��¤���º��©¯� �º����±Ä�¬�»� ��©¯�¿���  ³� � �»�ª�IFó¸¹�»�º� n �
���°� ±���¸Ï� ��©�D¥� �¬�­�°¨��°� ©¯���IFÝ©¯�°� ���º���³£ ØôÖµÞ�_ É�ÍÂÒ ©¯� �»¨�¢����³���� ¬�§��Å

� Å � �»�ò���º���³£ ±Ä�¬�»�­� �°� �º��� �ç©�¨ �®£³��¸ �¿��£��°� �º��� �ç©�¨ � ±�������¨ � ����£ �»� �º�����Ñ©�¨ � � � �
 �� � ©�£³� ©¯�­£³�´© F�J 
�� ��¸¹�¼� ���Ó��� ±Ä���¤�î©��»� n Å � Á¥©��°� � �º��� ±��¬�°����©¯�À���  �� � �°�§�GF  KJ n

�º���³� �Õ���°� ±��Ï¸Ï�ã��©�D¥� �¬���»¨ �»� ©¯���IF�©¯�»� ���º���³£ Ù³É³áÜáÜÒ ¶ç��£â�º���Ï� ��¨  ³�³£ n ¸¹���º�¥�°�Ý�º���Ï£³��¸ �
±Ä���­� ¨�� �Ó��£  �� �µÅ
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� £¬����� ©Ý¢¤£³�ÄÁ�£�©�¨ sudoku.C �º��©¯�ß�î©�
ô�¬��©¯� �»�¥¢¤��� © � �"Fµ� 
�� ¢¤� 
�
 �§�½�»� ¶ç��£¬¨ �Â¶ ©
��� � � �³� ±Ä�ß�Â¶ 81 � � ¨½ ³��£¦�� ³�¬��¸Ó�Ä�³� 0 ©���F 9 H��º���ãÁ�£¬� Fß� ��¨  ³�³£¦�ÓÁ�� Dô�³� £³��¸  KJ®£³��¸ ��¸È���³£³�
0 �°��F��î±´©¯���¬�¿©�� ��¨�¢¾� J ±��¬�°� M¥Å �Õ���ã� � ¨½ ��³£¦�â¨��§Á��«�ò ��à���î¢�©�£Ä©¯���IF  KJ ¸È�¥�����¬��¢�©µ±��¬� �����ß�º��©¯�
�º��� � � Fµ� 
��ó¢¤� 
�
 �§�È¶�£���¨ ©« �� D¥��±Ä����� FÝ±Ä��� D¥�³� �î���¤�º�EJ  ³����� ±�� Fµ�GF �­� 
ô� �º�¥�»�¿�°� © � �§� 

0 0 0 1 0 0 7 4 0

0 5 0 0 9 0 0 3 2

0 0 6 7 0 0 9 0 0

4 0 0 8 0 0 0 0 0

0 2 0 0 0 0 0 1 0

0 0 0 0 0 9 0 0 5

0 0 4 0 0 7 3 0 0

7 3 0 0 2 0 0 6 0

0 6 5 0 0 4 0 0 0

����� ¢¤£³�ÄÁ�£�©�¨ �³������� F®� ��¸ ��£KJ ���������EDô���º��� ¢¤� 
 
 �ª�À KJ �����°��Á ���¤�EJó�º��� ��¸Ó� �¤���³£¦�§��±�
 �
� ����¨ �¬� �î� J¦¢ � Fµ�IF�� ±³���î���¤� ¶�£³��¨ ©« ³� D¥��Å������ �����ñ¢¤���Ó�³������� F  ³� © H°¢�©�£¦��� ©¯�»� J M ±Ä��¨�¢¾�ª�¬���IF
Á�£¬� F �º��©¯�ò�»� �����º���³£ �º���À���������������������º���ã¢¤� 
�
 �§� � ��£À�º���¿��� � � � � Hî¸È��J � M ¢�©�£¦����©¯� ���������������
�»� ¸È�¥�î±¬� � � �¤���³£¦�ª�Ì±�
 � � ����¨ �¬� �î� J¦¢ � Fµ�IF��¡±¬���î���¤� ©¬¢«¢¾� J ©�� J ¨½��£³� H´©�Á¥©��»� � �³¨�¢¾� J ±Ä�¬�»�­�
�³������� F  ³���»��F��î±´©¯���IFÝ XJ½�º���
F��°ÁÌ��� 0 M¥Å

�Â� �º���®©« ³� D¥� ���µ©�¨�¢¾�ª���ò�º��� �����ñ¢¤���Ï�Â¶®© ±���£¬£³�Ä±¬� ¢¤£³��Á�£Ä©�¨ ¸¹���°�� ³� �º���À��������������� 

3 9 2 1 8 5 7 4 6

8 5 7 4 9 6 1 3 2

1 4 6 7 3 2 9 5 8

4 7 9 8 5 1 6 2 3

5 2 8 6 7 3 4 1 9

6 1 3 2 4 9 8 7 5

2 8 4 5 6 7 3 9 1

7 3 1 9 2 8 5 6 4

9 6 5 3 1 4 2 8 7
� ��£ £³�´© F��»��Á½�º���®�»�¥¢¤���Ã¶Ä£³��¨ © � �§��� �»�à±Ä©��  �� ±���� D¥�³� ���³�¤�ë��� £³�IF��°£³��±³�ë�º��� �³�î©���F«©�£ F

�»�¥¢¤��� �����º��� � �ª� ±Ä���¤�î©��»� �°��Á �º���ß¢¤� 
�
 �§� F«©¯�î©«Å � ��£ ±¬����±�
ç�»��Á ¸ò���³�º���³£ ©�� J �¤���³£¦�§��±�
 �
� ����¨ �¬� �î� J¦¢ � Fµ�IF��¡±¬���î���¤�½©¬¢«¢¾� J��â���À±´©��  ³� ���ç��¶����È��� ¨ ©��»�¤�î©��°� HÄ©���F � ¢ F«©¯���NMÀ¶���£Ý©�� J
��£¬�²¢¾�ª� (r, c, n) �º�����°��¶���£¬¨½©¯������� ¸È���¬�º����£ n ��� �³���»�»�Õ©�¢ ���³���  ¦�ª� ±´©���F��NF«©¯���È¶���£��º��� ±Ä�¬�»� �»�
£³��¸ £ � ±�������¨ � ±�Å

 ��� ¸¹���°��F��»��±�� D¥��£��º��©¯�ï¨ ©�� J�� �"Fµ� 
ç� ¢¤� 
�
 �§�³�â�º��©¯�¹� JÑ¢¤��±Ä©¯�°�EJ ©¬¢«¢ �Ä©�£ �»� � �³¸È��¢�©¬¢ �³£¦�

±Ä©��  �� ����� D¥�IF� KJ J ��� £ ¢¤£³��Á�£Ä©�¨ ©���F ©�£³�ó�º���³£³��¶ç��£³�Ý�Ä©¯�IJ �À� D¥�³� � ¶ �º���XJ ©�£³�ó�ª©« ��¬�§�GF ©¯�ÞßÉ³èµÛÜÖµÞ ��£ ÇÚÐçÍÂè Å
Hint: �ä�ò���ß© F�DÌ���ç©« ¬�§�¿� ��� ���Ý�³¢¾���°¨�� 
 �ò¶ç��£�� � ±��î�³� ±XJ ���³£���� ���°� ±�� �º�¥��� ¸È�»�»�ï���¤� J½�ª�Ä© F

��� ¨½��£³� ±Ä��¨�¢¾���î±´©¯���IF ©���Fó��£¬£³��£ �§¢¤£³��� � ±�� Fµ��Å � � D¥�³�Ý�º��� D¥��£KJ �Ä¨½©¯�»�ô¢¤£��¥ ¦�§��¨ �Ä� 
 ���Õ���¡±¬�
�³¢¾���»¨ � 
 ©¯�������¤�à¸Ï��� � � ��©�D¥�®©ó� ������±��´©« ¦�§��� � ��±¬�â©�� J¯¸ ©�JÚÅ
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3.2 Recursion

�Ý�°£À�ç©�� ¨��°£ÌÅ
�â©�Dô©�£¬��©�� F��î±¬��� ¨ �ï¨½�Ä©�� �»��Á � ¸Ó� ©�£³��¸Ï� 
 Å

�Õ�¥���Ó���Ä±¬���î���Ý�°�¤��£³� F��¡±��¬�â£���±³� £¦��� D¥�Õ¶�� � ±¬���î���¤� �Ú¶�� � ±¬���î���¤�Ï�º��©¯��F��°£³��±¬�º� J ��£â�»� �
F��°£³��±¬�º� J ±´©¯�»�·�º����¨ó���¬� D¥�¬�ÑÅ 
 ���¼¸¹���°�·���Ä� �º��©¯� £���±³� £¦��� D¥� ¶Ä��� ±¬�������¤�½©�£³� D¥�³£KJ
� ©¯��� £�©¯�Õ�°� ¨½©�� JÝ�Ä�����¡©¯�������¤� �Ó©���F �º��©¯�Ó�º���XJ½�ª�Ä© F½��� ±���¨�¢�©µ±¬� ©���F £��Ä© F«©« ¦�ª�
±Ä� Fµ� ±¬�ª����� ��� ¨ ©¯�º���³¨½©¯����±Ä©¯� ¶���� ±³���î��� Fµ� � � �»���î���¤�çÅ ��� ¸¹���°�à©¯�­��� � �¦¢¾�ª©��°�
����¸ £³�Ä±³��£¦�Ä� D¥��¶���� ±³���î��� ±´©¯�»�­� ©�£³� ¢¤£³�Ì±��³�³���IF �ó©���F ����¸ £³��±³� £¦���î��� ±Ä©�� Hî�°�
¢¤£¬�°� ±³�²¢¾�ª� M  ³� £³�î¢¾�×©µ±��GF ¸¹���º� �����³£Ä©¯���î��� Å �Â� �º��� ����F � JÚ��� ¸¹���°� �����½��¸Ó�¼©¬¢ �
¢¾���î±´©¯���î���¤�
H�����£¦���°��Á �·©���F F�£�©�¸¹�»��ÁÏ¶�£�©µ±³�î©¯�²�NM �º��©¯��Fµ�³¨ ���¤����£�©¯��� �º���Ó¢ ��¸Ó�³£ ��£
£³�Ä±³��£¦�Ä�î��� Å

3.2.1 A warm-up
)óÐ�Ø¯ì Þ®ÐÑËÂÇµÉ³Þ®ÐçËÂÛÜÙ³Ð�áµÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒòÐÑÍÂÉÓØ ÐÑËÂÖ«ÍäÐ�áÜáñì èµÉ YÚØÚÉ�è £³��±���£¦��� D¥�¬� J íµÞßÉ¬Ð�ØµÛÜØµåëËÂÇÚÐçË¹ËÂÇµÉÓÔ×ÖµØµÙ �ËÂÛÜÊ�Ø¿ËÂÊ
_ ÉòèµÉ YÚØµÉ³èßÐÑÎÚÎ�É¬ÐçÍÂÒ ÛÜØ�ÛñËÂÒÃÊÑæ·Ø èµÉ YÚØµÛñËÂÛÜÊ�Ø¤é [ ÊÌÍÕÉIPµÐçÞÀÎ áñÉÌíÌÔ×ÊÌÍïÐçØ ì

n � � í�ËÂÇµÉòØ ÖµÞb_ ÉÄÍ
n!

Ù¬ÐçØ�ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�É³áñì
_ ÉÏèµÉ YÚØÚÉ�è Ð�Ò·Ô×Ê�áñáÜÊÑæ·Ò³é

n! :=

{
1,

ÛñÔ
n

�
1

n � (n − 1)!,
ÛÜÔ

n > 1
é

ê�Ø������ æ¹É Ù¬Ð�Ø Ð�áñÒ�Ê ÇÚÐXU�É ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉóÔ×ÖµØµÙ�ËÂÛñÊ�ØÚÒ �óÐ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø Þ®Ð³ì Ù¬Ð�áÜá¹ÛñËÂÒîÉ³áÜÔºé Æ¹ÇµÛÜÒ¿ÛÜÒ
ØµÊÌËÂÇµÛÜØµå ÉIP¥ÊÌËÂÛÜÙÌíÚÒ�ÛÜØµÙ³ÉëÐ�ÔÜËÂÉ�Í Ð�áÜá�íÚÐ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�Ù¬Ð�áÜá¾ÛÜÒ � ÖµÒîË ÐçØ ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø ËÂÇÚÐçË Ù³Ð�Ø ÛÜØóÎµÍÂÛÜØµÙ³ÛñÎÚáÜÉ
ÐçÎµÎ É¬ÐÑÍßÐ�Ø¯ìôæ ÇµÉ�Í�É�ÛÜØ ËÂÇµÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø�� Ò ÒîÙ³ÊÌÎ ÉÌí¹Ð�Øµè ËÂÇÚÐçË Ò�Ù³ÊÌÎ É�ÛÜØµÙ³áÜÖµèµÉ³Ò¿Ë�ÇÚÉ�Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø _ Ê èµì�é
�·É�Í�É·ÛÜÒ�ÐÏÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�É·Ô×ÖµØµÙ�ËÂÛñÊ�ØÀÔ×ÊÌÍïÙ³Ê�ÞÀÎÚÖ«ËÂÛÜØµå

n!
�¥ÛÜØÀÔªÐçÙ�Ë¬í Ë�ÇÚÛñÒÕèµÉ YÚØµÛñËÂÛÜÊ�Ø¿ÉIP«Ð�Ù�ËÂáñì�Þ®ÐçËÂÙäÇµÉ³Ò ËÂÇµÉ

Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�áÚèµÉ YÚØµÛñËÂÛÜÊ�Ø ÔÜÍÂÊ�ÞðÐ _ Ê�U�ÉÌé
// POST: return value is n!

unsigned int fac (unsigned int n)

{

if (n <= 1) return 1;

return n * fac(n-1); // n > 1

}

�·É�ÍÂÉ�íµË�ÇÚÉãÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø
fac(n-1)

ÛÜÒ·Ð £³�Ä±³��£¦��� D¥��±´©¯�»� Ê�Ô fac é

Infinite recursion.
S¼ÛñËÂÇ ÍÂÉ³Ù³Ö«ÍÂÒ�Û U�É�Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í æ¹É¿ÇÚÐXU�ÉàËÂÇµÉ ÒÂÐ�ÞßÉàÛÜÒ�ÒîÖÚÉ¿Ð�Ò æ·ÛñËÂÇ áÜÊôÊÌÎÚÒZ^ " É³Ù �

ËÂÛÜÊ�Ø \ é � é \ ` � ÛñËÈÛÜÒòÉ³Ð�Òîì®ËÂÊ�æòÍÂÛñËÂÉÓèµÊ¦æ ØóÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜáñÒ¹æ·ÇµÊ�Ò�ÉãÉIUÌÐ�áñÖ ÐÑËÂÛÜÊ�Ø�èµÊ É³ÒòØµÊÌËÈËÂÉ�ÍÂÞßÛñØ ÐÑËÂÉÌé
�·É�Í�ÉãÛÜÒ¹ËÂÇµÉÏÒ�ÇµÊÌÍ�ËÂÉ³ÒîËòæÈÐ³ì Ê�Ô¡Ù�ÍÂÉ¬ÐÑËÂÛÜØµå ÐçØóÛÜØ YÚØÚÛ²ËÂÉ ÍÂÉ³Ù³Ö«ÍÂÒîÛÜÊ�Ø �ÕèµÉ YÚØµÉÏË�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
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void f()

{

f();

}

æ Û²ËÂÇ�ØµÊÝÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ¿Ð�Øµè ÉIUÌÐ�áñÖ ÐÑËÂÉ Ë�ÇÚÉ ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø
f()

é Æ¹ÇµÉ ÍÂÉ³Ð�Ò�Ê�Ø Ô×ÊÌÍ ØÚÊ�Ø��»ËÂÉ�ÍÂÞßÛÜØÚÐçË�ÛÜÊ�Ø
ÛÜÒ®Ù³áÜÉ³ÐçÍ�� ËÂÇµÉ É U�Ð�áÜÖÚÐçËÂÛñÊ�Ø¼Ê�Ô

f()
Ù³Ê�ØµÒ�ÛÜÒ�ËÂÒ®Ê�ÔâÐ�Ø É U�Ð�áÜÖÚÐçËÂÛÜÊ�Ø Ê�Ô

f()
æ ÇµÛÜÙäÇ Ù�Ê�ØÚÒîÛÜÒîËÂÒ®Ê�ÔãÐ�Ø

É U�Ð�áÜÖÚÐçËÂÛñÊ�Ø Ê�Ô
f()

æ·ÇµÛÜÙäÇ¾éÄé³é�ì�Ê�Öóå�É�ËÈËÂÇµÉÓÎ ÛñÙ�ËÂÖ«ÍÂÉÌé
� Û ]�ÉãÔ×ÊÌÍòáÜÊôÊÌÎÚÒ³í¥Ë�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�Ø®Ç ÐçÒÈËÂÊ�Þ®Ð ]�ÉÓÒ�Ö«ÍÂÉÓËÂÇÚÐçË¹ÎÚÍ�Ê�åÌÍÂÉ³Ò�ÒÈËÂÊÑæÈÐÑÍÂèµÒ¹Ë�É�ÍÂÞßÛ �

ØÚÐçËÂÛÜÊ�Ø ÛÜÒÈÞ®Ð�èµÉÏÛñØ�É U�É�ÍîìóÔ×ÖµØµÙ�ËÂÛÜÊ�ØóÙ³Ð�áÜá�é [ ÊÌÍ·ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
fac

Ð _�Ê U�ÉÌí«ËÂÇµÛÜÒÈÛÜÒ¹ËÂÇµÉãÙ³Ð�Ò�É � É³Ð�ÙäÇ
ËÂÛÜÞßÉ

fac
ÛÜÒ�Ù¬Ð�áÜáÜÉ�è®Í�É³Ù³Ö«ÍÂÒ�ÛVU�É�áñì�íôËÂÇµÉ�U�Ð�áÜÖµÉ Ê�Ô ËÂÇµÉ Ù¬Ð�áÜá ÐÑÍÂå�ÖµÞßÉ³Ø Ë _ É³Ù³Ê�ÞßÉ³Ò�Ò�Þ®Ð�áÜáÜÉÄÍ¬íôÐçØÚèßæ·ÇÚÉ�Ø

ËÂÇµÉLU�Ð�áÜÖµÉÀÍÂÉ¬Ð�ÙäÇµÉ³Ò
1
í ØµÊ ÞßÊÌÍ�É ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�É®Ù¬Ð�áÜáÜÒëÐçÍÂÉßÎ É�ÍÂÔ×ÊÌÍ�ÞßÉ³è �¿æ¹É®ÒÂÐ³ìÝËÂÇÚÐçËàË�ÇÚÉÀÍ�É³Ù³Ö«ÍÂÒ�ÛÜÊ�Ø

�N_ ÊÌË�Ë�Ê�ÞßÒïÊ�ÖµË 	«é

3.2.2 The call stack
� É�Ë!� ÒßË�Íîì¼Ë�Ê ÖµØµèµÉ�ÍÂÒîËäÐçØÚè æ ÇÚÐçË®ÉIP«Ð�Ù�ËÂáñì ÇÚÐçÎµÎ É�ØÚÒ èµÖ«ÍÂÛÜØµå ËÂÇµÉ½É U�Ð�áÜÖÚÐçË�ÛÜÊ�Ø Ê�Ô

fac(3)
í ÒÂÐ³ì�é

Æ¹ÇÚÉ Ô×ÊÌÍÂÞ®Ð�á¿ÐçÍÂå�ÖµÞßÉ³Ø¯Ë
n
ÛÜÒ ÛÜØµÛñËÂÛ×Ð�áñÛ
�³É³è æ Û²ËÂÇ

3
í¿Ð�Øµè Ò�ÛÜØµÙ³É ËÂÇµÛÜÒ ÛÜÒ½åÌÍ�É¬ÐçËÂÉ�Í½ËÂÇÚÐ�Ø

1
íàËÂÇµÉ

ÒîËäÐÑËÂÉ³ÞßÉ³Ø¯Ë
return n * fac(n-1);

ÛÜÒ ÉIP¥É³Ù³Ö«ËÂÉ³è ØÚÉGP¥Ë¬éâÆÈÇµÛÜÒ�YµÍÂÒîËÓÉIUÌÐ�áñÖ ÐÑËÂÉ³Ò ËÂÇµÉ ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø
n * fac(n-1)

ÐçØÚè ÛÜØ®Î�ÐÑÍ�ËÂÛÜÙ³Öµá×ÐÑÍ ËÂÇµÉÏÍ�ÛÜå�Ç Ë¹ÊÌÎ ÉÄÍäÐ�Øµè
fac(n-1)

é " ÛÜØµÙ³É
n-1

ÇÚÐ�Ò�U�Ð�áÜÖµÉ
2
í¥ËÂÇµÉ

Ô×ÊÌÍÂÞ®Ð�á¤ÐÑÍÂå�ÖµÞßÉ³Ø Ë
n
ÛñÒÈËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉâÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É³èÀæ Û²ËÂÇ

2
é

��Ö«Ë·æÈÐ�ÛñË �Õæ ÇÚÐçË·ÛÜÒ���Ë�ÇÚÉ 	ÀÔ×ÊÌÍÂÞ®Ð�á¾ÐçÍÂå�ÖµÞßÉ³Ø¯Ë � � Ö«ËÂÊ�Þ®ÐÑËÂÛÜÙ ÒîËÂÊÌÍÂÐ�å�ÉâèµÖ«ÍäÐçËÂÛñÊ�ØóÛÜÞÀÎÚáÜÛÜÉ³Ò Ë�Ç ÐÑË
É¬Ð�ÙäÇ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�Ù¬Ð�áÜá¤ÇÚÐ�Ò·Û²ËÂÒ$�îÊÑæ·Ø�	�ÔÜÍÂÉ³Ò�Ç ÛÜØµÒîËÂÐ�ØµÙ³ÉãÊ�Ô¡ËÂÇµÉãÔ×ÊÌÍÂÞ®Ðçá¡ÐÑÍÂå�ÖµÞßÉ³Ø Ë¬í¥Ð�Øµè�ËÂÇµÉâáÜÛñÔ×É�ËÂÛÜÞßÉ
Ê�Ô ËÂÇµÛÜÒëÛñØÚÒ�ËäÐ�ØµÙ³É ÛñÒâËÂÇµÉ ÍÂÉ³Ò�Î É³Ù�ËÂÛ U�ÉÀÔ×ÖµØÚÙÄËÂÛÜÊ�Ø Ù¬Ð�áÜá»é ê�Ø É U�Ð�áÜÖÚÐçË�ÛÜØµå

f(n-1)
í æ¹É Ë�ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉßå�É�Ë

ÐÀØµÉ�æ ÛñØÚÒ�ËäÐ�ØµÙ³ÉàÊ�Ô ËÂÇµÉàÔ×ÊÌÍÂÞ®Ð�á¡ÐçÍÂå�ÖµÞßÉ³Ø¯Ë
n
í�Ê�Ø ËÂÊÌÎ Ê�Ô Ë�ÇÚÉëÎµÍÂÉIU¥ÛÜÊ�ÖµÒ ÛÜØµÒîËäÐçØÚÙ�ÉëÔÜÍÂÊ�Þ ËÂÇµÉàÙ¬Ð�áñá

f(3)
^°ËÂÇÚÐçËïÇÚÐ�Ò ØµÊÌË ì�É�ËïË�É�ÍÂÞßÛÜØÚÐçËÂÉ�è `´é ��Ö«Ë æ ÇµÛÜÙäÇßÛÜØµÒîËÂÐ�ØµÙ³É Ê�Ô

n
èÚÊëæ¹É·ÖÚÒîÉ ÛÜØßËÂÇµÉ É U�Ð�áÜÖÚÐçËÂÛÜÊ�Ø

Ê�Ô
f(n-1)

��� ÖÚÛ²ËÂÉ�ØÚÐçË�ÖµÍÂÐ�áÜáñì�í ÛñËÏæ ÛñáÜáT_ É¿ËÂÇµÉ�ØµÉ�æ Ê�ØµÉÌí¡Ë�ÇÚÉ¿Ê�ØµÉ�ËÂÇÚÐçË��N_ É�áÜÊ�Øµå�Ò 	 Ë�Ê ËÂÇµÉ Ù³Ð�áÜá
f(n-1)

éÃÆÈÇµÛÜÒ Í�ÖÚáñÉ ÛÜÒïÛÜØ®áÜÛÜØµÉ·æ·ÛñËÂÇßËÂÇµÉÓå�É³ØµÉ�ÍäÐ�á�ÒîÙ³ÊÌÎ É ÍÂÖµáÜÉ³ÒïÔÜÍÂÊ�Þ " É³ÙÄËÂÛÜÊ�Ø \ é � é � � Ë�ÇÚÉ Í�É³áÜÉ U�Ð�Ø Ë
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø ÛÜÒòÐ�áñæÈÐ³ì¥ÒïËÂÇµÉÏÞßÊ�ÒîË¹ÍÂÉ³Ù³É�Ø Ë Ê�ØµÉÓËÂÇÚÐçËÈÛÜÒÈÒîËÂÛÜáÜá UôÛÜÒ�ÛV_ÚáÜÉ�é

ÆÈÇµÉ¿ËÂÉ³ÙäÇµØÚÛñÙ¬Ð�á ÍÂÉ¬Ð�áñÛ
�¬ÐçËÂÛñÊ�Ø½Ê�ÔÃËÂÇµÛÜÒãÛñÒ U�É�Íîì Ò�ÛñÞÀÎ áñÉÌé ��U�ÉÄÍ�ìôËÂÛñÞßÉ�Ð Ô×ÖµØÚÙÄËÂÛÜÊ�Ø ÛñÒãÙ¬ÐçáÜáÜÉ³è¤í ËÂÇµÉ
Ù¬Ð�áñáòÐÑÍÂå�ÖµÞßÉ³Ø Ë¿ÛÜÒ�É UÌÐçáÜÖÚÐçËÂÉ³è¤í ÐçØÚè ËÂÇµÉ ÍÂÉ³ÒîÖÚá²ËÂÛÜØµå U�Ð�áÜÖµÉ ÛÜÒ¿ÎÚÖ«ËÀÊ�Ø ËÂÇµÉ ±Ä©¯�°�Ó�³�î©µ±�
 æ ÇµÛÜÙäÇ ÛÜÒ
Ò�ÛÜÞÀÎÚáñìßÐàÍ�É³å�ÛÜÊ�ØóÛÜØ ËÂÇµÉãÙ�Ê�ÞÀÎ Ö«ËÂÉÄÍ!� Ò¹ÞßÉ³ÞßÊÌÍ�ì�é �

� Û ]�É ÐÀÒîËäÐ�Ù ] Ê�Ô Î ÐçÎ É�ÍÂÒ·Ê�Ø ì�Ê�Ö«ÍÓèµÉ³Ò ]�í�ËÂÇµÉàÙ¬Ð�áÜá Ò�ËäÐ�Ù ] ÇÚÐ�Ò ËÂÇµÉëÎµÍÂÊÌÎ É�ÍîË ì�ËÂÇÚÐçË ËÂÇµÉàÊ _ ��É�Ù�Ë
ËÂÇÚÐçËòÙ¬Ð�ÞßÉÓá×Ð�Ò�Ë·ÛÜÒ��îÊ�Ø�ËÂÊÌÎ�	«é �òÎ Ê�Ø�Ë�É�ÍÂÞßÛÜØÚÐçËÂÛñÊ�Ø Ê�Ô Ð�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá»í¥ËÂÇµÉãËÂÊÌÎ Ê _ � É³Ù�ËòÛÜÒ¹ËäÐ ]�É³Ø
Ê �óËÂÇµÉ Ò�ËäÐ�Ù ]®Ð�å�Ð�ÛñØ¾é�S¼ÇµÉ³ØµÉ U�É�ÍòÐâÔ×ÖµØµÙ�ËÂÛñÊ�Ø Ù³Ð�áÜá�ÐçÙ³Ù³É³Ò�ÒîÉ³ÒòÊÌÍ Ù´ÇÚÐ�Øµå�É³ÒïÛ²ËÂÒ Ô×ÊÌÍÂÞ®Ð�á�ÐçÍÂå�ÖµÞßÉ³Ø¯Ë¬í Û²Ë
èµÊôÉ³ÒÈÒ�Ê _ ì Ð�Ù³Ù³É³ÒîÒ�ÛÜØµå ÊÌÍòÙäÇ ÐçØÚå�ÛñØÚå ËÂÇµÉâÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÛÜØµå¿Ê _ � É³ÙÄËòÊ�Ø ËÂÊÌÎ Ê�Ô¡Ë�ÇÚÉãÒîËäÐ�Ù ]�é

ÆÈÇµÛÜÒÈÇÚÐ�Ò ÐçáÜá ËÂÇµÉÏÎµÍÂÊÌÎ ÉÄÍ�ËÂÛÜÉ³Ò¹æ¹ÉãæÈÐçØ Ë��ÃÉ U�É�Í�ì�Ô×ÖµØÚÙÄËÂÛÜÊ�ØóÙ¬ÐçáÜá æ¹ÊÌÍ ]¥ÒÈæ ÛñËÂÇ ÛñËÂÒÈÊÑæ·ØóÛÜØµÒîËäÐçØÚÙ�É
Ê�Ô«ËÂÇµÉïÔ×ÊÌÍÂÞ®Ð�áôÐçÍÂå�ÖµÞßÉ³Ø Ë��Ìæ ÇµÉ³Ø ÛñË Ù¬ÐçáÜáÜÒ Ð�ØµÊÌËÂÇµÉ�Í Ô×ÖµØµÙ�ËÂÛñÊ�Ø ^»ÊÌÍ ËÂÇµÉïÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø ÛñËÂÒ�É³áñÔµÍ�É³Ù³Ö«ÍÂÒ�ÛVU�É�áñìa`Äí
ËÂÇµÛÜÒïÛÜØµÒîËÂÐ�ØµÙ³É�_ É³Ù³Ê�ÞßÉ³Ò Ë�É³ÞÀÎ ÊÌÍäÐçÍ�ÛÜáñì¿ÇµÛÜèµèÚÉ�Ø¾íôÖÚØ¯ËÂÛÜá�ËÂÇµÉÓØµÉ³ÒîËÂÉ�è�Ù¬Ð�áñá�ÇÚÐ�ÒïËÂÉ�ÍÂÞßÛÜØÚÐçË�É³è¤é �ïËÈË�Ç ÐÑË
Î Ê�ÛÜØ¯Ë¬í Ë�ÇÚÉÓÛÜØµÒîËÂÐ�ØµÙ³É ÍÂÉ¬ÐçÎµÎ É³ÐçÍÂÒ¹Ê�Ø Ë�ÊÌÎóÊ�Ô¤ËÂÇµÉ ÒîËäÐ�Ù ] Ð�Øµè�ÐçáÜáÜÊ¦æ Ò�ËÂÇµÉ ÊÌÍÂÛñå�ÛÜØÚÐ�á�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áñá�ËÂÊ
æ¹ÊÌÍ ]®æ Û²ËÂÇ�ÛñËòÐ�å�ÐçÛÜØ¤é
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Æ Ð _ÚáÜÉ � Ò�ÇµÊÑæ·ÒãÇµÊ¦æ Ë�ÇÚÛñÒÏáñÊôÊ ]¥Ò áñÛV]�É Ô×ÊÌÍ

f(3)
í Ð�ÒîÒ�ÖµÞßÛÜØµå®Ë�Ç ÐÑË ËÂÇµÉ¿ÍÂÛñå�Ç ËÏÊÌÎ É�ÍäÐçØÚè½Ê�ÔÕËÂÇµÉ

Þ¿ÖÚá²ËÂÛñÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�Ø ÊÌÎ É�ÍÂÐçËÂÊÌÍ ÛñÒ Ð�áñæÈÐ³ì¥Ò¡É U�Ð�áÜÖÚÐçËÂÉ³èZYµÍÂÒ�Ë¬é � ÖµËîËÂÛÜØµå Ð�ØàÊ _ � É³Ù�Ë Ê�ØëËÂÇµÉ Ò�ËäÐ�Ù ] ��ÎÚÖµÒ�ÇµÉ³Ò 	
ÛñË¬íµÐçØÚè ËäÐ ]¥ÛñØÚåàËÂÇµÉÓËÂÊÌÎ Ê _ � É³Ù�ËòÊ�Ô ��Î ÊÌÎÚÒ 	�ÛñË¬é

Ù³Ð�áÜá ÒîËäÐçÙ ] ^ _ ÊÌËîËÂÊ�Þ ←→ ËÂÊÌÎ ` É U�Ð�áÜÖÚÐçË�ÛÜÊ�Ø ÒîÉXWôÖµÉ³ØµÙ³É Ð�Ù�ËÂÛñÊ�Ø

����� fac(3)
ÎÚÖµÒ�Ç

3

����� n: 3 n * fac(n-1)

����� n: 3 n * fac(2)
ÎÚÖµÒ�Ç

2

����� n: 3 n: 2 n * (n * fac(n-1))

����� n: 3 n: 2 n * (n * fac(1))
ÎÚÖµÒ�Ç

1

����� n: 3 n: 2 n: 1 n * (n * 1)
Î�ÊÌÎ

����� n: 3 n: 2 n * (2 * 1)

����� n: 3 n: 2 n * 2
Î ÊÌÎ

����� n: 3 3 * 2

����� n: 3 6
Î ÊÌÎ

�����

Table 5: ����� ±´©¯�»�ë�³�î©µ±�
 �½©���F ����¸ �»� � D¥���EDô�¬� F�� £¬�»��Á ©�� �XDô©¯���¡©¯������� �Â¶ fac(3)
� �º���

£³�¬� ¢ ��±¬��� D¥�LDô©¯��� � �Â¶ n �����������»�®©¯��¸ ©�Jô�¿�º��� ��� ����� ���³¢
��É³Ù¬Ð�ÖµÒ�É Ê�ÔëË�ÇÚÉ½Ù¬Ð�áÜáãÒîËäÐ�Ù ]�íãÛÜØ YÚØµÛñËÂÉ ÍÂÉ³Ù�ÖµÍ�Ò�ÛÜÊ�ØµÒóèµÊ ØµÊÌË Ê�Øµáñì¼Ù³Ê�ØµÒ�ÖµÞßÉ½ËÂÛñÞßÉ _ÚÖ«Ë Ð�áñÒ�Ê

ÞßÉ³ÞßÊÌÍ�ì�é �·ØµáÜÛV]�É ÛÜØ YÚØµÛñËÂÉëáñÊôÊÌÎÚÒ³í�ËÂÇµÉ�ì ÖµÒ�ÖÚÐ�áÜáñìóáÜÉ¬Ð�è ËÂÊ�ÐÀÎµÍÂÊ�åÌÍäÐçÞ Ð _ ÊÌÍ�ËÂÛÜÊ�Ø½Ð�ÒÓÒ�Ê Ê�ØÝÐ�ÒÓËÂÇµÉ
ÞßÉ³ÞßÊÌÍ�ì ÍÂÉ³Ò�É�Í U�É³è Ô×ÊÌÍ·ËÂÇµÉÏÙ¬Ð�áÜá¤ÒîËÂÐ�Ù ] ÛñÒòÔ×ÖµáÜá�é

3.2.3 Basic practice
� É�Ë¹ÖµÒïÙ³Ê�ØµÒ�ÛÜèµÉ�Í Ë æ¹Ê ÞßÊÌÍÂÉ·ÒîÛÜÞÀÎÚáÜÉÈÍ�É³Ù³Ö«ÍÂÒ�ÛVU�ÉÓÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ�Ë�Ç ÐÑË¹ÐçÍÂÉ Ò�Ê�ÞßÉÄæ ÇÚÐçË ÞßÊÌÍ�É·ÛÜØ¯ËÂÉ�ÍÂÉ³Ò�ËÂÛÜØµå
ËÂÇÚÐ�Ø

fac
éãÆ¹ÇÚÉÄì Ò�ÇµÊÑæ ËÂÇÚÐçË Í�É³Ù³Ö«ÍÂÒ�ÛVU�É Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÏÐçÍÂÉëÎ ÐçÍîËÂÛÜÙ³Öµá×ÐçÍ�áñìóÐçÞßÉ³ØÚÐ _ÚáÜÉãËÂÊ Ù³ÊÌÍ�Í�É³Ù�ËÂØµÉ³Ò�Ò

ÎµÍÂÊôÊ�Ô×Ò®Ê�ÔÏËÂÇµÉ³ÛñÍßÎ Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�ØµÒ³íÈÐ�Øµè ËÂÇµÛÜÒßÞ®Ð ]�É³ÒÀËÂÇµÉ³Þ ÐçË�Ë�ÍÂÐ�Ù�ËÂÛVU�É�é � Ø ËÂÇµÉ ÊÌËÂÇµÉ�Í ÇÚÐ�Øµè¾í
æ¹É Ð�áÜÒ�Ê Ò�É³É ËÂÇÚÐçË ÛñË¿ÛÜÒ É¬Ð�Ò�ì Ë�Ê æòÍÂÛñËÂÉßÛÜØµØµÊôÙ�É³Ø Ë���áÜÊôÊ ]ôÛÜØµåóÍÂÉ³Ù³Ö«ÍÂÒîÛVU�É Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒàËÂÇÚÐçË�ÐçÍ�É
U�ÉÄÍ�ì
ÛÜØµÉ � Ù³ÛÜÉ³Ø¯ËòËÂÊ¿É U�Ð�áÜÖÚÐçËÂÉ�é

Greatest common divisor.
�ïÊ�ØÚÒîÛÜèµÉ�ÍãË�ÇÚÉ ÎµÍÂÊ _ÚáÜÉ³Þ Ê�Ô YÚØµèµÛÜØµå ËÂÇµÉ�åÌÍÂÉ¬ÐçËÂÉ�ÒîËâÙ�Ê�ÞßÞßÊ�Ø èµÛVUôÛÜÒ�ÊÌÍ

å�Ù³è
(a, b)

Ê�ÔÚË æ¹ÊãØÚÐçËÂÖ«ÍäÐçá«ØôÖµÞb_�É�ÍÂÒ
a, b

é Æ¹ÇµÛÜÒ ÛÜÒ èÚÉIY ØµÉ³èÀÐ�Ò ËÂÇµÉòá×ÐÑÍÂå�É³ÒîËÃØÚÐçËÂÖ«ÍäÐ�áôØôÖµÞb_�É�Í ËÂÇÚÐçË
èµÛVU¥ÛñèÚÉ�Ò _ ÊÌËÂÇ

a
Ð�Øµè

b
æ ÛñË�ÇÚÊ�Ö«ËÓÍÂÉ³Þ®ÐçÛÜØµèÚÉÄÍ¬éßê�ØÝÎ ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¾å�Ù³è

(n, 0) =
å�Ù�è

(0, n) = n
Ô×ÊÌÍ

n > 0
�µáÜÉ�ËÈÖµÒ·Ð�áñÒ�Ê èµÉ YÚØµÉãå�Ù�è

(0, 0) := 0
é

ÆÈÇµÉ �È�¡±¬�­� Fµ�Ä©��¼©¯��Á«��£¬�»�º�¥¨ Y ØµèµÒÈå�Ù³è
(a, b)

í _ Ð�ÒîÉ³èóÊ�Ø�ËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµå

Lemma 1 �×¶ b > 0 �¹�º�����
å�Ù³è

(a, b) =
å�Ù³è

(b, a
ÞßÊôè

b).
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Proof.
� É�Ë

k
_�ÉâÐ èµÛVU¥ÛÜÒîÊÌÍòÊ�Ô

b
é [ Í�Ê�Þ

a = (a
èµÛVU

b)b + a
ÞßÊ è

b

ÛñËÈÔ×Ê�áÜáÜÊ¦æ ÒïËÂÇÚÐçË
a

k
= (a

èµÛVU
b)

b

k
+

a
ÞßÊôè

b

k
.

" ÛÜØµÙ³É
a
èµÛVU

b
Ð�Øµè

b/k
ÐçÍÂÉÏÛÜØ Ë�É³å�É�ÍÂÒ³í¥æ¹Éãå�É�Ë

a
ÞßÊôè

b

k
� � ⇔ a

k
� � .

ê�Ø æ¹ÊÌÍÂèµÒ³í ÛÜÔ
k
ÛÜÒÓÐßèµÛVUôÛÜÒ�ÊÌÍ Ê�Ô

b
í�ËÂÇµÉ³Ø

k
èµÛVUôÛÜèµÉ³Ò

a
ÛÜÔ�ÐçØÚè Ê�Øµáñì ÛÜÔ

k
èµÛVU¥ÛÜèµÉ³Ò

a
ÞßÊôè

b
éâÆ¹ÇµÛÜÒ

ÞßÉ¬Ð�ØµÒ³íÚËÂÇµÉ èÚÛ U¥ÛÜÒ�ÊÌÍ�Ò Ê�Ô
a ©���F b

ÐçÍÂÉàÉGPµÐ�Ù�Ë�áñìóËÂÇµÉàèµÛVU¥ÛñÒ�ÊÌÍÂÒ Ê�Ô
b ©���F a

ÞßÊ è
b
éÓÆÈÇµÛÜÒ ÎµÍÂÊ�U�É³Ò

ËÂÇÚÐçËÈå�Ù³è
(a, b)

Ð�Øµè å�Ù³è
(b, a

ÞßÊôè
b)

ÐçÍ�ÉâÉXW Ö Ðçá�é
�

�·É�ÍÂÉÓÛÜÒïËÂÇµÉ Ù³ÊÌÍîÍÂÉ³ÒîÎ Ê�ØµèµÛÜØµå������ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø Ô×ÊÌÍòÙ�Ê�ÞÀÎ Ö«ËÂÛñØÚåãËÂÇµÉÏåÌÍ�É¬ÐçËÂÉ³Ò�ËòÙ�Ê�ÞßÞßÊ�ØÀèµÛVU¥ÛÜÒîÊÌÍ
Ê�Ô¡Ë æ¹Ê

unsigned int
U�Ð�áÜÖµÉ³Ò³íµÐ�Ù�Ù³ÊÌÍÂèµÛÜØµå�ËÂÊ ËÂÇµÉ � ÖµÙ³áÜÛÜèµÉ¬ÐçØ�Ð�áñå�ÊÌÍÂÛñËÂÇµÞ é

// POST: return value is the greatest common divisor of a and b

unsigned int gcd (unsigned int a, unsigned int b)

{

if (b == 0) return a;

return gcd(b, a % b); // b != 0

}

Æ¹ÇÚÉ�� ÖÚÙ�áÜÛÜèµÉ¬Ð�Ø Ð�áÜå�ÊÌÍÂÛ²ËÂÇµÞ ÛÜÒRU�É�Í�ì ÔªÐ�Ò�Ë¬é�S ÉãÙ³Ð�Ø�É¬ÐçÒ�ÛÜáñìßÙ³Ð�áÜá ÛñË¹Ô×ÊÌÍ·Ð�Ø ì
unsigned int

U�Ð�áÜÖµÉ³Ò
Ê�ØóÊ�Ö«ÍÈÎ áÜÐçËÂÔ×ÊÌÍÂÞ í¯æ ÛñËÂÇµÊ�Ö«Ë¹ØµÊÌËÂÛÜÙ³ÛñØÚå¿Ð�Ø¯ì�èµÉ³áÜÐ¬ì®ÛñØ�ËÂÇµÉãÉIUÌÐ�áñÖ ÐÑËÂÛÜÊ�Ø¤é

Correctness and termination.
[ ÊÌÍãÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉÀÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í¾ÛñËãÛÜÒãÊ�ÔÜË�É³Ø U�É�Í�ì É¬Ð�Òîì ËÂÊ ÎµÍÂÊ�U�É ËÂÇÚÐçË

ËÂÇµÉßÎ Ê�ÒîËÂÙ�Ê�ØÚèµÛñË�ÛÜÊ�Ø ÛÜÒ Ù³ÊÌÍ�ÍÂÉ�Ù�Ë¬í�_ôì ÖµÒ�ÛÜØµå ËÂÇµÉ®ÖÚØµèµÉ�ÍÂá²ì¥ÛÜØµå Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á èµÉ YÚØµÛñËÂÛÜÊ�Ø èµÛñÍ�É³Ù�ËÂáñì
^�áÜÛ ]�É

n!
Ô×ÊÌÍ

fac
`Äí ÊÌÍ _ ì ÖµÒ�ÛÜØµå Ò�Ê�ÞßÉ�ÔªÐ�Ù�ËÂÒàËÂÇÚÐçËàÔ×Ê�áñáÜÊÑæ ÔÜÍÂÊ�Þ Ë�ÇÚÉßÞ®ÐÑËÂÇµÉ³Þ®ÐçËÂÛÜÙ³Ð�á èµÉ YÚØµÛñËÂÛÜÊ�Ø

^�áÜÛ ]�É � É³ÞßÞ®Ð � Ô×ÊÌÍ
gcd

`Äé
ÆÈÇµÉãÙ³ÊÌÍ�ÍÂÉ³ÙÄËÂØµÉ³Ò�Ò ÎµÍÂÊôÊ�Ô¡Þ�ÖµÒîËòÛÜØ U�Ê�áVU�ÉëÐàËÂÉ�ÍÂÞßÛñØ ÐÑËÂÛÜÊ�ØßÎµÍÂÊôÊ�ÔºíÚÒ�ÊÀáÜÉÄË!� ÒÈÒîËäÐçÍîË·æ Û²ËÂÇ ËÂÇµÛÜÒ � Ð�Ø¯ì

Ù¬Ð�áñá�ËÂÊ
gcd

Ë�É�ÍÂÞßÛÜØÚÐçËÂÉ�Ò³íôÒ�ÛñØÚÙ�ÉÏËÂÇµÉ
UÌÐçáÜÖµÉ
b
Ê�Ô¡Ë�ÇÚÉÓÒ�É�Ù³Ê�Øµè ÐçÍÂå�ÖµÞßÉ³Ø¯Ë¹ÛÜÒ�_�Ê�ÖÚØµèµÉ³è ÔÜÍÂÊ�Þ _ É³áÜÊ¦æ

_ôì
0
Ð�Øµèóå�É�ËÂÒòÒ�Þ®Ð�áÜáñÉ�ÍïÛÜØ É U�É�Í�ì ÍÂÉ³Ù³Ö«ÍÂÒ�Û U�ÉâÙ¬Ð�áñá ^»æ¹ÉãÇÚÐXU�É

a
ÞßÊôè

b < b
`Äé

� ÛVU�É�ØóËÂÇµÛÜÒ³íµËÂÇµÉâÙ³ÊÌÍ�Í�É³Ù�ËÂØµÉ³Ò�Ò Ê�Ô Ë�ÇÚÉÏÎ Ê�ÒîËÂÙ�Ê�ØÚèµÛñË�ÛÜÊ�Ø�Ô×Ê�áÜáñÊÑæ·ÒòÔÜÍÂÊ�Þ � É�ÞßÞ®Ð � _ôì�ÛÜØµèÚÖµÙ�Ë�ÛÜÊ�Ø
Ê�Ø

b
é [ ÊÌÍ

b = 0
íµËÂÇµÛÜÒ·ÛñÒ·Ù³áÜÉ³ÐçÍ¬é [ ÊÌÍ

b > 0
íÚæ¹ÉëÛÜØµèµÖÚÙÄËÂÛVU�É³áñì ÐçÒ�Ò�ÖµÞßÉãËÂÇÚÐçËòËÂÇµÉâÎ Ê�ÒîË�Ù³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø

ÛÜÒÓÙ³ÊÌÍ�Í�É³Ù�ËëÔ×ÊÌÍâÐ�áÜá Ù³Ð�áÜáÜÒ ËÂÊ
gcd

æ ÇµÉ�Í�É¿ËÂÇµÉ Ò�É³Ù�Ê�ØÚè ÐÑÍÂå�ÖµÞßÉ³Ø ËÓÇÚÐ�Ò�U�Ð�áÜÖµÉ
b � < b

é " ÛñØÚÙ�É
b � =

a
ÞßÊ è

b
ÒÂÐçË�ÛÜÒ YÚÉ³Ò

b � < b
í�æ¹ÉàÞ®Ð³ìóÐçÒ�Ò�ÖµÞßÉâËÂÇÚÐçË Ë�ÇÚÉàÙ³Ð�áÜá

gcd(b, a % b)
Ù³ÊÌÍ�Í�É³Ù�ËÂáñì�ÍÂÉ�ËÂÖ«ÍÂØµÒ

å�Ù³è
(b, a

ÞßÊôè
b)
é ��Ö«Ë�_ ì Ë�ÇÚÉÏáÜÉ³ÞßÞ®Ð íôå�Ù³è

(b, a
ÞßÊôè

b) =
å�Ù�è

(a, b)
í¥Ò�Ê¿ËÂÇµÉâÒîËäÐÑËÂÉ³ÞßÉ³Ø¯Ë

return gcd(b, a % b);

Ù³ÊÌÍ�Í�É³Ù�ËÂáñì®ÍÂÉÄËÂÖ«ÍÂØµÒòå�Ù³è
(a, b)

é
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Fibonacci numbers.
Æ¹ÇµÉ Ò�ÉXW ÖÚÉ�ØÚÙ�É

0, 1, 1, 2, 3, 5, 8, 13, 21, . . .
Ê�Ô � �� ���� ©µ±�±³�ï� � ¨½ ³��£¦� ÛÜÒÕÊ�ØÚÉÊ�ÔÓËÂÇµÉ ÞßÊ�Ò�Ë®ÔªÐ�ÞßÊ�ÖµÒÀÒ�ÉXW ÖÚÉ�ØÚÙ�É³Ò�ÛÜØ¼Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ³Ò³é [ ÊÌÍÂÞ®ÐçáÜáñì�í�ËÂÇµÉ Ò�ÉXW ÖµÉ³ØµÙ³É ÛÜÒßèµÉ YÚØµÉ³è Ð�Ò

Ô×Ê�áÜáÜÊ¦æ Ò�é
F0 := 0,

F1 := 1,

Fn := Fn−1 + Fn−2, n > 1.

Æ¹ÇÚÛñÒÏÞßÉ³Ð�ØµÒ³í¤É U�É�Í�ì½É³áÜÉ³ÞßÉ�Ø ËÓÊ�Ô�ËÂÇµÉ Ò�ÉXW ÖµÉ³ØµÙ³ÉÀÛÜÒ ËÂÇµÉ¿Ò�ÖµÞ Ê�ÔÃËÂÇµÉ¿Ë æ¹Ê®ÎÚÍ�É U¥ÛÜÊ�ÖµÒÏÊ�ØµÉ³Ò³é [ ÍÂÊ�Þ
ËÂÇµÛÜÒ èµÉ YÚØµÛñËÂÛñÊ�Ø¾í�æ¹É Ù¬ÐçØ ÛñÞßÞßÉ³èµÛ×ÐçËÂÉ³á²ìëæ·ÍÂÛ²ËÂÉ·èµÊ¦æ Ø ÐãÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�É������ Ô×ÖµØµÙ�ËÂÛñÊ�Ø Ô×ÊÌÍ¹Ù�Ê�ÞÀÎ Ö«ËÂÛñØÚå
[ ÛV_�Ê�Ø ÐçÙ³Ù³Û¤ØôÖµÞ�_ É�ÍÂÒ³í«å�ÉÄË�ËÂÛÜØµå ËÂÉ�ÍÂÞßÛÜØÚÐçË�ÛÜÊ�Ø®Ð�ØµèóÙ³ÊÌÍ�Í�É³Ù�ËÂØµÉ³Ò�ÒòÔ×ÊÌÍ·ÔÜÍ�É³ÉÌé
// POST: return value is the n-th Fibonacci number F_n

unsigned int fib (unsigned int n)

{

if (n == 0) return 0;

if (n == 1) return 1;

return fib(n-1) + fib(n-2); // n > 1

} ê�Ô ì�Ê�Ö æòÍÂÛñËÂÉ·ÐâÎÚÍ�Ê�åÌÍäÐ�Þ Ë�Ê¿Ù�Ê�ÞÀÎ Ö«ËÂÉÈËÂÇµÉ [ ÛV_�Ê�Ø ÐçÙ³Ù³Û�Ø ÖÚÞ�_ É�Í
Fn

ÖµÒ�ÛñØÚåëË�ÇÚÛñÒ Ô×ÖµØÚÙÄËÂÛÜÊ�Ø¤í ì�Ê�Ö
æ ÛñáÜá«ØµÊÌËÂÛÜÙ³É¹ËÂÇÚÐçËÕÒ�Ê�ÞßÉ�æ ÇµÉ�Í�É�_ ÉÄË æ¹É�É³Ø

n = 30
Ð�Øµè

n = 50
í�ËÂÇµÉòÎµÍÂÊ�åÌÍÂÐ�Þ _�É³Ù³Ê�ÞßÉ³Ò�U�É�Í�ì�Ò�áÜÊ¦æëé

� Ê�Ö�É U�É�Ø ØÚÊÌË�ÛÜÙ³ÉÏÇÚÊ¦æ Þ¿ÖÚÙäÇóÒîáÜÊÑæ¹ÉÄÍ·ÛñË _ É�Ù³Ê�ÞßÉ³Òïæ ÇµÉ³Ø�ì�Ê�Ö�ÛÜØµÙ�ÍÂÉ¬Ð�ÒîÉ
n

_ ì�� ÖµÒîË
1
é

ÆÈÇµÉ ÍÂÉ¬Ð�Ò�Ê�Ø ÛñÒ¿ËÂÇÚÐçË¿ËÂÇµÉ�Þ®ÐÑËÂÇµÉ³Þ®ÐçËÂÛÜÙ³Ð�áÕèµÉ YÚØµÛñËÂÛñÊ�Ø Ê�Ô
Fn

èµÊ É³Ò ØµÊÌË�áÜÉ¬Ð�è�Ë�ÊÝÐ�Ø É � Ù³ÛÜÉ³Ø¯Ë
Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞ í¬Ò�ÛÜØµÙ³É¹Ð�áñá U�Ð�áÜÖµÉ³Ò

Fi, i < n−1
í�ÐçÍ�É�ÍÂÉ�Î É³ÐçËÂÉ³èµáñìãÙ³Ê�ÞÀÎÚÖ«ËÂÉ³è¤í�Ò�Ê�ÞßÉÕÊ�Ô«ËÂÇµÉ³Þ ÉIPôË�ÍÂÉ³ÞßÉ�áñì

Ê�ÔÜËÂÉ³Ø¤é � Ê�Ö Ù³Ð�Ø Ô×ÊÌÍãÉIPµÐçÞÀÎ áñÉàÙ´ÇµÉ³Ù ] ËÂÇÚÐçË ËÂÇµÉ¿Ù¬Ð�áÜá ËÂÊ
fib(50)

Ù�Ê�ÞÀÎ Ö«ËÂÉ�Ò
F48

Ð�á²ÍÂÉ¬Ð�è«ì Ë æ ÛÜÙ�É
^�Ê�ØµÙ³É¿èµÛñÍÂÉ³Ù�Ë�áñì ÛÜØ

fib(n-2)
í ÐçØÚè½Ê�ØµÙ³É ÛÜØµèµÛñÍÂÉ�Ù�ËÂáñì ÔÜÍ�Ê�Þ

fib(n-1)
é

F47

ÛÜÒÏÙ³Ê�ÞÀÎÚÖ«ËÂÉ³è½Ë�ÇµÍ�É³É
ËÂÛÜÞßÉ�Ò³í

F46

YaU�ÉÓËÂÛÜÞßÉ³Ò³í¥Ð�Øµè
F45

É³ÛÜå�Ç¯Ë¹ËÂÛÜÞßÉ³Ò
^�èµÊ ì�Ê�Ö Ò�É³ÉëÐàÎ ÐçË�ËÂÉÄÍÂØ � `Äé

3.2.4 Recursion versus iteration
[ ÍÂÊ�Þ ÐßÒîË�ÍÂÛñÙ�ËÂáñì�Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�á Î Ê�ÛÜØ¯Ë Ê�Ô�U¥ÛÜÉ�æâí�ÍÂÉ³Ù�ÖµÍ�Ò�ÛÜÊ�Ø ÛÜÒ Ò�Ö«Î É�Í QÚÖµÊ�ÖµÒ³í Ò�ÛÜØµÙ³É ÛñË Ù¬Ð�Ø _�É¿ÒîÛÜÞ�Ö��
á×ÐçË�É³èÀËÂÇ«ÍÂÊ�Öµå�Ç®ÛñËÂÉ�ÍäÐÑËÂÛÜÊ�Ø ^ºÐçØÚè ÐëÙ¬ÐçáÜá�ÒîËÂÐ�Ù ]ßÉIP¥ÎÚáÜÛñÙ³ÛñËÂáñì¿Þ®Ð�ÛñØ ËäÐ�ÛñØÚÉ�è _ôì ËÂÇµÉ·ÎµÍÂÊ�åÌÍäÐ�Þ ��æ¹É Ù³Ê�ÖµáÜè
Ò�ÛÜÞ¿Öµá×ÐçËÂÉòËÂÇµÉãÙ¬ÐçáÜá ÒîËäÐ�Ù ]®æ Û²ËÂÇóÐ�Ø�ÐçÍ�ÍäÐ³ì `Äé�S ÉãèµÊ�Ø�� ËÈÇÚÐXU�ÉÏË�ÇÚÉÏÞßÉ¬Ð�ØµÒ ËÂÊ¿ÎµÍÂÊ U�ÉÓËÂÇµÛÜÒ¹ÇµÉ�ÍÂÉÌí _ÚÖ«Ë
æ¹É æÈÐ�Ø¯Ë ËÂÊ Ò�ÇµÊÑæ ÛñËïÔ×ÊÌÍïËÂÇµÉ ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�É Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ ËÂÇÚÐçË æ¹É ÇÚÐXU�É Ò�É³É�Ø�ÛÜØßËÂÇµÉ ÎµÍÂÉ UôÛÜÊ�ÖµÒïÒ�É³Ù�ËÂÛñÊ�Ø¾é

ÆÈÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
gcd

ÛÜÒ U�É�Í�ì®É³Ð�ÒîìÀËÂÊëæòÍÂÛñËÂÉ·ÛñËÂÉ�ÍäÐÑËÂÛVU�É³áñì�í�Ò�ÛñØÚÙ�É ÛñËïÛÜÒ �î©��»� �´�³��F £³��±���£¦��� D¥� é Æ¹ÇµÛÜÒÞßÉ¬Ð�ØµÒ ËÂÇÚÐçË¿ËÂÇµÉ�ÍÂÉ�ÛñÒ�Ê�Øµáñì Ê�ØµÉ ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉóÙ³Ð�áÜá�í�Ð�Øµè�ËÂÇÚÐçË�Ê�ØÚÉ�ÐçÎµÎ É¬ÐçÍ�ÒÀÐçË¿ËÂÇµÉ U�É�Íîì É³Øµè Ê�Ô
ËÂÇµÉëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø _ Ê è«ì�é Æ Ð�Ûñá �ºÉ³Øµè�Í�É³Ù³Ö«ÍÂÒ�ÛÜÊ�Ø Ù¬ÐçØ _�ÉëÍÂÉ�ÎÚá×Ð�Ù³É�è _ ì Ð Ò�ÛñÞÀÎ áñÉãáÜÊ ÊÌÎ ËÂÇÚÐçË Û²ËÂÉ�ÍäÐçË�ÛVU�É³áñì
Ö«Î èÚÐçËÂÉ³Ò Ë�ÇÚÉ Ô×ÊÌÍ�Þ®Ð�á�ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ ÖµØ¯ËÂÛÜá Ë�ÇÚÉ ËÂÉÄÍÂÞßÛÜØÚÐçËÂÛÜÊ�Ø�Ù³Ê�ØµèµÛñËÂÛÜÊ�ØßÛÜÒïÒ�ÐçËÂÛÜÒ YÚÉ³è¤éÃê�Ø®ËÂÇµÉ Ù¬Ð�Ò�ÉÓÊ�Ô
gcd

íµË�ÇÚÛñÒÈÖ«Î èÚÐçË�ÉÏÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÒÈËÂÊ�ËÂÇµÉÓË�ÍäÐ�ØµÒ�Ô×ÊÌÍ�Þ®ÐçËÂÛÜÊ�Ø
(a, b)→ (b, a

ÞßÊôè
b)
é

// POST: return value is the greatest common divisor of a and b

unsigned int gcd2 ( unsigned int a, unsigned int b)

{

while (b != 0) {

unsigned int a_prev = a;
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a = b;

b = a_prev % b;

}

return a;

}

� Ê�ÖßÒ�É³É ËÂÇÚÐçË�æ¹É å�É�ËïáÜÊ�Øµå�É�Í Ð�Øµè®áÜÉ³Ò�Ò�Í�É¬Ð�èÚÐ _ÚáÜÉ·Ù�ÊôèµÉÌí«Ð�ØµèßËÂÇÚÐçËÕæ¹É ØµÉ³É³è Ð�ØßÉIP¥ËîÍäÐ UÌÐÑÍÂÛ×Ð _ÚáÜÉ¹ËÂÊ
ÍÂÉ³ÞßÉ�Þb_ ÉÄÍ·ËÂÇµÉâÎµÍÂÉ UôÛÜÊ�ÖµÒ�U�Ð�áÜÖµÉëÊ�Ô

a
_ É³Ô×ÊÌÍÂÉëËÂÇµÉàÖ«Î èÚÐçËÂÉâÒîËÂÉ�Î ��ÛÜØ ËÂÇµÉàÒîÎÚÛñÍ�ÛñË Ê�Ô " É³ÙÄËÂÛÜÊ�Ø \ é � é � í

æ¹ÉÏÒ�ÇµÊ�ÖÚáñè ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉâÖµÒ�ÉÏËÂÇµÉãÊÌÍÂÛñå�ÛÜØÚÐ�á�ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�ÉâÔ×ÊÌÍ�Þ�Öµá×ÐçË�ÛÜÊ�Ø¤é
� Ö«ÍãÔ×ÖµØÚÙÄËÂÛÜÊ�Ø

fib
Ô×ÊÌÍÏÙ³Ê�ÞÀÎÚÖ«ËÂÛÜØµå [ ÛV_�Ê�Ø ÐçÙ³Ù³Û ØôÖµÞ�_ É�ÍÂÒ ÛñÒ ØÚÊÌË ËÂÐ�ÛÜá ��É³Øµè ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉÌí _ÚÖ«ËÓÛñË

ÛÜÒ ÒîË�ÛÜáÜá É³Ð�ÒîìóËÂÊßæòÍÂÛñËÂÉëÛ²Ë ÛñËÂÉ�ÍÂÐçËÂÛVU�É³á²ì�é � É�ÞßÉ³Þb_�É�Í·ËÂÇÚÐçË
Fn

ÛÜÒ ËÂÇµÉàÒ�ÖµÞ Ê�Ô
Fn−1

Ð�Øµè
Fn−2

é
S É
Ù¬Ð�Ø ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉëæ·Í�ÛñËÂÉãÐ áÜÊôÊÌÎ�æ ÇµÊ�Ò�ÉëÛñË�É�ÍäÐçËÂÛñÊ�Ø

i
Ù³Ê�ÞÀÎÚÖµË�É³Ò

Fi

ÔÜÍ�Ê�Þ ËÂÇµÉâÎµÍÂÉ UôÛÜÊ�ÖµÒ�áñì Ù³Ê�ÞÀÎÚÖµË�É³è
U�Ð�áÜÖµÉ³Ò

Fi−2

ÐçØÚè
Fi−1

Ë�Ç ÐÑËÈæ¹ÉÏÞ®Ð�ÛÜØ¯ËäÐ�ÛÜØ®ÛÜØ ËÂÇµÉ U�ÐçÍÂÛÜÐ _ÚáÜÉ³Ò
a
Ð�Øµè

b
é

// POST: return value is the n-th Fibonacci number F_n

unsigned int fib2 ( unsigned int n)

{

if (n == 0) return 0;

if (n <= 2) return 1;

unsigned int a = 1; // F_1

unsigned int b = 1; // F_2

for (unsigned int i = 3; i <= n; ++i) {

unsigned int a_prev = a; // F_{i-2}

a = b; // F_{i-1}

b += a_prev; // F_{i-1} += F_{i-2} -> F_i

}

return b;

}

� å�Ð�ÛÜØ¤í Ë�ÇÚÛñÒëØµÊ�Ø �»ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉLU�É�ÍÂÒ�ÛñÊ�Ø
fib2

ÛÜÒàÒ�Ö _ÚÒîËäÐ�Ø¯ËÂÛ×Ð�áÜá²ì½áñÊ�ØÚå�ÉÄÍàÐ�Øµè ÞßÊÌÍÂÉ èµÛ � Ù³ÖµáñËâËÂÊ
ÖµØµèÚÉÄÍÂÒîËäÐ�Øµè ËÂÇÚÐ�Ø

fib
í _ÚÖµËßË�ÇÚÛñÒÀËÂÛÜÞßÉ�ËÂÇµÉ�Í�É ÛÜÒ Ð _ É³ØµÉ YµË��

fib2
ÛñÒßÞ�ÖµÙäÇ ÔªÐ�ÒîËÂÉ�Í³í·Ò�ÛÜØµÙ³É ÛñË

Ù³Ê�ÞÀÎÚÖ«ËÂÉ³ÒëÉIU�É�Í�ì ØôÖµÞ�_ É�Í
Fi, i

�
n ���µ©µ±¬�º� J ��� ±�� é S ÇµÛÜáñÉ æ¹Éßæ¹Ê�ÖÚáñè åÌÍ�ÊÑæ Ê�áñè ÛÜØ æÈÐ�ÛñË�ÛÜØµå

Ô×ÊÌÍÓËÂÇµÉ Ù¬Ð�áÜá
fib(50)

ËÂÊ®ËÂÉ�ÍÂÞßÛÜØÚÐçË�ÉÌí
fib2(50)

å�ÛVU�É³ÒÓÖµÒÏËÂÇµÉ¿Ð�ØµÒîæ¹É�ÍÏÛÜØ ØµÊ Ë�ÛÜÞßÉÌéb^ �·ØµÔ×ÊÌÍ�ËÂÖ��
ØÚÐçËÂÉ³á²ì�íµË�ÇÚÛñÒ·Ð�ØµÒîæ¹ÉÄÍ Þ®Ð³ì _ ÉâÛñØÚÙ�ÊÌÍ�ÍÂÉ³Ù�Ë³í Ò�ÛñØÚÙ�É

F50

Ù³Ê�ÖµáÜè�ÉIP«Ù³É�É³è ËÂÇµÉ U�Ð�áÜÖµÉãÍäÐçØÚå�ÉãÊ�Ô ËÂÇµÉãË ì Î É
unsigned int

é `
ê�Ø�ËÂÇµÛÜÒ¿Ù¬Ð�Ò�É æ¹É æ¹Ê�ÖµáÜè ÎµÍÂÉ³Ô×É�Í

fib2
Ê�U�É�Í

fib
í�ÒîÛÜÞÀÎÚáñì Ò�ÛÜØµÙ³É

fib
ÛÜÒàËÂÊôÊ½ÛÜØµÉ � Ù�ÛÜÉ³Ø Ë�Ô×ÊÌÍ

ÎµÍäÐ�Ù�Ë�ÛÜÙ¬Ð�á¡ÖÚÒîÉÌéâÆ¹ÇµÉ ÞßÊÌÍÂÉëÙ³Ê�ÞÀÎÚáÜÛÜÙ³ÐçËÂÉ³èóÔ×ÖµØµÙ�ËÂÛñÊ�Ø½èµÉ YÚØµÛñËÂÛÜÊ�Ø Ê�Ô
fib2

ÛÜÒÓÐÀÞßÊ èµÉ�ÍäÐçËÂÉÏÎµÍÂÛÜÙ³ÉëËÂÊ
Î Ð³ì Ô×ÊÌÍòËÂÇµÉãÒ�Î É³É³èµÖ«ÎóËÂÇÚÐçËÈæ¹Éãå�ÉÄË¬é

3.2.5 Primitive recursion
� Ê�Öµå�Çµáñì Ò�Î É¬Ð ]ôÛÜØµå«í¤Ð®Þ®ÐÑËÂÇµÉ³Þ®ÐçËÂÛÜÙ³Ð�á¤Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø½ÛñÒ ¢¤£¬�°¨��»��� D¥�®£³�Ä±³��£¦��� D¥� ÛÜÔÃÛñËÓÙ¬Ð�Ø _ É¿æòÍÂÛñË�Ë�É³Ø
Ð�Ò¹Ð ����� Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø

f
ÛÜØ Ò�ÖµÙäÇóÐãæÈÐ³ìßËÂÇÚÐçË

f
ØµÉ³ÛñË�ÇÚÉÄÍ¹èÚÛ²ÍÂÉ³Ù�ËÂá²ìÀØµÊÌÍ¹ÛÜØµèµÛñÍÂÉ³Ù�Ë�áñì Ù³Ð�áÜáÜÒ Û²ËÂÒ�É³áÜÔ æ·ÛñËÂÇ

Ù¬Ð�áñá¡ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒïèµÉ�Î�É³ØµèÚÛñØÚå¿Ê�Ø
f
é [ ÊÌÍòÉIP«Ð�ÞÀÎÚáÜÉÌí

unsigned int f ( unsigned int n)
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{

if (n == 0) return 1;

return f(f(n-1) - 1);

}

ÛÜÒïØµÊÌËÈÐ�áÜáñÊÑæ¹É³è¤í¯Ò�ÛÜØµÙ³É
f
ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�É³áñì®Ù¬ÐçáÜáÜÒ ÛñË�Ò�É³áÜÔ�æ·ÛñËÂÇ ÐàÐçÍÂå�ÖµÞßÉ³Ø¯ËïèµÉ�Î É³ØµèµÛÜØµåàÊ�Ô

f
éÃÆ¹ÇÚÛñÒïèÚÊ É³Ò

� ��� ÞßÉ¬Ð�Ø ËÂÇÚÐçË ËÂÇµÉ ÖµØÚèµÉ�Í�áñì¥ÛÜØµåßÞ®ÐçË�ÇÚÉ�Þ®ÐçËÂÛÜÙ¬Ðçá Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø½ÛñÒ ØÚÊÌË ÎµÍÂÛñÞßÛñËÂÛVU�ÉÏÍÂÉ³Ù³Ö«ÍÂÒ�Û U�ÉÌí ÛñË � ÖµÒîË
ÞßÉ¬Ð�ØµÒÏËÂÇÚÐçËâæ¹É�Ç ÐXU�ÉÀËäÐ ]�É³Ø ËÂÇµÉ�æ·Í�Ê�ØÚå&����� Ô×ÖµØÚÙÄËÂÛÜÊ�Ø¤é ê�ØÚèµÉ³É�è¾í¡ËÂÇµÉßÐ _ Ê�U�É

f
ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø ËÂÒ

ËÂÇµÉ¿Þ®ÐçËÂÇµÉ³Þ®ÐçËÂÛñÙ¬Ð�á¾Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÝÒÂÐçË�ÛÜÒ�ÔÜì¥ÛñØÚå
f(n) = 1

Ô×ÊÌÍâÐ�áÜá
n
í ÐçØÚè½ËÂÇµÛÜÒãÔ×ÖµØµÙ�ËÂÛñÊ�Ø ÛÜÒÏÊ _ UôÛÜÊ�ÖµÒ�áñì

ÎµÍÂÛÜÞßÛñË�ÛVU�É·ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�ÉÌé
ê�Ø�ËÂÇµÉ É¬ÐçÍÂáñì

20
��ËÂÇ Ù³É³Ø Ë�ÖµÍîì�í ÛñËàæÈÐ�Ò�_ É³áÜÛñÉ U�É³è Ë�Ç ÐÑË¿Ë�ÇÚÉ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒàæ ÇµÊ�Ò�É
UÌÐçáÜÖµÉ³Ò�Ù³Ð�Ø ÛÜØ

ÎµÍÂÛÜØµÙ³ÛñÎÚáÜÉ�_ ÉÀÙ�Ê�ÞÀÎ Ö«ËÂÉ�è _ôìÝÐ Þ®Ð�ÙäÇµÛÜØµÉ ÐÑÍÂÉÀÉIP«Ð�Ù�ËÂáñì ËÂÇµÉ ÎµÍÂÛÜÞßÛ²ËÂÛVU�ÉàÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉÀÊ�ØµÉ³Ò³é ê�ØµèÚÉ�É³è¤í
ËÂÇµÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø�U�Ð�áÜÖµÉ³Ò¿Ê�ØµÉ Ù³Ê�ÞÀÎÚÖ«ËÂÉ³Ò ÛÜØ ÎµÍäÐ�Ù�ËÂÛñÙ³É ^�ÛÜØµÙ³áÜÖµèµÛÜØµå å�Ù³è
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Æ¹ÇÚÉ ÔªÐ�Ù�Ë�ËÂÇÚÐçË ËÂÇµÛÜÒ�Ô×ÖµØµÙ�ËÂÛñÊ�Ø ÛÜÒ¿ØÚÊÌË�ÎµÍÂÛÜÞßÛñËÂÛ U�É ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�É ÍÂÉ WôÖµÛñÍÂÉ³Ò Ð ÎµÍÂÊ Ê�ÔZ^»ËÂÇÚÐçË æ¹É èÚÊ�Ø�� Ë
å�ÛVU�ÉÓÇµÉ�ÍÂÉ�`´é � ÒòÐ�áñÍ�É¬Ð�è«ìßØµÊÌËÂÉ³è Ð _ Ê U�É�í«ÛñËÈÛÜÒ¹ØÚÉ�Ù³É³Ò�ÒÂÐÑÍ�ì _ÚÖ«ËÈØµÊÌËòÒîÖ � Ù³ÛÜÉ³Ø¯ËòË�Ç ÐÑËÈË�ÇÚÛñÒïèÚÉIY ØµÛñË�ÛÜÊ�Ø
ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�É³áñì ÖµÒ�É³Ò

A
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ê»Ë·Þ®Ð³ì®ØµÊÌË�_ ÉãÛñÞßÞßÉ³èµÛ×ÐçËÂÉ³á²ì�Ù�áÜÉ¬ÐçÍÈËÂÇÚÐçË¹ËÂÇµÉãÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÛÜØµå ����� Ô×ÖµØµÙ�ËÂÛñÊ�Ø
// 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));

}
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áÜÊôÊ ]ôÒ W ÖµÛñËÂÉÈÞßÊôèµÉ�ÍäÐçË�ÉÌí _ÚÖµË�ÒîËäÐçÍîËÂÛÜØµåãÔÜÍ�Ê�Þ
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íÑÐ�á²ËÂÇµÊ�ÖÚå�ÇÓËÂÇµÛÜÒ¤ËäÐ ]�É³Ò¡Ò�Ö«Í�ÎµÍÂÛÜÒ�ÛñØÚå�á²ì
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ê»Ë Ù¬ÐçØàÛÜØàÔªÐ�Ù�Ë"_ É Ò�ÇµÊ¦æ ØëËÂÇÚÐçË

A(n, n)
åÌÍÂÊ¦æ Ò¡ÔªÐ�ÒîËÂÉÄÍ ËÂÇÚÐ�Ø Ð�Ø¯ìãÎµÍÂÛÜÞßÛ²ËÂÛVU�É ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�É Ô×ÖµØµÙ�ËÂÛÜÊ�Ø

ÛÜØ
n

^ºÐ�Øµè�ËÂÇµÛÜÒÈÛÜÒòÐ ÎµÍÂÊ Ê�Ô¡ËÂÇÚÐçË
A
Ù¬Ð�ØµØµÊÌË�_ ÉÏÎµÍÂÛñÞßÛñËÂÛVU�É·Í�É³Ù³Ö«ÍÂÒ�ÛVU�ÉK`Äé � É³Ù³Ö«ÍÂÒ�ÛÜÊ�Ø�ÛÜÒ·Ð Î Ê¦æ¹É�ÍÂÔ×Öµá

_ÚÖ«Ë Ð�áñÒ�Ê�èÚÐ�Øµå�É�Í�Ê�ÖÚÒ¹ËÂÊ Ê�á�í¥Ò�ÛÜØµÙ³ÉÏÛñËÈÛÜÒ¹É¬Ð�Ò�ì ËÂÊ�É³ØµÙ³ÊôèµÉb^»ËÂÊ Ê `ïÙ�Ê�ÞÀÎ áñÛÜÙ¬ÐçËÂÉ�è Ù�Ê�ÞÀÎ Ö«ËäÐÑËÂÛÜÊ�ØµÒ�æ Û²ËÂÇ
U�É�Í�ì Ô×É�æ áÜÛÜØµÉ³ÒÈÊ�Ô Ù�ÊôèµÉÌé
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n

m

0 1 2 3 ����� n

0 1 2 3 4 ����� n + 1

1 2 3 4 5 ����� n + 2

2 3 5 7 9 ����� 2n + 3

3 5 13 29 61 ����� 2n+3 − 3

4 13 65533 265536 − 3 2265536

− 3 ����� 22.. .
2

︸ ︷︷ ︸
n+3

−3

Table 6: � ��¨½� Dô©¯��� �³� �Â¶ � ±�
ô�³£¬¨ ©�� � � �È¶���� ±³���î���

3.2.6 Sorting
" ÊÌÍ�ËÂÛñØÚå®Ð�Ò�ÉXWôÖµÉ³ØµÙ³É¿Ê�Ô UÌÐçáÜÖµÉ³Ò ^�ØôÖµÞ�_ É�ÍÂÒ�í ËÂÉIPôËÂÒ³í É�Ë�ÙÌé `óÛÜØ¯ËÂÊ®Ð�Ò�Ù³É�ØÚèµÛÜØµåßÊÌÍÂèµÉ�ÍÓÛñÒ Ð U�É�Í�ì _ Ð�Ò�ÛñÙ
Ð�ØµèÝÛÜÞÀÎ�ÊÌÍ�ËäÐ�Ø¯Ë ÊÌÎ É�ÍäÐÑËÂÛÜÊ�Ø¤é [ ÊÌÍëÉIP«Ð�ÞÀÎÚáÜÉÌí¤Ð®ÒîÎ É³Ù³Û Y Ù�U�Ð�áÜÖµÉ�Ù³Ð�Ø _ É¿Ô×Ê�ÖµØÚè Þ¿ÖµÙäÇ ÔªÐ�ÒîË�É�ÍëÛÜØ Ð
Ò�ÊÌÍ�Ë�É³è½ËÂÇÚÐ�Ø ÛÜØ½Ð�Ø ÖµØÚÒîÊÌÍ�ËÂÉ³è½Ò�ÉXWôÖµÉ³ØµÙ³É ^�Ò�É�É$��P«ÉÄÍÂÙ³ÛÜÒ�É � ��\ `Äé � Ê�Ö ]¥ØµÊÑæ ËÂÇµÛÜÒ ÔÜÍÂÊ�Þ èÚÐ�ÛÜáñì�áÜÛÜÔ×ÉÌí
Ð�Øµè ËÂÇÚÐçË!� Ò¿æ·Ç ì ì�Ê�Ö Ò�ÊÌÍ�Ë�ì�Ê�ÖµÍ���� Ò³í Ð�Øµè æ Ç ì ËÂÇµÉ�É�Ø Ë�ÍÂÛñÉ³Ò ÛÜØ Ð ËÂÉ³áñÉ�ÎÚÇÚÊ�ØµÉ èµÛñÍÂÉ³Ù�Ë�ÊÌÍ�ì ÐÑÍÂÉ
Ò�ÊÌÍ�Ë�É³è _ôì ØÚÐ�ÞßÉÌé

SÝÉ ÇÚÐKU�É Ð�Ò ]�É�è ì�Ê�Ö ÛÜØ ��P«É�ÍÂÙ�ÛÜÒ�É � � ËÂÊ æ·Í�ÛñËÂÉ®ÐóÎµÍÂÊ�åÌÍäÐ�Þ ËÂÇÚÐçË ÒîÊÌÍ�ËÂÒ�Ð å�Û U�É³Ø�Ò�É WôÖµÉ³ØµÙ³É
Ê�ÔÈÛÜØ ËÂÉ�å�É�ÍÂÒ��*� P¥É�ÍÂÙ³ÛÜÒîÉ � � æÈÐ�Ò Ð _�Ê�ÖµË Þ®Ð ]¥ÛÜØµå�ËÂÇµÛÜÒàÛñØ ËÂÊ Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ËÂÇÚÐçË Ò�ÊÌÍîËÂÒ¿Ð�áÜá Ø ÖÚÞ�_ É�Í�Ò
èµÉ³Ò�Ù�Í�ÛV_ É³è _ ìóÐ å�ÛVU�É³Ø Î Ê�ÛÜØ Ë�É�Í¹ÍäÐ�Øµå�ÉÌéÕê�Ø _ ÊÌËÂÇ ÉIP«É�Í�Ù³ÛÜÒ�É³Ò�íÚì�Ê�Öóæ¹É�Í�ÉãØµÊÌËòÒ�Ö«ÎÚÎ�Ê�Ò�É³è�ËÂÊ�èµÊÀÐ�Ø¯ì
É � Ù³ÛÜÉ³ØµÙ�ì Ù³Ê�ØµÒ�ÛÜèµÉ�ÍäÐÑËÂÛÜÊ�ØµÒ³é

�·É�ÍÂÉ æ¹É æÈÐçØ Ë ËÂÊ�Ù¬ÐÑËÂÙäÇ Ö«Î Ê�Ø ËÂÇµÛÜÒ Ð�Øµè ÛÜØ U�É³ÒîËÂÛñå�ÐçËÂÉ ËÂÇµÉ ±Ä��¨�¢¾�ª���¯��� J Ê�ÔãËÂÇµÉ½Ò�ÊÌÍîËÂÛÜØµå
ÎµÍÂÊ _ÚáÜÉ³Þ é � Ê�Öµå�Çµáñì ÒîÎ�É¬Ð ]¥ÛñØÚå«í ËÂÇµÉ�Ù³Ê�ÞÀÎÚáÜÉIP«Û²Ë ìóÊ�ÔïÐ®ÎµÍÂÊ _ÚáÜÉ�Þ ÛñÒãèµÉ YÚØµÉ³è Ð�ÒÏËÂÇµÉ�Ù�Ê�ÞÀÎ áñÉIP«ÛñË ì
^»ÍÂÖµØ¯ËÂÛÜÞßÉ�` Ê�ÔÏËÂÇµÉ ÔªÐ�ÒîË�É³ÒîË Ð�áÜå�ÊÌÍÂÛ²ËÂÇµÞ ËÂÇÚÐçËßÒîÊ�áVU�É³ÒßËÂÇµÉ ÎÚÍ�Ê _ áñÉ³Þ é ê�Ø Ù³Ê�ÞÀÎÚÖ«ËÂÛÜØµå [ ÛV_ Ê�ØÚÐ�Ù³Ù�Û
ØôÖµÞ�_ É�ÍÂÒÏÛÜØ " É�Ù�ËÂÛÜÊ�Ø � é \ é � Ð�Øµè " É³Ù�ËÂÛñÊ�Ø � é \ é � í¤æ¹É�ÇÚÐKU�É Ð�áñÍÂÉ³Ð�è«ì½ÒîÉ³É³ØÝËÂÇÚÐçËÏËÂÇµÉ�ÍÂÖµØ¯ËÂÛÜÞßÉ³ÒÓÊ�Ô
èµÛ	��ÉÄÍÂÉ³Ø ËÏÐçáÜå�ÊÌÍÂÛñËÂÇµÞßÒ¹Ô×ÊÌÍ ËÂÇµÉëÒÂÐçÞßÉâÎµÍÂÊ _ÚáÜÉ³Þ Þ®Ð³ì UÌÐçÍîì ÐÀáÜÊÌË¬é·ÆÈÇµÉàÒÂÐ�ÞßÉâÛÜÒ·Ë�ÍÂÖµÉàÔ×ÊÌÍÓÒ�ÊÌÍîËÂÛÜØµå
Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞßÒ³í Ð�ÒÈæ¹ÉÏæ ÛÜáñá�èµÛÜÒ�Ù³Ê�U�É�Í ÒîÇÚÊÌÍîËÂáñì�é

� ÉÄË¹ÖÚÒ¹ÒîËÂÐçÍ�Ë _ ì Ð�ØÚÐ�áñì���ÛÜØµåëÊ�ØµÉÏÊ�Ô ËÂÇµÉ �îÊ _ U¥ÛÜÊ�ÖµÒ 	àÒ�ÊÌÍîËÂÛÜØµå Ð�áÜå�ÊÌÍÂÛ²ËÂÇµÞßÒÃËÂÇÚÐçË�ì�Ê�Ö�Þ®Ð³ìÀÇÚÐXU�É
Ù³Ê�ÞßÉ Ö«Îâæ·ÛñËÂÇÏÛÜØ ��P«É�Í�Ù³ÛÜÒ�É � � é Æ¹ÇÚÉÃÒ�ÛÜÞÀÎÚáÜÉ�ÒîË Ê�ØµÉÃË�Ç ÐÑË¾Ë�ÇÚÉÕÐ�Ö«ËÂÇµÊÌÍÂÒ¤Ù¬Ð�ØãËÂÇµÛÜØ ] Ê�ÔôÛÜÒ ¨��°� �»¨ ��¨ �
����£¦� é � ÛVU�É�Ø ËÂÇµÉÓÒ�ÉXW ÖµÉ³ØµÙ³ÉãÊ�Ô U�Ð�áÜÖµÉ³Ò
^�áÜÉ�Ë � Ò¹Ð�Ò�ÒîÖÚÞßÉ Ë�ÇÚÉÄì ÐçÍÂÉÓÛÜØ Ë�É³å�É�ÍÂÒ `´í ¨��°� �»¨�� ¨ ������£¦� YÚÍ�ÒîËYÚØµèÚÒãËÂÇµÉßÒ�Þ®Ð�áÜáÜÉ�ÒîËâÉ�áÜÉ³ÞßÉ³Ø¯ËëÊ�Ô ËÂÇµÉßÒ�ÉXW ÖµÉ³ØµÙ³É �ÕË�ÇÚÉ�Ø ÛñËâÛÜØ Ë�É�ÍÂÙäÇÚÐ�Øµå�É³ÒâËÂÇµÛÜÒëÉ�áÜÉ³ÞßÉ³Ø¯Ëâæ Û²ËÂÇÝËÂÇµÉ
YµÍÂÒîËàÉ�áÜÉ³ÞßÉ³Ø¯Ë¬é�Æ¹ÇµÉßÒ�ÉXW ÖÚÉ�ØÚÙ�É ØµÊ¦æ Ò�ËäÐçÍ�ËÂÒëæ·ÛñËÂÇ Ë�ÇÚÉßÒîÞ®Ð�áÜáÜÉ³Ò�ËãÉ�áÜÉ³ÞßÉ³Ø¯Ë¬í Ð�ÒëèµÉ³ÒîÛñÍÂÉ³è¤í�_ÚÖ«ËëËÂÇµÉ
ÍÂÉ³Þ®ÐçÛÜØµèÚÉÄÍÕÊ�Ô ËÂÇµÉ Ò�ÉXW ÖÚÉ�ØÚÙ�É ÒîËÂÛÜáñáÚØµÉ³É�èÚÒÕËÂÊ _ ÉòÒ�ÊÌÍ�ËÂÉ�è¾é ��Ö«Ë�Ë�ÇÚÛñÒÕÛÜÒÕèµÊ�ØÚÉòÛÜØ ËÂÇµÉòÒÂÐ�ÞßÉ¹æÈÐ¬ì � ËÂÇµÉ
Ò�Þ®Ð�áñáÜÉ³ÒîËÈÉ³áÜÉ�ÞßÉ³Ø Ë Ð�ÞßÊ�Øµå�ËÂÇµÉâÍÂÉ�Þ®Ð�ÛÜØµÛÜØµå�Ê�ØµÉ³Ò·ÛÜÒ Ô×Ê�ÖµØµè½ÐçØÚè ÛÜØ¯ËÂÉ�ÍÂÙäÇÚÐ�Øµå�É³èóæ·ÛñËÂÇóËÂÇµÉ ���Ä±�����FÉ³áÜÉ�ÞßÉ³Ø ËÈÊ�Ô¡Ë�ÇÚÉÏÒ�ÉXW ÖµÉ³ØµÙ³ÉÌí�ÐçØÚè Ò�ÊÀÊ�Ø¤é

� Ò�Ò�ÖµÞßÛÜØµå ËÂÇÚÐçË Ë�ÇÚÉ Ò�É WôÖµÉ³ØµÙ³É�ÛñÒ¾èµÉ³ÒîÙ�ÍÂÛV_ É�è _ôìÏÐ Î Ê�ÛñØ ËÂÉ�Í ÍÂÐ�Øµå�É
[first, last)

í ¨ �»� �»¨ ��¨ �
����£¦� Ù¬Ð�Ø _ ÉÏÍÂÉ¬Ð�áñÛ
�³É³è�Ð�ÒòÔ×Ê�áñáÜÊÑæ·Ò³é
// PRE: [first , last) is a valid range

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

void minimum_sort (int* first , int* last)

{



\�� � ������������� � ��� ��� ��� � �����

for (int* p = first; p != last; ++p) {

// find minimum in nonempty range described by [p, last)

int* p_min = p; // pointer to current minimum

int* q = p; // pointer to current element

while (++q != last)

if (*q < *p_min) p_min = q;

// interchange *p with *p_min

std:: iter_swap (p, p_min);

}

}

Æ¹ÇÚÉ ÒîËäÐçØÚèÚÐçÍ�è áÜÛV_µÍäÐçÍîì Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
std::iter_swap

ÛÜØ Ë�É�ÍÂÙäÇÚÐ�Øµå�É³Ò¿Ë�ÇÚÉ
U�Ð�áÜÖµÉ³Ò Ê�ÔÈËÂÇµÉ Ê _ � É³Ù�ËÂÒ
Î Ê�ÛÜØ¯ËÂÉ³èÝËÂÊ _ ìÝÛñË�ÒãË æ¹Ê ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³é ÆÈÇµÉ�Í�ÉßÛÜÒëÐ�áñÒ�Ê Ð�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø

std::min_element
ËÂÇÚÐçËãæ¹É

Ù³Ê�ÖµáÜèÝÖµÒ�É¿ËÂÊóå�É�ËÏÍÂÛÜè Ê�Ô�ËÂÇµÉ ÛÜØµØµÉ�ÍãáÜÊôÊÌÎ �¡ÇÚÊ¦æ¹É U�É�Í³í Ò�ÛÜØµÙ³É æ¹É�æÈÐ�Ø¯ËãË�Ê Ð�ØÚÐ�áñì(�³É¿Ë�ÇÚÉ�Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
minimum_sort

ÛÜØ èÚÉÄËäÐ�ÛÜá�í¯æ¹ÉÏÍ�É³ÔÜÍäÐ�ÛÜØ ÔÜÍÂÊ�Þ Ù¬Ð�áÜáñÛÜØµå Ð�Ø ì®ØµÊ�Ø ËîÍÂÛVU¥ÛÜÐ�á�ÒîËäÐçØÚèÚÐçÍ�è áÜÛ _ÚÍÂÐçÍ�ìßÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
ÇµÉ�ÍÂÉÌé

S¼Ç ÐÑË Ù¬ÐçØ æ¹É ÒÂÐ³ì�Ð _ Ê�Ö«Ë ËÂÇµÉ ÍÂÖµØ¯ËÂÛÜÞßÉßÊ�Ô
minimum_sort

Ô×ÊÌÍßÐ å�ÛVU�É³Ø ÍäÐ�Øµå�É � ÆÈÇÚÐçË�ÛñË
èµÉ�Î É³ØµèµÒ Ê�ØÀËÂÇµÉÈÎ áÜÐçËÂÔ×ÊÌÍÂÞ í�ËÂÇµÛÜÒÃÛÜÒ�Ô×ÊÌÍ Ò�Ö«ÍÂÉÌé � Ø ÐÏÞßÊôèµÉ�ÍÂØ � � í¯ËÂÇµÉ·Ð�áÜå�ÊÌÍÂÛñË�ÇÚÞ æ·ÛÜáÜá«ÍÂÖµØßÞ�ÖµÙäÇ
ÔªÐ�ÒîË�É�ÍâËÂÇÚÐ�Ø½Ê�Ø Ð U¥ÛÜØ¯ËäÐ�å�É Ù³Ê�ÞÀÎÚÖ«ËÂÉ�ÍÏÔÜÍÂÊ�Þ ËÂÇµÉ�Ë æ¹É³Ø¯ËÂÛÜÉ�ËÂÇ½Ù³É³Ø¯ËÂÖ«Í�ì�é Æ¹ÇµÉ�ÍÂÉ¿ÛÜÒÏØÚÊ Ò�ÖµÙäÇ ËÂÇµÛÜØµå
Ð�Ò ��Ë�ÇÚÉ 	 ÍÂÖµØ ËÂÛñÞßÉÌé ��Ö«Ë ÛÜÔ æ¹ÉëáñÊôÊ ]�ÐçË·æ·Ç ÐÑË·ËÂÇµÉàÐ�áñå�ÊÌÍÂÛñËÂÇµÞ èµÊôÉ³Ò³íÚæ¹ÉëÙ¬Ð�Ø YÚØµè Ð ÞßÉ¬Ð�ÒîÖµÍ�ÉâÊ�Ô
ÍÂÖµØ Ë�ÛÜÞßÉ ËÂÇÚÐçËÈÛÜÒ¹Î áÜÐçËÂÔ×ÊÌÍÂÞ���ÛÜØµèÚÉÄÎ É³ØµèµÉ³Ø Ë¬é

� èµÊ�ÞßÛÜØÚÐçË�ÛÜØµå ÊÌÎ É�ÍÂÐçËÂÛÜÊ�Ø ÛÜØ½Ë�ÇÚÉ¿Ò�É³ØµÒ�É ËÂÇÚÐçËÏÛñËÏÊôÙ�Ù³Ö«ÍÂÒ U�ÉÄÍ�ì ÔÜÍÂÉXWôÖµÉ³Ø¯ËÂáñì èµÖ«ÍÂÛÜØµå�ÐßÙ¬ÐçáÜá ËÂÊ
minimum_sort

ÛÜÒ Ë�ÇÚÉàÙ�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�Ø
*q < *p_min

é�S ÉàÙ¬Ð�Ø É U�É³Ø ÉGPµÐ�Ù�Ë�áñìóÙ³Ê�ÖµØ¯Ë ËÂÇµÉàØôÖµÞb_�É�Í
Ê�Ô Ò�ÖµÙäÇ½Ù³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒ³íÚèÚÉÄÎ É³ØµèµÛÜØµåßÊ�Ø Ë�ÇÚÉàØ ÖµÞb_ ÉÄÍ Ê�Ô É³áÜÉ³ÞßÉ�Ø ËÂÒ

n
ËÂÇÚÐçË ÐçÍÂÉëËÂÊL_ ÉàÒîÊÌÍ�ËÂÉ³è¤é ê�Ø

ËÂÇµÉ YµÍÂÒîË ÉIP«É³Ù�ÖµË�ÛÜÊ�Ø Ê�Ô ËÂÇµÉ
while

ÒîËÂÐçËÂÉ³ÞßÉ³Ø¯Ë¬í«ËÂÇµÉ YµÍÂÒîË É�áÜÉ³ÞßÉ³Ø¯Ë·ÛÜÒ·Ù³Ê�ÞÀÎ ÐçÍÂÉ³è�æ·ÛñËÂÇ Ð�áñá
n − 1Ò�ÖµÙ³Ù³É�É³èµÛÜØµåßÉ³áÜÉ³ÞßÉ³Ø¯ËÂÒ³éïê�ØóË�ÇÚÉâÒ�É³Ù³Ê�Øµè ÉIP¥É³Ù³Ö«ËÂÛÜÊ�Ø¤íµËÂÇµÉëÒ�É³Ù³Ê�Øµè É³áÜÉ�ÞßÉ³Ø ËòÛÜØóÙ³Ê�ÞÀÎ ÐçÍ�É³è�æ Û²ËÂÇ Ð�áÜá

ËÂÇµÉ
n − 2

ÒîÖÚÙ�Ù³É³É³èµÛÜØµå®É³áÜÉ³ÞßÉ�Ø ËÂÒ³í Ð�Øµè Ò�ÊßÊ�Ø¤é ê�Ø Ë�ÇÚÉâÒ�É³Ù³Ê�Øµè���ËÂÊ ��á×Ð�ÒîË ÉIP«É³Ù�ÖµË�ÛÜÊ�Ø Ê�Ô Ë�ÇÚÉ
whileÒîËäÐÑËÂÉ³ÞßÉ³Ø¯Ë¬í YÚØÚÐ�áÜáñì�í¬æ¹É ÇÚÐXU�É Ê�ØµÉ Ù³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�Ø¤íÑÐ�Øµè Ë�Ç ÐÑË!� Ò¾ÛñË¬éTS ÉÕËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉïÇÚÐXU�É�ËÂÇµÉ Ô×Ê�áÜáÜÊ¦æ ÛñØÚå

Observation 1 �Õ���È¶���� ±³���î��� minimum_sort ����£¦�º�ß© ��� � � ��� ±��ó�Â¶ n �¬�ª�³¨½�³�¤�º��¸¹���º�

1 + 2 + . . .n − 1 =
n(n − 1)

2

±���¨¿¢�©�£¬���ç���¤�® ��¬��¸Ó���³�¼��� � � �³� ±Ä�ó�¬�ª�³¨ ���¤�º�çÅ
S¼Ç ìóèµÊ¿æ¹ÉâÒîÎ É�Ù³ÛVYÚÙ¬Ð�áÜá²ì®Ù³Ê�ÖµØ ËÈËÂÇµÉ³Ò�ÉâÙ�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�ØµÒ � ��É³Ù¬ÐçÖÚÒîÉàÐ�Ø ì ÊÌËÂÇµÉ�ÍòÊÌÎ É�ÍäÐÑËÂÛÜÊ�Ø�ÛñÒòÉ³Û �

ËÂÇµÉ�Í Î É�Í�Ô×ÊÌÍÂÞßÉ³è¿Þ�ÖµÙäÇ�áñÉ³Ò�Ò ÔÜÍÂÉXW ÖÚÉ�Ø ËÂáñì
^»Ô×ÊÌÍÕÉGPµÐ�ÞÀÎÚáÜÉÌíçËÂÇµÉïèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�Ø ÒîËäÐçË�É³ÞßÉ³Ø Ë
int* q = pÛÜÒ ÉGP«É³Ù³Ö«ËÂÉ�è�Ê�Øµáñì

n
ËÂÛñÞßÉ³Ò `Äí¯ÊÌÍïæ ÛñË�Ç®ÐçÎµÎÚÍ�Ê�P¥ÛÜÞ®ÐçËÂÉ³á²ìàËÂÇµÉ ÒÂÐ�ÞßÉ·ÔÜÍ�ÉXWôÖµÉ³ØµÙ�ì�é�ÆÈÇµÛÜÒ Ù�Ê�ØÚÙ�É�ÍÂØµÒ ËÂÇµÉ

Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë
p_min = q

æ ÇµÛÜÙäÇÝÞ®Ð³ì ÇÚÐçÎµÎ É³ØÝÖ«Î ËÂÊ
n(n − 1)/2

ËÂÛÜÞßÉ�Ò³í¾Ð�Øµè ËÂÇµÉ ÉIPôÎµÍÂÉ³Ò�Ò�ÛñÊ�Ø
++q != last

�«ËÂÇµÛÜÒ¹Ê�ØµÉãÛñÒòÉ U�Ð�áÜÖÚÐçË�É³è�É U�É�Ø ÞßÊÌÍÂÉÓÔÜÍÂÉXWôÖµÉ³Ø¯ËÂáñì�í«ØÚÐ�ÞßÉ³á²ì
n(n − 1)/2 + n

ËÂÛñÞßÉ³Ò³é
Æ¹ÇÚÉ ËÂÊÌËäÐçáÃØ ÖµÞb_ ÉÄÍãÊ�ÔÕÊÌÎ É�ÍäÐÑËÂÛÜÊ�ØµÒÓÛÜÒ ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ ÐçËãÞßÊ�ÒîË

c1n(n − 1)/2 + c2n
Ô×ÊÌÍâÒ�Ê�ÞßÉ Ù³Ê�Ø��

ÒîËäÐçØ ËÂÒ
c1, c2

é [ ÊÌÍ á×ÐçÍÂå�É
n
í�ËÂÇµÉÃáÜÛÜØµÉ¬ÐçÍ¾ËÂÉ�ÍÂÞ

c2n
ÛÜÒ¾ØµÉ³å�áÜÛÜå�Û _ áñÉ Ù³Ê�ÞÀÎ ÐçÍÂÉ³èâË�ÊòËÂÇµÉ W ÖÚÐ�è«ÍäÐçËÂÛÜÙ ËÂÉÄÍÂÞ

c1n(n − 1)/2
�Úæ¹ÉëÙ¬Ð�Ø ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉëÙ³Ê�ØµÙ³áñÖÚèµÉâË�Ç ÐÑË·ËÂÇµÉâËÂÊÌËÂÐ�á¡Ø ÖµÞb_ ÉÄÍ Ê�Ô ÊÌÎ É�ÍÂÐçËÂÛÜÊ�ØµÒ·ØµÉ³É�èÚÉ�è Ë�Ê

Ò�ÊÌÍ�Ë
n
Ø ÖµÞb_ ÉÄÍÂÒ ÛÜÒ¡ÎÚÍ�ÊÌÎ ÊÌÍ�ËÂÛÜÊ�ØÚÐ�á�ËÂÊòËÂÇµÉ ØôÖµÞ�_ É�Í Ê�Ô«Ù�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�ØµÒ _ É�Ë æ¹É³É³Ø Ò�ÉXW ÖµÉ³ØµÙ³É¹É³áÜÉ³ÞßÉ³Ø¯ËÂÒ³é



� ����� ��� � �T����� ��� \�� �
ÆÈÇµÛÜÒ ÛÜÞÀÎÚáÜÛÜÉ³Ò ËÂÇµÉïÔ×Ê�áÜáÜÊ¦æ ÛñØÚå � ÛñÔ¥ì�Ê�Ö�ÞßÉ¬ÐçÒ�Ö«ÍÂÉ�ËÂÇµÉ�ÍÂÖµØ¯ËÂÛÜÞßÉÃÊ�ÔµË�ÇÚÉ æ·ÇµÊ�áÜÉ�Ò�ÊÌÍîËÂÛÜØµå Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞ í

ËÂÇµÉãÍ�É³Ò�ÖµáñËÂÛÜØµå¿ËÂÛÜÞßÉ
Ttotal

æ·ÛÜáÜá _ ÉÏÎµÍÂÊÌÎ ÊÌÍ�ËÂÛñÊ�Ø Ðçá�ËÂÊ ËÂÇµÉãË�ÛÜÞßÉ
Tcomp

Ë�Ç ÐÑË·ÛÜÒ _ É³ÛñØÚå�ÒîÎ É³Ø¯Ë æ Û²ËÂÇ
Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ _ É�Ë æ¹É³É�Ø¼ÒîÉXWôÖµÉ³ØµÙ³É É³áÜÉ�ÞßÉ³Ø ËÂÒ�é � " ÛÜØµÙ³É

Tcomp

ÛÜÒÀÛÜØ ËÂÖ«ÍÂØ ÎµÍÂÊÌÎ ÊÌÍîËÂÛÜÊ�ØÚÐ�á¹ËÂÊÝËÂÇµÉ
ØôÖµÞ�_ É�ÍãÊ�ÔïÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�ØÚÒÏÛñËÂÒîÉ³áÜÔºí¡Ë�ÇÚÛñÒâØôÖµÞ�_ É�ÍâÛÜÒëÐ å�ÊôÊôè ÛñØÚèµÛÜÙ³ÐçËÂÊÌÍÏÔ×ÊÌÍëËÂÇµÉÀÉ � Ù³ÛÜÉ³ØµÙ�ì Ê�Ô ËÂÇµÉ
Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞ é

ê�ÔÈì�Ê�Ö ËÂÇµÛÜØ ] Ð _�Ê�ÖµË ÒîÊÌÍ�ËÂÛÜØµå ÞßÊÌÍÂÉßÙ³Ê�ÞÀÎÚáÜÛñÙ¬ÐçËÂÉ³è UÌÐ�áñÖÚÉ�Ò ^»áÜÛV]�ÉÀØÚÐ�ÞßÉ³ÒàÛñØ ÐóËÂÉ�áÜÉ�ÎÚÇµÊ�ØÚÉßèµÛ �
ÍÂÉ³ÙÄËÂÊÌÍ�ìa`´í Ð Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�Ø _ É�Ë æ¹É³É�Ø Ë æ¹ÊßÉ³áñÉ³ÞßÉ³Ø Ë�Ò·ÞßÛÜå�Ç¯Ë·É U�É�Ø _ É�Ù³Ê�ÞßÉâËÂÇµÉëÒ�ÛñØÚå�áñÉâÞßÊ�ÒîËòËÂÛÜÞßÉ �
Ù³Ê�ØµÒ�ÖµÞßÛÜØµå ÊÌÎ�É�ÍäÐçËÂÛñÊ�Ø¾é¹ê�Ø Ò�ÖµÙäÇ½Ð�Ò�Ù³É�Ø ÐÑÍÂÛÜÊ«í

Tcomp

Þ®Ð³ì É¬ÐçË Ö«Î½Ð�áÜÞßÊ�ÒîËÈÉ U�ÉÄÍ�ìôËÂÇµÛÜØµåßÊ�Ô
Ttotal

í
Þ®Ð ]ôÛÜØµå Ë�ÇÚÉÏÙ³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�Ø®Ù³Ê�ÖµØ Ë ÐçØ�É U�É³Ø ÞßÊÌÍ�ÉãÐÑÎÚÎµÍÂÊÌÎµÍÂÛÜÐçËÂÉÓÞßÉ¬Ð�Ò�Ö«ÍÂÉÓÊ�Ô¡É � Ù³ÛñÉ³ØµÙ�ì�é

Æ Ê ÙäÇµÉ³Ù ]�Ë�Ç ÐÑËÀÐ�áñá¹Ë�ÇÚÛñÒ¿ÛñÒ ØµÊÌË Ê�Øµáñì åÌÍ�É�ì Ë�ÇÚÉ�ÊÌÍ�ì�í áÜÉ�Ë¿ÖµÒ Þ®Ð ]�É Ò�Ê�ÞßÉ®ÉIPôÎ É�ÍÂÛñÞßÉ³Ø ËÂÒ¿Ð�Øµè
ÞßÉ¬Ð�ÒîÖµÍ�ÉëËÂÇµÉ Ë�ÛÜÞßÉëËÂÇÚÐçËÓÛñË ËäÐ ]�É³ÒÏË�Ê ÉGP«É³Ù³Ö«ËÂÉ ÐÀÎÚÍ�Ê�åÌÍäÐ�Þ æ Û²ËÂÇ ËÂÇµÉ¿Ô×Ê�áñáÜÊÑæ·ÛÜØµå

main
Ô×ÖµØÚÙÄËÂÛÜÊ�Ø¤í

Ô×ÊÌÍ UÌÐçÍ�ÛÜÊ�ÖµÒ U�Ð�áÜÖµÉ³Ò¾Ê�Ô
n
é � Ò¡Ê�Ö«Í ��ËÂÉ³Ò�Ë Ù¬ÐçÒ�É 	«í¦æ¹ÉÕÖµÒ�É ËÂÇµÉ � ÖµÞ�_ áñÉ³èÓÒ�ÉXWôÖµÉ³ØµÙ³É

0, n−1, 1, n−2, ...
í

Ð�Øµè�Ð�ÔÜËÂÉ�Í ÇÚÐXU¥ÛÜØµå Ù¬ÐçáÜáÜÉ³èàËÂÇµÉïÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
minimum_sort

ÔÜÍÂÊ�Þ Ð _�Ê U�ÉÌíÌæ¹ÉïÙäÇµÉ³Ù ] æ ÇµÉ�ËÂÇµÉ�Í æ¹ÉÈØµÊ¦æ
ÛÜØµèµÉ³É³èóÇÚÐXU�ÉãË�ÇÚÉãÐ�Ò�Ù�É³ØµèÚÛñØÚå�Ò�ÉXW ÖÚÉ�ØÚÙ�É

0, 1, . . . , n − 1
é � É�Ò³í«ËÂÇµÛÜÒÈÎµÍÂÊ�åÌÍÂÐ�Þ èÚÊ É³Ò·ÊÌË�ÇÚÉÄÍòËÂÇµÛÜØµå�Ò

ÐçÎ ÐçÍ�ËÕÔÜÍÂÊ�Þ ËÂÇµÉ Ð�Ù�Ë�Ö ÐçáÚÒîÊÌÍ�ËÂÛÜØµå«í�_ Ö«Ë�Ð�áÜáÚÐ�èµèµÛñËÂÛÜÊ�ØÚÐ�á«ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒÃÐçÍ�É��îÙäÇµÉ¬ÐçÎ�	ëÛÜØ Ë�ÇÚÉòÒ�É³ØµÒ�É·Ë�Ç ÐÑË
ËÂÇµÉ³ÛñÍëØôÖµÞb_�É�ÍàÛÜÒëÎµÍÂÊÌÎ ÊÌÍîËÂÛÜÊ�ØÚÐ�á ËÂÊ

n
ÐçË ÞßÊ�Ò�Ë �ÃÐ�Ù³Ù³ÊÌÍÂèµÛÜØµå ËÂÊ Ê�Ö«Í¿Ð _ Ê�U�É®áÜÛÜØµÉ Ê�ÔòÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³í

ËÂÇµÉ�ì Ò�ÇµÊ�ÖµáÜè�ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉâØµÊÌËÈÞ®ÐçË�Ë�É�Í¬é
int main()

{

int n = 100000; // number of values to be sorted

int* a = new int[n];

std::cout << "Sorting " << n << " integers ...\n";

// create sequence : 0, n-1, 1, n-2,...

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

if (i % 2 == 0) a[i] = i/2; else a[i] = n-1-i/2;

// sort into ascending order

minimum_sort (a, a+n);

// is it really sorted ?

for (int i=0; i<n-1;++i)

if (a[i] != i) std::cout << "Sorting error!\n";

delete[] a;

return 0;

}

Æ Ð _ÚáÜÉ � Ò�ÖµÞßÞ®ÐçÍÂÛ
��É³ÒÏË�ÇÚÉ¿ÍÂÉ³Ò�ÖµáñË�Ò³é [ ÊÌÍâÉ U�É�Í�ì U�Ð�áÜÖµÉÀÊ�Ô
n
í
Gcomp

ÛÜÒãË�ÇÚÉ ØôÖµÞb_�É�ÍëÊ�Ô � Û �
å�Ð�Ù³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒ
^

109 Ù³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒ `ÄíµÐ�Ù�Ù³ÊÌÍÂèµÛÜØµå�ËÂÊ � _ÚÒ�É�Í UÌÐçË�ÛÜÊ�Ø � é¹ê�Ø ÊÌËÂÇµÉ�Í·æ¹ÊÌÍÂèµÒ³í
Gcomp=

���&� ��
��&
�� � � 
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\���\ ������������� � ��� ��� ��� � �����

n
� ��� í ����� \ ��� í ����� � ��� í ����� ����� í ����� � í ����� í �����

Gcomp
� \ � ��� ��\ � ��\����

Time (min)
� � ��� � � � � � � \�� �!� � � � � � � ��\

sec/Gcomp
� é � � é ��� � é � � é � � é � �

Table 7:
� ��¨½ ��³£��Â¶®±Ä��¨�¢�©�£¬�»�����¤�®©���F�£¬���¤���°¨ � �Â¶ ÞßÛÜØµÛÜÞ¿ÖµÞ��ºÒ�ÊÌÍ�Ë

10−9n(n−1)/2
é
Time

ÛñÒÕËÂÇµÉ Ð _ ÒîÊ�áÜÖ«ËÂÉÈÍ�ÖÚØ¯ËÂÛÜÞßÉ¹Ê�Ô�ËÂÇµÉòÎµÍÂÊ�åÌÍÂÐ�Þ ÛñØÀÞßÛÜØôÖ«ËÂÉ�ÒÕÐçØÚèßÒîÉ³Ù³Ê�ØµèµÒ³íôÊ�Ø
Ð�ÞßÊ èµÉ�ÍÂØ � �Óé

sec/Gcomp
ÛÜÒ

Time
^�ÛÜØ ÒîÉ³Ù³Ê�ØµèµÒ `òèµÛVU¥ÛñèÚÉ�è _ôì

Gcomp
Ð�ØµèóËÂÉ³áÜáñÒ·ÖµÒ·ÇµÊ¦æ Þ®Ð�Ø¯ì

Ò�É³Ù�Ê�ØÚèµÒÈËÂÇµÉÏÎµÍÂÊ�åÌÍäÐçÞ ØµÉ³É�èÚÒÈËÂÊ�Î�É�ÍÂÔ×ÊÌÍÂÞ Ê�ØµÉ � ÛÜå�Ð�Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�Ø¤é
ÆÈÇµÉ·ËÂÐ _ÚáÜÉòÒîÇÚÊ¦æ ÒÃËÂÇÚÐçËÃËÂÇµÉ·ØôÖµÞ�_ É�Í�Ê�Ô�Ò�É³Ù³Ê�ØµèµÒ�Î ÉÄÍ � Ûñå�Ð�Ù³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�Ø�ÛÜÒÕÐçÍÂÊ�ÖµØµè � é � Ô×ÊÌÍ¹Ð�áÜá

Ù³Ê�ØµÒ�ÛÜèµÉ�Í�É³è U�Ð�áÜÖµÉ³Ò Ê�Ô
n
é � Ò ÎµÍÂÉ³èµÛÜÙ�Ë�É³è Ð _ Ê U�É�í�ËÂÇµÉëÍÂÖµØ ËÂÛñÞßÉâÛÜØ ÎµÍäÐ�Ù�ËÂÛñÙ³ÉëÛÜÒ ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉ ÛÜØµèµÉ³É³è

ÎµÍÂÊÌÎ ÊÌÍ�Ë�ÛÜÊ�ØÚÐ�áÕËÂÊ ËÂÇµÉßØ ÖÚÞ�_ É�Í Ê�ÔÈÙ³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ _ É�Ë æ¹É³É�Ø�Ò�ÉXW ÖµÉ³ØµÙ³É É�áÜÉ³ÞßÉ³Ø¯ËÂÒ³é ÆÈÇµÛÜÒàØ ÖµÞb_ ÉÄÍ
WôÖÚÐ�è«ÍÂÖ«ÎÚáÜÉ³Ò¹ÔÜÍÂÊ�ÞðÊ�ØµÉãÙ³Ê�áñÖÚÞßØ®ËÂÊ ËÂÇµÉâØµÉIPôË¬íµÐ�ØµèóÒ�ÊÀèµÊ É³ÒÈË�ÇÚÉÓÍÂÖµØ Ë�ÛÜÞßÉÌé

SÝÉ�Ð�áÜÒ�Ê Ò�É³É ËÂÇÚÐçËÏÒ�ÊÌÍ�Ë�ÛÜØµå Ø ÖÚÞ�_ É�Í�Ò ÖÚÒîÛÜØµå ¨ �»� �»¨ ��¨ �î����£¦� ÐçÎµÎ É¬ÐçÍ�ÒÏËÂÊ
_ ÉàÎµÍÂÉ�Ë�Ë ì ÛÜØµÉ � �
Ù³ÛÜÉ�Ø Ë¬é � í ����� í ����� ÛñÒÈØµÊÌËòá×ÐçÍÂå�É�_ ì ËÂÊ èÚÐ¬ì � Ò¹ÒîËäÐçØÚèÚÐçÍ�èÚÒ�í�_ Ö«ËÈËÂÊ ÒîÊÌÍ�ËòË�Ç ÐÑËòÞ®ÐçØ ìßØ ÖÚÞ�_ É�Í�ÒÈËäÐ ]�É³Ò
ÞßÊÌÍÂÉ ËÂÇÚÐ�Ø�Ê�ØµÉòÇµÊ�Ö«Í � � ÛVU�É³Ø ËÂÇÚÐçË

sec/Gcomp
ÐçÎµÎ É¬ÐçÍÂÒ ËÂÊ
_ ÉÈÙ³Ê�ØµÒîËäÐ�Ø¯Ë¬í�æ¹É¹Ù¬Ð�ØÀÉ U�É�ØÀÉ³ÒîËÂÛñÞ®ÐçËÂÉ

ËÂÇµÉ ËÂÛñÞßÉ Ë�Ç ÐÑËëÛñËÏæ¹Ê�ÖµáÜè ËäÐ ]�É�ËÂÊóÒ�ÊÌÍ�Ë � � í ����� í ����� ØôÖµÞ�_ É�ÍÂÒ�í ÒÂÐ³ì�é [ ÊÌÍëËÂÇµÛÜÒ³í¾æ¹É èµÉ�ÍÂÛVU�É ÔÜÍÂÊ�Þ
� _ ÒîÉ�Í U�ÐçËÂÛÜÊ�Ø � ËÂÇµÉ®Í�ÉXWôÖµÛñÍÂÉ�è Ø ÖÚÞ�_ É�ÍëÊ�Ô � ÛÜå�Ð�Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒb^ � � í ����� `âÐ�Øµè Þ�ÖµáñË�ÛñÎÚáñì ÛñËàæ Û²ËÂÇ
� é � éÃÆ¹ÇµÉãÍÂÉ³ÒîÖÚá²ËÂÛÜØµå ��� � í ����� Ò�É³Ù³Ê�ØµèµÒ ÐçÍ�ÉâÐ�áñÞßÊ�ÒîËïË æ¹Ê�èÚÐ³ì¥Ò³é

�ÃÒîÒ�É³Ø Ë�Û×Ð�áÜáñì Ë�ÇÚÉ½ÒÂÐ�ÞßÉ YÚå�Ö«ÍÂÉ³Ò Í�É³Ò�ÖµáñË ÔÜÍÂÊ�Þ ÍÂÖµØµØµÛÜØµå ÊÌË�ÇÚÉÄÍ æ¹É³áñá � ]ôØÚÊ¦æ Ø Ò�ÛÜÞÀÎÚáÜÉ Ò�ÊÌÍîËÂÛÜØµå
Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞßÒ¤áÜÛV]�É  ¬�¾ Ì ¦�ª���î�ç��£¦� ÊÌÍ �°�¤���³£¦�
�î�ç��£¦� é*�¹Ð�Øàæ¹ÉïèµÊ�_ É�Ë�ËÂÉÄÍ � � É³Ò³íÌæ¹ÉïÙ¬ÐçØ¾í�ÐçØÚèàÍÂÉ�Ù³Ö«ÍÂÒ�ÛÜÊ�Ø
ÇµÉ³áñÎÚÒÈÖÚÒ¹ËÂÊ�èÚÊ�ÛñË �

Merge-sort.
Æ¹ÇµÉ�Î ÐçÍäÐ�èµÛÜå�Þ _ É³ÇµÛÜØµèëËÂÇµÉ ¨½�³£îÁ«���î����£¦� Ð�áÜå�ÊÌÍÂÛ²ËÂÇµÞ ÛñÒ ËÂÇµÛÜÒ �¾ÛÜÔµÐòÎµÍÂÊ _ÚáÜÉ³Þ ÛÜÒ ^°ËÂÊôÊ `

á×ÐçÍ�å�ÉÈËÂÊ _ É·ÒîÊ�áVU�É³èÀèµÛñÍÂÉ�Ù�ËÂáñì�í�Ò�Ö _ èµÛVUôÛÜèµÉòÛñËÃÛÜØ¯ËÂÊâÒîÞ®Ð�áÜáÜÉ�Í ÒîÖa_µÎµÍÂÊ _ÚáÜÉ³ÞßÒ ËÂÇÚÐçË�ÐçÍÂÉÈÉ¬Ð�ÒîÛÜÉ�Í�Ë�ÊâÒ�Ê�áVU�É�í
Ð�Øµè ËÂÇµÉ³Ø ÎÚÖµËòËÂÇµÉëÊ�U�É�ÍäÐ�áÜá¡Ò�Ê�áÜÖ«ËÂÛÜÊ�Ø ËÂÊ�å�É�ËÂÇµÉ�Í ÔÜÍ�Ê�Þ ËÂÇµÉëÒ�Ê�áÜÖ«ËÂÛñÊ�ØÚÒÈÊ�Ô ËÂÇµÉëÒ�Ö _µÎµÍÂÊ _ÚáÜÉ³ÞßÒ³éÈÆ¹ÇÚÛñÒ
Î ÐçÍäÐ�èµÛÜå�Þ ÛñÒ�]ôØÚÊ¦æ Ø�Ð�Ò F�� DÌ�NFµ�ß©���F ±���� � �¡�³£ é

�·É�ÍÂÉ®ÛÜÒâÇÚÊ¦æ ËÂÇµÛÜÒãæ¹ÊÌÍ ]¥ÒàÔ×ÊÌÍ¿Ò�ÊÌÍ�Ë�ÛÜØµå«é � ÉÄË ÖÚÒ ÛÜÞ®Ðçå�ÛÜØµÉ¿ËÂÇÚÐçËâËÂÇµÉßØôÖµÞb_�É�ÍÂÒâËÂÊ _ ÉßÒîÊÌÍ�ËÂÉ³è
Ù³Ê�ÞßÉÈÐ�ÒÕÐÏèµÉ³Ù ]�Ê�Ô�Ù¬ÐçÍ�èÚÒ�í¯æ·ÛñËÂÇ�Ë�ÇÚÉÈØôÖµÞ�_ É�ÍÂÒ æòÍÂÛñË�ËÂÉ�Ø Ê�Ø ËÂÇµÉ³Þ é ÆÈÇµÉ�YÚÍ�ÒîË�Ò�ËÂÉ�ÎßÛÜÒ ËÂÊÏÎ�ÐÑÍ�ËÂÛñËÂÛñÊ�Ø
ËÂÇµÉ¿èÚÉ�Ù ] ÛÜØ¯ËÂÊ®Ë æ¹Ê Ò�Þ®Ð�áñáÜÉ�Í èµÉ³Ù ]¥ÒãÊ�Ô�ÇÚÐ�áÜÔ ËÂÇµÉ¿Ò�Û
�³É¿É¬Ð�ÙäÇ¤é¿ÆÈÇµÉ³Ò�É Ë æ¹Ê�èµÉ³Ù ]¥ÒâÐçÍÂÉàËÂÇµÉ³ØÝÒîÊÌÍ�ËÂÉ³è
ÛÜØµèµÉ�Î É³ØµèµÉ³Ø¯ËÂáñì ÔÜÍÂÊ�Þ É¬Ð�ÙäÇ ÊÌËÂÇµÉ�Í¬í æ·ÛñËÂÇóËÂÇµÉàÒÂÐçÞßÉâÞßÉ�ËÂÇµÊ è � _ÚÖµË·ËÂÇµÉàÞ®Ð�ÛÜØóÛÜØµåÌÍÂÉ�èÚÛñÉ³Ø Ë·Ê�Ô Ë�ÇÚÛñÒ
ÞßÉ�ËÂÇµÊ è Ù�Ê�ÞßÉ³ÒÓÊ�ØÚá²ì ØÚÊ¦æ � æ¹É ÇÚÐXU�É¿Ë�Ê ÞßÉ�Í�å�É Ë�ÇÚÉàË æ¹Ê Ò�ÊÌÍ�ËÂÉ³è èÚÉ�Ù ]ôÒãÛñØ ËÂÊ Ê�ØµÉ¿ÒîÊÌÍ�ËÂÉ³è½èÚÉ�Ù ]�é
��Ö«Ë·ËÂÇµÛÜÒÈÛÜÒÈØµÊÌË ÇÚÐçÍÂè �Õæ¹ÉÏÎÚÖµËòËÂÇµÉãË æ¹Ê èµÉ³Ù ]ôÒ ÛÜØóÔÜÍÂÊ�Ø¯Ë Ê�Ô ÖµÒ ^ _ ÊÌËÂÇóØµÊ¦æ ÇÚÐXU�ÉãËÂÇµÉ³Û²Í Ò�Þ®Ð�áñáÜÉ³ÒîË
Ù¬ÐçÍ�è½Ê�Ø ËÂÊÌÎ ` � ÐçÒ áÜÊ�Øµå®Ð�Ò·ËÂÇµÉ�Í�É ÐçÍÂÉàÒîËÂÛñáÜá¡Ù³ÐçÍÂèµÒ ÛÜØ Ê�ØµÉëÊÌÍ�_ ÊÌËÂÇ Ê�Ô ËÂÇµÉëèµÉ³Ù ]¥Ò³í�Ë�ÇÚÉàÒîÞ®Ð�áÜáÜÉ�ÍòÊ�Ô
ËÂÇµÉòË æ¹ÊâË�ÊÌÎ®Ù¬ÐçÍÂèµÒ�^�ÊÌÍÕËÂÇµÉ·Ò�ÛñØÚå�áñÉòÍÂÉ³Þ®ÐçÛÜØµÛÜØµåÓË�ÊÌÎ®Ù¬ÐçÍÂè `ÃÛñÒÕËäÐ ]�É�ØßÊ � Ð�ØµèÀÎÚÖ«Ë Ö«ÎÚÒ�ÛÜèµÉòèµÊ¦æ ØßÊ�Ø
ÐâØµÉ�æ èÚÉ�Ù ] ËÂÇÚÐçË ÛÜØÀË�ÇÚÉ É�ØÚèßÍÂÉÄÎÚÍ�É³Ò�É³Ø¯ËÂÒ ËÂÇµÉ·ÍÂÉ³ÒîÖÚá²ËïÊ�Ô ËÂÇµÉ Ê U�ÉÄÍäÐ�áÜá Ò�ÊÌÍ�ËÂÛÜØµåâÎµÍÂÊ Ù³É³Ò�Ò�é [ ÛÜå�Ö«ÍÂÉ � �
U¥ÛñÒ�ÖÚÐ�áÜÛ
�³É�Ò¹Ë�ÇÚÉÏÞßÉ�ÍÂå�ÉÓÒîË�É�Î¾é

�·É�ÍÂÉ ÛÜÒ·ÇÚÊ¦æ ¨½�³£îÁ«��������£¦� Ù³Ð�Ø _�ÉëÍÂÉ¬Ð�áÜÛ��³É³è ÛÜØ&�����àí¡ÐçÒ�Ò�ÖµÞßÛÜØµå ËÂÇÚÐçË æ¹ÉàÇÚÐXU�É¿ÐÀÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
merge

ËÂÇÚÐçË Î�É�ÍÂÔ×ÊÌÍÂÞßÒ Ë�ÇÚÉ¹Ð _ Ê U�ÉïÊÌÎ�É�ÍäÐçËÂÛñÊ�Ø¿Ê�ÔµÞßÉ�Í�å�ÛÜØµå·Ë æ¹ÊÏÒîÊÌÍ�ËÂÉ³è¿Ò�ÉXW ÖÚÉ�ØÚÙ�É³ÒÕÛñØ ËÂÊ Ê�ØµÉïÒ�ÊÌÍ�Ë�É³è
Ò�ÉXW ÖµÉ³ØµÙ³ÉÌé
// PRE: [first , last) is a valid range
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Figure 19: � �³£îÁ��°��Á ��¸Ó� ����£¦���GF Fµ��±�
�� �Â¶ß±Ä©�£ F¯���°�¤���Ý��� � �ç��£¦���IF Fµ�Ä±�


// 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

}

ê�ÔÚË�ÇÚÉÄÍÂÉïÛÜÒ ÞßÊÌÍÂÉ�Ë�Ç ÐçØ¿Ê�ØµÉïÉ³áñÉ³ÞßÉ³Ø Ë ËÂÊ Ò�ÊÌÍ�Ë¬íÌË�ÇÚÉ¹Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ÒîÎÚáÜÛ²ËÂÒ ËÂÇµÉ ÍäÐ�Øµå�É
[first, last)ÛÜØ¯ËÂÊ Ë æ¹Ê ÍäÐ�Øµå�É³Ò

[first, middle)
Ð�Øµè

[middle, last)
Ê�ÔµáÜÉ³ØµåÌËÂÇµÒ �

n/2 � Ð�Øµè
	 n/2 � é
�çÖµÒîËÐ�Ò�ÐÏÍÂÉ³ÞßÛñØÚèµÉ�Í³í�Ô×ÊÌÍ¹Ð�Ø ì¿ÍÂÉ¬Ðçá Ø ÖÚÞ�_ É�Í
x
í�	

x � ÛÜÒ ËÂÇµÉ·ÒîÞ®Ð�áÜáÜÉ³Ò�ËÕÛñØ ËÂÉ³å�ÉÄÍ�åÌÍÂÉ³ÐçËÂÉ�Í�ÊÌÍ ÉXW Ö ÐçáÚËÂÊ x
^ �

xÍÂÊ�ÖµØµèµÉ³è ÖµÎ�	 `Äí�Ð�Øµè �
x � ÛÜÒ·ËÂÇµÉëá×ÐÑÍÂå�É³ÒîË·ÛÜØ ËÂÉ�å�É�Í Ò�Þ®Ð�áñáÜÉ�ÍòÊÌÍ ÉXWôÖÚÐ�á¡ËÂÊ x

^!�
x
Í�Ê�ÖÚØµèµÉ³è èµÊÑæ·Ø
	 `Äé

ê�Ô
n
ÛñÒÕÉ U�É�Ø¾í _ ÊÌËÂÇ U�Ð�áÜÖµÉ³Ò �

n/2 � Ð�Øµè�	 n/2 � ÐçÍÂÉÈÉXWôÖÚÐ�áµËÂÊ n/2
í Ð�ØµèÀÊÌËÂÇµÉ�Íîæ ÛÜÒ�É�í�Ë�ÇÚÉ YµÍÂÒîË�UÌÐçáÜÖµÉ

ÛÜÒÈÒ�Þ®Ð�áÜáñÉ�Í _ôì Ê�ØµÉÌé
� Ò�Û²ËÂÒ�ØµÉIPôËóÒîËÂÉÄÎ¡í ËÂÇµÉ Ð�áÜå�ÊÌÍÂÛñË�ÇÚÞ ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�É³á²ì Ò�ÊÌÍîËÂÒ ËÂÇµÉ½É³áÜÉ³ÞßÉ³Ø¯ËÂÒ èÚÉ�Ò�Ù�ÍÂÛV_�É³è _ôì _ ÊÌËÂÇ

ÍäÐ�Øµå�É³Ò�éßê�ØÝËÂÇµÉ É³Øµè¤í Û²ËâÙ¬ÐçáÜáÜÒÓËÂÇµÉ�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
merge

Ê�ØÝËÂÇµÉ Ë æ¹Ê ÍäÐ�Øµå�É³Ò³éßê�Ø Ù�Ê�ÞßÞßÉ³Ø ËÂÛñØÚåÀË�ÇÚÉ
á×ÐçËîËÂÉ�Í®Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤í¹æ¹É Ò�ËÂÛÜÙ ] ËÂÊ ËÂÇµÉ èÚÉ�Ù ] Ð�ØÚÐ�áñÊ�åÌì�ËÂÇÚÐçËßæ¹É ÇÚÐXU�É½ÖµÒ�É³è Ð _ Ê�U�ÉÌé ê�ÔÓì�Ê�Ö ÇÚÐXU�É
ÖµØµèÚÉÄÍÂÒîËÂÊ Êôè Ë�ÇÚÉÏèµÉ³Ù ]�ÞßÉÄÍÂå�ÛÜØµåëÎµÍÂÊôÙ³É�Ò�Ò³íµì�Ê�Ö�æ ÛÜáñá�Î É�ÍÂÙ�É³ÛVU�ÉÓËÂÇµÉãèµÉ YÚØµÛñËÂÛÜÊ�Ø Ê�Ô

merge
Ð�Ò _ É³ÛñØÚå

ÒîË�ÍÂÐ�ÛÜå�Ç Ë�Ô×ÊÌÍ�æÈÐçÍÂè¤é
// 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



\���� ������������� � ��� ��� ��� � �����

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.
� ÒÏÔ×ÊÌÍ ¨ �»� �°¨���¨ �î����£¦� í æ¹É æ ÛÜáñá Ù³Ê�ÖµØ ËÓËÂÇµÉ¿ØôÖµÞb_�É�ÍÓÊ�Ô�Ù³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒ

_ É�Ë æ¹É³É�Ø ÒîÉXWôÖµÉ³ØµÙ³É®É³áÜÉ�ÞßÉ³Ø ËÂÒÏËÂÇÚÐçËëÊ Ù³Ù³Ö«Íëæ·ÇÚÉ�Ø Ð Ò�ÉXW ÖÚÉ�ØÚÙ�É Ê�Ô
n
Ø ÖÚÞ�_ É�Í�ÒëÛÜÒ _�É³ÛÜØµåóÒ�ÊÌÍ�Ë�É³è¤é

� å�Ð�ÛñØ¾í æ¹ÉãÙ¬ÐçØóÐçÍÂå�ÖµÉÓËÂÇÚÐçË¹ËÂÇµÉ ËÂÊÌËäÐ�á Ø ÖÚÞ�_ É�ÍÈÊ�Ô¡ÊÌÎ É�ÍäÐçË�ÛÜÊ�ØµÒïÛÜÒïÎÚÍ�ÊÌÎ ÊÌÍ�ËÂÛÜÊ�ØÚÐ�á ËÂÊ¿Ë�ÇÚÛñÒÈØ ÖµÞb_ ÉÄÍ
Ê�ÔÈÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒ�Ê�ØµÒ³é [ ÊÌÍ ¨½�³£îÁ«��������£¦� íÕË�ÇÚÛñÒëÔªÐ�Ù�Ë¿ÛÜÒàØµÊÌË Ò�Ê ÛÜÞßÞßÉ³èµÛ×ÐÑËÂÉÌí¤ËÂÇµÊ�ÖÚå�Ç¤í Ð�Øµè æ¹É®èÚÊ�Ø�� Ë
ÉIPôÎ É³Ù�Ëãì�Ê�Ö ËÂÊ�ÖµØµèµÉ�ÍÂÒîËÂÐ�ØµèÝÛñËÏØµÊÑæâé ��Ö«ËãÔ×ÊÌÍâËÂÇµÉ�_ É³ØµÉ YµËãÊ�Ô�^�ØµÊÌËãÊ�ØÚá²ìa`·ËÂÇµÉ�ÒîÙ³É�ÎµËÂÛÜÙ ÍÂÉ¬Ð�èµÉ�Í³í
æ¹ÉÓæ ÛÜáÜá ÙäÇµÉ³Ù ] ËÂÇµÛÜÒòÔªÐçÙ�Ë·ÉGP¥Î É�Í�ÛÜÞßÉ³Ø ËÂÐ�áÜáñì _ É³áÜÊ¦æëí«ÐçÒòæ¹ÉÏèÚÛñè�Ô×ÊÌÍ ¨ �»� �°¨���¨ �î����£¦� é� áÜá¤ËÂÇµÉâÙ³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒïËäÐ ]�ÉâÎÚá×Ð�Ù�ÉâèµÖ«ÍÂÛÜØµå�ËÂÇµÉãÙ¬Ð�áÜáÜÒ¹ËÂÊ Ë�ÇÚÉâÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø

merge
ÐÑË·ËÂÇµÉ U�ÐçÍÂÛñÊ�ÖÚÒ

áÜÉ U�É�áÜÒ Ê�ÔòÍÂÉ³Ù�ÖµÍ�Ò�ÛÜÊ�Ø¤í�Ò�Ê½áÜÉ�Ë ÖµÒ�YÚÍ�ÒîË Ù�Ê�ÖÚØ¯Ë ËÂÇµÉ Ø ÖÚÞ�_ É�Í Ê�ÔòÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�ØÚÒZ_�É�Ë æ¹É³É³Ø Ò�É WôÖµÉ³ØµÙ³É
É³áÜÉ�ÞßÉ³Ø ËÂÒ ËÂÇÚÐçËÕÊ�ØµÉ·Ù¬Ð�áñáµË�Ê

merge
Î�É�ÍÂÔ×ÊÌÍÂÞßÒÃÛÜØÀÊÌÍÂèµÉ�ÍÕËÂÊâÙÄÍÂÉ¬ÐçËÂÉ·ÐãÒ�ÊÌÍîËÂÉ³èßèµÉ³Ù ]ÀÊ�Ô

n
Ù³ÐçÍÂèµÒ�ÔÜÍÂÊ�Þ

Ë æ¹Ê Ò�ÊÌÍîËÂÉ³èóèµÉ³Ù ]¥Ò�é
ê»Ë·ÛñÒòÐÑÎÚÎ ÐçÍ�É³Ø ËÈÔÜÍÂÊ�Þ ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø _�Êôè«ì ^ºÐ�ØµèóÐçáÜÒ�Ê¿ÔÜÍÂÊ�Þ Ê�ÖµÍòÛÜØµÔ×ÊÌÍÂÞ®Ð�á èµÉ³Ò�Ù�ÍÂÛ²ÎÚË�ÛÜÊ�Ø Ê�Ô¾ËÂÇµÉ

ÞßÉ�ÍÂå�ÛñØÚåßÎµÍÂÊ Ù³É³Ò�ÒàÐ _ Ê U�ÉK`ÓËÂÇÚÐçË ©¯�â¨ ��������� � Ù�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�Ø ÛÜÒÏØÚÉ�É³èµÉ³è Ô×ÊÌÍëÉ U�É�ÍîìÝÙ¬ÐçÍ�èÝËÂÇÚÐçËÏÛÜÒ
ÎÚÖ«Ë Ê�Ø ËÂÇµÉ®ØµÉ�æ èµÉ³Ù ]�é ê�ØµèµÉ³É³è¤í æ¹ÉßÞ®Ð³ì ÇÚÐKU�ÉßËÂÊ Ù³Ê�ÞÀÎ ÐçÍÂÉ�ËÂÇµÉ®Ë æ¹Ê ËÂÊÌÎ Ù¬ÐçÍÂèµÒ Ê�ÔòË�ÇÚÉßáñÉ³ÔÜË
Ð�ØµèÝËÂÇµÉ ÍÂÛñå�Ç ËãèÚÉ�Ù ]ÝÛÜØÝÊÌÍÂèµÉ�ÍëË�Ê YÚØÚè Ê�Ö«Ëãæ ÇµÛÜÙäÇ Ù¬ÐçÍÂèÝË�ÊóËäÐ ]�É Ê ��ØµÉIP¥Ë¬é ��Ö«ËëÛñÔïÊ�ØÚÉ�Ê�Ô ËÂÇµÉ
Ë æ¹Ê èµÉ³Ù ]¥Ò�_ É³Ù³Ê�ÞßÉ�ÒÈÉ�ÞÀÎÚË ì ^»Ë�ÇÚÛñÒÈÒîÛñËÂÖÚÐçËÂÛÜÊ�Ø®èµÉ YÚØµÛñËÂÉ³á²ì®ÊôÙ³Ù³Ö«ÍÂÒ _ É³Ô×ÊÌÍ�ÉÏËÂÇµÉÏá×Ð�ÒîËÈÙ¬ÐÑÍÂèóÛÜÒ¹ÎÚÖµËÈÊ�Ø
ËÂÇµÉ ØµÉ�æ èµÉ³Ù ]a`´í¡æ¹É èµÊ�Ø�� ËãèµÊóÐ�Ø¯ì Ô×Ö«Í�Ë�ÇÚÉÄÍëÙ³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ³é¿ÆÈÇµÛÜÒÏÞßÉ¬Ð�ØµÒÓËÂÇÚÐçË ©¯�Ï¨ ���³� n − 1Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ _ É�Ë æ¹É³É�Ø Ò�É WôÖµÉ³ØµÙ³ÉÏÉ³áÜÉ³ÞßÉ³Ø¯ËÂÒïÐçÍ�É Î É�ÍÂÔ×ÊÌÍÂÞßÉ�è ÛñØ ÞßÉÄÍÂå�ÛÜØµåâË æ¹Ê Ò�ÊÌÍ�ËÂÉ³è èµÉ³Ù ]¥Ò¹ÛÜØ¯ËÂÊ
Ê�ØµÉãÒîÊÌÍ�ËÂÉ³èóèµÉ³Ù ] æ ÛñË�Ç

n
Ù¬ÐÑÍÂèµÒ³é

� ØÚÊ¦æ ÛñØÚå ËÂÇµÛÜÒ³í¥æ¹ÉãÙ¬Ð�ØóØµÊ¦æ ÎµÍÂÊ U�ÉãÊ�Ö«Í·Þ®Ð�ÛñØ ÍÂÉ�Ò�ÖµáñË¬é

Theorem 2 �Õ���Ã¶Ä��� ±¬������� merge_sort �ç��£¦�º�â©À��� � � ��� ±�� �Â¶ n � 1 �¬�§��¨ �³�¤�º�Ó¸¹���º� ©¯�Ã¨½���³�
(n − 1)

	×áÜÊ�å
2 n �

±���¨¿¢�©�£¬���ç���¤�® ��¬��¸Ó���³�¼��� � � �³� ±Ä�ó�¬�ª�³¨ ���¤�º�çÅ
Proof.

S É�èµÉ YÚØµÉ
T(n)

ËÂÊ _ É ËÂÇµÉ ¨½©����»¨�� ¨ Î Ê�Ò�Ò�Û _ áñÉ¿Ø ÖµÞb_ ÉÄÍãÊ�Ô�Ù³Ê�ÞÀÎ ÐçÍÂÛÜÒ�Ê�ØµÒ�_ ÉÄË æ¹É�É³Ø
Ò�ÉXW ÖµÉ³ØµÙ³É É³áÜÉ³ÞßÉ³Ø¯ËÂÒ·ËÂÇÚÐçË Ù¬Ð�Ø ÊôÙ³Ù�ÖµÍÓèµÖ«ÍÂÛÜØµå®Ð Ù³Ð�áÜá ËÂÊ

merge_sort
æ ÛñË�Ç Ð�Ø ÐçÍÂå�ÖµÞßÉ³Ø ËòÍäÐ�Øµå�É

Ê�Ô áÜÉ³ØµåÌËÂÇ
n
é [ ÊÌÍÀÉGPµÐ�ÞÀÎÚáÜÉÌí

T(0) = T(1) = 0
í�Ò�ÛÜØµÙ³ÉóÔ×ÊÌÍÀÍÂÐ�Øµå�É³Ò Ê�Ô áÜÉ�ØÚåÌË�ÇÚÒ

0
Ð�Øµè

1
í ØµÊ

Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ ÐçÍÂÉâÞ®Ð�èµÉÌé�S É Ð�áÜÒ�Êßå�É�Ë
T(2) = 1

í�Ò�ÛÜØµÙ³ÉàÔ×ÊÌÍÏÐ¿ÍäÐ�Øµå�ÉàÊ�Ô áÜÉ³ØµåÌËÂÇ
2
í ¨½�³£îÁ«��������£¦�Î É�Í�Ô×ÊÌÍÂÞßÒòÊ�ØµÉÏÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�Ø ^�ÛñØóÞßÉ�ÍÂå�ÛÜØµåàË æ¹Ê Ò�ÊÌÍîËÂÉ³è èµÉ³Ù ]¥Ò Ê�Ô Ê�ØÚÉÏÙ¬ÐçÍ�è É¬Ð�ÙäÇ ÛÜØ Ë�Ê�Ê�ØµÉâÒîÊÌÍ�ËÂÉ³è



� ����� ��� � �T����� ��� \����
èµÉ³Ù ]ÝÊ�Ô Ë æ¹Ê�Ù³ÐçÍÂèµÒ `Äé ê�Ø Ð ÒîÛÜÞßÛÜá×ÐçÍ·æÈÐ¬ì�í¾æ¹ÉÀÙ¬Ð�Ø Ù�Ê�Ø U¥ÛñØÚÙ�É Ê�Ö«ÍÂÒ�É³á U�É³ÒâËÂÇÚÐçË

T(3) = 2
é®ÆÈÇµÉ�ÍÂÉ

©�£³� ÒîÉXWôÖµÉ³ØµÙ³É³ÒÈÊ�Ô¤áÜÉ³ØµåÌËÂÇ 3
Ô×ÊÌÍïæ·ÇÚÛñÙ´Ç®Ê�ØµÉ Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØßÒ�Ö � Ù³É�Ò ^°ËÂÇµÉ�YµÍÂÒîË¹Ù¬ÐçÍ�è Þ®Ð³ìb_ É ËäÐ ]�É³Ø

Ê ��Ë�ÇÚÉ·áÜÉ³ÔÜË èµÉ³Ù ]Àæ·ÇµÛÜÙäÇßÙ³Ê�ØµÒ�ÛÜÒîËÂÒÕÊ�Øµáñì Ê�Ô Ê�ØµÉ Ù³ÐçÍÂè `Äí _ÚÖ«Ë ËÂÇµÉòÞ®Ð P«ÛÜÞ¿ÖµÞ ØôÖµÞ�_ É�Í�Ë�Ç ÐÑË èµÉ YÚØµÉ³Ò
T(3)

ÛÜÒ
2
é

[ ÊÌÍ å�É³ØµÉ�ÍäÐçá
n � 2

í«æ¹ÉãÇÚÐXU�ÉãËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµåëÍÂÉ�Ù³Ö«Í�ÍÂÉ³ØµÙ³ÉâÍ�É³á×ÐçËÂÛñÊ�Ø �
T(n)

�
T(
� n
2
� ) + T(

	 n
2
� ) + n − 1.

^ � é � `
Æ Ê ÒîÉ³ÉâËÂÇµÛÜÒ³í«áñÉ�Ë·ÖµÒòÙ³Ê�ØµÒ�ÛÜèµÉ�Í·Ð¿Ò�É WôÖµÉ³ØµÙ³ÉëÊ�Ô

n
É�áÜÉ³ÞßÉ³Ø¯ËÂÒïËÂÇÚÐçË ÐçÙ�ËÂÖÚÐ�áÜáñì ÍÂÉXWôÖµÛñÍ�É³ÒòËÂÇµÉÏÞ®Ð P(�

ÛÜÞ¿ÖµÞ ØôÖµÞ�_ É�Í®Ê�Ô
T(n)

Ù³Ê�ÞÀÎ ÐçÍÂÛÜÒ�Ê�ØµÒ³é Æ¹ÇÚÛñÒ Ø ÖµÞb_ ÉÄÍ®Ê�ÔâÙ³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒÀÛÜÒÀËÂÇµÉ Ò�ÖµÞ Ê�ÔÓËÂÇµÉ
ÍÂÉ³Ò�Î É³Ù�ËÂÛ U�ÉòØ ÖÚÞ�_ É�Í�ÒÕÛÜØ�Ò�ÊÌÍ�ËÂÛñØÚåÓËÂÇµÉÈáÜÉ³ÔÜËÕÐ�Øµè ËÂÇµÉ¹ÍÂÛÜå�Ç ËÃÇÚÐ�áÜÔºí�ÎÚáÜÖµÒ ËÂÇµÉòØ ÖµÞb_ ÉÄÍÕÊ�Ô Ù³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�ØÚÒ
èµÖ«ÍÂÛÜØµåÏË�ÇÚÉÈÞßÉ�ÍÂå�É¹ÒîË�É�Î¾é ÆÈÇµÉÈÔ×ÊÌÍÂÞßÉ�ÍÃË æ¹ÊÏØôÖµÞ�_ É�ÍÂÒÃÐçÍ�É ^ _ ì Ù�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÛÜÊ�Ø¿Ê�Ô

merge_sort
ÐçØÚè

èµÉ YÚØµÛñËÂÛÜÊ�Ø�Ê�Ô
T
`ÕÐÑË ÞßÊ�ÒîË

T(
�
n/2 � ) Ð�Øµè T(

	
n/2 � ) í�æ ÇµÛÜáÜÉ¹ËÂÇµÉ·á×ÐÑË�ËÂÉ�ÍÕØôÖµÞ�_ É�ÍÕÛÜÒ�ÐÑË ÞßÊ�ÒîË

n−1_ôìÀÊ�ÖµÍ�ÎÚÍ�É U¥ÛÜÊ�ÖµÒ Ù�Ê�ØÚÒîÛÜèµÉ�ÍäÐçËÂÛñÊ�ØÚÒÃÍÂÉ³å�ÐçÍ�èÚÛñØÚå
merge

éÃê»ËïÔ×Ê�áÜáÜÊ¦æ ÒÃËÂÇÚÐçË
T(n)

íôËÂÇµÉ Ð�ÙÄËÂÖÚÐ�á�Ø ÖÚÞ�_ É�Í
Ê�Ô Ù�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�ØµÒ³í¥ÛñÒ�_ Ê�ÖµØµèµÉ³è _ ì Ë�ÇÚÉÏÒ�ÖµÞ Ê�Ô Ð�áÜá�ËÂÇ«ÍÂÉ�ÉãØ ÖÚÞ�_ É�Í�Ò³é

O Ê¦æ æ¹É®Ù¬Ð�Ø ÎµÍÂÊ�U�ÉßËÂÇµÉ Ð�Ù�ËÂÖÚÐ�á Ò�ËäÐçËÂÉ³ÞßÉ�Ø ËàÊ�Ô¹ËÂÇµÉßËÂÇµÉ³ÊÌÍÂÉ³Þ é " ÛÜØµÙ³ÉßËÂÇµÉ ¨ ��£îÁ«��������£¦� Ð�á �å�ÊÌÍÂÛñË�ÇÚÞ ÛñÒ ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉÌíÓÛñË ÛÜÒ ØÚÐçËÂÖ«ÍäÐ�á Ë�Ç ÐÑË Ë�ÇÚÉ ÎµÍÂÊôÊ�ÔãÛÜÒ®ÛÜØµèÚÖµÙ�Ë�ÛVU�ÉÌé [ ÊÌÍ
n = 1

í·æ¹É ÇÚÐXU�É
T(1) = 0 = (1 − 1)

	×áÜÊ�å
2 2 � íµÒ�Ê�ËÂÇµÉãÒîËÂÐçËÂÉ³ÞßÉ³Ø¯Ë¹ÇµÊ�áÜèµÒòÔ×ÊÌÍ n = 1

é
[ ÊÌÍ

n � 2
í¾áÜÉ�ËãÖÚÒãÐ�Ò�ÒîÖÚÞßÉ ËÂÇÚÐçËÓËÂÇµÉ¿ÒîËäÐçËÂÉ�ÞßÉ³Ø ËÏÊ�Ô�ËÂÇµÉ ËÂÇµÉ³ÊÌÍÂÉ³Þ ÇµÊ�áÜèµÒÓÔ×ÊÌÍ ©¯�»� U�Ð�áÜÖµÉ³ÒÏÛÜØ

{1, . . . , n − 1}
^»ËÂÇµÛÜÒ�ÛÜÒ�ËÂÇµÉ ÛÜØµèµÖµÙ�ËÂÛVU�É Ç¯ìôÎ ÊÌË�ÇÚÉ�Ò�ÛÜÒ `Äé [ ÍÂÊ�Þ Ë�ÇÚÛñÒ Ç ì Î ÊÌËÂÇµÉ³Ò�ÛÜÒ�í æ¹É ØµÉ³É³è®ËÂÊ èµÉ�ÍÂÛVU�É

ËÂÇµÉ
UÌÐ�áñÛÜèµÛñË ìßÊ�Ô¡ËÂÇµÉÏÒîËäÐçË�É³ÞßÉ³Ø Ë¹Ô×ÊÌÍÈËÂÇµÉÏØôÖµÞb_�É�Í
n
ÛñËÂÒ�É�áÜÔ ^»ØÚÊÌË�ÉÓË�Ç ÐÑË �

n/2 � , 	 n/2 � � 1
`ÄéÕÆÈÇµÛÜÒ

å�ÊôÉ�Ò·Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò�é
T(n)

�
T(
� n
2
� ) + T(

	 n
2
� ) + n − 1

^ ��W ÖÚÐçËÂÛÜÊ�Ø � é � ` `
�

(
� n
2
� − 1)

	×áÜÊ�å
2

� n
2
� � + (

	 n
2
� − 1)

	×áñÊ�å
2

	 n
2
� � + n − 1

^�ÛÜØµèµÖµÙ�ËÂÛVU�ÉÓÇ¯ìôÎ ÊÌËÂÇµÉ³ÒîÛÜÒ `
�

(
� n
2
� − 1)(

	×áñÊ�å
2 n � − 1) + (

	 n
2
� − 1)(

	×áÜÊ�å
2 n � − 1) + n − 1

^ ��P«É�ÍÂÙ�ÛÜÒ�É � � � `
= (n − 2)(

	×áñÊ�å
2 n � − 1) + n − 1

^
n =
� n
2
� + 	 n

2
� `

�
(n − 1)(

	×áÜÊ�å
2 n � − 1) + n − 1

= (n − 1)
	×áÜÊ�å

2 n � .
�

� Ò Ô×ÊÌÍ ¨��»� ������£¦� í�áÜÉ�Ë ÖµÒ Ù³Ê�ØµÙ³áÜÖµèµÉïæ ÛñËÂÇ Ò�Ê�ÞßÉïÉGP¥Î É�Í�ÛÜÞßÉ³Ø Ë�Ò ËÂÊÏÙ´ÇµÉ³Ù ] æ ÇµÉ�Ë�ÇÚÉÄÍ ËÂÇµÉÈØ ÖµÞb_ ÉÄÍ
Ê�Ô¾Ù³Ê�ÞÀÎ ÐçÍÂÛÜÒ�Ê�ØµÒ _�É�Ë æ¹É³É³Ø�ÒîÉXWôÖµÉ³ØµÙ³ÉÏÉ³áÜÉ³ÞßÉ�Ø ËÂÒïÛÜÒïÛñØÚèµÉ³É�èóÐëå�ÊôÊ è ÛñØÚèµÛÜÙ³ÐçËÂÊÌÍïÔ×ÊÌÍ¹ËÂÇµÉ ÍÂÖµØ ËÂÛñÞßÉ ÛÜØ
ÎµÍäÐ�Ù�Ë�ÛÜÙ³ÉÌéÃÆ¹ÇÚÉÏÍÂÉ³Ò�ÖµáñË�ÒòÛÜØ�Æ Ð _ÚáÜÉ � áñÊôÊ ] U�É�Í�ì èµÛ	��ÉÄÍÂÉ³Ø ËòÔÜÍÂÊ�Þ ËÂÇµÉãÊ�ØµÉ³ÒòÛÜØóÆ Ð _ÚáÜÉ � é

" ÛÜØµÙ³É
merge_sort

ÛÜØµÙ³Ö«ÍÂÒ�Þ�ÖµÙäÇ®áÜÉ³Ò�ÒïÙ³Ê�ÞÀÎ ÐçÍ�ÛÜÒ�Ê�ØµÒÕËÂÇÚÐ�Ø
minimum_sort

í¥Ê�Ö«Í¹ÖÚØµÛñË�ÇµÉ�ÍÂÉ ÛÜÒ
� ÖµÒîË

Mcomp
íÌËÂÇµÉ�Ø ÖÚÞ�_ É�Í¡Ê�Ô�)�É³å�Ð�Ù�Ê�ÞÀÎ�ÐÑÍÂÛÜÒ�Ê�ØµÒ�^

106
Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ `ÄíçÐ�Ù³Ù³ÊÌÍÂèµÛÜØµåÈËÂÊ Æ¹ÇµÉ³ÊÌÍÂÉ³Þ \ é

ê�ØâÊÌË�ÇÚÉÄÍ¡æ¹ÊÌÍÂèµÒ³í
Mcomp= 10−6(n−1)

	×áñÊ�å
2 n � é Time

ÛÜÒ¤ËÂÇµÉÃÐ _ÚÒ�Ê�áÜÖ«ËÂÉ ÍÂÖµØ Ë�ÛÜÞßÉ Ê�Ô Ë�ÇÚÉ ÎµÍÂÊ�åÌÍäÐçÞ í
ËÂÇµÛÜÒ·Ë�ÛÜÞßÉâÛÜØ Ò�É�Ù³Ê�ØµèÚÒÏÐ�Øµè ØµÊÌË ÞßÛÜØ ÖµË�É³Ò³é ��Ö«ËÓÐ�Ò ÛñØ½Æ Ð _ÚáÜÉ � í

sec/Gcomp
ËÂÉ³áÜáñÒ ÖµÒ ÇÚÊ¦æ Þ®ÐçØ ì

Ò�É³Ù�Ê�ØÚèµÒÈËÂÇµÉÏÎµÍÂÊ�åÌÍäÐçÞ ØµÉ³É�èÚÒÈËÂÊ�Î�É�ÍÂÔ×ÊÌÍÂÞ Ê�ØµÉ � ÛÜå�Ð�Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�Ø¤é
SÝÉ�YÚÍ�ÒîË Ê _ÚÒ�É�Í U�É·ËÂÇÚÐçËÃËÂÇµÛÜÒÕáÜÐçË�ËÂÉ�ÍÕØôÖµÞ�_ É�Í Fµ��±�£³�Ä©¯���³� æ ÛñË�Ç n

í¯æ·ÇµÉ�ÍÂÉòË�ÇÚÉÈÍäÐçËÂÉòÊ�Ô�èµÉ³Ù�ÍÂÉ³Ð�Ò�É
_ É³Ù�Ê�ÞßÉ³ÒÕÒîÞ®Ð�áÜáÜÉ�ÍÃÐçØÚèßÒîÞ®Ð�áÜáÜÉ�Í³é � ØßÊ�ÖµÍÕÎÚá×ÐçËÂÔ×ÊÌÍÂÞ íÌæ¹ÉòÙ¬Ð�Øßå�ÊãÖµÎßË�ÊâÍÂÊ�Öµå�Çµáñì

n = 51, 200, 000Ð�Øµè YÚØµè ËÂÇÚÐçË
sec/Gcomp

Ù³Ê�Ø¯ËÂÛÜØ ÖÚÉ�ÒòáÜÛ ]�ÉÏËÂÇµÛÜÒ¹ÛÜØ�Æ Ð _ÚáÜÉ � � ����� í ��� � í �K��� í ��\�� í ��\�� é



\���� ������������� � ��� ��� ��� � �����

n
� ��� í ����� \ ��� í ����� � ��� í ����� ����� í ����� � í ����� í �����

Mcomp
� é � � é � � é � ��� � � é �

Time (sec)
� é � � � é \�� � é � � � é \ � � é � �

sec/Gcomp
� �a� ����� \ � � \ ��� �����

Table 8:
� � ¨½ ³��£ó�Â¶ß±���¨¿¢�©�£¬�������¤�ß©���F £¬� �¤���»¨ � �Â¶ ÞßÉ�ÍÂå�É ��Ò�ÊÌÍ�Ë

ÆÈÇµÛÜÒ Ò�É�É³ÞßÒ ËÂÊÓÛÜØµèÚÛñÙ¬ÐçËÂÉ ËÂÇÚÐçË Ë�ÇÚÉïÍÂÖµØ¯ËÂÛÜÞßÉ ÛÜÒ ÎµÍÂÊÌÎ ÊÌÍîËÂÛÜÊ�ØÚÐ�á Ë�ÊÏËÂÇµÉ¹ØôÖµÞ�_ É�Í Ê�ÔÚÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�ØÚÒ
Ê�ØµáñìÝÔ×ÊÌÍ U�ÉÄÍ�ì á×ÐçÍÂå�É

n
é ê�Ô¹ì�Ê�Ö ËÂÇµÛÜØ ] Ð _ Ê�Ö«ËàÛñË¬í Ë�ÇÚÛñÒëÛÜÒëØµÊÌË Ò�Ö«Í�ÎµÍÂÛÜÒîÛÜØµå«é �ïÇÚÉ³ÐçÎ�ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ

ËÂÇÚÐçËÀÐçÍÂÉ�Î ÉÄÍÂÔ×ÊÌÍÂÞßÉ³è
n
ËÂÛÜÞßÉ�Ò³í�ÒÂÐ³ì�í¹É¬ÐçËÀÖµÎ¼Ð½Þ�ÖµÙäÇ ÇµÛÜå�ÇµÉ�ÍÀÔÜÍäÐçÙ�ËÂÛÜÊ�Ø Ê�Ô ËÂÇµÉ�Ë�ÊÌËäÐ�á¹ÍÂÖµØ ËÂÛÜÞßÉ

æ ÇµÉ³Ø
n
ÛñÒ Ò�Þ®Ð�áÜá�é ÆÈÇµÛÜÒ ÛÜÒ�_�É³Ù¬Ð�ÖµÒ�É

n
ÛÜÒ ÍÂÉ³á×ÐÑËÂÛVU�É³áñì á×ÐçÍ�å�ÉàÙ³Ê�ÞÀÎ ÐçÍÂÉ³è ËÂÊßËÂÇµÉ Ö«ÎÚÎ�É�Í�_ Ê�ÖµØµè½Ê�Ô

(n − 1)
	×áñÊ�å

2 n � Ê�Ø ËÂÇµÉ Ø ÖµÞb_ ÉÄÍ Ê�Ô·Ù³Ê�ÞÀÎ ÐçÍÂÛñÒ�Ê�ØµÒ _ É�Ë æ¹É³É³Ø�Ò�ÉXWôÖµÉ³ØµÙ³É É³áÜÉ�ÞßÉ³Ø ËÂÒ�é ��Ö«Ë�ÒîÛÜØµÙ³É
æ¹ÉÓÛÜå�ØµÊÌÍÂÉ ËÂÇµÉÓÙäÇÚÉ³ÐçÎóÊÌÎ ÉÄÍäÐçËÂÛÜÊ�ØµÒ ÛñØ Ê�Ö«ÍÈÙ³Ê�ÞÀÎ ÐçÍÂÛÜÒîÊ�ØßÙ³Ê�ÖµØ Ë¬í¥ËÂÇµÛÜÒïÙ�Ê�ÖÚØ¯Ë¹ÛÜÒïËÂÊôÊ ÊÌÎµËÂÛÜÞßÛñÒîËÂÛÜÙÈÔ×ÊÌÍ
Ò�Þ®Ð�áñá

n
é � ØµáñìÀÐçÒ

n
_ É�Ù³Ê�ÞßÉ³Ò�U�É�Í�ìÀáÜÐçÍÂå�ÉÌí�ËÂÇµÉòÍÂÐçËÂÛÜÊ _ É�Ë æ¹É³É³Ø

n
Ð�Øµè

(n−1)
	×áñÊ�å

2 n � _ É³Ù³Ê�ÞßÉ�ÒØµÉ³å�áÜÛÜå�Û _ áñÉ Ð�Øµè�æ¹ÉÏÒîËäÐçÍ�ËÈËÂÊ�Ò�É³ÉãË�ÇÚÉÓÎµÍÂÉ³èµÛÜÙ�Ë�É³è ÎµÍÂÊÌÎ ÊÌÍîËÂÛÜÊ�ØÚÐ�áÜÛñË ì�é
[ ÊÌÍ ¨��»� �°¨�� ¨ �î�ç��£¦� í�ËÂÇµÛÜÒ·ÎÚÇµÉ³ØµÊ�ÞßÉ³ØµÊ�Ø èÚÊ É³Ò ØµÊÌË Ò�ÇµÊ¦æ Ò�ÛÜØµÙ³É

n
ÛÜÒ ØµÉ³å�áÜÛÜå�Û _ áñÉãÙ³Ê�ÞÀÎ ÐçÍ�É³è

ËÂÊ
n(n − 1)/2

Ð�áñÍÂÉ³Ð�è«ì®Ô×ÊÌÍ Ò�Þ®Ð�áñá
n
é

ÆÈÇµÉãÞßÊ�ÒîËòÎ�Ê�Ò�ÛñËÂÛVU�ÉÓØµÉ�æ·Ò·Ê�Ô Æ Ð _ áñÉ � ÛÜÒÈË�Ç ÐÑË
merge_sort

ÛÜÒòÐ�Ù�ËÂÖÚÐ�áÜá²ì Ð ÎµÍäÐçÙ�ËÂÛÜÙ¬Ðçá¾ÒîÊÌÍ�ËÂÛÜØµå
Ð�áÜå�ÊÌÍ�ÛñËÂÇµÞ é S ÇµÛÜáñÉ ÛñË®ËäÐ ]�É³Ò

minimum_sort
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Recursively drawing Lindenmayer systems.
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ÖµÒ�ÖÚÐ�áÜáñì®Ê�Øµáñì®áñÛÜÒîË¹ÎµÍÂÊôèµÖµÙ�ËÂÛÜÊ�ØµÒïÔ×ÊÌÍ·Òîì¥Þ�_ Ê�áÜÒ ËÂÇÚÐçË·ÐçÍÂÉÏØµÊÌËÈÞ®ÐçÎµÎ É³è Ë�Ê�ËÂÇµÉ³ÞßÒ�É�áVU�É³Ò³é
�

// 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); // +

� 

}



� ����� ��� � �T����� ��� \�� �
���

}
���

���
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: ¢¤£³��Á�� � ���»��Fµ��� ¨½©�JÚ�³£ÌÅ �
[ ÊÌÍ ÛÜØ«ÎÚÖ«Ë

n = 14
íµË�ÇÚÉÓÎµÍÂÊ�åÌÍäÐ�Þ æ·ÛÜáÜá�ÎµÍÂÊ èÚÖµÙ³ÉÓËÂÇµÉâÔ×Ê�áñáÜÊÑæ·ÛÜØµåàè«ÍäÐ³æ ÛÜØµå«é

� Ò
n
å�É�ËÂÒ á×ÐÑÍÂå�É�Í¬í ËÂÇµÉßÎÚÛÜÙ�ËÂÖ«ÍÂÉßèµÊôÉ�Ò�ØµÊÌË Ò�É³É�Þ ËÂÊ ÙäÇÚÐ�Øµå�É®Þ�ÖµÙäÇ � ÛñËàÍÂÊÌËäÐÑËÂÉ³Ò³íÃÐ�Øµè�ÒîÊ�ÞßÉ

ÞßÊÌÍÂÉÈèµÉ�ËäÐ�ÛÜáñÒÃèµÉ U�É�áÜÊÌÎ¾í _ÚÖ«ËïÐçÎ ÐçÍ�ËÕÔÜÍÂÊ�Þ ËÂÇÚÐçËÕË�ÇÚÉòÛÜÞÀÎµÍÂÉ³Ò�ÒîÛÜÊ�Ø ÛÜÒÃËÂÇµÉ·ÒÂÐçÞßÉÌé � Ò�ÒîÖÚÞßÉÈì�Ê�ÖßÙ³Ê�ÖµáÜè
è«ÍäÐ³æ ËÂÇµÉÏÎÚÛÜÙ�Ë�ÖµÍ�ÉÏÔ×ÊÌÍ

n =∞ éÕÆ¹ÇµÉ³ØóÉXW ÖÚÐçËÂÛÜÊ�Ø ^ � é \ `�æ¹Ê�ÖµáÜè�å�Û U�É

w∞ = w∞ + w∞ + .

Æ¹ÇÚÛñÒ ÛÜÒÓÐ ���¬� ¶��î�Ä�»¨��»�ª©�£¬�»� J �òËÂÇµÉ è«ÍäÐ³æ ÛÜØµåßÊ�Ô w∞
Ù³Ê�ØµÒ�ÛÜÒ�ËÂÒ Ê�ÔÃË æ¹Ê®ÍÂÊÌËäÐçË�É³è½è«ÍäÐ³æ·ÛÜØµå�Ò Ê�ÔÕÛ²ËÂÒ�É³áÜÔºé

SÝÉÏÇÚÐXU�ÉëÐ ¶�£�©µ±¬�î©¯� �

Additional features.
S ÉëÙ¬Ð�Ø ÉIPôËÂÉ³Øµè ËÂÇµÉâèµÉ YÚØµÛñËÂÛÜÊ�ØóÊ�Ô Ð � ÛñØÚèµÉ³ØµÞ®Ð³ì�É�ÍòÒîì¥Ò�ËÂÉ³Þ ËÂÊ ÛÜØµÙ³áÜÖµèµÉâÐ

ÍÂÊÌËäÐÑËÂÛÜÊ�ØÝÐçØÚå�áñÉ
α
ËÂÇÚÐçËâÞ®Ð³ì _�É èµÛ	��ÉÄÍÂÉ³Ø ËâÔÜÍÂÊ�Þ

90
èµÉ³åÌÍÂÉ³É³Ò�é Æ¹ÇµÛÜÒâÛñÒâÒ�ÇµÊ¦æ ØÝÛÜØ � ÍÂÊ�åÌÍäÐçÞ ���

ËÂÇÚÐçËÈè«ÍäÐ³æ ÒòÐ¿ÒîØÚÊ¦æ�Q Ð ]�ÉÏÔ×ÊÌÍ ÛñØµÎÚÖ«Ë
n = 5

é
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�
// 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



� ����� ��� � �T����� ��� \ \��
���

ifm::left(120); // ++
� �

f(n); // w_n^F
���

ifm::left(120); // ++
�
�

f(n); // w_n^F
� �

���
return 0;

�
	
}

Program 30: ¢¤£³��Á�� � ��� ��¸ � ©�
ô��Å��
Æ ÊÀå�É�Ë·ÞßÊÌÍÂÉ
Q ÉGP«ÛV_ÚÛÜáÜÛ²Ë ì�í æ¹ÉâÙ¬Ð�Ø Ð�áñÒ�Ê ÉIPôËÂÉ³Øµè ËÂÇµÉëÐ�á²Î ÇÚÐ _�É�Ë

Σ
Ê�Ô ÒîìôÞb_ Ê�áñÒ³é [ ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉÌí

æ¹É Þ®Ð³ì Ð�èµèßÒîì¥Þ�_ Ê�áÜÒ æ ÛñË�ÇÚÊ�Ö«Ë�Ð�Ø ì åÌÍäÐçÎÚÇµÛÜÙ¬Ð�áÚÛÜØ¯ËÂÉ�Í�ÎµÍÂÉ�ËÂÐçËÂÛÜÊ�Ø ��ËÂÇµÉ³Ò�É ÐçÍ�É ÒîËÂÛÜáñá ÖµÒ�É³Ô×Öµá�í¯ËÂÇµÊ�Öµå�Ç¾í
Ò�ÛÜØµÙ³É ËÂÇµÉ�ì Þ®Ð³ì�_�ÉóÖµÒ�É³è¼ÛÜØ ÎÚÍ�ÊôèµÖµÙ�ËÂÛÜÊ�ØµÒ³é [ ÊÌÍ®ÉIPµÐ�ÞÀÎÚáÜÉ�í�ËÂÇµÉ � ÛÜØµèÚÉ�ØÚÞ®Ð³ì�É�Í Òîì¥Ò�ËÂÉ³Þ æ Û²ËÂÇ
Σ = {F, +, −, X, Y}

íôÛñØÚÛ²ËÂÛ×Ð�á�æ¹ÊÌÍ�è
X
Ð�Øµè�ÎµÍÂÊ èÚÖµÙ�Ë�ÛÜÊ�ØµÒ

X �→ X + YF +

Y �→ −FX − Y

ì¥ÛñÉ³áÜèµÒïËÂÇµÉ F�£�©�Á¥��� ±³��£KDô� ^
w14

íÚÐ�Øµå�áÜÉÓÊ�Ô
90

èµÉ³åÌÍÂÉ³É�Ò `Äé

Æ¹ÇÚÉÏÙ³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµå�Ù�ÊôèµÉâÛÜÒ¹Ò�ÇµÊ¦æ ØóÛñØ � Í�Ê�åÌÍäÐ�Þ � � é
�

// 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) {
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� �

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: ¢¤£³��Á�� � F�£Ä©�Á«��� Å �
[ ÛÜØÚÐ�áÜá²ì�í�Ê�ØÚÉÈÙ¬Ð�ØÀÐ�èµèÀÒîì¥Þ�_ Ê�áÜÒ æ·ÛñËÂÇ åÌÍÂÐçÎÚÇÚÛñÙ¬Ð�á«ÛÜØ¯ËÂÉ�Í�ÎµÍÂÉ�ËÂÐçËÂÛÜÊ�Ø¤é �ïÊ�ÞßÞßÊ�ØµáñìãÖÚÒîÉ³èßÒîì¥Þ�_ Ê�áÜÒ

ÐçÍÂÉ
f
^ � ÖÚÞÀÎ�Ê�ØµÉâÒîËÂÉÄÎ Ô×ÊÌÍ�æÈÐçÍÂè¤í«ËÂÇµÛÜÒÈèÚÊ É³Ò�Ø�� Ë·áÜÉ¬ÐXU�ÉëÐàË�ÍäÐçÙ³É�`Äí

[
^°ÍÂÉ³ÞßÉ³Þ�_ É�Í¹Ù³Ö«Í�Í�É³Ø Ë Î�Ê�Ò�ÛñËÂÛÜÊ�Ø `

Ð�Øµè
]
^ � ÖµÞÀÎ _ Ð�Ù ]½Ë�Êóá×Ð�ÒîËÏÍÂÉ³ÞßÉ�Þb_ ÉÄÍÂÉ³è½Î�Ê�Ò�ÛñËÂÛÜÊ�Ø `Äé�ê»ËãÛÜÒëÐ�áñÒ�Ê Ë ìôÎÚÛÜÙ³Ð�á ËÂÊ Ð�èµèÝØµÉ�æ Òîì¥Þ�_ Ê�áÜÒ

æ Û²ËÂÇ ËÂÇµÉÏÒÂÐ�ÞßÉÓÛÜØ¯ËÂÉ�Í�ÎµÍÂÉ�ËÂÐçËÂÛÜÊ�Ø Ð�Ò
F
íµÒÂÐ³ì�é

3.2.8 Details

Lindenmayer systems.
� ÛÜØµèÚÉ�ØÚÞ®Ð³ì�É�Í¡ÒîìôÒîËÂÉ³ÞßÒ ÐçÍÂÉ�ØÚÐ�ÞßÉ�èàÐ�ÔÜËÂÉ�Í ËÂÇµÉ��ÓÐ�ØµÛÜÒ�Ç _ÚÛÜÊ�áñÊ�å�ÛÜÒîË �·ÍÂÛÜÒ�ËÂÛÜèµÉ

� ÛÜØµèÚÉ�ØÚÞ®Ð³ì�É�Í ^ � ��\ � � � � ��� `Óæ·ÇµÊóÎÚÍ�ÊÌÎ Ê�Ò�É³è ËÂÇµÉ³Þ ÛÜØ � � � � ËÂÊ ÞßÊ èµÉ³áÕËÂÇµÉÀåÌÍ�ÊÑæòËÂÇ Ê�Ô¹ÎÚá×ÐçØ ËÂÒ³é
� ÛÜØµèÚÉ�ØÚÞ®Ð³ì�É�Í�ÒîìôÒîËÂÉ³ÞßÒ ^»æ ÛñË�Ç�å�É³ØµÉ�ÍäÐçáÜÛ
�¬ÐçË�ÛÜÊ�ØµÒ¿ËÂÊ � �ºèµÛÜÞßÉ³ØµÒ�ÛÜÊ�ØÚÐ�á�ÒîÎ Ð�Ù³É�`�ÇÚÐXU�ÉóÔ×Ê�ÖµØµè Þ®Ð�Ø ì
ÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�ØµÒ ÛÜØ Ù³Ê�ÞÀÎÚÖµË�É�ÍÈåÌÍäÐçÎÚÇµÛÜÙ³Ò³é
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3.2.9 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè ËÂÇµÉÀÙ³Ê�ØµÙ³É�ÎµË Ê�Ô ÍÂÉ�Ù³Ö«ÍÂÒ�ÛÜÊ�Ø¤í Ð�ØµèÝæ Ç¯ì ÛñËâÞ®Ð ]�É³ÒâÒîÉ³ØµÒ�ÉßËÂÊ èµÉ YÚØÚÉÀÐ�Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
ËÂÇ«ÍÂÊ�Öµå�ÇóÛñËÂÒ�É�áÜÔ �

\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�ØµèóËÂÇµÉâÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò¹Ê�Ô ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù³Ð�áÜáÜÒÈÐ�Øµè _ ÉâÐ¬æÈÐÑÍÂÉãËÂÇÚÐçËÈËÂÇµÉ�ì èµÊÀØµÊÌË
Ð�áñæÈÐ³ì¥Ò¹ËÂÉ�ÍÂÞßÛñØ ÐÑËÂÉ �

� `®ÐçÎµÎµÍÂÉ³Ù³Û×ÐÑËÂÉ ËÂÇµÉÏÎ Ê¦æ¹É�ÍòÊ�Ô ÍÂÉ³Ù�ÖµÍ�Ò�ÛÜÊ�ØóÛÜØ Ò�ÊÌÍ�ËÂÛñØÚå�Ð�Øµèóè«ÍäÐ³æ ÛñØÚå � ÛÜØµèµÉ³ØµÞ®Ð¬ì�ÉÄÍòÒ�ì¥ÒîËÂÉ�ÞßÒ³é

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � ` YÚØµè ÎµÍÂÉ �ïÐ�Øµè�Î�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒïÔ×ÊÌÍòå�ÛVU�É³Ø�Í�É³Ù³Ö«ÍÂÒ�ÛVU�ÉãÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ��
^ � \ `ßÎµÍÂÊ�U�ÉâÊÌÍòèµÛÜÒîÎµÍÂÊ�U�ÉÏË�É�ÍÂÞßÛÜØÚÐçËÂÛñÊ�Ø®Ð�ØµèóÙ³ÊÌÍ�ÍÂÉ�Ù�ËÂØµÉ³Ò�ÒòÊ�Ô ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜáñÒ��
^ � � `ßËîÍäÐ�ØµÒ�á×ÐçË�É�ÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�ÉßÞ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�ØµÒãÛÜØ¯ËÂÊ ����� Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø èÚÉIY ØµÛ �

ËÂÛñÊ�ØÚÒ �
^ � � `ßÍ�É�æ·ÍÂÛ²ËÂÉÏÐ¿å�ÛVU�É�Ø�ÍÂÉ³Ù³Ö«ÍÂÒîÛVU�ÉâÔ×ÖµØµÙ�ËÂÛÜÊ�Ø ÛÜØ�Û²ËÂÉ�ÍäÐçË�ÛVU�ÉÓÔ×ÊÌÍÂÞ �
^ � � `ßÍ�É³Ù³Ê�å�ØµÛ
�³ÉÏÛÜØµÉ � Ù�ÛÜÉ³Ø ËÈÍÂÉ³Ù�ÖµÍ�Ò�ÛVU�ÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ·Ð�ØµèóÛñÞÀÎÚÍ�Ê U�É ËÂÇµÉ³ÛñÍ¹Î ÉÄÍÂÔ×ÊÌÍÂÞ®Ð�ØµÙ³É �
^ � � `®Ù�Ê�ÖÚØ¯ËïËÂÇµÉÓØôÖµÞb_�É�Í¹Ê�Ô¤ÊÌÎ É�ÍäÐçË�ÛÜÊ�ØµÒïÊ�Ô Ðëå�ÛVU�É�Ø Ë ìôÎ�ÉÏÛñØ�ÐâÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø Ù¬Ð�áÜá�í ÖµÒ�ÛÜØµå

ÛÜØµèµÖµÙ�ËÂÛÜÊ�Ø Ð�Ò¹ËÂÇµÉãÞ®ÐçÛÜØ Ë�ÊôÊ�á �
^ � � `ßæòÍÂÛñËÂÉ ÍÂÉ�Ù³Ö«ÍÂÒ�ÛVU�ÉãÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒÈÔ×ÊÌÍ·å�ÛVU�É³Ø�ËÂÐ�Ò ]¥Ò�é

3.2.10 Exercises

Exercise 95
� �»��F¿¢¤£³���â©���F¿¢ ���³��±Ä����F����������¤�¹¶ç��£ �º���¹¶ç���»�ª��¸È�°��Á £³��±³� £¦��� Dô�ò¶Ä��� ±¬�������¤�çÅ ^ � � `

Ð `
bool f (int n)

{

if (n == 0) return false;

return !f(n-1);

}

_ `
void g ( unsigned int n)

{

if (n == 0) {

std::cout << "*";

return;

}

g(n-1);

g(n-1);

}



\ \�� ������������� � ��� ��� ��� � �����
Ù�`

unsigned int h ( unsigned int n, unsigned int b) {

if (n == 1) return 0;

return 1 + h (n / b, b);

}

Exercise 96 �È£�� D¥� ��£ F��»��¢¤£³� D¥� ¶���£ ©�� J �Â¶ �º���ß¶����»�ª��¸¹�»��Á £³�Ä±³��£¦�Ä� D¥�®¶�� � ±¬���î���¤� �º��©¯�ß�»�
���³£¬¨ �»� ©¯���¬�·¶ç��£�©¯�»��¢ �������� ¦�ª� ©�£�Á���¨½�³�¤�º�çÅ��Â� �º�¥���¿�º������£KJ ���Ú�³£³±��������ã� D¥�³£ � ��¸ �³������� Fó� ���
 ³�ë�î©�
ô�³� �»�¤��� ©µ±�±���� �¤��� ��Å»��Å
JÚ���½��������� Fâ¢¤£³�¬������F �º��©¯� �º���ZDô©¯��� �Ï£�©���Á«�À�Â¶ unsigned int

���®� � �¡©¯� ��� ��Å ^ � \ `
Ð `

unsigned int f ( unsigned int n)

{

if (n == 0) return 1;

return f(f(n-1));

}

_ `
// 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));

}

Ù�`
unsigned int f ( unsigned int n, unsigned int m)

{

if (n == 0) return 0;

return 1 + f ((n + m) / 2 , 2 * m);

}

Exercise 97 �Ó���¤�Ä�NFµ�³£¿�º���È¶����»�ª��¸¹�»��Á®£³�Ä±³��£¦�Ä� D¥�È¶�� � ±¬���î��� Fµ� � � �IF½��� ©¯�»� � ��� � � Á¥©¯��� D¥���»� �
����Á¥�³£¦� �Ó©¯�²��� 
�� ��¸¹� ©¯� )�Ù �¹ÐçÍ�ËÂÇ¯ì � Ò � � [ ÖµØµÙ�ËÂÛÜÊ�Ø Å

M(n) :==

{
n − 10, � ¶ n > 100

M(M(n + 11)), � ¶ n �
100.

©KM �¹£³� DÌ� Fµ� © � ��� ¶�� � ±¬���î��� mccarthy �º��©¯�È�»¨�¢¾�ª�³¨½�³�¤�º� � ± � ©�£¦�º��J � � � 
 � � � ±¬���î��� Å
  M��Ý��©¯�Ï©�£��À�º��� D ©¯�­�¡�¬� �Â¶ �º���ò¶����°�§��¸¹�»��Áã¶���� £ò¶Ä��� ±¬������� ±´©¯�»�­� �

Hî�EM mccarthy(101)

Hî�°�»�EM mccarthy(100)

Hî�°�»�EM mccarthy(99)

Hî� D M mccarthy(91)
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± M � �¦¢¾�×©��»�¼¸ò��JÝ�º���ã¶Ä��� ±¬������� �»�ó±Ä©¯�»�ª�IF � ± � ©�£¦�º��J � ��� 
 � ��� ±¬������� � � ��£³� ¢¤£³�Ä±³�����³�EJ��
¸È��©¯�ò�»���º��� Dô©¯��� � �Â¶ M(n) ¶���£ ©�� JóÁÌ� D¥�³��� ��¨½ ��³£ n

�

^ � � `I^ � � `
Exercise 98

©KM�� £¬�����¿©���Fß���¬���·© ����� ¶�� � ±¬���î��� �º��©¯�·±���¨¿¢¤�����¬�  ¬�»� ��¨ ��©¯� ±Ä�Ì� � ±³���³�¤�º� �
n

k

�
, n, k �

��Å �����¬�ç��¨ ©�JÝ ³� Fµ� � � �IF �°� Dô©�£¬�������®� � � � Dô©¯�ª�³�¤�·¸ ©�J �çÅ � ��£ ���µ©�¨�¢¾�ª����
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

  M��Ý�¥�î±³�¼�Â¶®�º��� �º�¥£³��� Dô©�£¬��©��¤�º�®���ó ��¬�³�â�Ä�������GFÀ¶ç��£��º��� �»¨¿¢¾�§�³¨½�³�¤�î©¯���î��� � ©���F½¸ò��J �
� £îÁ��¡�ó�º���Ä��£³�¬���î±´©¯�»� J �À ³���â� ��Fµ�³£�¢¤�»� JÚ����£½©�£îÁ���¨½�³�¤�º�  XJ ±Ä��¨�¢�©�£¬�°��Á ©¯�ë�ª�Ä©¯�³�ë��¸Ó�
F�� � �³£³�³�¤� �°¨�¢¾�ª�³¨ �³�¤�î©¯�������¤� �Â¶¿�º���ò¶���� ±³���î��� Å ^ � � `G^ � � `�^ � � `

Exercise 99 �Â� ����¸ ¨½©�� J ¸ ©�Jô�½±Ä©�� JÚ��� ��¸¹� � � � 
 � � �³��¢¤����� ���º���ç��¨ �³¸È��©¯�·¢¾�¥���ª� �
���³¢¾�¥��±Ä©¯�·©¬¢«¢ �´©�£�©�� ±���� �º��� � � �³�³���î��� ��� © ¨½©¯�º���³¨ ©¯���î±´©¯�Ó��� �çÅ � � D¥�³� ����¨½� ©�¨½�����¤� �Â¶
¨ ��� � J � �°� ����¸ ¨½©�� J ¸Ó©�J ��±´©�� JÚ��� ¢�©�£¦�����������¼�»� �����°��Á �º���ó©�Dô©��»�ª©« ¬�§� Fµ��� ��¨��»� ©¯�������¤�
HÄ Ä©�� 
 � �����¬� ©���F ±����»�¤� M � ����� Fµ�³� ��¨ �»� ©¯���î���¤�ß�°� � � � ©�£³� 
 ����� � � ��� � 
 ��� � � � � � � �

 � HÄ Ä©�� 
�� �����¬�NM � � � � � 
 � � Å � � � � Å � � � � Å 
 � � � Å ��� H�±����°�¤�NM¥Å �Õ��� ©�¨½�����¤�â�Â¶ � � � � Å � � �
¶���£ ���µ©�¨¿¢¾�§���Ï±Ä©��  �����¸¹� �IF �°��¶ç����£ ¸ ©�J � H���� Á«�¬� �°�¤����Á«�³£¦� � �ª�¬� � ����¸¹����±¬�½���Ý±��³�¤���°¨ �¬� M 

(20), (10, 10), (10, 5, 5), (5, 5, 5, 5) Å
� ���EDô�À�º���Ó¢¤£³�¥ ¦�ª�³¨ ¶���£®©�� JóÁ�� D¥�����»�¥¢¤���Ï©�¨½�����¤���  KJ ¸¹£¬�����°��Á½©�¢¤£³��Á�£Ä©�¨ partition

�º��©¯� Fµ� � � �³���º���ò¶����»�ª��¸¹�»��ÁÏ¶�� � ±¬���î��� HÄ©¯�»�TD ©¯�­�¡�¬�����  ³�À� ��Fµ�³£¦�³���Ì� F ©¯�®±��³�¤���°¨ �¬�NMôÅ
// PRE: [first , last) is a valid nonempty range that describes

// a sequence of denominations d_1 > d_2 > ... > d_n > 0

// POST: return value is the number of ways to partition amount

// using denominations from d_1 , ... , d_n

unsigned int partitions (unsigned int amount ,

unsigned int* first ,

unsigned int* last);



\ \ � ������������� � ��� ��� ��� � �����
� ��� JÚ����£ ¢¤£³�ÄÁ�£�©�¨ ��� Fµ�¬���³£¬¨��°� ���°� ����¸ ¨ ©�� Jó¸ ©�Jô�ZJÚ��� ±Ä©��¼��¸¹� � � � 
 �·©���F � � �


 � Å � ©���J ��� £Ï¢¤£³�ÄÁ�£�©�¨ ±Ä��¨�¢¤�����À�º���¿� ��¨½ ��³£ó�Â¶ ¸ ©�Jô�¹¶���£ � � � � � � ^ � � `
Exercise 100 � � ¢«¢ ������JÚ����¸ ©��¤�Ã���®±³£�©µ±�
à����¨½�� ³� F�J � � ����±³£��¬�ò±Ä� Fµ���¹±����¤���»�³���»��Á®�Â¶ d F��°Á��»�º�
 ³�³��¸Ï�Ä�³� 1 ©���F 9 Å 
 ���¼��©�D¥� ����¨½�¬����¸ ¶���� ��F �����à�º��©¯�����µ©µ±¬�º� J k �Â¶ �º���¬��� F��°Á��»�º� ©�£³�
1 � �çÅ
©KM�� £¬�����ã© ¢¤£³��Á�£�©�¨ �º��©¯� Á«�³� �³£Ä©¯���¬�ë©¯�»�Ì¢ ���³���  ¦�ª�â±�� Fµ�¬�çÅ®�Õ����¢¤£³��Á�£Ä©�¨ �³������� FÀ±Ä���¤�î©��»�

©â¶���� ±³���î��� �º��©¯�·�����EDô�¬���º���Ó¢¤£³�¥ ¦�ª�³¨ ¶���£¿Á�� D¥��� ©�£îÁ�� ¨ �³�¤�º� d ©���F k Å
  M � F«©¬¢¾�·�º���ã¢¤£���Á�£�©�¨ ���ó�º��©¯�È���ã©¯�­��� �����ñ¢¤���º���º���¿� ��¨  ³�³£ �Â¶ ¢ �������� ¦�ª� ±�� Fµ�¬�ÑÅ

� ��£����«©�¨�¢¾�ª���ò� ¶ d = 2 ©���F k = 1 �ò�º��� �����ñ¢¤���ò¨ ©�J �§�Ì� 
 �­� 
ô���º�¥��� 

12 13 14 15 16 17 18 19 21 31 41 51 61 71 81 91

There were 16 possible codes. ^ � � `
Exercise 101

� �³¸¹£¬�»�����º���¹¶ç���»�ª��¸È�°��Á®£³��±���£¦��� D¥�¹¶���� ±³���î��� �»� ������£�©¯��� D¥�¹¶ç��£¬¨ ©���F ���¬�³�¹¸È�»�º�
©�¢¤£���Á�£�©�¨ ¸È���¬�º���³£ JÚ����£ �����³£�©¯��� D¥� Dô�³£¦���î��� ��� ±���£¬£³�Ä±¬�îÅ �Ý��©¯��±´©�� JÚ��� �Ñ©�J�©« ³�����ë�º���
£¬���¤���°¨ �¬�®�Â¶ß ³���º� D ©�£¬��©��¤�º�¹¶���£ D ©¯�­�¡�¬� �Â¶ n �¯¢ ��� 100 �¹�ç©�J � ^ � � `I^ � � `
unsigned int f ( unsigned int n)

{

if (n <= 2) return 1;

return f(n -1) + 2 * f(n-3);

}

Exercise 102 ����� ¶ç���»�ª��¸È�°��Á¹¶�� � ±¬���î��� � ��F¯�ã©�� �¬�§��¨ �³�¤�Ã¸È�»�º�ó©¿ÁÌ� D¥�³� Dô©¯��� � x �°� © �ç��£¦���IF
��� � � �³� ±Ä� Hî� ¶ �º���³£³�À�»�¿�Ä� ±¬� ©�� �¬�ª�³¨ ���¤�VM¥Å
// 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;



� ����� ��� � �T����� ��� \ \ �

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);

}

�Ý��©¯� ��� �º��� ¨½©��¯�°¨���¨ � ��¨  ³�³£ T(n) �Â¶ ±���¨�¢�©�£¬�������¤�  ��¬��¸Ó���³� ��� � � �³� ±Ä� �¬�§��¨ �³�¤�º�
©���F x �º��©¯�¿�º�¥�»�â¶�� � ±¬���î��� ¢ ��£º¶���£¬¨ó�ó� ¶ó�º��� � � ¨½ ³��£ �Â¶���� � �¡�³� ±�� �¬�ª�³¨ ���¤�º� �»� n

� ��£KJ
��� � ��F ©�� �¯¢«¢ �³£  �������F ��� T(n) �º��©¯�ß��� ©¯�½Á¥�Ì� F ©¯� ¢ ���³���  ¦�ª��Å H 
 ��� ¨ ©�J ����� �º���
�³�î©¯���³¨½�³�¤�ë�Â¶ � �Ú�³£³±³�»��� 
 � � Å M ^ � � `

Exercise 103
� ��£ ©�� JÝ� ©¯����£Ä©¯� � ��¨½ ��³£ n � 2 �ï¢¤£³� D¥� �º���ã¶ç���»�ª��¸È�°��Á½��¸Ï� Hî�»��M¥� � �¾©¯�­�»���î�¬�çÅ^ � � `

	×áñÊ�å
2

� n
2
� � � 	×áñÊ�å

2

	 n
2
� � =

	×áÜÊ�å
2 n � − 1.

Exercise 104 �Ý£¬�»���ã¢¤£³�ÄÁ�£�©�¨ó���º��©¯�Õ¢¤£³� F��¡±�� ����£¦�º�ª��Á�£�©¬¢¾�¥��±¬� F�£�©�¸¹�»��Á��È¶���£À�º���È¶����°�§��¸¹�°��Á
� �»��Fµ�³� ¨ ©�J �³£ � J �³���³¨ó� (Σ, P, s) Å ^ � � `
Ð `

Σ = {F, +, −}
í
s = F + F + F + F

Ð�Øµè
P
å�ÛVU�É³Ø _ ì

F �→ FF + F + F + F + F + F − F.

_ `
Σ = {X, Y, +, −}

í
s = Y

íµÐ�Øµè
P
å�ÛVU�É³Ø _ ì

X �→ Y + X + Y

Y �→ X − Y − X.

[ ÊÌÍ·Ë�ÇÚÉãè«ÍäÐ³æ ÛÜØµå«í«ÖµÒ�ÉãÍ�ÊÌËäÐçËÂÛÜÊ�Ø�Ð�Øµå�áÜÉ
α = 60

èµÉ³åÌÍ�É³É³Ò ÐçØÚè ÛñØ ËÂÉ�ÍîÎÚÍ�É�Ë  ����º� X
Ð�Øµè

Y
Ð�Ò

�îÞßÊ�U�ÉÓÊ�ØÚÉÏÒîËÂÉÄÎ Ô×ÊÌÍ�æÈÐçÍÂè
	«é
Ù�` � ÛV]�É
_ `´í�_ Ö«ËÈæ ÛñË�Ç ËÂÇµÉÓÎÚÍ�ÊôèµÖµÙ�ËÂÛÜÊ�ØµÒ

X �→ X + Y + +Y − X − −XX − Y +

Y �→ −X + YY + +Y + X − −X − Y.



\ \�� ������������� � ��� ��� ��� � �����
1 2 3

Figure 21: �Õ��� � ��¸Ï��£��Â¶ ��©�� ���

Exercise 105 ����� Æ Ê¦æ¹É�ÍÂÒ·Ê�Ô � Ð�ØµÊ�Û ¢¤� 
 
 �ª� H��º��©¯�â±Ä©�� ©µ±³���¡©¯�»� JÝ ³�  ³��� Á��«� ¶�£³��¨ �³���³¢¾�NM ���
�º��� ¶����°�§��¸¹�°��Á¥Å �Õ���³£³�ó©�£³� �º�¥£³�Ä� ¸Ó�Ì� Fµ�³� ¢���Á��ß�×©« ³�¬�ª�IF 1, 2, 3 �¹¸È���³£³� �º��� � £¦�³� ¢ � Á ����� F¯�
© ���î©µ±�
½�Â¶ n F��»��
Ì� �¹�³�î©µ±�
ô�IF �°� Fµ�Ä±³£³�Ä©¯�Ä�»��Á ��£ Fµ��£ó�Â¶ ��� 
 ���È����� � �°Á�� £³� � �°Á�� £³� � 
¥Å

�����àÁ«�ç©¯� ���ë��� ��£�©��¤�»¶ç�³£��º�������î©µ±�
 �Â¶ F�����
��ë���¿¢���Á � �· KJó¨½� DÌ�»��Á ��� � F���� 
�©¯� ©����»¨½�
¶�£���¨ ��� �â¢���Á ��� ©�� ���º����£ÌÅ½�Õ��� £¬���§�����¿�º��©¯�â©¯�·� � ���»¨½���Ó© �ª©�£�Á«�³£ F���� 
 ¨½©�J  ��ó��� ���³¢
�Â¶ ©���¨½©¯�°�§��£ ��� �çÅ � ��£ ���µ©�¨�¢¾�ª���ï¸Ó� ±������ F �³�î©�£¦�Ï XJó¨ � DÌ�°��Á �º�������³¢¤¨½���³��F�����
ß��� ¢ ��Á 2

Hî¨½� D¥� (1, 2) M ���º����� ¨½� D¥�¿�º���à� ��� ��F�����
ò¶�£³��¨ ¢���Á 1 ��� ¢���Á 3 Hî¨½� D¥� (1, 3) M ���º���³� ¨ � Dô�
�º���À�Ä¨½©¯�»�ª�³£ F�����
 ¶�£���¨ ¢���Á 2 ���¤���ó�º��� �ª©�£îÁ¥�³£ F���� 
 ��� ¢ ��Á 3 Hî¨ � Dô� (2, 3) M � �³��±�Å

� £¬�����à© ¢¤£³��Á�£Ä©�¨ hanoi.C �º��©¯�ï�����ñ¢¤���º�ã©���� � � �³� ±Ä� �Â¶·¨ � Dô�¬� �º��©¯� Fµ�Ì�¬� �º��� £³� � ���°£³�IF
��£�©��¤�»¶ç�³£�� ¶���£ Á�� D¥��� �»�¥¢¤��� n Å � ��£ � �µ©�¨�¢¾�ª��� � ¶ n = 2 � �º���¼©« ³� D¥� �»� ����� ©¯�à��� � � �³� ±Ä�
(1, 2)(1, 3)(2, 3) �»� ©¯�­£��Ä© F�J�±Ä��¨�¢¾�ª�¬��� ©���F ����� D¥�¬�ß�º���â¢¤� 
 
 �ª��Å �¹����±�
 �º���ó±Ä��£¬£³��±³��� �¬�³�½�Â¶
JÚ����£â¢¤£³�ÄÁ�£�©�¨  KJ½��©���FÝ©¯� �ª�Ä©¯�³� ¶ç��£ n = 3 �ã XJ ¨ ©�� �¡©¯�°�EJ £³�î¢¤£�� F�� ±³�°��Á �º���ß��� � � �³� ±Ä� �Â¶
¨ � Dô�¬� ��� © ¢¤�î�Ä±�� �Â¶Ó¢�©¬¢ �³£ HÄ��£ ©�� ©µ±¬���¾©¯� � ��¸Ó�³£��Â¶ ��©�� ��� �ï� ¶ JÚ��� ��©�D¥� ��� �NM¥Å ^ � � `

3.2.11 Challenges

Exercise 106 �Ó� �º���Ï�Ì±Ä±Ä©¯�������Ý�Â¶ï¨½© � ��£·��¢���£¦�º�Ï�XDô�³�¤�º� � �º��� �ä�î©¯����©�� ±Ä��¨�¢�©�� J�� ©�� �»� �¾���¬�°�²�
�³����±�
ô�³£¦�à���  ³�ß±Ä���»�ª��±¬���GF �»� ©�� ©¯�ª ³��¨½Å � ��£¿�º��� � �	� � � ��� � ���Ì±Ä±��³£ ±¬��©�¨�¢¤�����¤�³�¥�²¢ ���º���
±����°�§�Ä±¬���î��� ±Ä��¨�¢¤£¬�»���IF �Â¶ ����� F�� � �³£³���¤� �³���î±�
 �³£¦� �Ó©�Dô©����×©« ¦�ª���°� ¢�©µ±�
 ©�Á¥�¬� �Â¶ � D¥� �³���î±�
 �³£¦�
�Ä©µ±³��Å

�Ý���³�Ý ¬� J¯�»��Á © ¢�©µ±�
 ©�Á¥��� J ��� ±´©�� � ���Ã�ç��� ¸È�¥�î±³�ß�³���î±�
 �³£¦�ò�»� ±����¤�î©��»�¤�ÑÅ®�����ã±���¨�¢�©�� J
���¤� J ÁÌ�¡©�£�©��¤���Ä�¬� �º��©¯� �Ä©µ±³� ¢�©µ±�
 ©�Á«� ±����¤�î©��»�¤� � D¥� F�� � �³£³�³�¤� �³����±�
ô�³£¦�çÅ � �¬�ë��� ©¯������¨½�
�º��©¯� �Ä©µ±¬�À¢ �������� ¦�ª�à���³�§�Ä±¬���î���¼�Â¶ � D¥� F�� � �³£³���¤�ò�³����±�
ô�³£¦�ë�»� � � �¡©¯�»� Jó����
 �¬�EJ ���  ³�ß±Ä���¤�î©��»� �IF
�»� ©�� J Á�� D¥��� ¢�©µ±�
 ©�Á«��Å � ��¸ ¨½©�� J�¢�©µ±�
 ©�Á«�¬�LFµ� JÚ���Ý� ���GFó���  ¬� J ��� ©�D¥�³£Ä©�Á«� �»� ��£ Fµ�³£
���ó��©�Dô� ©¯�»� �º���À�³����±�
ô�³£¦� �� ��£ó�º��� ±Ä©¯��� �Â¶ � �	� � � ��� � ¸¹���º� ����� �����î±�
ô��£¦� �à©Ý� �³¸È��¢�©¬¢��³£Ý±¬�×©��»¨½�IF H´ �©¯���GF ���
±����¤�Ä���­���»��Á © ¨½©¯�º�À¢¤£³�Â¶��³�³����£ M®�º��©¯�¹�º�¥���ã� ��¨½ ��³£¿��� 763 Å ����¸ F�� F �º��� ¢¤£³�Â¶��¬������£ß©�£¬£¬� D¥�
©¯�·�º��©¯�ò� ��¨½ ��³£��Ó©���Fó��� ���Ï±���£¬£³�Ä±¬� �

� £¬����� ©�¢¤£³��ÁÌ£�©�¨ �º��©¯��±���¨¿¢¤�����¬� �º��� ©�D¥�³£�©�Á¥��� ��¨  ³�³£½�Â¶ë¢�©µ±�
 ©�Á¥�¬� �º��©¯� J ����� ���IF
���  ¬� JÀ¶ç��£ © ±Ä���»�ª��±¬������� �Â¶ß��� 
 � n Å H � ��© ���»¨¿¢¾�§� ±¬���Ä±�
 � J ��� �³������� F Á«�¬����� �à¢�©µ±�
 ©�Á«�
��� ©�Dô�³£�©�Á«�À� ¶ n = 5 M¥Å �Ý��©¯�
Fµ� JÚ���ÝÁ«�¬� ¶ç��£ n = 555

�



� ����� ��� � �T����� ��� \ \��

Note: �Â� ��£ Fµ�³£ß��������� D¥�À�º�¥�»� ±¬��©¯�°�§����Á«���°� ©ó¨ ©¯�º���³¨½©¯����±Ä©¯�°�EJ ����� ��Fó¸ ©�J���JÚ��� � ���GF
����¨½�  Ä©¯���î± 
�� ��¸ã�ª�IF�Á«�½�Â¶â¢¤£³�¥ �©« ³������� J �º������£KJµÅ � ���Ã¶ç��£½��� £¿¢¤� £�¢ �����¬� � �»�Ï�»��©¯�²�ç� � 
 ���� ���³�·��©���F�¸ ©�D¥�¿¸È��J J ��� £Ï¢¤£³�ÄÁ�£�©�¨ �»�ß±���£¬£³�Ä±¬�îÅ
Exercise 107 �Ã�°��Fµ�³� ¨½©�JÚ�³£®� J �³���³¨�� ±Ä©�� ©¯�­���  ��À���ç�IF ��� F�£Ä©�¸ H � ���»��� £³�´©¯�­�»�³���î± M ¢¾�ª©��¤�º� �
¸¹���º�ß�º��� Á�£���¸ò�º�ë¢¤£³��±��¬�³� �Ä�»¨����ª©¯���GFß KJ��º����Dô©�£¬�î�����ò�»���³£�©¯���î���¤�ÑÅ � ��£Ó�º�¥�»� � ����¸Ó�XD¥��£�� �º���³£³�
¨����³�  ³�ß©�¢����³���� ³������� J �Â¶ß±�£³�Ä©¯���°��Á  ¬£�©�� ±³���¬�çÅ � �³�ò���à�º����£³��¶���£�� �³�¤��©�� ±Ä����� £
Fµ�»¶ç©����­�È���¬�
{F, +, −} �Â¶â�IJ ¨  ³���­�ã¸¹���º� � �µ�IF®¨ �´©�� �»��Áó©���FÀ� ��¸ ����� Σ = {F, +, −, [, ], f} Å¿�Õ���ë� J¯¨½ ���� [
��� Fµ� � � �GF ���ó��©�D¥� �º���·¶ç���»�ª��¸È�°��Á � � ��±¬� 
 �º��� ±³��£¬£��³�¤� �³�î©¯��� �Â¶��º��� ����£¦�º�ª� H°¢�������������� ©���F
F��»£���±¬��������M �»�ï¢¤���È���½���³¢ �Â¶Ó�º��� ÒîËäÐçËÂÉ¹ÒîËÂÐ�Ù ] ¸È�¥��±¬� �»� �»� �»����©¯�»� Jó�³¨¿¢¾� JÚÅ®�Õ���Ï� J¯¨½ ³��� ] �ç�¬�º�
�º���¿�³�î©¯��� �Â¶à�º���¿����£¦�º�ª�® Ä©µ±�
 �����º���®��� �¹¶���� ��F½��� ���³¢ �Â¶à�º���¿�³�î©¯���¿�³�î©µ±�
 � ©���F £³�³¨½� D¥�¬�
�º��� ���³¢ �³�î©¯���Ó¶Ä£³��¨ �º��� ���î©µ±�
 Å �Õ�¥���ß¨ �Ä±¬��©�� ���Ä¨ ±Ä©��  �� �����IF ��� £³�³¨ ��¨½ ³��£Ý©�±Ä�³£¦�î©��»�
�³�î©¯��� ©���Fó£³�¬��� £¬� ���ó�»�·�×©¯���³£ÌÅ� ��£ � �µ©�¨�¢¾�ª��� � ¶��º��� £³���î©¯���î��� ©���Á��ª� �»� 45 Fµ� Á�£³���³� �À�º��� ¸Ó��£ F FF[+F][−F] ¢¤£�� F�� ±Ä�¬�
�º��� F�£Ä©�¸È�°��ÁÝ�Â¶ � �§Á���£�� ��� Å

p

Figure 22: �Õ��� ��� £¦�º�§� ©ä¶³���³£Ï¢¤£³�Ì±Ä�¬�³���°��Á �º����±Ä��¨�¨ ©���F ��� � � �³� ±Ä� FF[+F][−F]

���¥�»� Fµ�Ì�¬�ë� ���¹�ª�Ì� 
®�­� 
ô�À©
D¥�³£KJó���³¢¾�¥���³����±Ä©¯���GF¿¢¾�×©��¤�RJ �³���· ¬���¹� ¶ J ����¶���£ß���«©�¨�¢¾�ª� ��£KJ
�º���ã¢¤£�� F�� ±¬�������

F �→ FF + [+F − F − F] − [−F + F + F]

¸¹���º���°� ����� ©¯��¸Ï��£IF F �Õ£����î©¯���î����©���Á��ª� 22 Fµ��Á�£����¬� �ò©���F ¶���� £â������£�©¯���î���¤� � J ��� ¸¹���°� �����â¸ò��©¯�
¸Ó� ¨½�Ä©�� Å

�ä�ë£³�³¨ ©��»�¤����� � �¦¢¾�ª©��°� ¸È��©¯�ë�º��� � J¯¨½ ���� f ¨½�Ä©��¤�çÅ �ä�ë��©¯� �º���ó�ç©�¨½� � � �Ä±¬�ß��� �º���
�³�î©¯��� �Â¶ �º���®����£¦�º�ª�ó©¯� F �ë���µ±��î¢¾�Ï�º��©¯� ���ZFµ�Ì�¬� � ���ZF�£�©�¸ © ���»� ��Å 
 ���¼±Ä©�� �»¨ ©�Á��»� �®�º��©¯�
f ¨½©�
 �¬���º��� ����£¦�º�ª� � � ��¨�¢ 
 Å
� �³£³�½©�£³�ó�º���ã¶���� ±³���î���¤� �Â¶ �º�����­�  ¬£�©�£KJ turtle �º��©¯��±���£¬£³�¬� ¢ ����F ��� �º�¥��� © F F���������� ©¯�

¶�� � ±¬���î��� ©¯����� JµÅ jump £³�Ä©¯��� 
 �¬� f �·¸ò�¥�»�§� save ©���F restore ©�£³�Ó¶���£ [ ©���F ] Å �Â� ��£ Fµ�³£ ���
F�£�©�¸ � �§Á���£�� ��� �ï¸Ó��±´©�� �º���³£³��¶ç��£³�À����� �º���È¶����°�§��¸¹�°��Áó�³�î©¯����¨ �³�¤�º�çÅ

ifm::forward (2);

ifm::save();

ifm::left(45);
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ifm::forward ();

ifm::restore ();

ifm::save();

ifm::right(45);

ifm::forward ();

ifm::restore ();

� �³£³�
JÚ��� ���Ä�ã�º��©¯� ¸Ó� ±Ä©��®¢¤£³� DÌ� Fµ� ©�� �°�¤����Á«�³£â��� forward ���³�»���»��Á¿���Ã����¸ ¨ ©�� JÀ�³����¢¾�
¸Ó� ¸ ©��¤� ��� ¨ � D¥�ò¶���£¬¸ ©�£ F Hî�º��� Fµ��¶Ñ©����­�ò�º��©¯�·¸Ó� ©¯�­¸ ©�J �¿�����IF½ ³��¶ç��£³� �»� 1 MôÅ
� ��¸ ���³£³� ±���¨ �³�ß�º��� ±³��©¯�»�ª�³��Á«� 
 ¸¹£¬�»��� ©½��� £¦�º�§�ßÁ�£�©¬¢¾�¥��±¬�â¢¤£³��ÁÌ£�©�¨ amazing.C �º��©¯�

¸¹���°� 
�� �Ì±�
 ����£ ���Ì±�
��¼� � � �Â�ð���º���³£ ¸Ó��£ F¯� �ó¸Ó� ©�£³� ©¯��
��°��Á½¶ç��£��º��� ¨ �����  ³�´©������ ¶����� £³�Ä©¯���������î± � ¸È��©¯���XD¥��£½¢¤�î±³����£³� �º��©¯�
J ��� ±´©�� ¢¤£�� F�� ±Ä� �����»��Á¼�º��� £³�Ä±³��£¦��� D¥� F�£�©�¸¹�»��Á
��±¬����¨ � ��� ���³¢ �Â¶ó�º��� ����£¦�º�ª� Á�£�©¬¢¾�¥�î±³� ±���¨ ¨½©���F¯�ó�»�¤��£�� F�� ±Ä�IF �ç� ¶Ñ©�£ H��º���³£³� ©�£³� �������»�
¨ ��£�� ±Ä��¨�¨½©���F¯� �º��©¯�½©�£³� ¨ ��£�� ��£ �§�¬���¼±Ä��¨�¨ ��� �Ý ³���½��� £���� £¦�º�§���­�  ¬£�©�£KJ �³���³¢¾� ©¯�
Σ = {F, +, −, [, ], f} M¥Å

�×¶ J ��� �º�¥�»� 
 �º��©¯� JÚ��� ±Ä©�� ���¡ ¬¨ ���ß© ±�£�©¬¢«¢ J ¢¤£³��ÁÌ£�©�¨ ©���F �³���»�»�â�´©�£¬��¶Ä���»� ¢ ���»�¤�º� �
JÚ��� � £���£¬�§Á��«�îÅ � ���ò¸Ó��±Ä�����¤�â��� J ��� £ ��¢���£¦�º��¨½©��¤�³�¥�­¢ ��� Á�� D¥� J ��� £  ��¬�³� �



Chapter 4

Compound Types
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4.1 Structs, or Plain Old Data
� � � � ���³��£¬� ±¬� ���Ï©��Ý©�ÁÌÁ�£³� Á¥©¯����±³�ª©¯�³�·�º��©¯�Ã��©¯�ò� �¿� ���¤���î©¯���î±ZF«©¯�î©
¨ ��¨½ ³��£¦� �Â¶ � J¦¢ �®¢ ���»�¤���³£½��� ¨ �³¨  ³�³£���� ��� � � � � ����£¬� ±¬���¿� ��� �
� � � ��� ����� H���£ ©�£¬£�©�J �Â¶ ��� ±¬� � JÑ¢ �³�NM ��£ £³��¶���£³�³� ±�� � ©���F ��©¯�
� �à���ç�³£ �GFµ� � � �GF®±��³¢ J �´©¯�³�Ä�°Á�� ¨½�³�¤�ï�³¢ �³£�©¯����£ë©���F � �ë�����³£ � Fµ� � � �IF
Fµ�¬�³��£¬�¡±¬����£ÌÅ

� �Ä±¬���î��� � � ¢�©�£�©�ÁÌ£�©¬¢¾� � �Ó�Â¶¿�º���	� � � � � � � �¤�î©���F«©�£IF 
 � � ���
H ����� �¤�î©���F«©�£IFKM

�Â�½�º�¥��� ���Ä±¬���î��� �Ã¸Ó�â������¸ ����¸ ÒîËîÍÂÖµÙ�ËÂÒ ©�£³�Ó�����GFÀ��� Á�£³���¯¢�F«©¯�î© ©���F ��� �¥ ¦�î©��°�
� �³¸ � JÑ¢ �³� ¸¹���º� ©¬¢«¢¾���î±Ä©¯������� �î��¢���±³� � ±ã¶Ä��� ±¬������� ©¯�­�»� JÚÅ 
 ��� ¸¹�»�»�ò©¯�­��� ����� ����¸ÊÌÎ ÉÄÍäÐçËÂÊÌÍ Ê�U�É�ÍÂáñÊ�Ð�èµÛÜØµå ±Ä©�� ���¬� ¢¼�°� ¨ ©�
��»��Á � �³¸ � JÑ¢ �³� �´©¯� J ©���F �°�¤��������� D¥� ���
������Å

" Ö«ÎÚÎ�Ê�Ò�É¿æ¹É æÈÐ�Ø¯ËÏË�Ê�ÖµÒ�É £�©¯���î��� ©¯� � � ¨½ ³��£¦� ÛñØÝÐßÎÚÍ�Ê�åÌÍäÐ�Þ í�Û�é ÉÌéñí¤Ø ÖÚÞ�_ É�Í�Ò Ê�ÔÕËÂÇµÉ¿Ô×ÊÌÍÂÞ
n/d

í æ ÇµÉ�ÍÂÉ _ ÊÌË�Ç ËÂÇµÉàØ ÖÚÞßÉÄÍäÐçËÂÊÌÍ
n
Ð�Øµè½ËÂÇµÉ èµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍ

d
ÐÑÍÂÉ ÛÜØ ËÂÉ�å�É�ÍÂÒ³é ����� èµÊôÉ³ÒÓØµÊÌË

ÇÚÐXU�ÉëÐ Ô×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á�Ë ì Î ÉâÔ×ÊÌÍÈÍäÐçËÂÛñÊ�Ø Ðçá ØôÖµÞb_�É�ÍÂÒ³í«Ò�Ê¿æ¹ÉãÇÚÐXU�ÉãË�Ê ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø Ë Û²ËòÊ�Ö«ÍÂÒîÉ³áVU�É³Ò³é
SÝÉßÙ³Ê�ÖµáÜè Ê�Ô¹Ù³Ê�Ö«ÍÂÒ�ÉßÍÂÉÄÎÚÍ�É³Ò�É³Ø¯Ë¿Ð�ÍäÐçËÂÛÜÊ�ØÚÐ�áÃØôÖµÞ�_ É�ÍâÒ�ÛÜÞÀÎÚáñì _ôìÝË æ¹Ê U�Ð�áÜÖµÉ³ÒàÊ�ÔïË ìôÎ É

int
í

_ÚÖ«Ë ËÂÇµÛÜÒ·æ¹Ê�ÖµáÜè ØµÊÌË�_ ÉëÛñØ áñÛÜØµÉâæ ÛñË�Ç Ê�ÖµÍ·Î É�ÍÂÙ³ÉÄÎÚË�ÛÜÊ�Ø Ê�Ô Ë�ÇÚÉëÍÂÐçËÂÛÜÊ�ØÚÐ�á¾ØôÖµÞ�_ É�ÍÂÒ ÐçÒ ÐÀèµÛÜÒîËÂÛÜØµÙ�Ë
Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á Ù³Ê�ØµÙ³É�ÎµË¬é Æ¹ÇÚÉ�Ë æ¹Ê Ø ÖÚÞ�_ É�Í�Ò

n
Ð�Øµè

d
�N_ É�áÜÊ�Øµå�ËÂÊ�å�É�ËÂÇµÉ�Í 	«í Ð�Øµè Ë�ÇÚÛñÒëÛÜÒàÐ�áñÒ�Ê

ÍÂÉ QÚÉ³ÙÄËÂÉ³è ÛñØ½Þ®ÐçË�ÇÚÉ�Þ®ÐçËÂÛÜÙ¬Ðçá¾ØµÊÌËäÐÑËÂÛÜÊ�Ø �ÈË�ÇÚÉ ÒîìôÞb_�Ê�á�� Ô×ÊÌÍÓËÂÇµÉ Ò�É�ËÏÊ�Ô ÍäÐçËÂÛñÊ�Ø Ðçá ØôÖµÞ�_ É�ÍÂÒ ÛÜØµèµÛ �
Ù¬ÐçË�É³Ò ËÂÇÚÐçË æ¹É ÐçÍÂÉàèµÉ¬ÐçáÜÛÜØµå æ Û²ËÂÇ Ð Þ®ÐçËÂÇµÉ³Þ®ÐçË�ÛÜÙ¬Ð�á�Ë ìôÎ�ÉÌí èµÉ YÚØÚÉ�è _ ì ÛñËÂÒ�U�Ð�áÜÖµÉëÍäÐçØÚå�É ©���F ÛñË�Ò
Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ì ^�ÒîÉ³É " É³Ù�ËÂÛÜÊ�Ø \ é � é � `Äé ê�èµÉ¬ÐçáÜáñì�í æ¹Éëæ¹Ê�ÖµáÜè áñÛV]�ÉâËÂÊ®å�É�ËÏÐ������ Ë ìôÎ ÉëËÂÇÚÐçË Ù¬Ð�Ø _ É
ÖµÒ�É³è áÜÛV]�ÉëÉGP«ÛÜÒîË�ÛÜØµåßÐçÍÂÛñË�ÇÚÞßÉÄËÂÛÜÙ Ë ìôÎ É³Ò ��ËÂÇµÉëÔ×Ê�áÜáÜÊ¦æ ÛÜØµå¿Î ÛñÉ³Ù³ÉàÊ�Ô Ù³Ê èÚÉ ^»Ô×ÊÌÍÏÐ�èµèÚÛñØÚå�Ë æ¹ÊÀÍÂÐçËÂÛÜÊ�ØÚÐ�á
ØôÖµÞ�_ É�ÍÂÒ `ïÒîÇÚÊ¦æ ÒÈÇµÊÑæ ËÂÇµÛÜÒ¹Ù³Ê�ÖµáÜè�áÜÊôÊ ]®áÜÛ ]�ÉÌé
// 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";

����� Ê ��É�ÍÂÒßÒ�ÉIU�É�ÍäÐ�á Ù³Ê�ØµÙ³ÉÄÎÚË�Ò Ô×ÊÌÍ®èµÉ YÚØµÛÜØµåÝØµÉ�æ Ë ì Î É³ÒL_ Ð�Ò�É³è¼Ê�Ø ÉIP«ÛñÒîËÂÛÜØµåÝË ìôÎ É�Ò³é ê�Ø¼Ë�ÇÚÛñÒ
Ò�É³ÙÄËÂÛÜÊ�Ø¤í æ¹ÉòÛÜØ Ë�Í�ÊôèµÖµÙ³ÉòËÂÇµÉòÙ³Ê�ØµÙ³É�ÎµËïÊ�Ô �³��£¬�¡±¬�º� é�� ÒîËîÍÂÖµÙ�Ë ÛÜÒÕÖµÒ�É³èßËÂÊ Ð�å�åÌÍÂÉ�å�ÐçËÂÉÈÒ�É U�É�ÍäÐçá UÌÐçáÜÖµÉ³Ò
Ê�ÔÓèµÛ	��É�Í�É³Ø ËÀË ì Î É³ÒÀÛÜØ¯ËÂÊ Ê�ØµÉ U�Ð�áÜÖµÉóÊ�ÔÓÐ ØµÉ�æðË ì Î ÉÌé S¼ÛñË�Ç ËÂÇµÛÜÒ³í æ¹É Ù¬Ð�Ø É¬ÐçÒ�ÛÜáñì ÞßÊôèµÉ³á¹ËÂÇµÉ
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Þ®ÐçËÂÇµÉ³Þ®ÐÑËÂÛÜÙ¬Ð�á�Ë ì Î É � Ð�ÒÓÐÀØµÉ�æ Ë ì Î É ÛÜØ&�����àé �·ÉÄÍÂÉ ÛÜÒÓÐ æ¹ÊÌÍ ]¥ÛñØÚåÀÎµÍÂÊ�åÌÍÂÐ�Þ ËÂÇÚÐçËÓÞ®Ð ]�É�Ò Ð
YµÍÂÒîËòÒîËÂÉ�Î�ËÂÊÑæÈÐÑÍÂè�ËÂÇµÉÏèÚÉ�Ò�ÛñÍÂÉ³è Î ÛñÉ³Ù³ÉÏÊ�Ô Ù³ÊôèµÉãÐ _ Ê�U�ÉÌé
�

// Program: userational.C�
// Add two rational numbers.

�
#include <iostream >

�

�
// the new type rational

	
struct rational {



int n;

�
int d; // INV: d != 0

�
};

���

�
�
// POST: return value is the sum of a and b

� �
rational add ( rational a, rational b)

���
{

���
rational result;

���
result.n = a.n * b.d + a.d * b.n;

��	
result.d = a.d * b.d;

� 

return result;

���
}

���

���
int main ()� �
{���

// input�
�
std::cout << "Rational number r:\n";� �
rational r;���
std::cout << " numerator =? "; std::cin >> r.n;�
	
std::cout << " denominator =? "; std::cin >> r.d;� 


�
�
std::cout << "Rational number s:\n";�
�
rational s;

���
std::cout << " numerator =? "; std::cin >> s.n;

� �
std::cout << " denominator =? "; std::cin >> s.d;

���
�
�

// computation
� �

rational t = add (r, s);
���

�
	
// output

� 

std::cout << "Sum is " << t.n << "/" << t.d << ".\n";

�
�

�
�
return 0;

���
}

Program 32: ¢¤£³�ÄÁ�� � ���ç�³£�©¯���î��� ©¯�×Å �
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ê�Ø �����àí Ð ÒîËîÍÂÖµÙ�Ë¿èÚÉIY ØµÉ³Ò¿Ð ØµÉ�æ Ë ìôÎ�É æ·ÇÚÊ�ÒîÉLUÌÐ�áñÖÚÉßÍäÐçØÚå�É®ÛÜÒëË�ÇÚÉ � ©�£¦���¬��� ©��¼¢¤£³� F�� ±¬�Ê�ÔÃÐ Y P«É³è ØôÖµÞ�_ É�Í Ê�Ô Ë ìôÎ É�Ò³é � ê�Ø½Ê�Ö«Í Ù³Ð�Ò�ÉÌí�æ¹ÉàèµÉ YÚØµÉ ÐÀØµÉ�æ Ë ìôÎ ÉàØÚÐ�ÞßÉ�è

rational
æ·ÇÚÊ�ÒîÉ

U�Ð�áÜÖµÉãÍäÐçØÚå�ÉâÛÜÒòËÂÇµÉ �¹ÐçÍ�Ë�É³Ò�Û×Ð�Ø ÎÚÍ�ÊôèµÖµÙ�Ë
int � int

í æ·ÇÚÉÄÍÂÉâæ¹ÉëÛÜØ¯ËÂÉ�Í�ÎµÍÂÉÄË ÐbU�Ð�áÜÖµÉ
(n, d)

Ð�ÒòËÂÇµÉ
WôÖµÊÌËÂÛñÉ³Ø Ë

n/d
é

" ÛÜØµÙ³É ËÂÇµÉ�ÍÂÉÓÛÜÒïØµÊàË ìôÎ É Ô×ÊÌÍ¹ËÂÇµÉ èµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍÕæ ÛñËÂÇßËÂÇµÉÓÐçÎµÎµÍÂÊÌÎµÍÂÛ×ÐÑËÂÉ�U�Ð�áÜÖµÉ ÍäÐ�Øµå�É
int\{0}

í
æ¹É ÒîÎ�É³Ù³ÛÜÔÜìÀË�ÇÚÉòÍÂÉXWôÖµÛñÍ�É³ÞßÉ³Ø Ë

d
	
= 0

_ôìÀÐ�Ø®ÛÜØµÔ×ÊÌÍÂÞ®Ð�á �»� D ©�£¬��©��¤� í«ÐÏÙ³Ê�ØµèÚÛ²ËÂÛÜÊ�Ø ËÂÇÚÐçË Ç ÐçÒ�ËÂÊëÇµÊ�áÜèÔ×ÊÌÍ�Ð�áÜá¥áÜÉ�å�Ð�á¥Ù³Ê�Þ�_ÚÛÜØÚÐçËÂÛÜÊ�ØµÒ Ê�Ô UÌÐçáÜÖµÉ³Ò³é " ÖµÙäÇßÐ�Ø ÛñØ U�ÐçÍÂÛ×Ð�Ø¯Ë ÛÜÒ ÛÜØµèµÛÜÙ¬ÐçË�É³è _ôì�Ð Ù³Ê�ÞßÞßÉ³Ø Ë ÒîËäÐçÍ�Ë�ÛÜØµå
æ Û²ËÂÇ

// INV:

� Û ]�É ÎµÍÂÉ ��ÐçØÚèÏÎ Ê�ÒîËÂÙ�Ê�ØÚèµÛñË�ÛÜÊ�ØµÒ�Ê�Ô Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ�^�ÒîÉ³É " É�Ù�ËÂÛÜÊ�Ø � é � é � `´íÑÛñØ U�ÐçÍÂÛ×Ð�Ø¯ËÂÒ¤ÐçÍÂÉÃÐ�ØãÛÜØµÔ×ÊÌÍÂÞ®Ð�á
æÈÐ³ìâÊ�ÔôèÚÊ Ù³ÖµÞßÉ³Ø Ë�ÛÜØµå¹Ë�ÇÚÉÃÎµÍÂÊ�åÌÍäÐ�Þ �ÑËÂÇµÉ�ìëÐÑÍÂÉ�ØµÊÌË¡ÒîËäÐ�ØµèÚÐçÍÂèµÛ
�³É�è¾í�Ð�ØµèëÊ�Ö«Í æÈÐ³ìãÊ�Ôôæ·ÍÂÛ²ËÂÛÜØµåïËÂÇµÉ³Þ
ÛÜÒÈÊ�ØµÉÏÎ Ê�ÒîÒ�ÛV_ÚáÜÉÓÙ³Ê�Ø U�É�Ø ËÂÛÜÊ�Ø¤é

ÆÈÇµÉÓË ìôÎ É
rational

ÛÜÒïÍÂÉ�Ô×É�Í�ÍÂÉ³èóË�Ê Ð�ÒòÐ �³��£¬� ±³� í ÐçØÚè ÛñË¹Ù¬Ð�Ø _ ÉÓÖÚÒîÉ³èóáÜÛV]�ÉÏÐ�Ø¯ì®ÊÌËÂÇµÉ�Í¹Ë ìôÎ É �
Ô×ÊÌÍòÉIPµÐ�ÞÀÎÚáÜÉ�í¥ÛñËòÞ®Ð¬ì ÐÑÎÚÎ�É¬ÐçÍòÐ�Ò¹Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍÈË ì Î ÉâÐçØÚè ÍÂÉ�ËÂÖ«ÍÂØ�Ë ì Î ÉãÛñØ�Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÈáÜÛV]�É

add
é

A struct defines a type, not variables.
� É�Ë � Ò�å�ÉÄË ÍÂÛÜèÀÊ�Ô Ê�ØµÉÈÎ Ê�Ò�Ò�ÛV_ÚáÜÉÈÙ³Ê�ØµÔ×ÖµÒ�ÛÜÊ�ØÀÍÂÛñå�Ç ËÕÔÜÍÂÊ�Þ ËÂÇµÉ

_ É³å�ÛñØÚØµÛÜØµå«é Æ¹ÇµÉãèµÉ YÚØµÛñËÂÛÜÊ�Ø
struct rational {

int n;

int d; // INV: d != 0

};

èµÊôÉ³Ò � ��� èµÉ YÚØµÉ U�ÐçÍÂÛ×Ð _ áñÉ³Ò
n
Ð�Øµè

d
Ê�Ô�Ë ì Î É

int
í¡Ð�áñËÂÇµÊ�Öµå�Ç½ËÂÇµÉ Ë æ¹Ê�ÞßÛÜèµèµáÜÉëáÜÛñØÚÉ�ÒãáÜÊ Ê ] áÜÛV]�É

U�ÐçÍÂÛ×Ð _ÚáÜÉàèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØµÒ Ð�Ò æ¹É ]¥ØµÊÑæ Ë�ÇÚÉ�Þ é � ÐçËÂÇµÉ�Í¬í¤Ð�áñá Ô×Ê�Ö«ÍãáñÛÜØµÉ³Ò ËÂÊ�å�É�ËÂÇµÉ�ÍÏèµÉ YÚØµÉ¿Ð � J¦¢ � Ê�ÔËÂÇµÉ ØÚÐ�ÞßÉ
rational

í _ÚÖ«ËÈÐçË Ë�Ç ÐÑË Î Ê�ÛÜØ¯Ë¬í ØµÉ³Û²ËÂÇµÉ�ÍÈÐ U�ÐçÍÂÛ×Ð _ÚáÜÉ·Ê�Ô¤Ë�Ç ÐÑËïØµÉ�æ Ë ìôÎ�ÉÌí¥ØµÊÌÍRUÌÐÑÍÂÛ×Ð _ÚáÜÉ³Ò
Ê�Ô¡Ë ì Î É

int
ÇÚÐXU�É _�É³É³Ø èµÉ YÚØµÉ³è¤é�Æ¹ÇµÉÏË æ¹Ê ÞßÛñèÚèµáÜÉ·áÜÛÜØµÉ³Ò

int n;

int d; // INV: d != 0

ÒîÎ É�Ù³ÛÜÔÜì Ë�Ç ÐÑËïÐ�Ø¯ìßÐ�Ù�Ë�Ö Ðçá �¥  � ��±¬� Ê�Ô�ËÂÇµÉ ØµÉ�æ¼Ë ìôÎ ÉZ^»Û�é ÉÌé ÐçØ ìÀÙ�Ê�ØÚÙÄÍÂÉ�ËÂÉ ÍäÐÑËÂÛÜÊ�ØÚÐ�áµØôÖµÞ�_ É�ÍG`��îÇÚÐ�Ò 	
^�ÛÜÒ Í�É�ÎµÍÂÉ³Ò�É³Ø¯ËÂÉ³èb_ôìa` Ë æ¹ÊÓÊ _ � É³ÙÄËÂÒ Ê�ÔÚË ì Î É

int
ËÂÇÚÐçË Ù³Ð�Øb_�ÉòÐçÙ³Ù³É³Ò�ÒîÉ³è ËÂÇ«ÍÂÊ�Öµå�ÇàËÂÇµÉ¹Ø ÐçÞßÉ³Ò

n
Ð�Øµè

d
�ôÒîÉ³É·ËÂÇµÉ·ÞßÉ�Þb_ ÉÄÍ�ÐçÙ³Ù³É³Ò�Ò _ É³áÜÊ¦æëé Æ¹ÇµÛÜÒÃÒîÎ É³Ù³Û Y Ù³ÐçËÂÛÜÊ�Ø�ÛÜÒ�ÛÜÞÀÎ�ÊÌÍ�ËäÐ�Ø¯Ë ÛÜÔ æ¹ÉÈæÈÐ�Ø ËÕËÂÊâÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø Ë
ÊÌÎ É�ÍÂÐçËÂÛÜÊ�ØµÒ¹Ê�ØóÊ�Ö«Í·ØµÉ�æ Ë ì Î ÉâáÜÛ ]�ÉÏÛñØ ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø

add
é

�·É�ÍÂÉ·ÛÜÒ�ÐçØ®Ð�ØÚÐ�áÜÊ�åÌì Ô×ÊÌÍ�Ë�ÇÚÉòÒ�ÛñËÂÖÚÐçË�ÛÜÊ�Ø¤é ê�Ô�ËÂÇµÉ·ÖµØµÛVU�É�Í�Ò�ÛñË ì�Ð�èµÞßÛÜØµÛÜÒîË�ÍäÐÑËÂÛÜÊ�ØëæÈÐ�Ø¯ËÂÒÕËÂÊâÒîÎ É³Ù³ÛñÔÜì
ÇµÊÑæ ÐâÒîËÂÖµèµÉ³Ø ËÈÛÜÒÕÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËÂÉ³è ÛÜØ®ËÂÇµÉ³ÛñÍ YÚáÜÉ³Ò�íôËÂÇµÉ�ìßÞßÛÜå�Ç¯Ë�Ù�Ê�ÞßÉ Ö«Î æ·ÛñËÂÇßËÂÇ«ÍÂÉ³É ÎÚÛÜÉ³Ù�É³Ò¹Ê�Ô¾èÚÐçËÂÐ
ËÂÇÚÐçË�ÐçÍÂÉ ØµÉ³Ù³É³Ò�Ò�ÐçÍ�ì ��Ð ØÚÐ�ÞßÉ�í�Ð�Ø ÛÜèµÉ³Ø Ë�ÛVYÚÙ¬ÐçËÂÛÜÊ�Ø Ø ÖÚÞ�_ É�Í³í Ð�Øµè Ð ÎµÍÂÊ�åÌÍäÐ�Þ Ê�Ô Ò�ËÂÖµèµì�é Æ¹ÇÚÛñÒ
èµÉ YÚØµÉ³Ò�ËÂÇµÉ ��Ë ìôÎ�É 	ëÊ�Ô¤ÐâÒîË�ÖÚèµÉ³Ø¯ËïÐ�Øµè Ð�áÜáñÊÑæ·ÒÃÔ×ÖµØµÙ�ËÂÛñÊ�Ø ÐçáÜÛñË ì ^»ÍÂÉ³å�ÛÜÒ�Ë�ÍäÐçËÂÛñÊ�Ø¾í�ÙäÇÚÐ�Øµå�É Ê�Ô�ÎµÍÂÊ�åÌÍäÐçÞ
Ê�Ô Ò�ËÂÖµèµì�íµÉ�Ë�ÙÌé `àËÂÊ _ ÉÓÍÂÉ¬ÐçáÜÛ
�³É³è¤í«áÜÊ�Øµå�_ É³Ô×ÊÌÍÂÉâÐ�Ø ì ÒîË�ÖÚèµÉ³Ø¯ËÂÒòÐ�Ù�ËÂÖÚÐ�áÜá²ìßÒ�ÇµÊÑæ Ö«Î¾é
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4.1.1 Struct definitions.
ê�Øóå�É³ØµÉ�ÍÂÐ�á�íµÐ ÒîË�ÍÂÖµÙ�ËòèµÉ YÚØÚÛ²ËÂÛÜÊ�Ø áÜÊôÊ ]ôÒòÐçÒòÔ×Ê�áÜáñÊÑæ·Ò³é
struct

� �
� � ��� 
 � � �
� ����� 
 � � �
éñé²é
� � ��� 
 �G� �
� �

�·É�Í�ÉÌí � ÛÜÒâËÂÇµÉÀØÚÐ�ÞßÉ Ê�Ô ËÂÇµÉßØÚÉÄæ áñì½ÛÜØ ËîÍÂÊôèµÖµÙ³É³è ÒîË�Í�ÖÚÙÄË ^»ËÂÇµÛÜÒëØÚÐ�ÞßÉ�Þ�ÖµÒîË _ É®Ð�Ø ÛÜèµÉ³Ø¯ËÂÛVYÚÉ�Í¬í
" É³Ù�Ë�ÛÜÊ�Ø \ é � é � `ÄíµÐ�Øµè � � íñé³é�é¬í � � ÐÑÍÂÉâØÚÐ�ÞßÉ³Ò¹Ê�Ô ÉGP«ÛÜÒîË�ÛÜØµå¿Ë ìôÎ�É³Ò³éïÆ¹ÇµÉ³Ò�ÉëÐÑÍÂÉâÙ¬ÐçáÜáÜÉ³è ËÂÇµÉ ����Fµ��£ �
� J �°��Á � JÑ¢ �³� Ê�Ô � é Æ¹ÇµÉàÛÜèµÉ³Ø ËÂÛ Y ÉÄÍÂÒ ��� 
 � � í � ��
 � � íñé´é³é¬í ��� 
 �I� ÐçÍÂÉ ÐçÍ�ÉëËÂÇµÉ F«©¯�î©½¨½�³¨½ ��³£¦�Ê�Ô¡Ë�ÇÚÉãØµÉ�æ Ë ìôÎ É � é

ÆÈÇµÉ UÌÐçáÜÖµÉóÍäÐ�Øµå�É Ê�Ô � ÛÜÒ � �
�
� �

� . . . �
��� é ÆÈÇµÛÜÒ®ÞßÉ¬Ð�ØµÒ³íòÐ UÌÐçáÜÖµÉ Ê�ÔÓË ìôÎ É � ÛÜÒ®Ð�Ø

N
�»ËÂÖ«ÎÚáÜÉ

(t1, t2, . . . , tN)
æ ÇµÉ�ÍÂÉ

ti �
� � é

� � P¥ÛÜÒîËÂÛñØÚå Ë ìôÎ É³Ò�	óÞßÛÜå�Ç Ë�_�É Ô×ÖµØµè ÐçÞßÉ³Ø ËäÐçá Ë ì Î É³Ò³í _ Ö«ËëÐ�áÜÒ�Ê ÖÚÒîÉ�Í��ºèµÉ YÚØµÉ³è Ë ìôÎ É�Ò³é [ ÊÌÍëÉIP �
Ð�ÞÀÎÚáÜÉÌí�Ù³Ê�ØµÒ�ÛñèÚÉÄÍ�ËÂÇµÉ�U�É�Ù�ËÂÊÌÍïÒîÎ Ð�Ù�É �

3
Ê U�ÉÄÍïËÂÇµÉ�YÚÉ³áÜè �ëé � Û U�É³ØÀËÂÇµÉ·Ë ìôÎ É

rational
Ð�Ò Ð _�Ê U�ÉÌí

æ¹ÉÏÙ³Ê�ÖµáÜèóÞßÊôèµÉ³á �
3
Ð�Ò·Ô×Ê�áñáÜÊÑæ·Ò³é

struct rational_vector_3 {

rational x;

rational y;

rational z;

};
� áñËÂÇµÊ�Öµå�Ç�Û²Ë·Ô×Ê�áÜáñÊÑæ·ÒÈÔÜÍ�Ê�ÞðËÂÇµÉâèµÉ YÚØµÛñËÂÛñÊ�Ø¾íôáÜÉ�ËòÖÚÒòÞ®Ð ]�ÉÏÛñËÈÉIP¥ÎÚáÜÛÜÙ�ÛñË�� ËÂÇµÉÏË ìôÎ�É³Ò � � íñé³é�é¬í � �

ØµÉ³É³è½ØÚÊÌË�_ ÉàËÂÇµÉàÒÂÐ�ÞßÉÌé �·ÉÄÍÂÉàÛÜÒÓÐ�Ø ÉIPµÐçÞÀÎ áñÉ �Èê�Ô
0, 1, . . . , U

ÛÜÒ ËÂÇµÉZU�Ð�áÜÖµÉëÍäÐ�Øµå�ÉàÊ�Ô ËÂÇµÉëË ìôÎ É
unsigned int

í«æ¹ÉÏÙ¬Ð�Øóå�É�Ë·Ð UÌÐçÍ�Û×Ð�Ø ËòÊ�Ô¡Ë�ÇÚÉÓË ìôÎ É
int

æ ÛñË�Ç U�Ð�áÜÖµÉÓÍäÐ�Øµå�É
{−U, −U + 1, . . . , −1, 0, 1, . . . , U − 1, U}

Ð�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é
struct extended_int {

// represents u if n== false and -u otherwise

unsigned int u; // absolute value

bool n; // sign bit

};Æ¹ÇÚÉZU�Ð�áÜÖµÉâÍÂÐ�Øµå�ÉàÊ�Ô ËÂÇµÛÜÒ·Ë ìôÎ ÉàÛñÒ
{0, 1, . . . , U} � {

��	
�
� í � � � ��� } í _ÚÖ«ËÓáÜÛV]�ÉãÛÜØ ËÂÇµÉëÍäÐçËÂÛñÊ�Ø Ðçá¡Ù¬ÐçÒ�ÉÌí

æ¹É·ÛñØ ËÂÉ�ÍîÎÚÍ�É�Ë U�Ð�áÜÖµÉ³ÒÕèµÛ	��É�Í�É³Ø ËÂá²ì � Ð
UÌÐçáÜÖµÉ
(u, n)

�îÞßÉ¬ÐçØÚÒ�	
u
ÛÜÔ

n =
� � � � � Ð�Øµè −u

ÛÜÔ
n =

��	
�
� é

��U�É�Ø ÛÜÔ Ë æ¹Ê®ÒîË�ÍÂÖµÙ�ËÓèµÉ YÚØµÛñËÂÛÜÊ�ØµÒòÇ ÐXU�ÉàËÂÇµÉàÒÂÐ�ÞßÉ ¨ �³¨  ³�³£ ��¢ �Ä±³� � ±´©¯���î��� ^»ËÂÇµÉëÎ ÐçÍ�ËÓÊ�Ô ËÂÇµÉ
èµÉ YÚØµÛñËÂÛÜÊ�Ø½É³ØµÙ³áÜÊ�Ò�É³è ÛÜØ Ù�ÖµÍ�áñì _µÍäÐ�Ù�É³Ò `Äí Ë�ÇÚÉÄìÝèµÉ YÚØµÉ F�� � �³£��³�¤� Ë ì Î É³Ò³í ÐçØÚè Û²ËëÛÜÒãØÚÊÌËãÎ Ê�Ò�Ò�Û _ áñÉ
ËÂÊ ÍÂÉ�ÎÚá×ÐçÙ³ÉóÊ�ØµÉ Ô×ÊÌÍ®ËÂÇµÉóÊÌËÂÇµÉ�Í¬é �ïÊ�ØÚÒîÛÜèµÉ�ÍÀËÂÇµÛÜÒ ËîÍÂÛVU¥ÛÜÐ�á�_ÚÖ«Ë®ÛÜØµÒîË�Í�ÖÚÙÄËÂÛVU�ÉóÉIP«Ð�ÞÀÎÚáÜÉ æ·ÛñËÂÇ Ë æ¹Ê
ÐçÎµÎ ÐçÍÂÉ³Ø¯ËÂáñì®ÉXW ÖÚÐ�á¤ÒîË�ÍÂÖµÙ�ËÂÒòèµÉ YÚØÚÉ�èóÊ U�ÉÄÍ Ð�ØóÉ�ÞÀÎÚË ì®Ò�ÉÄË·Ê�Ô ÉGP«ÛÜÒîË�ÛÜØµå¿Ë ìôÎ�É³Ò³é
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struct S {

};

struct T {

};

void foo (S s) {}

int main() {

S s;

T t;

foo (s); // ok

foo (t); // error: type mismatch

return 0;

}

ê»Ë¹ÛÜÒ¹Ð�áÜÒîÊëÎ Ê�Ò�Ò�ÛV_ÚáÜÉòËÂÊ ÖÚÒîÉÓÐçÍ�ÍäÐ³ìßÞßÉ³Þ�_ É�Í�Ò�ÛÜØ®ÒîË�Í�ÖÚÙÄËÂÒ³é [ ÊÌÍ¹ÉGPµÐ�ÞÀÎÚáÜÉÌí�ËÂÇµÉ�YÚÉ³áÜè �
3
Ë�Ç ÐÑË æ¹É

ÇÚÐXU�ÉâèµÛÜÒ�Ù³ÖµÒ�ÒîÉ³è Ð _ Ê�U�ÉâÙ�Ê�ÖÚáñèóÐ�áñË�É�ÍÂØÚÐçËÂÛVU�É�áñìL_ ÉÏÞßÊôèµÉ³áÜÉ�è áÜÛ ]�ÉÓË�ÇÚÛñÒ³é
struct rational_vector_3 {

rational v[3];

};

4.1.2 Structs and scope
Æ¹ÇÚÉ Ò�Ù�ÊÌÎ ÉàÊ�Ô�ÐÀÒ�Ë�ÍÂÖµÙ�ËÏÛÜÒ ËÂÇµÉëÎ ÐçÍ�ËÓÊ�Ô ËÂÇµÉëÎµÍÂÊ�åÌÍäÐ�Þ ÛÜØ æ·ÇÚÛñÙ´Ç ÛñË Ù³Ð�Ø _ ÉàÖµÒ�É�è ^�ÛÜØ Ð U�ÐçÍÂÛ×Ð _ áñÉ
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø¤íÌÊÌÍÃÐçÒÕÐ Ô×ÊÌÍ�Þ®Ð�á¥Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Î ÐçÍäÐ�ÞßÉ�Ë�É�Í Ë ìôÎ É�í¯Ô×ÊÌÍÃÉIP«Ð�ÞÀÎÚáÜÉ�`Äé " Ë�ÍÂÖµÙ�Ë�Ò�_ É�Ç ÐXU�É¹Ò�ÛÜÞßÛñá×ÐçÍ
ËÂÊ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒïÇµÉ�ÍÂÉ � ËÂÇµÉ Ò�Ù³ÊÌÎ�ÉÏÊ�Ô¡ÐàÒîË�ÍÂÖµÙ�Ë¹ÛñÒ ËÂÇµÉÏÖµØµÛÜÊ�Ø®Ê�Ô¤ËÂÇµÉÏÒîÙ³ÊÌÎ É³Ò¹Ê�Ô¡Ð�áÜá�Û²ËÂÒ Fµ��±¬�×©�£�©¯�������¤� íæ ÇµÉ�Í�ÉâÐ ÒîË�ÍÂÖµÙ�ËòèµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø ÇÚÐ�Ò¹ËÂÇµÉâÔ×ÊÌÍÂÞ

struct
�

Æ¹ÇÚÉ�ÒîË�ÍÂÖµÙ�Ë èÚÉIY ØµÛñË�ÛÜÊ�ØâÛÜÒ ÐòèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØëÐ�Ò¾æ¹É³áÜá�í�Ð�ØµèàÖÚÒîÖ ÐçáÜáñìÓÊ�ØµÉïÐ�Ù�Ë�Ö ÐçáÜáñìÓØµÉ³É³èµÒ ËÂÇµÉÕèÚÉIY ØµÛñË�ÛÜÊ�Ø
ÛÜØãÊÌÍÂèµÉ�Í¡Ë�ÊòÖµÒ�ÉÕÐïÒîË�ÍÂÖµÙ�Ë¬é ÆÈÇµÛÜÒ¤ÛÜÒ¤É¬Ð�Ò�ìÏË�ÊòÉIPôÎÚá×Ð�ÛÜØ � ÛÜØãÊÌÍÂèµÉ�Í¡Ë�ÊÈË�ÍÂÐ�ØµÒ�á×ÐçËÂÉ ÐRU�ÐçÍÂÛ×Ð _ÚáÜÉ èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø
Ê�Ô«ÒîË�Í�ÖÚÙÄË Ë ìôÎ ÉÌí�ÊÌÍ Ð·Ô×ÖµØµÙ�ËÂÛÜÊ�Øëæ·ÛñËÂÇëÔ×ÊÌÍÂÞ®Ðçá¯Î ÐçÍäÐçÞßÉ�ËÂÉ�ÍÂÒ¾Ê�Ô«ÒîË�Í�ÖÚÙÄË Ë ìôÎ É ÛñØ ËÂÊ Þ®ÐçÙ´ÇµÛÜØµÉÃá×Ð�Øµå�ÖÚÐ�å�ÉÌí
ËÂÇµÉâÙ�Ê�ÞÀÎ ÛñáÜÉ�Í¹ØµÉ³É³èµÒ·ËÂÊ ]¥ØµÊÑæ ËÂÇµÉâÐ�ÞßÊ�ÖµØ ËÈÊ�Ô ÞßÉ³ÞßÊÌÍ�ìßÍ�ÉXWôÖµÛñÍÂÉ�è _ôì�Ð�Ø Ê _ � É³ÙÄË·Ê�Ô Ë�ÇÚÉãÒîË�ÍÂÖµÙ�Ë³é
��Ö«Ë ËÂÇµÛÜÒòÛÜØµÔ×ÊÌÍÂÞ®ÐçËÂÛÜÊ�Ø ÛÜÒòÊ�ØÚá²ì�Ê _µËäÐ�ÛñØ Ð _ áñÉãÔÜÍÂÊ�ÞðËÂÇµÉâèµÉ YÚØµÛñËÂÛÜÊ�ØóÊ�Ô Ë�ÇÚÉâÒîË�ÍÂÖµÙ�Ë ��Ð�Ò·áÜÊ�ØµåßÐçÒ·ËÂÇµÉ
Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍÕÇÚÐ�ÒÕÊ�Øµáñì ÒîÉ³É³Ø ÐãèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø Ê�Ô � í¯ËÂÇµÉòÒîË�ÍÂÖµÙ�Ë � ÛÜÒ�Ò�Ð�ÛÜèÀËÂÊëÇÚÐXU�É �°� ±���¨�¢¾�ª�¬���à� J¦¢ � é

4.1.3 Member access
�¼ÒîË�ÍÂÖµÙ�Ë�ÛÜÒÕÞßÊÌÍ�É¹Ë�Ç ÐçØ ËÂÇµÉ �¹ÐçÍ�ËÂÉ�Ò�Û×Ð�Ø¿ÎÚÍ�ÊôèµÖµÙ�Ë�Ê�Ô�ÛñËÂÒÃÖÚØµèµÉ�ÍÂá²ì¥ÛÜØµåÓË ì Î É³Ò%# Û²Ë�Ê ��É�ÍÂÒ�ÒîÊ�ÞßÉ�_ Ð�Ò�ÛñÙ
Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ì�Ê�Ø ÛñË�Ò Ê¦æ Ø ËÂÇÚÐçË®æ¹É ÉIP¥ÎÚá×ÐçÛÜØ ØµÉIPôË¬é Æ¹ÇµÉ½ÞßÊ�ÒîË®ÛñÞÀÎ ÊÌÍ�ËäÐ�Ø¯Ë ^ºÐçØÚè Ð�áÜÒîÊ ÞßÊ�ÒîË
U¥ÛñÒ�ÛV_ÚáÜÉ�`ïÔ×ÖµØÚÙÄËÂÛÜÊ�ØÚÐ�áÜÛñË ì®Ê�Ô Ð Ò�Ë�ÍÂÖµÙ�Ë ÛÜÒÈËÂÇµÉàÐ�Ù³Ù�É³Ò�Ò ËÂÊÀËÂÇµÉãè ÐÑËäÐ�ÞßÉ³Þ�_ É�Í�Ò ^»Ë�ÇÚÉ UÌÐ�áñÖÚÉ�Ò

ti

ÛÜØóËÂÇµÉ
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t = (t1, . . . , tN)
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	 ÛÜÒÈÐ�Ø ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�ØóÊ�Ô¤Ë ìôÎ É � æ ÛñËÂÇ
U�Ð�áÜÖµÉ
(t1, . . . , tN)

í¥Ë�ÇÚÉ�Ø
tK

#¼ËÂÇµÉ
K

��ËÂÇ Ù³Ê�ÞÀÎ Ê�ØµÉ³Ø Ë
Ê�Ô Û²ËÂÒ�U�Ð�áÜÖµÉ # Ù³Ð�Ø _ ÉâÐ�Ù³Ù³É�Ò�Ò�É³è Ð�Ò
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 ���
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ËÂÇÚÐçË¹ËÂÇµÉÏè ÐÑËäÐ¿ÞßÉ�Þb_ ÉÄÍ � ��
 ��� ÛÜÒ ©µ±Ä±��¬�����IF ¶ç��£ �����
	 é
� ÛñØÚÉ�Ò \ � Ð�Øµè \ � Ê�Ô � ÍÂÊ�åÌÍäÐ�Þ ��\ ÐçÒ�Ò�ÛÜå�Ø U�Ð�áÜÖµÉ³Ò·ËÂÊßËÂÇµÉâÍÂÐçËÂÛÜÊ�ØÚÐ�á¾ØôÖµÞ�_ É�ÍÂÒ

r
ËÂÇ«ÍÂÊ�Öµå�Ç ËÂÇµÉ

ÞßÉ³Þ�_ É�Í Ð�Ù³Ù³É³ÒîÒÃÊÌÎ�É�ÍäÐçËÂÊÌÍ³í�æ ÇµÛÜáÜÉ�áÜÛÜØµÉ � � É³ÞÀÎÚáÜÊ¦ì¥Ò Ë�ÇÚÉïÞßÉ�Þb_ ÉÄÍ Ð�Ù³Ù�É³Ò�Ò ÊÌÎ É�ÍäÐÑËÂÊÌÍ ËÂÊÓÊ�Ö«Ë�ÎÚÖ«Ë ËÂÇµÉ
U�Ð�áÜÖµÉãÊ�Ô¡ËÂÇµÉÏÍäÐÑËÂÛÜÊ�ØÚÐ�á ØôÖµÞ�_ É�Í

t
é Æ¹ÇµÉëÐ�èµèµÛñËÂÛñÊ�Ø Ðçá�Ê�Ö«Ë�ÎÚÖ«Ë·Ê�Ô �

/
�ÚÛñØÚèµÛÜÙ³ÐçËÂÉ³ÒïËÂÇÚÐçË¹æ¹ÉâÛñØ ËÂÉ�ÍîÎÚÍ�É�Ë

ËÂÇµÉ \ ��ËÂÖ«ÎÚáÜÉ
(n, d)

Ð�ÒÈË�ÇÚÉ WôÖµÊÌËÂÛñÉ³Ø Ë
n/d

é

4.1.4 Initialization and assignment
SÝÉãÙ¬Ð�Ø ÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É·Ê _ � É³Ù�Ë�Ò·Ê�Ô ÒîË�Í�ÖÚÙÄË·Ë ìôÎ ÉâÐ�Øµè Ð�Ò�Ò�Ûñå�Ø UÌÐçáÜÖµÉ³ÒòËÂÊ�ËÂÇµÉ³Þ í ��ÖµÒîË·áÜÛV]�ÉÓæ¹ÉëèµÊÀÛñËòÔ×ÊÌÍ
Ô×ÖµØµè ÐçÞßÉ³Ø ËäÐçá�Ë ì Î É³Ò³é

ê�ØëáÜÛÜØµÉ � � Ê�Ô � ÍÂÊ�åÌÍäÐ�Þ ��\ Ô×ÊÌÍ ÉGPµÐ�ÞÀÎÚáÜÉÌí¬ËÂÇµÉ U�ÐçÍÂÛ×Ð _ÚáÜÉ
t
Ê�Ô Ë ìôÎ�É

rational
ÛñÒ¾ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É³è æ Û²ËÂÇ

ËÂÇµÉ�U�Ð�áÜÖµÉÈÊ�Ô�ËÂÇµÉ·ÉGP¥ÎµÍÂÉ³Ò�ÒîÛÜÊ�Ø
add (r, s)

é ê�Ø®ÐÓÒîË�ÍÂÖµÙ�Ë¬í¯ÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�ØëÛÜÒ WôÖµÛñËÂÉÈØÚÐçËÂÖ«ÍäÐ�áñáñìàèµÊ�ØµÉ
ÞßÉ³Þ�_ É�Í��»æ ÛÜÒîÉÌí Û�é ÉÌé Ô×ÊÌÍ¿É¬Ð�ÙäÇ�èÚÐçËäÐóÞßÉ�Þb_ ÉÄÍëÒ�É�Î ÐçÍÂÐçËÂÉ³áñì�é �·ØµèµÉ�ÍàËÂÇµÉ®ÇµÊôÊ è¾í Ë�ÇÚÉßèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø
ÒîËäÐÑËÂÉ³ÞßÉ³Ø¯Ë
rational t = add (r, s);

ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉ ÇÚÐ�Ò ËÂÇµÉ É ��É³Ù�ËóÊ�ÔâÛÜØµÛñËÂÛ×Ð�áñÛ
�³ÛÜØµå
t.n

^»æ·ÛñËÂÇ¼ËÂÇµÉ YµÍÂÒîË�Ù³Ê�ÞÀÎ Ê�ØµÉ³Ø¯Ë Ê�ÔãËÂÇµÉ U�Ð�áÜÖµÉ Ê�Ô
add (r, s)

`·ÐçØÚè
t.d

^»æ ÛñË�ÇóËÂÇµÉàÒ�É³Ù³Ê�Øµè Ù³Ê�ÞÀÎ Ê�ØµÉ³Ø Ë `Äé ê�Ø¯ËÂÉ�ÍÂÉ³Ò�ËÂÛÜØµå�áñì�íµËÂÇµÛÜÒ Ð�áÜÒîÊÀæ¹ÊÌÍ ]¥Ò æ·ÛñËÂÇ
ÐçÍ�ÍÂÐ¬ì ÞßÉ�Þb_ ÉÄÍÂÒ³é " ËîÍÂÖµÙ�ËÂÒßËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍ�É½ÎµÍÂÊ�U¥ÛÜèµÉ Ð æÈÐ¬ì Ê�Ô��îÔªÐ ]ôÛÜØµå 	�ÐçÍîÍäÐ³ì ÛÜØµÛñËÂÛ×Ð�áñÛ
�¬ÐçËÂÛñÊ�Ø�Ð�Øµè
Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë
_ôì æòÍäÐçÎµÎÚÛÜØµå ËÂÇµÉ�ÐçÍ�ÍäÐ³ì½ÛÜØ Ë�Ê�Ð®ÒîË�ÍÂÖµÙ�Ë³é �·É�Í�É ÛÜÒãÐ�ØÝÉIP«Ð�ÞÀÎÚáÜÉàËÂÊ�ÒîÇÚÊ¦æ æ ÇÚÐçËÓæ¹É
ÞßÉ¬Ð�Ø¤é
#include <iostream >

struct point {

double coord[2];

};

int main()

{

point p;

p.coord [0] = 1;

p.coord [1] = 2;

point q = p;

std::cout << q.coord[0] << " " // 1
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<< q.coord[1] << "\n"; // 2

return 0;

}

Æ¹ÇÚÛñÒÏæ¹ÊÌÍ ]ôÒãÒîÛÜØµÙ³É¿Ë�ÇÚÉ¿èÚÐçËäÐßÞßÉ³Þ�_ É�ÍÂÒ Ê�Ô Ð ÒîËîÍÂÖµÙ�ËâÊ _ � É³Ù�ËãÊôÙ³Ù�ÖµÎ ì½Ð Ù³Ê�Ø¯ËÂÛÜå�ÖµÊ�ÖµÒ Î�ÐÑÍ�ËâÊ�ÔÃËÂÇµÉ
Þ®Ð�ÛÜØ®ÞßÉ³ÞßÊÌÍîì�í¥Ð�ØµèóÒ�ÛñØÚÙ�É ^�ÛñØ�Ù³Ê�Ø¯Ë�ÍäÐ�ÒîË¹ËÂÊ ÐçÍ�ÍäÐ³ì®Ë ìôÎ É�Ò `¹Ò�Ë�ÍÂÖµÙ�ËÈË ì Î É³Ò��N]¥ØµÊ¦æ 	 ËÂÇµÉ³ÛñÍòÞßÉ³ÞßÊÌÍ�ì
ÍÂÉXW ÖµÛñÍÂÉ³ÞßÉ³Ø¯ËÂÒ³é [ ÍÂÊ�Þ ËÂÇµÛÜÒ³í«ËÂÇµÉãÙ³Ê�ÞÀÎÚÛÜáÜÉ�ÍÈÙ¬Ð�Ø YÚå�Ö«ÍÂÉãÊ�ÖµËòÇµÊÑæ Þ®Ð�Ø¯ì®ÞßÉ³ÞßÊÌÍ�ì®Ù³É³áñáÜÒ·ÐÑÍÂÉãËÂÊ _ É
Ù³ÊÌÎÚÛÜÉ³è�Ô×ÊÌÍòËÂÇµÉÏÛÜØµÛñËÂÛ×ÐçáÜÛ
�¬ÐçË�ÛÜÊ�ØÀÊ�Ô

q
ÛÜØ

point q = p
é

ê�Ø ËÂÇµÉ ÒÂÐ�ÞßÉàæÈÐ³ì ^�ÞßÉ³Þ�_ É�Í�æ·ÛÜÒ�ÉâÛñØÚÛ²ËÂÛ×Ð�áÜÛ��¬ÐçËÂÛÜÊ�Ø `Äí«ËÂÇµÉ Ô×ÊÌÍÂÞ®Ð�á Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�Ò
a
Ð�Øµè

b
Ê�ÔÕËÂÇµÉ

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
add

ÐçÍÂÉÀÛÜØµÛñË�Û×Ð�áÜÛ
��É³è½ÔÜÍ�Ê�Þ ËÂÇµÉ UÌÐçáÜÖµÉ³ÒëÊ�Ô
r
Ð�Øµè

s
� ËÂÇµÉ U�Ð�áÜÖµÉÀÊ�Ô

add (r, s)
ÛñË�Ò�É³áÜÔ

Ð�áÜÒîÊëÍÂÉ³Ò�ÖµáñËÂÒ�ÔÜÍÂÊ�Þ Ð�Ø ÛÜØµÛñËÂÛ×Ð�áñÛ
�¬ÐçËÂÛñÊ�Ø¿Ê�Ô¾Ð ^°ËÂÉ³ÞÀÎ ÊÌÍäÐÑÍ�ìa` Ê _ � É³Ù�Ë�æ ÇµÉ³ØßËÂÇµÉ
return

ÒîËäÐçË�É³ÞßÉ³Ø Ë Ê�Ô
ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø

add
ÛÜÒ¹ÉIP¥É³Ù³Ö«ËÂÉ³è¤é

ê�ØµÒîËÂÉ¬Ð�èàÊ�Ô ËÂÇµÉ�Ð _�Ê U�ÉÕèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØÏÒîËäÐçËÂÉ�ÞßÉ³Ø Ë¤ËÂÇÚÐçË¡ÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³Ò
t
æ¹É�Ù³Ê�ÖµáÜèëÐ�áÜÒ�ÊÈÇÚÐKU�ÉÕæ·ÍÂÛñËîËÂÉ³Ø

rational t;

t = add (r, s);

�·É�Í�ÉÌí
t
ÛÜÒ Fµ��¶ç©����²�
� �»� ����� ©¯�­� 
 �IF YµÍÂÒîË¬íÚÐ�Øµè�Ë�ÇÚÛñÒòèµÉ³ÔªÐ�ÖµáñË �ºÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É�ÒÕËÂÇµÉÏè ÐÑËäÐ¿ÞßÉ�Þb_ ÉÄÍÂÒ³é ê�ØóÊ�Ö«Í

Ù¬Ð�ÒîÉÌí�ËÂÇµÉ�ì ÐçÍ�É Ê�ÔÈË ì Î É
int

�¹Ô×ÊÌÍ�Ô×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á�Ë ì Î É³Ò³íÕèÚÉ�ÔªÐ�ÖµáñË��ºÛñØÚÛ²ËÂÛ×Ð�áÜÛ��¬ÐçËÂÛÜÊ�Ø½èµÊôÉ³Ò¿ØµÊÌËÂÇµÛÜØµå«í
Ò�Ê ËÂÇµÉ UÌÐçáÜÖµÉ³ÒßÊ�ÔÏË�ÇÚÉ èÚÐçËÂÐÝÞßÉ³Þb_�É�ÍÂÒÀÐÑÍÂÉ ÖµØÚèµÉ YÚØµÉ³è Ð�ÔÜËÂÉ�Í èµÉ³ÔªÐ�ÖµáñË �ºÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø ^�Ò�É³É Ð�áñÒ�Ê
" É³Ù�Ë�ÛÜÊ�Ø \ é � é � `Äé ê�Ø ËÂÇµÉ ØµÉIP¥Ë áÜÛÜØµÉÌí¹ËÂÇµÉ UÌÐçáÜÖµÉ Ê�Ô

add (r, s)
ÛÜÒ Ð�Ò�Ò�ÛÜå�ØµÉ³è ËÂÊ

t
í Ð�Øµè Ë�ÇÚÛñÒ

Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø ËÈÐ�å�ÐçÛÜØ�ÇÚÐçÎµÎ É³ØµÒÈÞßÉ³Þ�_ É�Í��»æ ÛÜÒ�É�é

What about other operations?
[ ÊÌÍÀÉ U�É�Í�ì Ô×ÖµØµèÚÐ�ÞßÉ³Ø ËÂÐ�áòË ìôÎ�É � íÃË æ¹Ê ÉIPôÎµÍÂÉ³Ò�Ò�ÛñÊ�ØÚÒßÊ�Ô Ë ìôÎ�É

� Ù¬Ð�Ø _ ÉßËÂÉ³Ò�ËÂÉ³è Ô×ÊÌÍ�É WôÖÚÐ�áÜÛñË ì�í ÖµÒ�ÛñØÚåóË�ÇÚÉßÊÌÎ�É�ÍäÐçËÂÊÌÍ�Ò
==

Ð�Øµè
!=
é ê»Ëàæ¹Ê�ÖµáÜè ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉ®Ò�É³É³Þ

ØÚÐçËÂÖ«ÍäÐ�á Ë�Ê ÇÚÐXU�É®ËÂÇµÉ³Ò�É®Ë æ¹Ê ÊÌÎ É�ÍÂÐçËÂÊÌÍÂÒ Ð�áñÒ�Ê½Ô×ÊÌÍ¿ÒîËîÍÂÖµÙ�ËÂÒ³íÕÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÉ³èÝÛÜØ Ò�ÖµÙäÇ ÐóæÈÐ¬ì Ë�Ç ÐÑË
ËÂÇµÉ�ì Ù³Ê�ÞÀÎ ÐçÍÂÉÓÞßÉ³Þ�_ É�Í ��æ ÛñÒ�ÉÌé

[ ÊÌÍÂÞ®Ð�áÜáñì�í�ËÂÇµÛÜÒ æ¹Ê�ÖµáÜè
_ ÉÓÙ³ÊÌÍ�ÍÂÉ�Ù�Ë��ÃÛÜÔ
t = (t1, . . . , tN)

ÐçØÚè
t � = (t �1, . . . t �N)

í¥ËÂÇµÉ³Ø æ¹ÉãÇÚÐXU�É
t = t �

ÛñÔ Ð�ØµèóÊ�Øµáñì®ÛñÔ
tK = t �K

Ô×ÊÌÍ
K = 1, . . . , N

é
��Ö«Ë�Ê�Ö«Í®Ë ìôÎ É

rational
Ð�áñÍ�É¬Ð�è«ì Ò�ÇµÊ¦æ Ò®ËÂÇÚÐçË®ËÂÇµÛÜÒßæ¹Ê�Ø � Ëßæ¹ÊÌÍ ] � ÖµØµèµÉ�Í�ÞßÉ�Þb_ ÉÄÍ���æ·ÛÜÒ�É

ÉXW Ö ÐçáÜÛñË ì�í æ¹É æ¹Ê�ÖµáÜè É�ÍîÍÂÊ�ØµÉ³Ê�ÖµÒ�áñì Ù³Ê�ØµÙ³áÜÖµèµÉ ËÂÇÚÐçË
2/3

	
= 4/6

é Æ¹ÇÚÉ½ÎÚÍ�Ê _ áñÉ³Þ ÛñÒ ËÂÇÚÐçË ËÂÇµÉ
� J¯�¤�î©µ±¬���î±´©¯� Dô©¯��� ��£�©���Á«� int � int

Ê�ÔëËÂÇµÉ½Ë ìôÎ�É
rational

èµÊôÉ³ÒóØµÊÌË�Ù³Ê�ÛÜØµÙ³ÛÜèµÉ½æ·ÛñËÂÇ Ë�ÇÚÉ
���³¨ ©��¤���î±´©¯� Dô©¯��� ��£�©���Á«� ÛÜØóæ·ÇµÛÜÙäÇóæ¹ÉâÛÜèµÉ³Ø¯ËÂÛÜÔÜì Î�ÐçÛñÍÂÒ

(n, d)
ËÂÇÚÐçË·èÚÉIY ØµÉÏËÂÇµÉëÒÂÐ�ÞßÉÏÍäÐçËÂÛÜÊ�ØÚÐ�á

ØôÖµÞ�_ É�Í
n/d

é
ÆÈÇµÉïÒÂÐçÞßÉ�ÇÚÐçÎµÎ É³ØµÒ¡æ·ÛñËÂÇàÊ�Ö«Í Ë ìôÎ�É

extended_int
ÔÜÍÂÊ�Þ Ð _ Ê�U�É � Ò�ÛñØÚÙ�É _ ÊÌËÂÇëÎ Ð�ÛñÍ�Ò

(0,
� � � � � )Ð�Øµè

(0,
��	

�
�
)
ÐçÍÂÉ¿ÛÜØ Ë�É�Í�ÎµÍÂÉ�ËÂÉ�è Ð�Ò

0
í¡ÞßÉ�Þb_ ÉÄÍ���æ·ÛÜÒ�ÉàÉXW Ö ÐçáÜÛñË ì æ¹Ê�ÖµáÜè å�ÛVU�É¿ÖµÒ �

0
	
= 0

	 ÛÜØ ËÂÇµÛÜÒ
Ù¬Ð�ÒîÉÌé

� Øµáñì�ËÂÇµÉóÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÊÌÍ Ê�ÔÏÐ ÒîË�Í�ÖÚÙÄË ]¥ØµÊÑæ·Ò ËÂÇµÉ Ò�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á�U�Ð�áÜÖµÉ�ÍÂÐ�Øµå�ÉÌíÈÐ�Øµè¼Ô×ÊÌÍßË�ÇÚÛñÒ
ÍÂÉ¬ÐçÒ�Ê�Ø¤í ����� ØµÉ³ÛñË�ÇÚÉÄÍëÎµÍÂÊ UôÛÜèµÉ³ÒëÉXW ÖÚÐ�áÜÛñË ì½ÊÌÎ É�ÍäÐçË�ÊÌÍÂÒâÔ×ÊÌÍ ÒîËîÍÂÖµÙ�ËÂÒ³í ØµÊÌÍ Ð�Ø¯ìÝÊÌËÂÇµÉ�Í ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ
_ É�ì�Ê�Øµè ËÂÇµÉ¿ÞßÉ�Þb_ ÉÄÍÓÐ�Ù³Ù³É�Ò�Ò³í¤ÛÜØµÛñËÂÛ×ÐçáÜÛ
�¬ÐçË�ÛÜÊ�Ø¤íµÐ�ØµèÝÐ�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë èµÛÜÒîÙ³ÖµÒ�Ò�É³è Ð _ Ê�U�ÉÌé � Î É�ÍäÐçË�ÛÜÊ�ØµÒ
ËÂÇÚÐçËëÍ�É³ÒîÎ É³ÙÄËàËÂÇµÉÀÒ�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ðçá�U�Ð�áÜÖµÉÀÍäÐ�Øµå�ÉÀÙ³Ð�Ø _ ÉÀÎµÍÂÊ UôÛÜèµÉ³è _ôìÝË�ÇÚÉ ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËÂÊÌÍ¬í ËÂÇµÊ�Öµå�Ç¾í
Ò�É³ÉãØµÉIP¥ËòÒ�É³Ù�Ë�ÛÜÊ�Ø¤é



� ��� � � � � � ��� ����� � ��� ����� ��� � ����� � \ � �
� Ê�ÖàÞßÛÜå�Ç Ë ÐçÍÂå�ÖµÉ�ËÂÇÚÐçË É U�É³Ø¿ÞßÉ³Þ�_ É�Í��»æ ÛÜÒ�É ÛÜØµÛñË�Û×Ð�áÜÛ
�³ÐçËÂÛÜÊ�ØÓÐ�Øµè¿Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë¡Ù³Ê�ÖµáÜèZ_ É ÛñØÚÙ�Ê�Ø �

Ò�ÛÜÒ�ËÂÉ³Ø Ëïæ·ÛñËÂÇ®ËÂÇµÉ Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ³ÒïÊ�Ô¤ËÂÇµÉ Ë ìôÎ É�é � ÐçËÂÉ�Í³íôæ¹É æ ÛÜáÜá ÛÜØµèµÉ³É³è É³ØµÙ³Ê�ÖµØ ËÂÉ�ÍÈÒ�ÖµÙäÇóÐàÒ�Û²ËÂÖÚÐçËÂÛÜÊ�Ø¤í
Ð�Øµè�æ¹ÉÓæ ÛÜáñá�Ò�ÇµÊÑæ ÇµÊ¦æ Û²ËòÙ³Ð�Ø _ ÉÏèµÉ¬Ð�áñË¹æ Û²ËÂÇ�É³áñÉ³å�Ð�Ø Ë�áñì�é

4.1.5 User-defined operators
O É�æ Ë ì Î É³Ò ÍÂÉ WôÖµÛñÍÂÉ ØµÉ�æ ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ�í _ÚÖ«Ë æ ÇµÉ³Ø ÛñËïÙ³Ê�ÞßÉ�Ò ËÂÊëËÂÇµÉ ØÚÐ�ÞßÛÜØµåëÊ�Ô¤Ò�ÖµÙäÇ�ÊÌÎ É�ÍÂÐçËÂÛÜÊ�ØµÒ³í
Ê�ØµÉ�áñÉ³Ò�ÒâØµÛÜÙ�É Ð�Ò�Î É³Ù�ËãÊ�Ô � ÍÂÊ�åÌÍäÐ�Þ ��\ ÒîÇÚÊ¦æ ÒÏÛÜØÝáñÛÜØµÉ � � é �Õì èµÉ YÚØÚÛñØÚå®ËÂÇµÉ¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø

add
í¾æ¹É

æ¹É�ÍÂÉâÐ _ÚáÜÉ ËÂÊ�Î�É�ÍÂÔ×ÊÌÍÂÞ ËÂÇµÉãÊÌÎ�É�ÍäÐçËÂÛñÊ�Ø
t := r + s

ËÂÇ«ÍÂÊ�Öµå�Ç ËÂÇµÉãÒîËäÐçËÂÉ�ÞßÉ³Ø Ë
rational t = add (r, s);ê�èµÉ¬Ð�áÜá²ì�í ÇµÊ¦æ¹É U�É�Í¬í«æ¹É æ¹Ê�ÖµáÜè®áÜÛV]�É·Ë�Ê�ÐçèÚè®ÍäÐçË�ÛÜÊ�ØÚÐ�á�Ø ÖÚÞ�_ É�Í�ÒïáÜÛV]�É·æ¹ÉÏÐ�èµè ÛÜØ ËÂÉ�å�É�ÍÂÒïÊÌÍRQÚÊ�ÐçËÂÛÜØµå �
Î Ê�ÛÜØ¯ËÈØôÖµÞb_�É�ÍÂÒ³í�_ ì ÒîÛÜÞÀÎÚáñìÀæ·Í�ÛñËÂÛÜØµå ^�ÛÜØ�Ê�ÖµÍòÙ¬Ð�ÒîÉ�`
rational t = r + s;Æ¹ÇÚÉ
_ É³ØµÉ YµË¹Ê�Ô¾ËÂÇµÛÜÒ¹ÞßÛÜå�Ç ËïØµÊÌË _ ÉÓÛÜÞßÞßÉ³èµÛ×ÐÑËÂÉ³áñì Ê _ U¥ÛÜÊ�ÖµÒ³í«ÛÜØ®Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍïÒ�ÛñØÚÙ�ÉÏËÂÇµÉÓØÚÐ�ÞßÛÜØµåàÊ�Ô
ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø

add
Ò�É³É�ÞßÒ¹Ë�Ê _ É WôÖµÛñËÂÉÓÍÂÉ¬ÐçÒ�Ê�ØÚÐ _ÚáÜÉ ��_ÚÖ«Ë·Ù³Ê�ØµÒ�ÛñèÚÉÄÍòËÂÇµÉÏÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø

rational t = subtract ( multiply (p, q), multiply (r, s));Ð�ØµèóÛñË�Ò��îØÚÐçË�ÖµÍÂÐ�á
	 Ù³Ê�ÖµØ ËÂÉÄÍ�Î ÐçÍ�Ë
rational t = p * q - r * s;ËÂÊ�å�É�Ë ÐçØóÛÜèµÉ¬Ðëæ ÇÚÐçË¹æ¹ÉÏÞßÉ¬Ð�Ø¤é

ÆÈÇµÉëØÚÐçË�ÖµÍÂÐ�á¡ØµÊÌËäÐÑËÂÛÜÊ�ØóÙ¬ÐçØ ÛñØÚèµÉ³É�è _ ÉëÐ�ÙäÇµÛÜÉ U�É�è �ÈÐ�]�É�ì Ô×É¬ÐçË�ÖµÍ�ÉëÊ�Ô ËÂÇµÉ ����� á×Ð�Øµå�ÖÚÐ�å�ÉÏÛÜÒ
ËÂÇÚÐçË ÞßÊ�ÒîË Ê�Ô«Û²ËÂÒ ÊÌÎ É�ÍÂÐçËÂÊÌÍÂÒ ^�Ò�É³ÉïÆ Ð _ÚáÜÉ � ÛÜØëË�ÇÚÉ �·ÎµÎ É³ØµèµÛ PâÔ×ÊÌÍ ËÂÇµÉ Ô×ÖµáÜá¯áÜÛÜÒîËG`¤Ù¬Ð�ØZ_ É � D¥�³£¦�ª��© Fµ�IFËÂÊ æ¹ÊÌÍ ]®Ô×ÊÌÍÈÊÌËÂÇµÉ�Í¹Ë ìôÎ É³ÒÈÐ�Òïæ¹É³áñá�éÃÆÈÇµÛÜÒïÞßÉ¬ÐçØÚÒ Ë�Ç ÐÑËïæ¹ÉÏÙ³Ð�Ø�ÖµÒ�ÉÓËÂÇµÉÓÒÂÐ�ÞßÉ ÊÌÎ É�ÍÂÐçËÂÊÌÍïËÂÊ ]�É³Ø ËÂÊ
ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø Ë U�ÐçÍÂÛñÊ�ÖÚÒÈÊÌÎ É�ÍÂÐçËÂÊÌÍÂÒ � æ¹É��îÊ U�ÉÄÍÂáÜÊ�Ð�è
	�Ë�ÇÚÉÓËÂÊ ]�É³Ø¤é

ê�Ø¼ÎµÍÂÛñØÚÙ�ÛñÎÚáÜÉÌí�ËÂÇµÛÜÒ ÛÜÒÀØµÊÌËÂÇµÛÜØµåÝØµÉ�æ � æ¹É Ð�áñÍ�É¬Ð�è«ì�]ôØµÊÑæ Ë�Ç ÐÑËÀËÂÇµÉ _ÚÛÜØÚÐçÍ�ì�ÊÌÎ É�ÍäÐçË�ÊÌÍ
+
ÛÜÒ

ÐXUÌÐçÛÜá×Ð _ÚáÜÉÈÔ×ÊÌÍïÒ�É U�ÉÄÍäÐ�á�Ë ìôÎ�É³Ò³íôÔ×ÊÌÍ¹ÉGPµÐ�ÞÀÎÚáÜÉ
int

Ð�Øµè
double

é�S¼ÇÚÐçËïÛñÒ�ØµÉ�æ ÛÜÒ�ËÂÇÚÐçËÕæ¹É Ù¬Ð�Ø®Ð�èµè
É U�É³Ø ÞßÊÌÍÂÉ�Ê U�É�Í�áÜÊ�Ð�èµÒëÊ�Ø Ê�Ö«ÍàÊÑæ·Ø¤í Ð�Øµè Ò�ÛÜÞÀÎÚáñì áÜÉ�ËãËÂÇµÉÀÙ³Ê�ÞÀÎÚÛÜáÜÉÄÍ YÚå�Ö«ÍÂÉÀÊ�Ö«ËëÔÜÍ�Ê�Þ ËÂÇµÉßÙ¬Ð�áÜá
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍïË ìôÎ É�Òòæ ÇµÛÜÙäÇ Ê�ØÚÉÏÛÜÒÈØµÉ³É³èµÉ³è ÛÜØ�Ð¿Ù³ÉÄÍ�ËäÐ�ÛÜØ�Ù³Ê�Ø ËÂÉGP¥Ë¬é

ê�Ø Ê�U�É�ÍÂáÜÊ�ÐçèÚÛñØÚå Ð�Ø ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬í¹æ¹É½Ù¬ÐçØÚØµÊÌË®ÙäÇÚÐ�Øµå�É Ë�ÇÚÉ ÊÌÎ ÉÄÍäÐçËÂÊÌÍ!� Ò®ÐçÍÂÛñË ì�í¹ÎµÍÂÉ³Ù³É³èµÉ³ØµÙ³É½ÊÌÍ
Ð�Ò�ÒîÊôÙ³Û×ÐÑËÂÛVU¥Û²Ë ì�í _ Ö«Ë æ¹É¹Ù¬Ð�ØÀÙÄÍÂÉ¬ÐçËÂÉ U�É�ÍÂÒîÛÜÊ�ØµÒÃÊ�Ô ÛñË æ ÛñË�Ç ÐçÍ _ Û²Ë�ÍäÐçÍ�ìëÔ×ÊÌÍÂÞ®Ð�áôÎ ÐçÍäÐçÞßÉ�ËÂÉ�ÍÃÐ�Øµè¿ÍÂÉ�ËÂÖ«ÍÂØ
Ë ìôÎ É�Ò³é

� Î�É�ÍäÐçËÂÊÌÍÈÊ�U�É�ÍÂáÜÊ�ÐçèÚÛñØÚåàÛñÒïÒ�ÛÜÞÀÎÚáñì ÐëÒîÎ É³Ù³ÛÜÐ�á�Ù¬Ð�ÒîÉÏÊ�Ô ¶�� � ±¬���î���¼� D¥�³£¦�ª��© F��°��Á é [ ÊÌÍ¹ÉIP«Ð�ÞÀÎÚáÜÉÌíÇÚÐXU¥ÛÜØµåâËÂÇµÉ Ò�Ë�ÍÂÖµÙ�ËÂÒ
rational

Ð�Øµè
extended_int

ÐXU�Ð�ÛÜá×Ð _ áñÉÌí�æ¹É Ù³Ê�ÖµáÜèßèµÉ³Ù³á×ÐÑÍÂÉ·ËÂÇµÉ Ô×Ê�áÜáñÊÑæ·ÛÜØµå
Ë æ¹Ê Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ ÛñØ½ËÂÇµÉ ÒÂÐ�ÞßÉëÎµÍÂÊ�åÌÍäÐçÞ í æ Û²ËÂÇµÊ�ÖµË Ù�ÍÂÉ¬ÐçË�ÛÜØµå ÐßØÚÐ�ÞßÉàÙ³áÜÐ�Ò�Ç � Ô×ÊÌÍâÐ�Ø ì Ù¬ÐçáÜá ËÂÊ®ËÂÇµÉ
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø

square
ÛÜØ Ë�ÇÚÉ ÎµÍÂÊ�åÌÍÂÐ�Þ í ËÂÇµÉ Ù³Ê�ÞÀÎÚÛÜáñÉ�Í Ù¬ÐçØ YÚØµè Ê�Ö«Ë¹ÔÜÍÂÊ�Þ ËÂÇµÉÓÙ¬Ð�áñá�Î ÐçÍäÐ�ÞßÉ�Ë�É�Í Ë ìôÎ É

æ ÇµÛÜÙäÇ Ê�Ô ËÂÇµÉÏË æ¹Ê�Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ¹æ¹ÉãÞßÉ¬Ð�Ø¤é
// POST: returns a * a

rational square (rational a);

// POST: returns a * a

extended_int square ( extended_int a);



\�� � ����������� � � � ����� ��������� ��	�� � �
[ ÖÚØµÙ�Ë�ÛÜÊ�Ø½Ê�U�É�ÍÂáñÊ�Ð�èµÛÜØµåßÛÜØ å�É³ØµÉ�ÍäÐ�á ÛÜÒ ÖµÒ�É�Ô×ÖÚá»í _ÚÖ«ËÓØµÊÌËÓØµÉ¬ÐçÍÂáñì Ð�Ò ÖµÒ�É³Ô×ÖµáÃÐ�Ò ÊÌÎ É�ÍäÐÑËÂÊÌÍÓÊ U�ÉÄÍ��

áÜÊ�Ð�èµÛÜØµå«é Æ Ê èµÉ YÚØµÉ½Ð�Ø Ê�U�É�ÍÂáÜÊ�Ð�èµÉ³è ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬íòæ¹É ÇÚÐXU�É ËÂÊ ÖµÒ�É½Ë�ÇÚÉ ¶Ä��� ±¬������� ©¯�À�³¢ �³£�©¯����£
� ���î©¯���î��� éÕê�Ø®ËÂÇµÛÜÒïØµÊÌËäÐçËÂÛÜÊ�Ø¤í�ËÂÇµÉÓØ ÐçÞßÉ Ê�Ô ËÂÇµÉÏÊÌÎ�É�ÍäÐçËÂÊÌÍ ÛÜÒ¹Ê _ÚËÂÐ�ÛÜØµÉ³è _ôì®ÐÑÎÚÎ�É³ØµèÚÛñØÚåàÛ²ËÂÒ ËÂÊ ]�É³Ø
ËÂÊßËÂÇµÉëÎµÍÂÉ Y P

operator
éÏê�Ø½Ù¬ÐçÒ�É Ê�ÔÃËÂÇµÉZ_ÚÛÜØÚÐçÍ�ì Ð�èµèÚÛ²ËÂÛÜÊ�ØóÊÌÎ ÉÄÍäÐçËÂÊÌÍÓÔ×ÊÌÍ ËÂÇµÉàË ìôÎ É

rational
í

ËÂÇµÛÜÒ¹áÜÊ Ê ]¥ÒòÐ�ÒòÔ×Ê�áñáÜÊÑæ·ÒÈÐ�Øµè ÍÂÉ�ÎÚá×ÐçÙ³É³ÒòË�ÇÚÉÏÔ×ÖµØµÙ�ËÂÛÜÊ�Ø
add

é
// 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;

}

ê�Ø � ÍÂÊ�åÌÍäÐ�Þ ��\ í«æ¹ÉÏÙ¬Ð�ØóØµÊ¦æ Í�É�ÎÚá×Ð�Ù³ÉÏáÜÛÜØµÉ � � _ ì
rational t = r + s; // equivalent to rational t = operator + (r, s);

�·É�Í�ÉÌí¾Ë�ÇÚÉ¿Ù³Ê�ÞßÞßÉ³Ø¯Ë ÍÂÉ³Ô×É�Í�ÒâËÂÊ®ËÂÇµÉ ÔªÐ�Ù�ËÏËÂÇÚÐçËãÐ�ØÝÊÌÎ�É�ÍäÐçËÂÊÌÍÏÙ¬ÐçØ Ð�áÜÒ�Ê _ É ±Ä©¯�»�ª�IF ÛÜØ Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�á
ØµÊÌËäÐçËÂÛñÊ�Ø � ÛñØ Ù³Ê�Ø¯Ë�ÍäÐ�ÒîË³í·ÛñË ÐçÎµÎ É¬ÐÑÍÂÒ®ÛÜØ �°� � � � ���î©¯������� ÛñØ

r + s
é Æ¹ÇµÉ Ù³Ð�áÜá ÛÜØ Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�á

ØµÊÌËäÐçËÂÛñÊ�ØàÙ¬Ð�Ø _ ÉïÖµÒ�É³Ô×Öµá¥Ô×ÊÌÍ èµÛÜèÚÐ�Ù�Ë�ÛÜÙÕÎÚÖ«Í�Î Ê�Ò�É�Ò³í�Ò�ÛÜØµÙ³ÉïÛñË É³ÞÀÎÚÇ ÐçÒ�Û
�³É³Ò¾ËÂÇµÉïÔªÐ�Ù�Ë ËÂÇÚÐçË Ð�Ø ÊÌÎ É�ÍäÐçË�ÊÌÍ
ÛÜÒÈÒ�ÛÜÞÀÎÚáñì Ð ÒîÎ É³Ù�Û×Ð�á¾Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø �ÚÛñØ Ð�Ø ÐçÎµÎÚáÜÛÜÙ³ÐçËÂÛÜÊ�Ø¤íôÇµÊ¦æ¹É U�É�Í¬íÚËÂÇµÉãÎ Ê�ÛñØ ËÈÛÜÒ¹ËÂÊßÐXU�Ê�ÛÜèóÔ×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�á
ØµÊÌËäÐçËÂÛñÊ�Ø�Ð�ØµèóÖµÒ�ÉÓËÂÇµÉâÛñØaY P ØµÊÌËäÐçË�ÛÜÊ�Ø¤é

ÆÈÇµÉàÊÌËÂÇµÉ�Í·ËÂÇ«ÍÂÉ³É _ Ð�Ò�ÛñÙàÐçÍÂÛñË�ÇÚÞßÉÄËÂÛÜÙÓÊÌÎ É�ÍäÐÑËÂÛÜÊ�ØµÒ ÐçÍ�ÉëÒ�ÛÜÞßÛÜáÜÐçÍ¬íµÐ�Øµè ÇµÉ�ÍÂÉëæ¹ÉàÊ�Øµáñì å�ÛVU�ÉâËÂÇµÉ³Û²Í
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ³é
// 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);

SÝÉßÙ¬ÐçØ ÐçáÜÒ�Ê Ê�U�É�ÍÂáÜÊ�Ð�è ËÂÇµÉÀÖµØÚÐçÍ�ì
-
ÊÌÎ É�ÍäÐçË�ÊÌÍ � ÛÜØ Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÕÊÌÎ�É�ÍäÐçËÂÊÌÍëØÚÊÌËÂÐçËÂÛÜÊ�Ø¤í Û²ËëÇÚÐ�Ò

ËÂÇµÉâÒ�Ð�ÞßÉÓØ ÐçÞßÉãÐçÒòËÂÇµÉ
_ ÛñØ ÐÑÍ�ì
U�É�ÍÂÒ�ÛÜÊ�Ø¤í _ÚÖ«Ë·ÛñËòÇÚÐ�ÒÈÊ�ØÚá²ì Ê�ØµÉãÛÜØµÒîËÂÉ¬Ð�è Ê�Ô Ë æ¹Ê�Î ÐçÍäÐçÞßÉ�ËÂÉ�ÍÂÒ�é�ê�Ø
ËÂÇµÉàÔ×Ê�áÜáÜÊ¦æ ÛñØÚå¿ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø ËäÐçË�ÛÜÊ�Ø¤íôæ¹ÉëÖµÒ�ÉëËÂÇµÉ ^�ÞßÊ èÚÛ Y É�è ` �îáÜÊ Ù¬Ð�á¡Ù³ÊÌÎôì(	ßÊ�Ô Ë�ÇÚÉàÙ³Ð�áÜá¡Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í
a
ÐçÒòËÂÇµÉÓÍÂÉ�ËÂÖ«ÍÂØ U�Ð�áÜÖµÉÌé

// POST: return value is -a

rational operator - ( rational a)

{

a.n = -a.n;

return a;

}



� ��� � � � � � ��� ����� � ��� ����� ��� � ����� � \��a�
ê�Ø ÊÌÍ�èÚÉÄÍ ËÂÊ Ù³Ê�ÞÀÎ ÐçÍÂÉÈÍäÐçËÂÛÜÊ�ØÚÐ�áÚØôÖµÞ�_ É�ÍÂÒ�í æ¹É ØµÉ³É³è®ËÂÇµÉ ÍÂÉ³áÜÐçËÂÛÜÊ�ØÚÐ�áÚÊÌÎ É�ÍäÐÑËÂÊÌÍÂÒïÐ�ÒÕæ¹É³áÜá�é �·ÉÄÍÂÉ

ÛÜÒ¹ËÂÇµÉãÉ WôÖÚÐ�áÜÛñË ì®ÊÌÎ ÉÄÍäÐçËÂÊÌÍòÐ�ÒòÐ�ØóÉIP«Ð�ÞÀÎÚáÜÉÌé
// POST: return value is true if and only if a == b

bool operator == ( rational a, rational b)

{

return a.n * b.d == a.d * b.n;

}

4.1.6 Details

Overloading resolution.
ê�Ô Ë�ÇÚÉÄÍÂÉëÐçÍ�ÉâÒ�É U�ÉÄÍäÐ�á Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÈÊÌÍ ÊÌÎ ÉÄÍäÐçËÂÊÌÍÂÒòÊ�Ô ËÂÇµÉâÒ�Ð�ÞßÉãØÚÐ�ÞßÉÓÛÜØóÐ

ÎµÍÂÊ�åÌÍäÐ�Þ í ËÂÇµÉ�Ù³Ê�ÞÀÎÚÛÜáÜÉ�ÍÏÇÚÐ�ÒãË�Ê YÚå�ÖµÍ�É Ê�Ö«Ëãæ·ÇµÛÜÙäÇÝÊ�ØµÉÀÛÜÒÏÞßÉ¬Ð�Ø ËãÛÜØ Ð Ù³É�Í�ËÂÐ�ÛÜØÝÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù³Ð�áÜá�é
Æ¹ÇÚÛñÒ¹ÎµÍÂÊ Ù³É³Ò�ÒÈÛÜÒ¹Ù¬Ð�áñáÜÉ³è � D¥�³£¦�ª��© F��»��Á £³�¬��������������� Ð�Øµè Ê�ØÚá²ìßèµÉ�Î É³ØµèµÒòÊ�Ø ËÂÇµÉÏË ì Î É³Ò¹Ê�Ô¡ËÂÇµÉÏÙ¬Ð�áÜá
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³é � U�É�ÍÂáñÊ�Ð�èµÛÜØµå Í�É³Ò�Ê�áÜÖ«ËÂÛÜÊ�Ø ÛÜÒëË�ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉ®èµÊ�ØµÉ®ÐçË Ù³Ê�ÞÀÎÚÛÜáÜÉ¿ËÂÛÜÞßÉÌé Æ¹ÇµÉ�ÍÂÉ ÐçÍÂÉÀË æ¹Ê
Ù¬Ð�ÒîÉ³Ò�ËÂÇÚÐçË æ¹É®ØµÉ³É³è�Ë�Ê Ù³Ê�ØµÒ�ÛÜèµÉ�Í �®æ¹É®Ù¬ÐçØ É³ÛñËÂÇµÉ�Í¿ÇÚÐXU�ÉóÐ�Ø ��� � �¾©¯�­� � �IF Ô×ÖµØÚÙÄËÂÛÜÊ�Ø�Ù³Ð�áÜá�^�áÜÛ ]�É
add (r, s)

ÛÜØ � ÍÂÊ�åÌÍÂÐ�Þ ��\ `ÄíòÊÌÍ Ð � �¾©¯�­� � �IF Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø Ù³Ð�áÜá ^�áÜÛ ]�É
std::sqrt(2.0)

`Äé Æ Ê
ÎµÍÂÊôÙ�É³Ò�Ò ÐçØóÖµØ W ÖÚÐ�áÜÛVYÚÉ³è Ô×ÖµØÚÙÄËÂÛÜÊ�Ø�Ù³Ð�áÜá¤Ê�Ô¡ËÂÇµÉÏÔ×ÊÌÍÂÞ
� ��� 
 � ^ �����
	������������ � í¾é²éñé²í �����
	������������ � `
ËÂÇµÉ Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í Ç ÐçÒÏËÂÊ
YÚØµèÝÐßÞ®ÐçËÂÙäÇµÛÜØµåßÔ×ÖµØÚÙÄËÂÛÜÊ�Ø èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø¤é �¹Ð�ØµèµÛÜèÚÐçËÂÉ³ÒÓÐçÍ�É Ð�áñá Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
f
Ê�ÔòØ ÐçÞßÉ � � ��
 � ÒîÖÚÙäÇ ËÂÇÚÐçËàË�ÇÚÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜáïÛÜÒ ÛÜØ ËÂÇµÉ Ò�Ù³ÊÌÎ É Ê�Ô·Ò�Ê�ÞßÉßèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø Ê�Ô

f
é

ê�Ø Ð�èµèµÛñËÂÛñÊ�Ø¾í ËÂÇµÉ�Ø ÖÚÞ�_ É�ÍÏÊ�ÔÕÔ×ÊÌÍÂÞ®Ð�á Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒÓÞ¿ÖÚÒ�ËãÞ®ÐÑËÂÙäÇ ËÂÇµÉ¿ØôÖµÞ�_ É�ÍÏÊ�Ô�Ù¬ÐçáÜá Î�ÐÑÍäÐ�ÞßÉ �
ËÂÉ�Í�Ò³í Ð�Øµè É¬Ð�ÙäÇ Ù¬ÐçáÜáÃÎ ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍÏÞ¿ÖµÒîË _�ÉÀÊ�ÔïÐ Ë ì Î É�æ·ÇÚÊ�ÒîÉ UÌÐçáÜÖµÉ³ÒâÙ¬ÐçØ _ É Ù³Ê�Ø U�É�Í�ËÂÉ�è Ë�Ê�ËÂÇµÉ
Ù³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµå�Ô×ÊÌÍ�Þ®Ð�á�Î ÐçÍäÐ�ÞßÉ�Ë�É�Í¹Ë ì Î É³Ò³é

ê�Ø Ð�WôÖÚÐ�áÜÛVYÚÉ³è Ô×ÖµØµÙ�ËÂÛÜÊ�ØóÙ³Ð�áÜá Ê�Ô ËÂÇµÉÏÔ×ÊÌÍÂÞ
� � � � ��� 
 � ^ �����
	������������ � í¤éñéñé²í �����
	�� ��������� � `
æ ÇµÉ�Í�É � ÛÜÒòÐ¿ØÚÐ�ÞßÉ³Ò�Î�ÐçÙ³ÉÌí¥Ê�Øµáñì®ËÂÇµÛÜÒ¹ØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�ÉÏÛñÒòÒ�É³ÐçÍÂÙäÇµÉ³è Ô×ÊÌÍ Ù¬ÐçØÚèµÛÜèÚÐçË�É³Ò³é

Argument-dependent name lookup (Koenig lookup).
ÆÈÇµÉ�ÍÂÉ ÛÜÒ Ê�ØµÉ Ò�Î É³Ù³Û×Ðçá ÍÂÖµáÜÉßËÂÇÚÐçË¿Ò�Ê�ÞßÉ �

ËÂÛÜÞßÉ�ÒòÞ®Ð ]�É�ÒòËÂÇµÉëáÜÛñÒîË·Ê�Ô Ù³Ð�ØµèÚÛñè ÐÑËÂÉ³Ò·áÜÐçÍÂå�É�Í¬éÈê�Ô Ò�Ê�ÞßÉãÙ¬Ð�áÜá¤Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÈË ì Î ÉëÊ�Ô Ð�Ø ÖµØaWôÖÚÐ�áñÛVYÚÉ³è
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜáÕÛÜÒàèµÉ YÚØµÉ³è�ÛÜØ ÐóØÚÐ�ÞßÉ³Ò�Î�ÐçÙ³É � ^�Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ ËÂÇµÉßØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�É

std
`´í Ë�ÇÚÉ�Ø ËÂÇµÉ

Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍÃÐ�áÜÒ�ÊãÒ�É¬ÐçÍÂÙäÇµÉ³Ò Ô×ÊÌÍ�Ù¬Ð�ØµèµÛÜèÚÐçËÂÉ³ÒÃÛÜØ � é Æ¹ÇµÛÜÒÃÛÜÒÕÖµÒ�É�Ô×ÖÚá Þ®Ð�ÛÜØµáñìàÔ×ÊÌÍ�ÊÌÎ É�ÍäÐÑËÂÊÌÍÂÒÕÐ�ØµèßÐ�áÜáÜÊ¦æ Ò
ËÂÇµÉ³Þ ËÂÊ _ É®Ù¬Ð�áñáÜÉ³è ÖµØ W ÖÚÐ�áÜÛVYÚÉ³è ÛÜØ ÛÜØ Y P ØµÊÌËäÐçËÂÛÜÊ�Ø¤é Æ¹ÇµÉ®Î�Ê�ÛÜØ Ë Ê�ÔÈÖµÒ�ÛÜØµå ÊÌÎ É�ÍäÐçË�ÊÌÍÂÒàÛÜØ ÛÜØ YaP
ØµÊÌËäÐçËÂÛñÊ�ØÀæ¹Ê�ÖÚáñè
_�É ÒîÎ Ê�ÛÜáÜÉ�è ÛñÔ¤æ¹ÉÓÇÚÐ�è®ËÂÊàÞßÉ³Ø¯ËÂÛÜÊ�Ø®ÐàØÚÐ�ÞßÉ³ÒîÎ Ð�Ù³É·Ò�Ê�ÞßÉ�æ ÇµÉ�Í�É ÛÜØ®ËÂÇµÉ ÊÌÎ É�ÍäÐçË�ÊÌÍ
Ù¬Ð�áñá�é

Resolution: Finding the best match.
[ ÊÌÍ¾É¬Ð�ÙäÇëÙ³Ð�ØµèÚÛñè ÐÑËÂÉ Ô×ÖµØÚÙÄËÂÛÜÊ�ØëÐçØÚèãÉ¬Ð�ÙäÇëÙ¬ÐçáÜáÌÎ ÐçÍäÐ�ÞßÉ�Ë�É�Í¬í¦ÛñË

ÛÜÒ ÙäÇµÉ³Ù ]�É³è®ÇÚÊ¦æ æ¹É³áÜá¥Ë�ÇÚÉÈÙ¬Ð�áñá¥Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ Ë ì Î É¹Þ®ÐçËÂÙäÇµÉ³Ò ËÂÇµÉòÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÛÜØµåÓÔ×ÊÌÍÂÞ®Ð�á¥Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í
Ë ìôÎ É�é®ÆÈÇµÉ�ÍÂÉÀÐçÍÂÉ Ô×Ê�Ö«Í W ÖÚÐ�áÜÛñË ì áÜÉ U�É�áÜÒ³í å�Ê�ÛÜØµå ÔÜÍÂÊ�Þ _ ÉÄË�ËÂÉ�ÍãËÂÊ�æ¹ÊÌÍÂÒ�É�í å�ÛVU�É³Ø ÛñØÝËÂÇµÉ Ô×Ê�áÜáÜÊ¦æ ÛñØÚå
áÜÛÜÒ�Ë¬é



\�� \ ����������� � � � ����� ��������� ��	�� � �
^ � ` ���������	�
������
 éÕÆ¹ÇÚÉ Ë ìôÎ�É³ÒòÊ�Ô¤ËÂÇµÉÓÙ¬Ð�áÜá�Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍïÐ�Øµè ËÂÇµÉÓÔ×ÊÌÍÂÞ®Ð�á�Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍïÐçÍÂÉ ËÂÇµÉ

ÒÂÐçÞßÉÌé
^ \ `������ � � ��� ��� ��������
 éÝÆ¹ÇµÉ�ÍÂÉ®ÛÜÒ Ð�ÎµÍÂÊ�ÞßÊÌËÂÛÜÊ�Ø ÔÜÍÂÊ�Þ ËÂÇµÉßÙ¬Ð�áÜá�Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍâË ì Î ÉßËÂÊ ËÂÇµÉ

Ô×ÊÌÍÂÞ®Ðçá Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ¿Ë ì Î ÉÌé S É�ÇÚÐXU�ÉóÒ�É³É³Ø ÒîÊ�ÞßÉ ÉIP«Ð�ÞÀÎÚáÜÉ³Ò Ô×ÊÌÍ ÎµÍÂÊ�ÞßÊÌË�ÛÜÊ�ØµÒ³í áÜÛV]�É ÔÜÍÂÊ�Þ
bool

ËÂÊ
int

Ð�ØµèóÔÜÍÂÊ�Þ
float

Ë�Ê
double

é
^ � `�� ��� ��� � ��� � ������� ��! � ��� ���"����
�# Æ¹ÇµÉ�ÍÂÉ ÛÜÒ®Ð ÒîËäÐçØÚèÚÐçÍ�è Ù³Ê�Ø U�É�ÍÂÒ�ÛñÊ�Ø ÔÜÍÂÊ�Þ ËÂÇµÉ Ù¬Ð�áÜá

Î ÐçÍäÐçÞßÉ�ËÂÉ�ÍÈË ìôÎ ÉÏËÂÊÀËÂÇµÉâÔ×ÊÌÍÂÞ®Ðçá¾Î ÐçÍäÐçÞßÉ�ËÂÉ�Í¹Ë ìôÎ É�é�S ÉëÇÚÐKU�ÉâÒ�É³É³Ø ËÂÇÚÐçË Ð�áÜá¤Ô×ÖµØÚèÚÐ�ÞßÉ�Ø ËäÐ�á
ÐçÍ�ÛñËÂÇµÞßÉ�ËÂÛÜÙòË ì Î É³ÒÈÙ¬Ð�Ø _�ÉâÙ³Ê�Ø U�É�Í�ËÂÉ³è ÛñØ ËÂÊ¿É¬Ð�ÙäÇóÊÌËÂÇµÉ�Í�_ôì ÒîËäÐçØÚèÚÐçÍ�è�Ù³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�ØµÒ³é

^ � `�$%!&� ��'(�)� * � ��� � � ������� ��! � ��� ��������
�# Æ¹ÇÚÉÄÍÂÉàÛÜÒ Ð ÖµÒ�ÉÄÍ��ºèµÉ YÚØµÉ³è Ù�Ê�Ø U�É�ÍÂÒîÛÜÊ�Ø½ÔÜÍ�Ê�Þ ËÂÇµÉ
Ù¬ÐçáÜáòÎ ÐçÍäÐçÞßÉ�ËÂÉ�ÍÀË ì Î ÉóËÂÊÝËÂÇµÉ Ô×ÊÌÍÂÞ®Ð�áÈÎ ÐçÍäÐ�ÞßÉ�Ë�É�Í Ë ìôÎ�ÉÌé SÝÉóæ ÛñáÜáòå�ÉÄËßËÂÊ ÖµÒ�É�Í���èÚÉIY ØµÉ³è
Ù³Ê�Ø U�É�ÍÂÒ�ÛñÊ�ØÚÒòÊ�Øµáñì®á×ÐçËÂÉÄÍòÛñØ ËÂÇµÛÜÒ _ ÊôÊ ]�é

� Ô×ÖµØµÙ�ËÂÛñÊ�Ø
f
ÛÜÒ¹Ù¬Ð�áñáÜÉ³è  ��¬�º���³£ ËÂÇÚÐ�Ø g

æ ÛñËÂÇ ÍÂÉ³ÒîÎ�É³Ù�ËÈËÂÊÀÐëÎ ÐçÍäÐ�ÞßÉÄËÂÉ�Í¬í¥ÛñÔ¡ËÂÇµÉÏÞ®ÐçËÂÙäÇ Ë�Ç ÐÑË
fÛÜØµèµÖµÙ³É³Ò Ê�Ø ËÂÇÚÐçË Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í·ÛÜÒ ÐçË áÜÉ¬Ð�ÒîË Ð�Ò å�ÊôÊ è Ð�Ò ËÂÇµÉëÞ®ÐçË�Ù´Ç ÛñØÚèµÖµÙ³É³è _ ì

g
é·ê�Ô ËÂÇµÉàÞ®ÐçËÂÙäÇ

ÛÜÒ¹ÍÂÉ¬Ð�áñáñì _ É�Ë�Ë�É�Í¬í
f
ÛÜÒÈÙ¬Ð�áÜáñÉ³è �³��£¬��±¬�º� J  ��¬�º���³£ Ô×ÊÌÍòË�ÇÚÉÓÎ ÐçÍäÐ�ÞßÉÄËÂÉ�Í¬é� Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø

f
ÛÜÒ Ù¬Ð�áÜáñÉ³è Ð  ��¬�³�Ï¨½©¯��±¬� ÛÜÔ ÛñËÓÛÜÒ�_ É�ËîËÂÉ�Í ËÂÇÚÐ�Ø½Ð�Ø ì ÊÌË�ÇÚÉÄÍãÙ³Ð�ØµèÚÛñè ÐÑËÂÉ

g
ÛÜØ½Ð�áÜá

Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³í¥Ð�ØµèóÒîË�ÍÂÛñÙ�ËÂáñì _ ÉÄË�ËÂÉ�ÍÈËÂÇÚÐ�Ø
g
ÛñØ ÐçËÈáÜÉ¬Ð�Ò�Ë·Ê�ØµÉÓÎ�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ¬é

�·ØµèµÉ�ÍïËÂÇµÛÜÒ èµÉ YÚØµÛñËÂÛÜÊ�Ø¤í�ËÂÇµÉ�ÍÂÉÓÛÜÒïÐÑË¹ÞßÊ�ÒîËïÊ�ØµÉ�_ É³ÒîË¹Þ®ÐÑËÂÙäÇ¾í�_ÚÖ«Ë¹ÛñËïÞ®Ð³ìÀÇÚÐçÎµÎ É³Ø®ËÂÇÚÐçË Ë�ÇÚÉÄÍÂÉ
ÛÜÒòØÚÊb_ É³ÒîË·Þ®ÐçËÂÙäÇ¤íµÛÜØ�æ ÇµÛÜÙäÇóÙ³Ð�Ò�ÉãË�ÇÚÉãÔ×ÖµØÚÙÄËÂÛÜÊ�ØóÙ¬ÐçáÜá¡ÛñÒ ©�¨  ¬�°Á��¡����� íÚÐ�Øµè�Ë�ÇÚÉãÙ³Ê�ÞÀÎÚÛÜáÜÉ�ÍÈÛÜÒîÒ�ÖµÉ³Ò
Ð�ØóÉÄÍ�ÍÂÊÌÍòÞßÉ³Ò�ÒÂÐ�å�É�é

�·É�ÍÂÉãÛÜÒÈÐ�ØóÉIP«Ð�ÞÀÎÚáÜÉÌé �ïÊ�ØµÒ�ÛÜèµÉ�ÍÈËÂÇµÉÏË æ¹Ê Ê�U�É�ÍÂáñÊ�Ð�èµÉ³èóÔ×ÖµØµÙ�ËÂÛÜÊ�Ø èÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØµÒ
void foo(double d);

void foo(unsigned int u);ê�Ø�ËÂÇµÉÏÙ³ÊôèµÉâÔÜÍÂÐ�å�ÞßÉ³Ø Ë
float f = 1.0f;

foo(f);ËÂÇµÉ�YµÍÂÒîËÈÊ U�ÉÄÍÂáÜÊ�Ð�è ÛÜÒ¹Ù´ÇµÊ�Ò�É�Ø¾íµÒ�ÛñØÚÙ�É
float

Ù¬ÐçØ _ É ÎµÍÂÊ�ÞßÊÌËÂÉ³èßËÂÊ
double

í�_ÚÖµËÈÊ�Øµáñì®ÒîËÂÐ�Øµè ÐÑÍÂè��
Ù³Ê�Ø U�É�Í�ËÂÉ³èóË�Ê

unsigned int
éÕê�Ø

int i = 1;

foo(i);ËÂÇµÉ Ù¬Ð�áÜá�ÛñÒ¤Ð�Þb_ÚÛÜå�ÖµÊ�ÖµÒ³í¬Ò�ÛñØÚÙ�É
int

Ù¬Ð�Ø _�ÉÃÒ�ËäÐ�ØµèÚÐçÍÂè��ºÙ³Ê�Ø U�É�Í�ËÂÉ�èãËÂÊ _ ÊÌËÂÇ
double

ÐçØÚè
unsigned int

é

4.1.7 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `L]¥ØµÊ¦æ ÇµÊ¦æ ÒîË�ÍÂÖµÙ�Ë�ÒÕÙ¬ÐçØ _ ÉÈÖÚÒîÉ³è ËÂÊâÐ�å�åÌÍÂÉ³å�ÐçË�ÉÈÒîÉ U�É�ÍäÐ�áÚèµÛ	��ÉÄÍÂÉ³Ø ËÃË ìôÎ É�ÒÕÛÜØ¯ËÂÊÏÊ�ØÚÉÈØµÉ�æ Ë ìôÎ É��
\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�ØµèÝËÂÇµÉ èµÛ	��É�ÍÂÉ³ØµÙ³Éb_ É�Ë æ¹É³É³ØÝË�ÇÚÉ�Òîì¥Ø¯ËäÐ�Ù�Ë�ÛÜÙ¬Ð�áÕÐ�ØµèÝÒ�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á�UÌÐçáÜÖµÉ�ÍäÐ�Øµå�É�Ê�ÔïÐ
ÒîË�ÍÂÖµÙ�Ë �

� `L]¥ØµÊ¦æ Ë�Ç ÐÑË ����� Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒòÐ�ØµèóÊÌÎ ÉÄÍäÐçËÂÊÌÍÂÒ¹Ù¬ÐçØ _ ÉâÊ�U�É�ÍÂáñÊ�Ð�èµÉ³è¤é



� ��� � � � � � ��� ����� � ��� ����� ��� � ����� � \����

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � `®èµÉ YÚØµÉëÒîËîÍÂÖµÙ�ËÂÒ æ ÇµÊ�Ò�ÉâÒ�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ð�á U�Ð�áÜÖµÉâÍäÐ�Øµå�É³Ò Ù�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚè ËÂÊÀË�Ç ÐÑË Ê�Ô å�ÛVU�É³Ø Þ®ÐçËÂÇµÉ �
Þ®ÐçË�ÛÜÙ¬Ð�á�ÒîÉ�ËÂÒ��

^ � \ `ßÎµÍÂÊ�U¥ÛñèÚÉ·èÚÉIY ØµÛñË�ÛÜÊ�ØµÒÕÊ�Ô Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒïÐçØÚè®Ê�U�É�ÍÂáÜÊ�ÐçèÚÉ�è ÊÌÎ�É�ÍäÐçËÂÊÌÍ�Ò�Ê�Ø®ÒîË�ÍÂÖµÙ�Ë�Ò³í«Ð�Ù³Ù�ÊÌÍÂèµÛÜØµåâËÂÊ
å�ÛVU�É�ØóÔ×ÖµØÚÙÄËÂÛÜÊ�ØÚÐ�áÜÛñË ì �

^ � � `ßæòÍÂÛñËÂÉ ÎµÍÂÊ�åÌÍäÐçÞßÒ ËÂÇÚÐçËÈèÚÉIY ØµÉâÐ�Øµè�ÖµÒ�ÉâÒ�Ë�ÍÂÖµÙ�ËÂÒòÐ�Ù³Ù³ÊÌÍ�èÚÛñØÚå¿ËÂÊ¿å�ÛVU�É³ØóÔ×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áñÛñË ì�é

4.1.8 Exercises

Exercise 108
� � � � �Ý© � JÑ¢ � Tribool ¶ç��£½�º�¥£������ Dô©¯�­�¡�IF �§��ÁÌ�î± � �»� �º�¥£³�Ä���NDô©¯��� �GF �ª��Á���±��à¸Ó�

��©�D¥���º���À��£¬���º� Dô©¯��� �¬�¿��£¬� � �¡¶Ñ©¯�²��� � ©���Fó��� 
ç� ��¸È� Å
� ��£ß�º��� � J¦¢ � Tribool �È�°¨�¢¾�ª�³¨ ���¤� �º���À�ª��Á���±Ä©¯�ï�³¢ �³£�©¯����£¦�

// POST: returns x AND y

Tribool operator && ( Tribool x, Tribool y);

// POST: returns x OR y

Tribool operator || ( Tribool x, Tribool y);

¸È���³£³� � � � H ∧ M ©���F � � H ∨ M ©�£³� Fµ� � � �IFÝ©µ±Ä±���£ F��°��Á ���ó�º���ò¶����»�ª��¸¹�»��Á ��¸Ó� �î©« ¦�ª�¬�çÅ^ � � `G^ � \ `
∧ ¶ç©¯�­��� � � 
�� ��¸¹� ��£¬� �

¶Ñ©¯�²�ç� ¶Ñ©¯�²�ç� ¶Ñ©¯�²�ç� ¶ç©¯�­���
��� 
ç� ��¸È� ¶Ñ©¯�²�ç� � � 
�� ��¸¹� ��� 
�� ��¸¹�
��£¬�¡� ¶Ñ©¯�²�ç� � � 
�� ��¸¹� ��£¬� �

∨ ¶Ñ©¯�²��� � � 
�� ��¸¹� ��£¬� �
¶ç©¯�­��� ¶ç©¯�­��� ��� 
ç� ��¸È� ��£¬�¡�

� � 
�� ��¸¹� ��� 
�� ��¸¹� ��� 
ç� ��¸È� ��£¬�¡�
��£¬� � ��£¬� � ��£¬�¡� ��£¬�¡�

Æ É³ÒîËÈì�Ê�Ö«ÍòË ì Î É _ ì®æ·ÍÂÛñË�ÛÜØµå ÐàÎµÍÂÊ�åÌÍÂÐ�Þ ËÂÇÚÐçËÈÊ�ÖµËîÎ Ö«ËÂÒïËÂÇµÉ³ÒîÉÏË�Í�ÖµË�Ç ËäÐ _ÚáÜÉ�ÒÈÛñØ�Ò�Ê�ÞßÉÓÔ×ÊÌÍÂÞ®ÐçË
Ê�Ô¡ì�Ê�Ö«Í·Ù´ÇµÊ�ÛÜÙ�ÉÌé

Exercise 109
� � � � � © � JÑ¢�� Z_7 ¶���£ ±���¨�¢¤�����»��Á ¸¹���º� �°�¤����Á«��£¦� ¨½� F����ª� 7 Å ��©¯�º���³¨ ©¯�����

±Ä©¯�°�EJ��È�º�¥���®±���£¬£³�³��¢ ����F¯� ���ó�º��� � � �»��� £¬�»��Á � 7 = � /7 � �Â¶à£³�¬��� F�� � ±¬�ª©¯�����¬� ¨ � F����§� 7 Å
� ��£ß�º��� � J¦¢ � Z_7 �¹�»¨¿¢¾�§��¨ �³�¤�ã© F F��»���î���¼©���F ���¾ ¦��£�©µ±¬������� �³¢ �³£�©¯����£¦�

// 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);

©µ±�±Ä��£ F��»��Á �����º���·¶ç���»�ª��¸È�°��Áó�î©« ¬�§� H��º�¥��� �î©« ¦�ª� ©¯�­��� Fµ� � � �¬� �Ä�¡ ¦��£�©µ±³���î��� 
 x − y ���¿�º���
��� � � � �¿� ��¨  ³�³£ z � {0, . . . , 6} ��� ±¬� �º��©¯� x = y + z M¥Å ^ � � `I^ � \ `



\�� � ����������� � � � ����� ��������� ��	�� � �

+ 0 1 2 3 4 5 6

0 0 1 2 3 4 5 6

1 1 2 3 4 5 6 0

2 2 3 4 5 6 0 1

3 3 4 5 6 0 1 2

4 4 5 6 0 1 2 3

5 5 6 0 1 2 3 4

6 6 0 1 2 3 4 5

Exercise 110 �È£³� D��NFµ� Fµ� � � �»���î���¤�Ã¶���£ë�º����¶����»�ª��¸¹�»��Á  ¬�»� ©�£KJ ©�£¬���º�¥¨½�¬���î±��³¢ �³£�©¯����£¦����� �º���
� J¦¢ � rational Å ^ � \ `G^ � � `
// 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 �È£³� D��NFµ� Fµ� � � �����î���¤�È¶���£ �º���·¶����°�§��¸¹�°��Á  ¬�°� ©�£KJ £��¬�ª©¯������� ©¯�ï�³¢ �³£�©¯����£¦����� �º���
� J¦¢ � rational Å �Â� Fµ���°��Á �º�¥�»� � ��£KJ ��� £³������� �³¢ �³£�©¯����£¦�¼�º��©¯� ©�£³� ©¯�­£��Ä© F�J Fµ� � � �IF«Å^ � \ `I^ � � `
// 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 �È£³� D��NFµ� Fµ� � � �»���î���¤�Ã¶���£ë�º����¶����»�ª��¸¹�»��Á  ¬�»� ©�£KJ ©�£¬���º�¥¨½�¬���î±��³¢ �³£�©¯����£¦����� �º���
� J¦¢ � extended_int H � ©�Á«� � � � M � ©���F ���¬�³�À�º����¨ �°� ©½¢¤£³��Á�£�©�¨ Hñ¶ç��£Ý�º��©¯���»� ±Ä����� F  ³�
���¬� ¢�¶���� ��� ¢¤£³� DÌ�NFµ�À©��¼�����ñ¢¤��� ¶ç©µ±³�»�­�»� Jâ¶���£¿�º���¿� J¦¢ � extended_int �·©���F ©ã¶Ä��� ±¬���������º��©¯�
©¯�³���§Á��¤�ë��� ©�� extended_int Dô©¯��� �À©
D ©¯�­�¡�À�Â¶ë� J¦¢ � int M¥Å � �â�»� �º��� ¢¤£³�XD��î���������Ú�³£³±��������
��£KJ ����£³������� ±�� Fµ��Å ^ � \ `I^ � � `



� ��� � � � � � ��� ����� � ��� ����� ��� � ����� � \�� �

// 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 �Ó���¤��� Fµ�³£À�º���ò¶����°�§��¸¹�»��Á ���³�â�Â¶¿�º�¥£³��� ¶Ä��� ±¬�������¤�çÅ
void foo(double , double) { ... } // function A

void foo(unsigned int , int) { ... } // function B

void foo(float , unsigned int ) { ... } // function C

� ��£ �Ä©µ±¬� �Â¶��º��� ¶����°�§��¸¹�»��Áâ¶�� � ±¬���î��� ±´©¯�»�­� � Fµ�Ä±³�NFµ�®��� ¸È�¥�î±³� �Â¶À�º��� ¶Ä��� ±¬�������¤� H A, B, C M
���Ï£³�¬����� D¥�¬� ��� ����£ Fµ��±³� Fµ���º��©¯�ã�º��� ±´©¯�»� ��� ©�¨½ ³�°Á��¡�����çÅ � �¦¢¾�×©��»� JÚ����£ Fµ��±����������¤� � ���¥�»�
���Ú��£³±³���ç�à£³� � � �»£³�³�ZJ ���½���ß£³�Ä© F �º���ò¢�©�£�©�Á�£�©¬¢¾� ��� � D¥��£¦�§��© F��°��Áß£³�¬�ç���­�����î��� �»�Ý�º��� � �¬�î©����­�
���Ä±¬���î��� Å
©KM foo(1, 1)

  M foo(1u, 1.0f)

±NM foo(1.0, 1)

FKM foo(1, 1u)

�NM foo(1, 1.0f)

¶ M foo(1.0f, 1.0)

4.1.9 Challenges

Exercise 114 ���¥�»� ±¬��©¯�°�§����Á«�ó��©¯�ó© ±Ä��¨�¢¤������£�Á�£�©¬¢¾�¥��±¬� � ©�D¥��£ÌÅ �Ý£¬�»���½© ¢¤£³��Á�£�©�¨ �º��©¯�
©¯�»�ª��¸È� JÚ��� ��� DÌ���Ä�¡©¯��� 
 � ©���F ¨½©�� �­¢¤���×©¯��� © � � F��»¨½�³�¤���î��� ©¯�ë�¥  � ��±³�îÅ � ��£ �º��� �ç©�
ô� �Â¶
±���� ±�£³�¬���³� �¬��� �¹�º�¥�»� 
 �Â¶ © æ ÛñÍ�É³ÔÜÍäÐ�ÞßÉ¹ÞßÊôèµÉ³á �Â¶à©�±³�¡ ��âÁ�� Dô�³�� KJ 
 � �GF�Á«�¬�â�°� �º�¥£³�Ä�IF��»¨½�³� �
������� ©¯� ��¢�©µ±��çÅ

�����à¢¤£³�ÄÁ�£�©�¨ �³������� F  ³� ©« ¦�ª� ��� F�£�©�¸ �º��� �¥  � ��±³�ã�»� ¢ ��£¦��¢ ��±³��� D¥� DÌ�î�³¸ð©���F ©¯�Ï�ª�Ä©¯�³�
¢¤£³� DÌ� Fµ�à�º���à���ç�³£ë¸¹���º�Ý©ë¢ �������� ¬�»�­�»� J½�Â¶Ï£³���î©¯���°��Á �º���ß�¥  � �Ä±¬� ©�£³������F �º���à�º�¥£����ß©��Ú�¬�çÅ �Õ���
F�£�©�¸¹�»��Á�¸¹�»��Fµ��¸ ¨��§Á��«�¡¶ç��£����«©�¨�¢¾�ª� �ª�Ì� 
�����
 � �º�¥�»� 
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�Â�¤�³���Ä© F��Â¶�© ±³�¡ ���� JÚ��� ¨ ©�JÝ¸ ©��¤�â���½�î©�
ô� ©�� ���º����£¿¢¾�×©¯����� �î± �������NF ��JÚ��� ¨½©�J £³�Ä© F
�º��� ¸¹�»£³��¶Ä£�©�¨ � ¨ � Fµ�¬��¶�£���¨ © � �§��� J ��� ¨½©�J © F F �º��� ¢ ���³�Ä�� ¬�»�­�»� J �Â¶ ��±´©¯�­�°��Á �º���¼�¥ ��� �Ä±¬���¿��£�©��¤�³�×©¯���»��Á ����� �¬��±�Å � �����º��� �­�  ¬£�©�£KJ libwindow �º��©¯�ë�»�½©�Dô©����×©« ¦�ª�Ý©¯�à�º��� ±���� £¦���
����¨ ��¢�©�Á«�À���½±³£³�´©¯���ß�º����Á�£Ä©¬¢¾�¥�î±Ä©¯�ï�����ñ¢¤���îÅ

�×¶�JÚ��� Fµ��� � � 
�� ��¸�H���£Ï��©�D¥� ¶���£îÁ¥���º���³��M�����¸ ���¿£³���î©¯��� ©���FÏ¢¤£�� � ��±³�Õ�º�¥£³�Ä�IF��°¨ �³�¤������� ©¯�
¢ ���°�¤�º� �È���³£³� �»�®© ±³£�©¯�³� ±���� £¦����Å� ���î©¯���°��Á ©à¢ ���»�¤� (x, y) �

� 2 ©�£³��� ��F �º���À��£¬�°Á��°�  KJ ©�� ©���Á��§�ß�Â¶ α Hî£�© F�� ©��¤�NMÀ£³�³�����­�º�
�»���º���ã¢ ���°�¤� (x � , y � ) ¸È�»�º��±�����£ F��»� ©¯���¬��

x �
y � � =

� Ù³Ê�Ò
α −

Ò�ÛÜØ
αÒ�ÛÜØ

α
Ù³Ê�Ò

α � � x

y � .

�Â� ��£ Fµ��£ ����£³���î©¯��� © ¢ ���°�¤� (x, y, z) �
� 3 ©�£³��� ��F �º��� z �ä©��¯��� � JÚ��� ���»¨¿¢¾�EJ�
 ���î¢ z

��� ±³��©���Á«�IF ©���F £����î©¯��� (x, y) ©¯� ©« ³� Dô��Å ��J �IJ ¨ ¨ �¬��£KJ��ZJÚ��� ±´©�� � Á���£�� �����â����¸ �º�¥���
¸Ó��£ 
Ì�¹¶���£À�º��� ���º���³£ ©��µ�¬�çÅ� �³� ��£�©¯��¢ �³£¦��¢ �Ä±¬��� Dô�â¢¤£³� � �Ä±¬���î�������à� ���·��� �Ä©¯�IJ �  ¬���ò� ¶ JÚ��� ¸ ©��¤�·���¿¢¤£³� � �Ä±¬�ã© ¢����»�¤�
���¤��� �º��� z = 0 �ª¢¾�ª©�� � Hî�»¨ ©�Á��»� � �º��©¯���º�¥�»� ¢¾�ª©�� � ��� �º��� ±Ä��¨�¢¤������£ ��±³£³�Ä�³� �º��©¯� JÚ���
¸ ©��¤� ��� F�£Ä©�¸ ����M � �º�¥�»����� � ���¿��©�£IF«Å �Â¨½©�Á��°� � �º��©¯� v = (vx, vy, vz) �»�ó�º��� DÌ���³¸ ¢ ���»�¤�



� ��� � � � � � ��� ����� � ��� ����� ��� � ����� � \�� �

H°¢ ���Ä�����î��� �Â¶
J ��� £�� J � MôÅ vz > 0 ¶ç��£�� �µ©�¨�¢¾�ª�â¨½�Ä©��¤�Ï�º��©¯� J ���Ý©�£��ë���»�º���»��Á��»� ¶Ä£³���¤�·�Â¶Ï�º���
��±³£����³� Å �Ý���³� JÚ��� ¢¤£³� � �Ä±¬�à�º����¢ ���°�¤� p = (x, y, z) ���¤��� �º������±³£³�Ä�³� � �º�����°¨½©�Á«�¿¢ ���»�¤�
��©¯�®±��Ì��£ F��°� ©¯���¬�

(x − t(vx − x), y − t(vy − y)),

¸È���³£³�
t =

z

vz − z
.

�Õ���Ï¢¤£³� � ��±¬������� �º�¥���®���¤� J ¸Ó��£ 
Ì� � ¶ vz

	
= z Å
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4.2 Type Variants
� ��� � �Ï ��¬���î�XD¥�À�º��� � J¦¢ ��Å

� � ��� J¯¨ �����

�Õ�¥���Ï����±³���î��� ���¦¢¾�×©��»�¤�â��¸Ï�ß¸ ©�J ���Â¶ �¥ ¦�î©��°� �»��Á Dô©�£¬� ©��¤�º� �Â¶à©ÀÁ�� D¥�³� � J¦¢ � �º��©¯�
��©�D¥� �º��� �ç©�¨ � Dô©¯��� � £�©���Á¥�¼ ¬��� F�� � �³£ �°�ð±Ä�³£¦�î©��»� ¶�� � ±¬���î��� ©¯����� J ©¯��¢���±¬�º�çÅ
� É³Ô×É�ÍÂÉ³ØµÙ³É Ë ìôÎ�É³Ò �³� ©« ¦�ª�ï¶�� � ±¬���î���¤�â���ó©µ±�±���¢¾�Ó©���F®£³�³����£¬� �EDô©¯��� �³��©���F®�»�ó¢�©�£ �
����±³���×©�£ ±¬��©���Á«� �º��� Dô©¯��� �¬�ó�Â¶ �º���³�»£Ï¶���£¬¨ ©¯�¤¢�©�£Ä©�¨ �¬���³£¦�ÑÅ �ïÊ�ØµÒîË���Ë ì Î É³Ò ©¯�»�ª��¸
���ë��� Fµ� � � � Dô©¯�­�¡�¬� ©¯�  ³���»��Á � ��� ��¨½� F�� � ©« ¦�ª���ï�°� �Ä� ±¬� © ¸ ©�Jó�º��©¯�È�º���ß±���¨ �
¢¤�»�§�³£ ±´©�� Fµ�³����±¬�®���°�§� Á¥©¯�ã¨½� F�� � ±´©¯���î���¤�çÅ � ��¶ç�³£³�³� ±Ä��� J¦¢ �¬� ©���F ±����¤���
�î� J¦¢ �¬�
±´©��  �� ±Ä��¨½ ¬�°� �IF ©���F � ©¯����£Ä©¯�»� J ±���¨½� �¯¢ �°� �»¨�¢¾�ª�³¨½�³�¤���»��Á ¶�� � ±¬���î��� ©¯����� J
¶ç��£À�³��£¬�¡±¬�º�çÅ

4.2.1 Reference types
� É�Ë ÖµÒ ØµÊÑæ Ë�Í�ìãËÂÊ ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯Ë ËÂÇµÉ¹Ð�èµèµÛñËÂÛÜÊ�ØâÐ�Ò�Ò�ÛÜå�ØµÞßÉ³Ø¯Ë ÊÌÎ ÉÄÍäÐçËÂÊÌÍ

+=
Ô×ÊÌÍ Ë�ÇÚÉïÒ�Ë�ÍÂÖµÙ�Ë

rationalÔÜÍÂÊ�Þ � Í�Ê�åÌÍäÐ�Þ ��� é �òÉ�ÍÂÉÏÛÜÒ·ÐçØ ÐçË�ËÂÉ�ÞÀÎÚË �
rational operator += ( rational a, rational b) {

a.n = a.n * b.d + a.d * b.n;

a.d *= b.d;

return a;

}S¼ÛñËÂÇ ËÂÇµÛÜÒ³í¥æ¹ÉâÙ³Ð�Ø�æ·Í�ÛñËÂÉ
rational r;

r.n = 1; r.d = 2; // 1/2

rational s;

s.n = 1; s.d = 3; // 1/3

r += s;

std::cout << r.n << "/" << r.d << "\n";
� Ê�Ö¼Þ®Ð³ì�Ð�áñÍÂÉ³Ð�è«ì Ò�É³É ËÂÇÚÐçË ËÂÇµÉóÊ�Ö«Ë�ÎÚÖµËÀÊ�ÔÓË�ÇÚÛñÒ æ ÛÜáñáòØµÊÌËL_ ÉóË�ÇÚÉ�èÚÉ�Ò�ÛñÍÂÉ³è

5/6
é � É³Ù³Ð�áÜá

ÔÜÍÂÊ�Þ " É³Ù�Ë�ÛÜÊ�Ø � é � é � æ ÇÚÐçË®ÇÚÐçÎµÎ É³ØµÒßæ ÇµÉ³Ø
r += s

^�ÉXW ÖµÛVUÌÐçáÜÉ³Ø Ë�áñì�í
operator+= (r, s)

`ÀÛÜÒ
É U�Ð�áÜÖÚÐçËÂÉ�è �

r
ÐçØÚè

s
ÐÑÍÂÉ É U�Ð�áÜÖÚÐçËÂÉ³è¤íòÐ�Øµè¼Ë�ÇÚÉóÍ�É³Ò�ÖµáñËÂÛÜØµå U�Ð�áÜÖµÉ³Ò ÐçÍÂÉ ÖµÒ�É�è ËÂÊ ÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É®ËÂÇµÉ

Ô×ÊÌÍÂÞ®Ð�á Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�Ò
a
Ð�Øµè

b
Ê�ÔÃËÂÇµÉ�Ô×ÖµØµÙ�ËÂÛñÊ�Ø

operator+=
é¿ÆÈÇµÉ�UÌÐ�áñÖÚÉ�ÒãÊ�Ô

r
Ð�Øµè

s
ÐÑÍÂÉ�ØµÊÌË

ÙäÇÚÐ�Øµå�É³è _ôì ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø�Ù¬ÐçáÜá�é
�·É³ØµÙ³ÉÌí æ·ÛñËÂÇÝËÂÇµÉßÐ _�Ê U�ÉßÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø ËäÐÑËÂÛÜÊ�Ø Ê�Ô

operator+=
í ËÂÇµÉ D ©¯�­�¡� Ê�Ô ËÂÇµÉßÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø

r += s
ÛñÒ ÛÜØµèÚÉ�É³è

5/6
í�_ÚÖ«Ë ËÂÇµÉ¹èµÉ³Ò�ÛñÍÂÉ�è � � �Ä±¬� í ËÂÇµÉ¹ÛÜØµÙ�ÍÂÉ�ÞßÉ³Ø Ë Ê�Ô r í�èµÊôÉ�ÒÃØµÊÌË ÇÚÐçÎµÎ É³Ø¤é Æ¹ÇÚÐçË!� Ò

æ Ç¯ì®æ¹Éãå�É�Ë
1/2

Ð�ÒÈÊ�Ö«Ë�ÎÚÖµËòÛÜØ ËÂÇµÉâÐ _�Ê U�ÉÓÎÚÛÜÉ³Ù³ÉãÊ�Ô Ù³Ê èÚÉ�é



� ����� ��	������������ �
��� � \�� �
ê�Ø�ÊÌÍÂèµÉ�Í¹ËÂÊ ÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø Ë

operator+=
ÎµÍÂÊÌÎ É�ÍÂá²ì�í æ¹ÉÓÞ�ÖµÒîË¹É�Ø Ð _ áñÉ Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ¹Ë�Ê Ù´ÇÚÐ�Øµå�É ËÂÇµÉ

U�Ð�áÜÖµÉ³Ò Ê�Ô ËÂÇµÉ³ÛñÍ·Ù¬Ð�áÜá¤Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³é " Ö«Í�ÎµÍÂÛÜÒ�ÛñØÚå�á²ì�íµæ¹ÉâèÚÊßØµÊÌË·ØÚÉ�É³è Ð�ØÚÉÄæ Ù³Ê�ØµÙ³ÉÄÎÚËÓÔ×ÊÌÍ·ËÂÇÚÐçË Ê�Ø
ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØóÒ�ÛÜèµÉ �¥æ¹ÉÏÒ�ÛÜÞÀÎÚáñìÀØÚÉ�É³è ÐàØÚÉÄæ Ù³ÐçËÂÉ³å�ÊÌÍ�ì Ê�Ô Ë ì Î É³Ò³é

Definition.
ê�Ô � ÛÜÒ·ÐçØ ì®Ë ìôÎ ÉÌí«ËÂÇµÉ³Ø

� �

ÛÜÒ¹ËÂÇµÉãÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÛÜØµå £³��¶ç�³£³�³� ±Ä�ß� JÑ¢�� ^»Í�É¬Ð�è ��� Ð�Ò � � ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É 	ßÊÌÍ ��ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉãËÂÊ � 	 `Äéµê�Ø
U�Ð�áÜÖµÉ·ÍäÐ�Øµå�É ÐçØÚèßÔ×ÖµØµÙ�ËÂÛñÊ�Ø ÐçáÜÛñË ì�í ��� ÛÜÒ�ÛÜèµÉ³Ø¯ËÂÛÜÙ¬ÐçáÚËÂÊ � é ÆÈÇµÉ èµÛ	��ÉÄÍÂÉ³ØµÙ³É ÛÜÒ�ÛÜØÀËÂÇµÉ ÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø
Ð�Øµè Ð�ÒîÒ�ÛÜå�ØµÞßÉ³Ø Ë¹ÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò³é

� U�ÐçÍÂÛ×Ð _ÚáÜÉÈÊ�Ô�ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É Ë ìôÎ É ��� ^ºÐ�áÜÒ�ÊâÙ¬Ð�áÜáÜÉ�èßÐ £³��¶ç�³£³�³� ±Ä� ` Ù¬Ð�Ø _ ÉòÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³è¿Ê�Øµáñì�ÔÜÍÂÊ�Þ
Ð�Ø � Dô©¯��� � Ê�Ô¡Ë ì Î É � í«ÊÌÍ ÐçØ ì®Ë ìôÎ ÉÏæ ÇµÊ�Ò�É
UÌÐ�áñÖÚÉ�ÒòÙ¬ÐçØ _ ÉÏÙ³Ê�Ø U�É�ÍîËÂÉ³èóËÂÊ � éµÆ¹ÇµÉâÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø
Þ®Ð ]�É³Ò¹ÛñËòÐ�Ø ©¯�­� ©¯� Ê�Ô¡ËÂÇµÉÏáVUÌÐçáÜÖµÉ �ÃÐ�ØµÊÌËÂÇµÉ�ÍÈØ ÐçÞßÉÏÔ×ÊÌÍÈËÂÇµÉÏÊ _ � É³Ù�Ë�_ É³ÇµÛÜØµè ËÂÇµÉãáVU�Ð�áÜÖµÉÌé S ÉâÐ�áñÒ�Ê
ÒÂÐ³ì ËÂÇÚÐçË¹ËÂÇµÉÏÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É £���¶��³£¦� ËÂÊ¿ËÂÇÚÐçËòÊ _ � É³Ù�Ë³éÕÆ¹ÇµÉãÔ×Ê�áñáÜÊÑæ·ÛÜØµå ÉIPµÐ�ÞÀÎÚáÜÉ ÒîÇÚÊ¦æ Ò¹ËÂÇµÛÜÒ³é
int i = 5;

int& j = i; // j becomes an alias of i

j = 6; // changes the value of i

std::cout << i << "\n"; // outputs 6

� ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É®Ù¬Ð�ØµØµÊÌË _ ÉÀÙäÇÚÐ�Øµå�É³èÝËÂÊ�ÍÂÉ�Ô×É�ÍàËÂÊ Ð�ØµÊÌËÂÇµÉ�ÍâÊ _ � É³ÙÄËàÐ�ÔÜËÂÉÄÍëÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø¤é ê�Ô æ¹É
á×ÐçË�É�ÍòÐ�Ò�Ò�ÛÜå�Ø Ò�Ê�ÞßÉ�ËÂÇµÛÜØµåàËÂÊ ËÂÇµÉÏÍ�É³Ô×É�ÍÂÉ³ØµÙ³É�í æ¹ÉÏÛÜØ�ÔªÐ�ÙÄË Ð�ÒîÒ�ÛÜå�Ø�ËÂÊ ËÂÇµÉ �¥  � �Ä±¬� ÍÂÉ³Ô×ÉÄÍ�ÍÂÉ³èóËÂÊb_ôì ÛñË¬é
ê�Ø æòÍÂÛñËÂÛÜØµå

j = 6
ÛÜØ�Ë�ÇÚÉòÐ _ Ê�U�ÉïÎÚÛÜÉ³Ù³ÉÈÊ�Ô�Ù³Ê èµÉÌí¯æ¹É¹ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉòÙäÇÚÐ�Øµå�É¹ËÂÇµÉ�U�Ð�áÜÖµÉ¹Ê�Ô

i
Ë�Ê

6
í�Ò�ÛÜØµÙ³É

j
ÛñÒ·Ð�ØóÐ�áÜÛ×Ð�ÒïÊ�Ô

i
é

ê�Ø ËÂÉÄÍÂØÚÐ�áÜáñì�í Ð UÌÐçáÜÖµÉßÊ�Ô Ë ì Î É ��� ÛÜÒâÍ�É�ÎµÍÂÉ³Ò�É³Ø¯ËÂÉ³è _ôìÝËÂÇµÉßÐçèÚè«ÍÂÉ�Ò�ÒàÊ�ÔïËÂÇµÉÀÊ _ � É³ÙÄËàÛñËëÍÂÉ�Ô×É�ÍÂÒ
ËÂÊ«éÕÆÈÇµÛÜÒÈÉIPôÎ áÜÐ�ÛÜØµÒïæ Ç ì®æ¹ÉãØÚÉ�É³è Ð�ØóáVU�Ð�áÜÖµÉ ËÂÊ�ÛÜØµÛñËÂÛ×Ð�áñÛ
�³É ÐàÍÂÉ³Ô×É�Í�É³ØµÙ³ÉâË ìôÎ É
U�ÐçÍÂÛ×Ð _ÚáÜÉ�íµÐ�Øµè�æ Ç¯ì
ËÂÇµÛÜØµå�Ò¹áÜÛV]�É
int& j; // error: j must be an alias of something

int& k = 5; // error: the literal 5 has no address

èµÊ�Ø�� Ë·æ¹ÊÌÍ ]�é � Ø ì ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø Ê�Ô ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉàË ìôÎ ÉãÛÜÒ Ð�Ø á UÌÐ�áñÖÚÉãÛñËÂÒ�É�áÜÔºé SÝÉëÙ³Ð�Ø ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉâÖÚÒîÉàÐ
ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É

r
ËÂÊ ÛÜØµÛñË�Û×Ð�áÜÛ
��É·Ð�ØµÊÌËÂÇµÉ�ÍïÍ�É³Ô×É�ÍÂÉ³ØµÙ³É

rr
í _ÚÖµËïË�ÇÚÉ�Ø æ¹É èµÊ�Ø�� Ë¹å�É�ËÈÐâÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉÏËÂÊ

r
í _ Ö«Ë

Ð�ØµÊÌËÂÇµÉ�ÍÈÍÂÉ³Ô×É�Í�É³ØµÙ³ÉâËÂÊ ËÂÇµÉãÊ _ � É³Ù�ËÈÍÂÉ³Ô×É�ÍîÍÂÉ³è ËÂÊ�_ôì
r
�

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
S¼ÇµÉ³Ø Ð�Ô×ÖµØÚÙÄËÂÛÜÊ�Ø ÇÚÐ�ÒàÐ Ô×ÊÌÍ�Þ®Ð�áÃÎ ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍâÊ�Ô ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉßË ì Î ÉÌí ËÂÇµÉÀÙ�ÊÌÍ�ÍÂÉ³ÒîÎ�Ê�ØÚèµÛÜØµåóÙ³Ð�áÜá Î�Ð �
ÍäÐ�ÞßÉÄËÂÉ�Í Þ¿ÖµÒîË�_�ÉàÐ�Ø áVU�Ð�áÜÖµÉ �Úæ ÇµÉ³ØóËÂÇµÉëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬ÐçáÜá¡ÛñÒ É U�Ð�áÜÖÚÐçËÂÉ³è¤íµËÂÇµÉëÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø®Ê�Ô ËÂÇµÉ
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Ô×ÊÌÍÂÞ®Ð�áµÎ ÐçÍäÐ�ÞßÉÄËÂÉ�Í Þ®Ð ]�É³Ò�ÛñËïÐ�Ø Ð�áÜÛ×Ð�ÒÃÊ�Ô ËÂÇµÉ Ù¬Ð�áñá Î ÐçÍäÐ�ÞßÉÄËÂÉ�Í¬é ê�Ø®ËÂÇµÛÜÒÃæÈÐ¬ì�í¯æ¹É Ù¬Ð�Ø®ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø Ë
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ¹ËÂÇÚÐçËÈÙ´ÇÚÐ�Øµå�ÉÓËÂÇµÉ U�Ð�áÜÖµÉ³ÒòÊ�Ô¡ËÂÇµÉ³Û²Í·Ù¬ÐçáÜá�Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍÂÒ³é��·É�Í�ÉãÛÜÒòÐ�ØóÉGPµÐ�ÞÀÎÚáÜÉÌé
void increment (int& i)

{

++i;

}

int main ()

{

int j = 5;

increment (j);

std::cout << j << "\n"; // outputs 6

return 0;

}

ê�Ô ÐàÔ×ÊÌÍÂÞ®Ð�á Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ¹Ê�Ô ÐàÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ç ÐçÒ¹Í�É³Ô×É�ÍÂÉ³ØµÙ³ÉÏË ìôÎ ÉÌí¥æ¹ÉÓÇÚÐXU�É ±´©¯�»� �´ KJ ��£���¶��³£��³� ±�� ÒîÉ �Þ®Ð�Ø¯ËÂÛÜÙ³Ò¤æ ÛñË�ÇëÍÂÉ³ÒîÎ É�Ù�Ë ËÂÊ ËÂÇÚÐçË Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í³é ��WôÖµÛVU�Ð�áÜÉ³Ø¯ËÂáñì�íÑæ¹ÉïÒÂÐ³ìëËÂÇÚÐçË æ¹É ¢�©¯�³� Ë�ÇÚÉ Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í_ôì®ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉÌé
ê�ÔòËÂÇµÉ Ô×ÊÌÍÂÞ®Ð�á�Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í ÛñÒ¿ØµÊÌË¿Ê�ÔòÍ�É³Ô×É�ÍÂÉ³ØµÙ³É Ë ì Î ÉÌíÃæ¹É ÇÚÐXU�É ±Ä©¯�»� �´ XJ � Dô©¯�­�¡� ÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò �

æ¹ÉâÎ Ð�Ò�Ò Ë�ÇÚÉãÎ�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ�_ôì UÌÐçáÜÖµÉÌé �·ØµèµÉ�Í Ù¬ÐçáÜá"_ ì�ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉÌí ËÂÇµÉàÐ�èµè«ÍÂÉ³ÒîÒ Ê�ÔR^�ÊÌÍÓÐ�ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É
ËÂÊ `¿Ë�ÇÚÉ Ù³Ð�áÜáòÎ ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í ÛÜÒÀÖµÒ�É³è¼ËÂÊ ÛÜØµÛñËÂÛÜÐ�áÜÛ
�³ÉßËÂÇµÉ Ô×ÊÌÍÂÞ®ÐçáÈÎ ÐçÍäÐçÞßÉ�ËÂÉ�Í �òÖµØÚèµÉ�Í®Ù³Ð�áÜá � _ôì � UÌÐçáÜÖµÉ
Ò�É³Þ®ÐçØ ËÂÛÜÙ�Ò³í¥ÛñËòÛÜÒïËÂÇµÉ U�Ð�áÜÖµÉÏÊ�Ô ËÂÇµÉÏÙ¬Ð�áÜá Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍïËÂÇÚÐçËÈÛÜÒÈÖµÒ�É³è Ô×ÊÌÍòÛÜØµÛñËÂÛ×Ð�áñÛ
�¬ÐçËÂÛñÊ�Ø¾é

ÆÈÇµÉL_ Ð�Ò�ÛñÙ ÍÂÖµáÜÉÀÛÜÒãËÂÊóÎ Ð�Ò�ÒàÐ�Î ÐçÍäÐçÞßÉ�ËÂÉ�Í _ôìÝÍ�É³Ô×É�ÍÂÉ³ØµÙ³É®Ê�Øµáñì ÛÜÔ ËÂÇµÉÀÔ×ÖµØµÙ�ËÂÛÜÊ�Ø ÛÜØ WôÖµÉ³Ò�ËÂÛÜÊ�Ø
Ð�Ù�Ë�Ö ÐçáÜáñì¿ØµÉ³É³èµÒ�ËÂÊàÙäÇÚÐ�Øµå�É·ËÂÇµÉ·Ù³Ð�áÜá Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�U�Ð�áÜÖµÉÌé ê�Ô�ËÂÇÚÐçË�ÛÜÒ ØµÊÌË�ËÂÇµÉ Ù³Ð�Ò�ÉÌí¥Ù³Ð�áÜáa_ôì U�Ð�áÜÖµÉòÛÜÒ
ÞßÊÌÍÂÉRQÚÉIP«Û _ áñÉÌí�Ò�ÛÜØµÙ³ÉÈÛñËÕÐ�áÜáÜÊ¦æ ÒÃÐ á×ÐçÍ�å�É�Í�Ù�á×Ð�Ò�ÒÃÊ�Ô�Ù¬ÐçáÜá¥Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍÂÒ ^�áVU�Ð�áÜÖµÉ³Ò ©���F Í UÌÐ�áñÖÚÉ�ÒÕÛÜØµÒîË�É¬Ð�èÊ�Ô á UÌÐ�áñÖÚÉ�ÒòÊ�Øµáñì `Äé

4.2.3 Return by value and return by reference
Æ¹ÇÚÉßÍÂÉÄËÂÖ«ÍÂØ Ë ì Î É®Ê�Ô·ÐóÔ×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�Ø _ É®ÐóÍÂÉ³Ô×É�Í�É³ØµÙ³É Ë ì Î É Ð�Òëæ¹É³áÜá�í ÛñØ æ·ÇÚÛñÙ´Ç Ù¬Ð�ÒîÉ®æ¹É®ÇÚÐXU�É
£³�¬��� £¬� �´ KJ ��£���¶��³£��³� ±�� Ò�É�Þ®Ð�Ø ËÂÛñÙ³Ò
^�ÊÌËÂÇµÉ�Í�æ·ÛÜÒ�ÉÌíôæ¹É £³�¬��� £¬�  KJ Dô©¯��� � `ÄéÃê�Ô¡ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø Í�É�ËÂÖ«ÍÂØµÒÐßÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�ÉÌí ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø ÛñÒâÐ�Ø á UÌÐ�áñÖÚÉ ÛñË�Ò�É³áÜÔºí Ð�Øµè æ¹É Ù¬ÐçØÝÖµÒ�ÉÀÛñËÓæ ÇµÉ�Í�É U�É�Í
áVU�Ð�áÜÖµÉ³ÒÈÐçÍÂÉãÉIP¥Î�É³Ù�ËÂÉ³è¤é

ÆÈÇµÛÜÒÕÞßÉ¬Ð�ØµÒÕË�Ç ÐÑË�ËÂÇµÉ·Ô×ÖµØµÙ�ËÂÛñÊ�ØßÛñËÂÒ�É³áñÔ�ÙäÇÚÊ Ê�Ò�É³Ò�^ _ôìÀÖµÒ�ÛñØÚåãÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É Ë ì Î É³Ò ÊÌÍ ØÚÊÌË ` æ·ÇÚÉÄËÂÇµÉ�Í
ÛñËÂÒ¤Ù¬ÐçáÜáÌÎ ÐçÍäÐ�ÞßÉ�Ë�É�ÍÂÒ¤Ð�ØµèãÍ�É�ËÂÖ«ÍÂØ U�Ð�áÜÖµÉÃÐçÍÂÉÃáVU�Ð�áÜÖµÉ³Ò ÊÌÍ¾Í U�Ð�áÜÖµÉ³Ò³é " É³Ù�ËÂÛÜÊ�Ø \ é � é �K� ÐçØÚè " É³Ù�ËÂÛñÊ�Ø \ é \ é �
èµÊôÙ³ÖµÞßÉ³Ø¯Ë ËÂÇµÉ³Ò�É¿ÙäÇÚÊ�ÛñÙ³É³ÒÓÔ×ÊÌÍâÒîÊ�ÞßÉàÊ�ÔÕËÂÇµÉ ÊÌÎ É�ÍäÐÑËÂÊÌÍÂÒÓÊ�Ø Ô×ÖµØµèÚÐ�ÞßÉ³Ø ËÂÐ�á Ë ìôÎ É�Ò³í _ Ö«ËÏÊ�Øµáñì ØµÊÑæ
æ¹ÉÏÖÚØµèµÉ�ÍÂÒ�ËäÐ�Øµè�ËÂÇµÉÏÞßÉ³ÙäÇ ÐçØÚÛñÒ�Þ ËÂÇÚÐçËòÞ®Ð ]�É³Ò¹Ò�ÖµÙäÇ Ù´ÇµÊ�ÛÜÙ�É³ÒÈÎ�Ê�Ò�Ò�ÛV_ÚáÜÉÌé

� Ò Ð·Ù³Ê�ØµÙ�Í�É�ËÂÉïÉIP«Ð�ÞÀÎÚáÜÉÌíÑáÜÉ�Ë ÖµÒ Ù³Ê�ØµÒ�ÛÜèµÉ�Í ËÂÇµÉ Ô×Ê�áÜáÜÊ¦æ ÛÜØµå�U�É�ÍÂÒ�ÛÜÊ�Ø Ê�Ô«ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
incrementËÂÇÚÐçË�ÉIPµÐçÙ�ËÂáñì ÞßÊôèµÉ³áÜÒëË�ÇÚÉ _ É³ÇÚÐXU¥ÛÜÊÌÍ�Ê�Ô·ËÂÇµÉ ÎÚÍ�É �ºÛÜØµÙ�Í�É³ÞßÉ³Ø Ë�ÊÌÎ É�ÍÂÐçËÂÊÌÍ

++
� ÛñË ÛñØÚÙÄÍÂÉ³ÞßÉ³Ø¯ËÂÒ�Û²ËÂÒ

áVU�Ð�áÜÖµÉ Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍòÐ�Øµè ÍÂÉ�Ë�ÖµÍ�ØÚÒòÛñËòÐ�ÒòÐ�ØóáVU�Ð�áÜÖµÉÌé
int& increment (int& i)

{
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return ++i;

} ê�Ø å�É³ØµÉ�ÍäÐ�á»í¡æ¹ÉÀÞ¿ÖµÒîËâÞ®Ð ]�É�Ò�Ö«ÍÂÉ�ËÂÇÚÐçËàÐ�Ø ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø Ê�Ô ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉÀË ìôÎ É¿ËÂÇÚÐçËâæ¹É¿ÍÂÉ�ËÂÖ«ÍÂØ
ÍÂÉ³Ô×ÉÄÍÂÒ¿Ë�Ê½Ð � ��� �����³¨�¢���£�©�£KJ Ê _ � É³ÙÄË¬é Æ Ê ÖÚØµèµÉ�ÍÂÒ�ËäÐ�Øµè æ·ÇÚÐçË¿Ð�ËÂÉ³ÞÀÎ ÊÌÍÂÐçÍ�ì½Ê _ � É³Ù�Ë ÛñÒ³í áÜÉ�Ë ÖµÒ
Ù³Ê�ØµÒ�ÛÜèµÉ�ÍÈËÂÇµÉÏÔ×Ê�áÜáÜÊ¦æ ÛÜØµåàÔ×ÖµØµÙ�ËÂÛÜÊ�Ø¤é
int& foo (int i)

{

return i;

}Æ¹ÇÚÛñÒÀÛÜÒßÐ�ÒN]¥ÛÜØµåÝÔ×ÊÌÍßË�Í�Ê�Öa_ÚáÜÉ�íïÒ�ÛÜØµÙ³ÉóËÂÇµÉóÔ×ÊÌÍÂÞ®ÐçáÈÎ ÐçÍäÐçÞßÉ�ËÂÉ�Í
i
Í�ÖÚØµÒßÊ�Ö«ËÀÊ�ÔÓÒ�Ù�ÊÌÎ Éóæ ÇµÉ³Ø ËÂÇµÉ

Ô×ÖµØµÙ�ËÂÛÜÊ�ØàÙ¬ÐçáÜá ËÂÉÄÍÂÞßÛÜØÚÐçËÂÉ³Ò�é Æ¹ÇµÛÜÒ ÞßÉ¬ÐçØÚÒ¾ËÂÇÚÐçË ËÂÇµÉïÐçÒ�Ò�ÊôÙ�Û×ÐçËÂÉ³èàÞßÉ�ÞßÊÌÍ�ìÓÛÜÒ ÔÜÍÂÉ�É³è ÐçØÚèàËÂÇµÉïÐçèÚè«ÍÂÉ�Ò�Ò
ÉIPôÎ Û²ÍÂÉ³Ò ^�Ò�É³É " É³Ù�ËÂÛÜÊ�Ø \ é � é � `´é ê�Ô æ¹ÉãØµÊ¦æ æ·ÍÂÛñË�ÉÏÔ×ÊÌÍòÉIP«Ð�ÞÀÎÚáÜÉ
int i = 3;

int& j = foo(i); // j refers to expired object

std::cout << j << "\n"; // undefined behaviorËÂÇµÉÓÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É
j
ÍÂÉ�Ô×É�ÍÂÒòË�ÊÀÐ�ØóÉGP¥ÎÚÛñÍÂÉ³è Ê _ � É³ÙÄË¬íÚÐ�Øµè ËÂÇµÉÓÍÂÉ³Ò�ÖµáñËÂÛñØÚå _ É�Ç ÐXUôÛÜÊÌÍÈÊ�Ô ËÂÇµÉÏÎµÍÂÊ�åÌÍÂÐ�Þ ÛÜÒ

ÖµØµèÚÉIY ØµÉ³è¤é
Reference Guideline:

S¼ÇµÉ³ØµÉ U�É�Í ì�Ê�ÖóÙÄÍÂÉ¬ÐçËÂÉâÐ�ØóÐçáÜÛ×Ð�Ò¹Ô×ÊÌÍ·Ð�ØóÊ _ ��É�Ù�Ë¬í«É³ØµÒ�Ö«ÍÂÉÏËÂÇÚÐçËòË�ÇÚÉÏÊ _ ��É�Ù�Ë
èµÊôÉ³ÒÈØµÊÌË·ÉGP¥ÎÚÛñÍÂÉ
_ É³Ô×ÊÌÍÂÉÏËÂÇµÉâÐçáÜÛ×Ð�Ò´é

ÆÈÇµÉòÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í ÖµÒ�ÖÚÐ�áÜá²ì ØÚÊÌË�ÛÜÙ³É³Ò�U¥ÛÜÊ�áÜÐçËÂÛÜÊ�ØµÒ Ê�Ô�ËÂÇµÉ � É³Ô×ÉÄÍÂÉ³ØµÙ³É � ÖµÛÜèµÉ³áñÛÜØµÉ¹Ð�ØµèÀÛÜÒ�Ò�ÖµÉ³Ò�ÐÓæÈÐÑÍÂØ��
ÛÜØµå«é

4.2.4 More user-defined operators

Rational numbers: addition assignment.
� É�Ë!� ÒÃå�ÉÄË�_ Ð�Ù ]àËÂÊÓËÂÇµÉÈÐ�èµèµÛñËÂÛÜÊ�Ø¿Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë ÊÌÎ�É�ÍäÐçËÂÊÌÍ

Ô×ÊÌÍëÊ�Ö«ÍãØµÉ�æ ÒîË�ÍÂÖµÙ�Ë
rational

é ê�Ø ÊÌÍÂèµÉ�ÍÏËÂÊ Y P Ê�ÖµÍãÔªÐ�ÛÜáñÉ³èÝÐçËîËÂÉ³ÞÀÎµËÏÔÜÍÂÊ�Þ Ë�ÇÚÉ�_ É³å�ÛñØÚØµÛÜØµå Ê�Ô
ËÂÇµÛÜÒ¹Ò�É³ÙÄËÂÛÜÊ�Ø¤í«æ¹ÉãØµÉ³É³èóË�Ê Ð�èµè�Ë æ¹Ê�Ù´ÇÚÐçÍÂÐ�Ù�ËÂÉ�Í�ÒòÊ�Øµáñì�é

� Ò·ÛñØóËÂÇµÉãÎµÍÂÉ UôÛÜÊ�ÖµÒ·Ô×ÖµØµÙ�ËÂÛÜÊ�Ø
increment

íÚËÂÇµÉâÔ×ÊÌÍÂÞ®Ð�á Î ÐçÍäÐçÞßÉ�ËÂÉ�Í
a
Þ¿ÖµÒîË�_�ÉâÎ Ð�Ò�Ò�É³è ÐçÒ Ð

ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉÌí�Ð�Øµè�ËÂÊ�_ ÉâÙ³Ê�ÞÀÎÚáÜÛÜÐ�Ø Ë æ·ÛñËÂÇ®ËÂÇµÉãÖµÒ�ÖÚÐ�á¾Ò�É³Þ®ÐçØ ËÂÛÜÙ�ÒÈÊ�Ô
+=
í«æ¹ÉãÐ�áÜÒ�Ê ÍÂÉ�Ë�ÖµÍ�Ø�ËÂÇµÉãÍÂÉ�Ò�ÖµáñË

Ð�ÒòÐ Í�É³Ô×É�ÍÂÉ³ØµÙ³É �
// 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;

} ÆÈÇµÉÕÊÌËÂÇµÉ�Í ÐçÍ�ÛñËÂÇµÞßÉ�ËÂÛÜÙ ÐçÒ�Ò�ÛÜå�ØµÞßÉ³Ø¯Ë¤ÊÌÎ É�ÍäÐçË�ÊÌÍÂÒ ÐçÍ�ÉÕÒ�ÛñÞßÛÜá×ÐçÍ¬í¦ÐçØÚèëæ¹ÉÃèµÊ�Ø�� Ë¡áÜÛÜÒîË¾ËÂÇµÉ³Þ ÇÚÉÄÍÂÉ�ÉIP �
ÎÚáÜÛÜÙ³Û²ËÂáñì�é¡Æ Ê�å�É�ËÂÇµÉ�Í æ Û²ËÂÇ¿Ë�ÇÚÉÈÐçÍ�ÛñËÂÇµÞßÉ�ËÂÛÜÙ�Ð�Øµè�ÍÂÉ�á×ÐçËÂÛÜÊ�ØÚÐ�áôÊÌÎ É�ÍäÐçË�ÊÌÍÂÒ èÚÛñÒ�Ù³ÖµÒ�Ò�É³è ÛÜØ " É�Ù�ËÂÛÜÊ�Ø � é � é � í
æ¹ÉÏØÚÊ¦æ ÇÚÐKU�ÉâÐàÖÚÒîÉ³Ô×Öµá Ò�É�ËòÊ�Ô ÊÌÎ ÉÄÍäÐçËÂÛÜÊ�ØµÒïÊ�Ø�ÍÂÐçËÂÛÜÊ�ØÚÐ�á Ø ÖÚÞ�_ É�Í�Ò³é
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Rational numbers: input and output.
� É�Ë�ÖµÒ áÜÊôÊ ] ÐçË � Í�Ê�åÌÍäÐ�Þ ��� Ê�ØµÙ³É ÞßÊÌÍÂÉÌí·æ·ÛñËÂÇ Ë�ÇÚÉ

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø®ØÚÐ�ÞßÉ
add

ÍÂÉÄÎ áÜÐ�Ù³É³è _ôì
operator+

Ð�ØµèÀËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�ØßÙ³Ð�áÜá
add (r, s)

ÍÂÉ�ÎÚá×Ð�Ù³É�è
_ ì
r + s

é " ËÂÛÜáÜá»íôæ¹ÉãÙ³Ð�ØóÒîÎ ÊÌËÈÎ ÊÌËÂÉ�Ø ËÂÛ×Ðçá ÛÜÞÀÎµÍÂÊ U�É�ÞßÉ³Ø ËÂÒ � ÛÜØµÒîËÂÉ¬Ðçè�Ê�Ô æòÍÂÛñËÂÛÜØµå
std::cout << "Sum is " << t.n << "/" << t.d << "\n";ÛÜØ áÜÛÜØµÉ � � íµæ¹É � è ÍÂÐçËÂÇµÉ�ÍÈæ·ÍÂÛñË�É
std::cout << "Sum is " << t << "\n";
� ÖµÒîËÈáÜÛV]�É æ¹ÉâÐÑÍÂÉÓèÚÊ�ÛñØÚå ÛñËÈÔ×ÊÌÍòÔ×ÖµØÚèÚÐ�ÞßÉ�Ø ËäÐ�á Ë ì Î É³Ò³é�� ÔÜËÂÉÄÍ·ÐçáÜá�íôæ¹É æÈÐ�Ø¯ËÈË�Ê¿ËÂÇµÛÜØ ]®Ê�Ô¡Ð ÍÂÐçËÂÛÜÊ�ØÚÐ�á
ØôÖµÞ�_ É�ÍòÐ�ÒòÐ¿ÒîÛÜØµå�áÜÉ�UÌÐ�áñÖÚÉÏÔÜÍÂÊ�Þ ËÂÇµÉãÒîÉ�Ë � ÐçØÚè�ØÚÊÌËòÐ�Ò¹Ë æ¹Ê U�Ð�áÜÖµÉ³ÒÈÔÜÍÂÊ�Þ ËÂÇµÉâÒ�É�Ë � é

[ ÍÂÊ�Þ æ ÇÚÐçËòæ¹ÉëÇÚÐXU�ÉëèµÊ�ØÚÉëÐ _ Ê�U�ÉÌí�ì�Ê�Ö Ù¬Ð�Ø å�ÖµÉ³Ò�Ò·Ë�Ç ÐÑË Ð�áÜá¾æ¹ÉëÇÚÐXU�ÉâËÂÊßèµÊÀÛÜÒ·Ë�ÊßÊ U�É�Í�áÜÊ�Ð�è
ËÂÇµÉ Ê�ÖµËîÎ Ö«Ë�ÊÌÎ É�ÍäÐÑËÂÊÌÍ

<<
é�ê�Ø èÚÛñÒ�Ù³ÖµÒ�Ò�ÛÜØµå ËÂÇµÉ�Ê�Ö«Ë�ÎÚÖ«Ë¿ÊÌÎ É�ÍäÐçË�ÊÌÍ ÛÜØ " É³Ù�ËÂÛÜÊ�Ø \ é � é �K� æ¹É�ÇÚÐXU�É

ÐçÍÂå�ÖµÉ³è ËÂÇÚÐçËòËÂÇµÉëÊ�Ö«Ë�ÎÚÖ«Ë ÒîË�Í�É¬Ð�ÞðÎ Ð�ÒîÒ�É³è ËÂÊßÐ�Øµè ÍÂÉ�ËÂÖ«ÍÂØµÉ³è _ ì�ËÂÇµÉëÊ�Ö«Ë�ÎÚÖ«Ë ÊÌÎ ÉÄÍäÐçËÂÊÌÍ·Þ�ÖµÒîË�_ É
Ð�Øóá UÌÐ�áñÖÚÉ�íÚÒîÛÜØµÙ³ÉÏË�ÇÚÉãÊ�Ö«Ë�ÎÚÖµËòÊÌÎ É�ÍÂÐçËÂÊÌÍÈÞßÊôèµÛVYÚÉ³ÒïËÂÇµÉÏÒîË�ÍÂÉ¬ÐçÞ é � ÐXUôÛÜØµå�ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉâË ìôÎ�É³Ò ÐçËòÊ�Ö«Í
èµÛÜÒîÎ Ê�Ò�Ð�á�íµËÂÇµÛÜÒ Ù¬Ð�Ø É¬ÐçÒ�ÛÜáñì _ ÉëèµÊ�ØµÉ �Èæ¹ÉàÒîÛÜÞÀÎÚáñì®Î�ÐçÒ�Ò Ð�Øµè ÍÂÉ�ËÂÖ«ÍÂØ ËÂÇµÉàÊ�Ö«Ë�ÎÚÖ«Ë ÒîË�Í�É¬Ð�Þ ^»æ·ÇµÊ�Ò�É
Ë ìôÎ ÉÏÛÜÒ

std::ostream
`¹Ð�ÒòÐ ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É �

// POST: a has been written to o

std:: ostream & operator << (std:: ostream & o, rational r)

{

return o << r.n << "/" << r.d;

} ÆÈÇµÉ�Í�É ÛÜÒ ØµÊ ÍÂÉ¬Ð�Ò�Ê�Ø ËÂÊ ÒîËÂÊÌÎ�ÇÚÉÄÍÂÉ �®Ô×ÊÌÍ ËÂÇµÉ ÛñØµÎÚÖ«Ë¬í æ¹Éßæ¹Ê�ÖµáÜè ÛñØ ËÂÇµÉ®ÒÂÐ�ÞßÉßÔªÐçÒ�ÇµÛÜÊ�Ø�áÜÛ ]�É
ËÂÊ ÍÂÉ�ÎÚá×Ð�Ù³É¿ËÂÇµÉ¿Ë æ¹ÊóÛñØµÎÚÖ«ËÏÒîËäÐçË�É³ÞßÉ³Ø Ë�Ò

std::cin >> r.n;
Ð�Øµè

std::cin >> r.d;
_ôì ËÂÇµÉ

Ò�ÛÜØµå�áÜÉÓÒîËÂÐçËÂÉ³ÞßÉ³Ø¯Ë
std::cin >> r;^ºÐ�ØµèóËÂÇµÉëÒ�Ð�ÞßÉâÔ×ÊÌÍ Ë�ÇÚÉâÛÜØ«Î Ö«Ë·Ê�Ô

s
`Äé �·å�Ð�ÛÜØ¤íÚæ¹ÉâØÚÉ�É³è ËÂÊ Î Ð�Ò�ÒÓÐ�ØµèóÍÂÉÄËÂÖ«ÍÂØ ËÂÇµÉëÛÜØ«ÎÚÖµËòÒîË�Í�É¬Ð�Þ

^�Ê�ÔÃË ì Î É
std::istream

`ÓÐ�ÒÏÐ®Í�É³Ô×É�ÍÂÉ³ØµÙ³É�é ê�Ø Ð�èµèÚÛ²ËÂÛÜÊ�Ø¤í�æ¹É¿Þ�ÖµÒîË Î Ð�Ò�ÒÓËÂÇµÉàÍäÐçËÂÛñÊ�Ø Ðçá ØôÖµÞ�_ É�Í
ËÂÇÚÐçË¹æ¹ÉãæÈÐçØ Ë¹ËÂÊ�Í�É¬Ð�è Ð�ÒòÐàÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�ÉÌí�Ò�ÛñØÚÙ�ÉÏËÂÇµÉÏÛÜØ«ÎÚÖµËÈÊÌÎ ÉÄÍäÐçËÂÊÌÍÈÇÚÐ�Ò¹ËÂÊ ÞßÊ èÚÛñÔÜìßÛñËÂÒ UÌÐçáÜÖµÉÌé

ÆÈÇµÉ ÊÌÎ É�ÍäÐçË�ÊÌÍ YµÍÂÒîË¿ÍÂÉ¬ÐçèÚÒ¿ËÂÇµÉ�Ø ÖÚÞßÉÄÍäÐçËÂÊÌÍ¿ÔÜÍÂÊ�Þ ËÂÇµÉ�ÒîËîÍÂÉ¬Ð�Þ íÕÔ×Ê�áÜáÜÊ¦æ¹É³è�_ ì Ð Ò�É�Î ÐçÍäÐÑËÂÛÜØµå
ÙäÇÚÐçÍäÐ�Ù�Ë�É�Í¬í�ÐçØÚè YÚØÚÐ�áÜá²ì Ë�ÇÚÉãèµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍ¬é�ÆÈÇ ÖÚÒ�í æ¹ÉëÙ¬ÐçØ Í�É¬Ð�è Ð¿ÍÂÐçËÂÛÜÊ�ØÚÐ�á¤ØôÖµÞ�_ É�Í·ÛÜØ Ê�ØµÉâå�Ê
_ôì É³Ø¯ËÂÉ�ÍÂÛñØÚå�Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ

1/2
é

// 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;

} ê�Ø�Ù³Ê�Ø¯Ë�ÍäÐ�Ò�ËïËÂÊ
operator<<

í¥ËÂÇµÛÜØµå�ÒïÙ¬Ð�Ø å�Ê æ·ÍÂÊ�Øµå«íôÉ�é å«éñíôÛÜÔ¾Ë�ÇÚÉ ÖµÒ�ÉÄÍ·É³Ø¯ËÂÉ�Í�Ò¹Ë�ÇÚÉÓÙäÇÚÐçÍäÐ�ÙÄËÂÉ�Í
Ò�ÉXW ÖµÉ³ØµÙ³É �

A/B
	 æ ÇµÉ³Ø®ÎÚÍ�Ê�ÞÀÎÚË�É³è®Ô×ÊÌÍ ÐâÍäÐÑËÂÛÜÊ�ØÚÐ�á�Ø ÖµÞb_ ÉÄÍ¬é�� áÜÒ�Ê«íôæ¹É ÎµÍÂÊ _ Ð _Úáñì èÚÊ�Ø�� ËïæÈÐ�Ø ËïËÂÊ

Ð�Ù³Ù�É�ÎµË
3.4

Ð�ÒÏÐßÍÂÐçËÂÛÜÊ�ØÚÐ�á¡ØôÖµÞb_�É�ÍÏÐ�ÒÓÊ�Ö«ÍãÛñØµÎÚÖ«ËÓÊÌÎ É�ÍÂÐçËÂÊÌÍÓèµÊôÉ³Ò�éàÆÈÇµÉ�Í�É�ÐÑÍÂÉ ÞßÉ³ÙäÇ ÐçØÚÛñÒ�ÞßÒòËÂÊ
èµÉ¬Ð�á æ Û²ËÂÇ�Ò�ÖµÙäÇ ÛÜÒ�ÒîÖÚÉ�Ò³í _ Ö«ËÈæ¹ÉÏæ¹Ê�Ø�� ËòèµÛÜÒîÙ³ÖµÒ�ÒÈË�ÇÚÉ�ÞðÇµÉ�ÍÂÉ�é



� ����� ��	������������ �
��� � \ � �
� ÉÄËâÖµÒâÙ�Ê�ØÚÙ�áÜÖµèÚÉ ËÂÇµÛÜÒÏÒ�É³Ù�Ë�ÛÜÊ�Ø æ Û²ËÂÇ Ð _ É¬ÐçÖµË�ÛVYÚÉ³è U�É�Í�Ò�ÛÜÊ�ØÝÊ�Ô � ÍÂÊ�åÌÍäÐçÞ ��� é�S¼Ç ÐÑËâÞ®Ð ]�É�Ò

ËÂÇµÛÜÒ�U�É�ÍÂÒ�ÛÜÊ�Ø®É U�É�Ø ØµÛÜÙ�É�ÍïÛÜÒÃËÂÇµÉ ÔªÐ�Ù�Ë Ë�Ç ÐÑË�ÛÜØÀË�ÇÚÉ
main

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤í�ËÂÇµÉ ØµÉ�æ Ë ì Î É ÛÜÒÕÖÚÒîÉ³è®ÉIPµÐ�ÙÄËÂáñì
áÜÛV]�ÉÏÐ�Ø ��ÐçËÂÊ�ÞßÛÜÙ 	àÔ×ÖµØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á�Ë ìôÎ ÉÏÒ�ÖµÙäÇ Ð�Ò

int
é

ê�ØÝËÂÇµÉ�Ò�Î Û²ÍÂÛñËÏÊ�Ô " É³Ù�Ë�ÛÜÊ�Ø � é � é � Ê�Ø ÞßÊôèµÖµá×ÐçÍÂÛ
�³ÐçËÂÛÜÊ�Ø¤í æ¹É�Ð�Ù�Ë�Ö ÐçáÜáñì ÒîÎÚáÜÛ²ËÏË�ÇÚÉ¿ÎµÍÂÊ�åÌÍäÐ�Þ ÛÜØ¯ËÂÊ
ËÂÇ«ÍÂÉ³ÉZYÚáÜÉ�Ò �·ÐbY áñÉ

rational.h
ËÂÇÚÐçË Ù�Ê�Ø ËäÐ�ÛñØÚÒòËÂÇµÉàèÚÉIY ØµÛñË�ÛÜÊ�ØóÊ�Ô ËÂÇµÉàÒîË�ÍÂÖµÙÄË

rational
í¤ÐçáÜÊ�Øµå

æ Û²ËÂÇ èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØÚÒ Ê�Ô�ËÂÇµÉòÊ U�É�Í�áÜÊ�Ð�èµÉ³èÀÊÌÎ ÉÄÍäÐçËÂÊÌÍÂÒ �ôÐ
Y áñÉ
rational.C

ËÂÇÚÐçËÕÙ³Ê�Ø ËÂÐ�ÛÜØµÒÃË�ÇÚÉòèµÉ YÚØÚÛ �
ËÂÛÜÊ�ØµÒ¹Ê�Ô ËÂÇµÉ³ÒîÉâÊÌÎ É�ÍÂÐçËÂÊÌÍÂÒ�� YÚØÚÐ�áÜáñì�í¥Ð�YÚáÜÉ

userational2.C
ËÂÇÚÐçËÈÙ³Ê�Ø¯ËäÐ�ÛÜØµÒ¹ËÂÇµÉâÞ®Ð�ÛñØ®ÎµÍÂÊ�åÌÍÂÐ�Þ é

�ïË ËÂÇµÉ Ò�Ð�ÞßÉÃË�ÛÜÞßÉÌí¦æ¹ÉÕÎÚÖ«Ë Ê�Ö«Í ØµÉ�æ Ë ì Î É
rational

Ð�ØµèëËÂÇµÉ ÊÌÎ�É�ÍäÐçËÂÛñÊ�ØÚÒ¾Ê�ØàÛñË ÛÜØ ËÂÊòØÚÐ�ÞßÉ³ÒîÎ Ð�Ù³É
ifm

ÛÜØóÊÌÍÂèµÉ�Í·ËÂÊÀÐXU�Ê�ÛÜèóÎ Ê�ÒîÒ�ÛV_ÚáÜÉÏØ ÐçÞßÉÏÙ�á×Ð�Ò�ÇµÉ³Ò³é � ��P«É�ÍÂÙ�ÛÜÒ�É
??

Ð�Ò ]ôÒ·ì�Ê�ÖóËÂÊßÐ�ÙÄËÂÖÚÐ�áÜáñì®ÛÜØ¯ËÂÉ³åÌÍäÐÑËÂÉ
ËÂÇµÉâØµÉ�æ ÍäÐçË�ÛÜÊ�ØÚÐ�á ØôÖµÞ�_ É�ÍÈË ì Î ÉâÛñØ ËÂÊ¿ËÂÇµÉâÞ®ÐçËÂÇ áÜÛV_µÍäÐçÍîì Ë�Ç ÐÑËòì�Ê�Ö ÇÚÐXU�É _ÚÖµÛÜáñËÈÛÜØ ��P«É�Í�Ù³ÛÜÒ�É ��� í
Ò�Ê¿ËÂÇÚÐçË � ÍÂÊ�åÌÍäÐçÞ � � _ É³áÜÊ¦æ Ù¬Ð�Ø _ ÉãÙ�Ê�ÞÀÎ ÛñáÜÉ³è®ÖµÒ�ÛÜØµå�ËÂÇµÛÜÒ¹áÜÛ _ÚÍÂÐçÍ�ì�é
�

// 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: ¢¤£³��Á�� � �����³£Ä©¯���î��� ©¯� � Å �
�

// Program: rational .h�
// Define a type for rational numbers , and declare

�
// operations on it.

�
#include <iostream >

�

������	 �M"@	.6#��
9"K�(P � BI���E$:�#* / �%�M$&�SB $ �5����*E$��7	�
�� 
7� � ������� � � ��	.�#*
r + s

	.*��!���#6��%��"�����,)$&	 
7� �#��
A" ��*�T

�	��#*�	.*�6N
7� �A*
��" �	� �)�2� �Q	�*C$&��	����K
�� �

operator+
	.*��I� � �-
�	���* 	 ��/ ����* ��/1J���� � � ��
���	.� �:�2� � ���%
�	���*���J � �%�I�
�+��	.* �


�� 	 ��	�*C
7� �A�'�(�%��6#���(�
�K��* �(��6#� " �%*�
�TF/ ��� �%*
/ �%*�
�*'��" �M�.����P����0J
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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: ¢¤£³��Á�� � £�©¯���î��� ©¯�×Å×�

�
// 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;



� ����� ��	������������ �
��� � \ � �
� �

}���
�
	

// 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: ¢¤£³�ÄÁ�� � £�©¯������� ©¯�ªÅ��
�·É�ÍÂÉãÛÜÒÈÐ�ØóÉIP«Ð�ÞÀÎÚáÜÉ ÍÂÖµØóÊ�Ô¡Ë�ÇÚÉÓÎµÍÂÊ�åÌÍäÐ�Þ é

Rational number r:

1/2

Rational number s:

1/3

Sum is 5/6.

4.2.5 Const-types
� É�ËÏÖÚÒÓÙ³Ê�ÞßÉZ_ Ð�Ù ] ËÂÊ®ËÂÇµÉ¿Ð�èµèµÛñËÂÛÜÊ�Ø ÊÌÎ ÉÄÍäÐçËÂÊÌÍÓÔ×ÊÌÍÓÍäÐçË�ÛÜÊ�ØÚÐ�á ØôÖµÞ�_ É�ÍÂÒ ÔÜÍ�Ê�Þ � ÍÂÊ�åÌÍäÐçÞ ��� é � á �
ËÂÇµÊ�Öµå�Ç Ë�ÇÚÛñÒàÊÌÎ É�ÍäÐçË�ÊÌÍ èÚÊ É³Ò � ��� ÛñØ ËÂÉ³Øµè ËÂÊ Ù´ÇÚÐ�Øµå�ÉßËÂÇµÉLU�Ð�áÜÖµÉ³Ò Ê�ÔòÛ²ËÂÒ Ù¬Ð�áÜá�Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�Ò³í ËÂÇµÉ
É � Ù³ÛÜÉ³ØµÙ�ì�ÔªÐ�ØÚÐçËÂÛÜÙ¹ÛÜØ�ì�Ê�ÖÀÞßÛÜå�Ç Ë ÒîÖÚå�å�É�ÒîËÕË�ÊâÒîÎ É�É³èßÖ«ÎÀËÂÇµÛÜÒ ÊÌÎ É�ÍäÐÑËÂÊÌÍ _ ì¿ÖÚÒîÛÜØµåãÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É·Ë ìôÎ�É³Ò
Ð�Ø¯ìôæÈÐ³ì �
// 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;

}ê�ØµèµÉ³É³è¤í�ËÂÇµÛÜÒ U�É�ÍÂÒîÛÜÊ�Ø ÛÜÒ¿Ù³ÊÌÍ�ÍÂÉ�Ù�ËÀÐçØÚè Î ÊÌËÂÉ³Ø¯ËÂÛ×Ð�áÜá²ìÝÔªÐ�ÒîË�É�Í ËÂÇÚÐ�Ø ËÂÇµÉ ÎµÍÂÉ UôÛÜÊ�ÖµÒ Ê�ØÚÉ�í Ò�ÛÜØµÙ³É®ËÂÇµÉ
ÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�ØâÊ�Ô�ÐÏÔ×ÊÌÍÂÞ®Ðçá¥Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍ ÛÜÒÕèµÊ�ØµÉ _ôì¿Ù³ÊÌÎôìôÛÜØµå � ÖµÒîË ��� � ÐçèÚè«ÍÂÉ�Ò�Ò³í�ÍäÐçËÂÇµÉ�ÍÃËÂÇÚÐ�Ø ��¸Ó�
int

UÌÐçáÜÖµÉ³Ò Ð�Ò¡ÛÜØëËÂÇµÉ�ÞßÉ³Þ�_ É�Í ��æ ÛñÒ�É Ù³ÊÌÎôìãËÂÇÚÐçË ËäÐ ]�É³Ò ÎÚá×Ð�Ù³ÉÃÖµØµèÚÉÄÍ ËÂÇµÉ�Ù¬ÐçáÜá � _ ì � UÌÐ�áñÖÚÉÕÒ�É³Þ®Ð�Ø¯ËÂÛÜÙ³Ò�é
��U�É�Ø ÛñÔ¡ËÂÇµÉÏÒÂÐXU¥ÛÜØµå ÛñÒòÒ�Þ®ÐçáÜá ÛÜØ Ë�ÇÚÛñÒòÉIP«Ð�ÞÀÎÚáÜÉÌíôì�Ê�Ö Ù³Ð�ØóÛÜÞ®Ð�å�ÛñØÚÉòËÂÇÚÐçË·ÞßÉ�Þb_ ÉÄÍ���æ·ÛÜÒ�É Ù³ÊÌÎ ì

Ù¬Ð�Ø _ ÉàÎµÍÂÉ�Ë�Ë ì ÉGP¥Î É³ØµÒ�Û U�É¿ÛñØ½ÒîËîÍÂÖµÙ�ËÂÒ ËÂÇÚÐçËÓÐçÍ�É¿ÞßÊÌÍ�ÉëÉ³á×Ð _�ÊÌÍäÐçËÂÉâË�Ç ÐçØ
rational

�¤ÛÜØ Ù³Ê�Ø Ë�ÍÂÐ�ÒîË¬í
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Ù¬Ð�áñá _ ì®ÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�ÉëÛÜÒÈÔªÐ�ÒîËòÔ×ÊÌÍ ©¯�»� Ë ì Î É³Ò³íµÉ U�É�ØóËÂÇµÉãÞßÊ�ÒîËÈÙ³Ê�ÞÀÎÚáÜÛñÙ¬ÐçËÂÉ³è®Ê�ØµÉ³Ò³é

�·ØµÔ×ÊÌÍ�ËÂÖµØÚÐçËÂÉ³á²ì�í�ËÂÇµÉóÙ¬Ð�áñáÈÎ ÐçÍäÐçÞßÉ�ËÂÉ�ÍÂÒ¿Þ¿ÖÚÒ�Ë _ Éóá UÌÐ�áñÖÚÉ�Ò ÖµØµèÚÉÄÍÀÙ¬Ð�áñá�_ôì ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉÌíÈÒ�ÊÝæ¹É
Ù¬Ð�Ø�� Ëïæ·ÍÂÛñË�É·ËÂÇµÉ ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø

a + b + c
í¥Ô×ÊÌÍÈÉIP«Ð�ÞÀÎÚáÜÉÌí¯É U�É³ØóÛÜÔ

a, b, c
ÐçÍÂÉ�U�ÐçÍÂÛ×Ð _ áñÉ³Ò Ê�Ô¤Ë ì Î É

rational
^»æ·Ç ì � `Äé " Ë�ÛÜáÜá�í�ËÂÇµÉ¿ÔªÐ�ÒîËÂÉÄÍ U�É�Í�Ò�ÛÜÊ�ØÝÞßÛÜå�Ç¯Ë æ¹ÊÌÍ ] ÛÜØ½Ê�ÖµÍâÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�Ø ��ÛñËÏèµÊôÉ³ÒÏÒ�Ê ÛÜØ

� ÍÂÊ�åÌÍäÐ�Þ � � í Ô×ÊÌÍ¹ÉIPµÐçÞÀÎ áñÉÌí ÒîÛÜØµÙ³É ÛÜØßËÂÇµÛÜÒ�ÎµÍÂÊ�åÌÍÂÐ�Þ í�æ¹É Ù¬Ð�áÜá
operator+

æ·ÛñËÂÇßáVU�Ð�áÜÖµÉ·ÊÌÎ�É�ÍäÐ�ØµèµÒ
Ê�Øµáñì�é

� ØµÉ�áÜÉ³Ò�ÒÏÊ _ UôÛÜÊ�ÖµÒb^�Ð�ØµèÝÞ�ÖµÙäÇ ÞßÊÌÍ�Éàè ÐçØÚå�ÉÄÍÂÊ�ÖµÒ ` ÎµÍÂÊ _ÚáÜÉ�Þ ÍÂÉ³Þ®Ð�ÛÜØµÒ³í�Ë�ÇÚÊ�Öµå�Ç �ÓÛÜØ½Î Ð�ÒîÒ�ÛÜØµå
ËÂÇµÉ Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍÂÒ®Ð�Ò®ÍÂÉ³Ô×É�Í�É³ØµÙ³É³Ò³í æ¹É ©¯�»�ª��¸ ËÂÇµÉ ÊÌÎ É�ÍäÐçË�ÊÌÍßËÂÊ ÙäÇÚÐ�Øµå�É ËÂÇµÉ U�Ð�áÜÖµÉ³Ò®Ê�ÔãÛñËÂÒ®Ù¬Ð�áÜá
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ ÛñØ ËÂÇµÉ�YµÍÂÒîËïÎÚá×ÐçÙ³ÉÌí¥É U�É�Ø�ÛÜÔ ËÂÇÚÐçË¹ÇÚÐçÎµÎ É³ØµÒïÖµØµÛÜØ Ë�É³Ø ËÂÛñÊ�Ø ÐçáÜáñì�é¡ê�Ø�Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ�ËÂÇÚÐçËÈÐÑÍÂÉ
á×ÐçÍ�å�É�Í ËÂÇÚÐ�Ø ËÂÇµÉ Ð _ Ê�U�É

operator+
í�ÛñË Ù³Ð�Ø É¬Ð�Ò�ÛÜá²ìóÇÚÐçÎµÎ É³Ø ËÂÇÚÐçË æ¹ÉàÞßÊ èµÛÜÔÜì Ò�Ê�ÞßÉëÊ�Ô ËÂÇµÉàÙ¬Ð�áÜá

Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ¹Ò�ÛÜÞÀÎÚáñì _ôì ÞßÛÜÒîËäÐ ]�ÉÌé
O ÊÌË Þ®Ð ]ôÛÜØµå Ò�ÖµÙäÇ ÞßÛñÒîËäÐ ]�É³ÒòÛÜÒ ËÂÇµÉâÎµÍÂÛÜÞßÉÏÍÂÉ³ÒîÎ�Ê�ØÚÒîÛV_ÚÛÜáÜÛñË ì Ê�Ô ËÂÇµÉëÎÚÍ�Ê�åÌÍäÐ�ÞßÞßÉ�Í¬íµÊ�Ô Ù³Ê�Ö«ÍÂÒ�É�í

_ÚÖ«Ë·ËÂÇµÉâÙ�áÜÉ U�É�Í ÎµÍÂÊ�åÌÍÂÐ�ÞßÞßÉ�Í¹Ù¬Ð�áñáÜÒÈË�ÇÚÉãÎÚÍ�Ê�åÌÍäÐ�ÞßÞßÛÜØµåàá×Ð�Øµå�ÖÚÐ�å�ÉÓÔ×ÊÌÍ ÇµÉ³áñÎ æ·ÇµÉ³ØµÉ U�É�Í Î Ê�ÒîÒ�ÛV_ÚáÜÉÌé
ê�Ø Ë�ÇÚÛñÒïÒîÎÚÛñÍÂÛñË¬í¯ËÂÇµÉÏÐ _ Ê�U�É��îÉ � Ù³ÛÜÉ�ØÚÙÄì Y P�	¿Ô×ÊÌÍ

operator+
ÛñÒ¹Ð _ Ð�è ÞßÊ U�É�í¥Ò�ÛÜØµÙ³ÉÓÛñË¹ÛÜØ¯Ë�ÍÂÊ èÚÖµÙ³É�Ò

Ð ØÚÉÄæ Î�Ê�Ò�Ò�ÛV_ÚáÜÉÓÒ�Ê�Ö«ÍÂÙ³ÉãÊ�Ô É�ÍîÍÂÊÌÍÂÒ³é
ê�Ô�ËÂÇµÛÜÒÓÒ�Ê�ÖµØµèµÒÏËÂÊ Ê�Ð _ Ò�Ë�ÍäÐ�Ù�ËÏÔ×ÊÌÍãì�Ê�Ö¾í¾ÇµÉ�ÍÂÉ¿ÛÜÒãÐ�Ø ÉIP«Ð�ÞÀÎÚáÜÉëæ ÇµÉ�Í�É�ÛñËÏÛÜÒÏÒ�ÛÜÞÀÎÚáñì æ·ÍÂÊ�Øµå®ËÂÊ

ÞßÊ�U�É¹Ë�ÊãÙ¬ÐçáÜá � _ ì �»ÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É·Ò�É³Þ®ÐçØ ËÂÛÜÙ�Ò���ËÂÇµÉòÙ³Ê�ÞÀÎÚÛÜáñÉ�Í ÇÚÐ�ÒÃØÚÊÏÙäÇÚÐ�ØµÙ³ÉòËÂÊÏèµÉ�ËÂÉ³ÙÄËÕËÂÇµÛÜÒ É�ÍîÍÂÊÌÍ�ÒîÛÜØµÙ³É
ÛñË·ÛÜÒòÎÚÖ«ÍÂÉ³áñì Ò�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á�é �ïÊ�ØµÒ�ÛÜèµÉ�Í·Ë�ÇÚÉãÖµØ ÐÑÍ�ìóÒ�Ö _µË�ÍäÐçÙ�ËÂÛÜÊ�ØóÊÌÎ�É�ÍäÐçËÂÊÌÍ·Ô×ÊÌÍ ËÂÇµÉãË ì Î É

rationalÔÜÍÂÊ�Þ " É³Ù�ËÂÛñÊ�Ø � é � é � é
// POST: return value is -a

rational operator - ( rational a)

{

a.n = -a.n;

return a;

}
�ïÇ ÐçØÚå�ÛñØÚåàËÂÇµÛÜÒ¹ËÂÊ
rational operator - ( rational & a)

{

a.n = -a.n;

return a;

}ÇÚÐ�Ò¿Ðóè«ÍäÐ�ÒîËÂÛñÙ ^ºÐ�Øµè ÖµØµèµÉ³Ò�ÛñÍ�É³è `âÙ³Ê�ØµÒ�ÉXWôÖµÉ³ØµÙ³É �ÀËÂÇµÉßÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø
-a

æ ÛÜáñá�ÒîËÂÛñáÜá�ÇÚÐXU�É Ë�ÇÚÉßÒ�Ð�ÞßÉ
U�Ð�áÜÖµÉ Ð�Ò _ É³Ô×ÊÌÍÂÉÌí _ÚÖµË ÛñËÕæ·ÛÜáÜáµÇÚÐXU�É·ËÂÇµÉ Ð�èµèµÛñËÂÛñÊ�Ø Ðçá«É ��É³ÙÄË¹Ê�Ô Ù´ÇÚÐ�Øµå�ÛÜØµåÏËÂÇµÉ�U�Ð�áÜÖµÉ Ê�Ô

a
é SÝÉ ÇÚÐXU�É

��Ð�Ù³Ù�ÛÜèµÉ³Ø ËäÐçáÜáñì�	 Ù�Í�É¬ÐçËÂÉ³èóÐ¿Ù³Ê�ÞÀÎÚáÜÉÄËÂÉ³áñìßèµÛ	��É�ÍÂÉ³Ø¯Ë·ÊÌÎ�É�ÍäÐçËÂÊÌÍ³é
� ÒÏÞ®Ð�Ø ì ÊÌËÂÇµÉ�ÍÏÇµÛÜå�Ç��ºáñÉ U�É³á ÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛÜØµå�á×Ð�Øµå�ÖÚÐ�å�É³Ò³í ����� Ê ��É�ÍÂÒëÐßÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ Ë�Ç ÐÑË #

ÛÜÔÈÎÚÍ�ÊÌÎ É�ÍÂáñì ÖµÒ�É�è�# ÐçáÜáÜÊ¦æ ÒàËÂÇµÉ Ù�Ê�ÞÀÎ ÛñáÜÉ�ÍëËÂÊ½èµÉ�ËÂÉ³Ù�Ë ÖµØÚèµÉ³ÒîÛñÍÂÉ³è ÙäÇÚÐ�Øµå�É³Ò�Ê�Ô�U�Ð�áÜÖµÉ³Ò�Ð�Ò ÛÜØ ËÂÇµÉ
ÎµÍÂÉ UôÛÜÊ�ÖµÒÈÉGPµÐ�ÞÀÎÚáÜÉÌé Æ¹ÇµÉÓÛÜèµÉ¬ÐàÛÜÒïËÂÊ ¢¤£³��¨��»��� ËÂÇÚÐçËòÐàÙ³É�Í�ËäÐçÛÜØ U�Ð�áÜÖµÉ æ ÛÜáñá�ØµÊÌË _ ÉÓÙ´ÇÚÐ�Øµå�É³è¤íµÐ�Øµè
ËÂÇµÉ³Ø¿áÜÉ�Ë Ë�ÇÚÉïÙ�Ê�ÞÀÎ ÛñáÜÉ�Í¡Ù´ÇµÉ³Ù ] æ ÇµÉ�Ë�ÇÚÉÄÍ æ¹É ]�É³É�Î Ê�ÖµÍ ÎµÍÂÊ�ÞßÛñÒ�ÉÌé ê�ØàËÂÇµÉïÙ¬ÐçáÜá � _ ì �»ÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É U�ÉÄÍÂÒ�ÛÜÊ�Ø
Ê�Ô¡Ë�ÇÚÉÓÖµØÚÐçÍ�ì®Ò�Ö _µË�ÍäÐçÙ�ËÂÛÜÊ�Ø ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬í¥ËÂÇµÉ�^�ÔªÐ�áÜÒîÉ�`�ÎÚÍ�Ê�ÞßÛÜÒ�É Ù¬Ð�Ø _ ÉÏå�ÛVU�É³ØóÐçÒòÔ×Ê�áÜáñÊÑæ·Ò³íôÖµÒ�ÛÜØµå ËÂÇµÉ
]�É�ì æ¹ÊÌÍÂè

const
é

rational operator - (const rational & a)

{
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a.n = -a.n; // error: a was promised to be constant

return a;

}ê�ØÀÙ³Ê�ÞÀÎÚÛÜáñÛÜØµå·ËÂÇµÛÜÒ�UÌÐçÍ�Û×Ð�Ø ËÃÊ�Ô�Ë�ÇÚÉÈÊÌÎ É�ÍÂÐçËÂÊÌÍ¬í�ËÂÇµÉÈÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í æ·ÛÜáÜá¥ÛÜÒîÒ�ÖµÉ Ð�ØÀÉÄÍ�ÍÂÊÌÍÕÞßÉ³Ò�ÒÂÐ�å�É�í�Î�Ê�ÛÜØ Ë��
ÛÜØµå Ê�Ö«ËÈËÂÇµÉãÞßÛñÒîËäÐ ]�ÉÌé�SÝÉãÙ¬Ð�ØóËÂÇµÉ³Ø YaP�ÛñË�_ôì É³ÛñËÂÇµÉ�Íòå�Ê�ÛÜØµå�_�ÐçÙ ] ËÂÊ�Ù¬Ð�áÜá � _ôì � U�Ð�áÜÖµÉãÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò³í
ÊÌÍ�_ôì ÛÜØ Ë�Í�ÊôèµÖµÙ³ÛÜØµå Ð Í�É³Ò�ÖµáñË�UÌÐçÍ�Û×Ð _ÚáÜÉÓáÜÛV]�ÉÓÛÜØ

operator+
Ð _ Ê�U�ÉÌé

[ ÍÂÊ�Þ ËÂÇµÉ®ÒîË�ÍÂÛÜÙÄËÂáñìÝÔ×ÖµØµÙ�ËÂÛñÊ�Ø Ðçá�Î Ê�ÛÜØ¯ËàÊ�ÔRU¥ÛÜÉ�æâí ËÂÇµÛÜÒëÎµÍÂÊ�ÞßÛÜÒ�É�ÞßÉ³ÙäÇ ÐçØÚÛñÒ�Þ ÛÜÒàÒ�Ö«Î ÉÄÍ QÚÖÚÊ�ÖµÒ³í
Ð�Øµè ËÂÇµÉ�ÍÂÉ ÐçÍÂÉÀÎµÍÂÊ�åÌÍäÐ�ÞßÞßÛñØÚå á×Ð�Øµå�ÖÚÐ�å�É³ÒëÛñØ ÖµÒ�É®ËÂÇÚÐçË èµÊ�Ø�� ËàÇÚÐXU�É Û²Ë
^ � ÖµÒ�É³è ËÂÊ _ É®Ò�ÖµÙ´Ç�Ð
á×Ð�Øµå�ÖÚÐ�å�ÉÌí�ÖµØ¯ËÂÛÜá¥ËÂÇµÉ

const
]�ÉÄìôæ¹ÊÌÍÂè æÈÐçÒ�Ð�èµèµÉ³è�ÛÜØ � � � � í�ÞßÊÌËÂÛVU�ÐçËÂÉ�èb_ ì�Û²ËÂÒ Ò�ÖµÙ³Ù³É³Ò�Ò�ÛÜØ������ `Äé

� áÜÒîÊ«í«ØÚÊ _�Êôè«ì®Ô×ÊÌÍÂÙ³É³Ò·ÖÚÒÈËÂÊ Þ®Ð ]�ÉÏÖµÒ�ÉãÊ�Ô¡ËÂÇµÉÏÎÚÍ�Ê�ÞßÛÜÒ�É ÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ é � ��Ö«ËÈËÂÇµÉãæ·ÇÚÊ�áñÉÓÎ�Ê�ÛÜØ ËÈÊ�Ô
ÇµÛÜå�Ç��ºáÜÉIU�É³á¯ÎµÍÂÊ�åÌÍÂÐ�ÞßÞßÛÜØµåïá×Ð�Øµå�ÖÚÐ�å�É³Ò¾ÛÜÒ ËÂÊ·Þ®Ð ]�ÉÃË�ÇÚÉÕÎÚÍ�Ê�åÌÍäÐ�ÞßÞßÉ�Í!� Ò áÜÛÜÔ×ÉÕÉ¬Ð�Ò�ÛÜÉÄÍ �ÌËÂÇµÉ Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍ¤ÛÜÒ
Ê�Ö«ÍïÔÜÍÂÛÜÉ�ØÚè®ÐçØÚè®Ù¬ÐçØßÇÚÉ�áñÎ ÖÚÒÕËÂÊàÐXU�Ê�ÛÜèßÞ®Ð�Ø¯ì�ËÂÛñÞßÉ �ºÙ³Ê�ØµÒ�ÖµÞßÛÜØµå É�ÍîÍÂÊÌÍÂÒ³éÕÆÈÇµÉ

const
ÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ

ÛÜÒÏáÜÛV]�É�Ð ÙäÇµÉ³Ù ]ÝèµÛÜå�Û²Ë���_ôì ÎµÍÂÊ UôÛÜèµÛÜØµå�ÐçèÚèµÛñË�ÛÜÊ�ØÚÐ�á ÍÂÉ³èµÖµØµèÚÐ�Ø ËãèÚÐçËäÐ ^»ËÂÇµÉ
const

]�É�ì æ¹ÊÌÍÂè `Äí¡æ¹É
Þ®Ð ]�ÉßÒ�Ö«ÍÂÉßËÂÇÚÐçË¿ÛÜØµÙ³Ê�ØµÒ�ÛñÒîËÂÉ³ØµÙ³ÛÜÉ�ÒàÛÜØ Ë�ÇÚÉßæ·ÇÚÊ�áñÉÀèÚÐçËäÐóÒ�É�Ë ^»ËÂÇµÉÀÎµÍÂÊ�åÌÍäÐçÞ `âÐçÍÂÉ Ð�Ö«ËÂÊ�Þ®ÐçË�ÛÜÙ¬Ð�áÜá²ì
èµÉ�ËÂÉ³ÙÄËÂÉ³è¤é

Definition.
ê�Ô � ÛÜÒ·ÐçØ ì®Ë ìôÎ ÉÌí«ËÂÇµÉ³Ø

const
�

ÛÜÒâË�ÇÚÉ ±����¤�³�
� � �¡©¯��� � �GF Ë ì Î É ^�Ù³Ê�ØµÒîË ��Ë ìôÎ ÉßÔ×ÊÌÍëÒ�ÇµÊÌÍ�ËG`ãÊ�Ô � í Ð�Øµè � ÛñËÂÒîÉ³áÜÔ ÛÜÒãËÂÇµÉ ����Fµ�³£¦� J �°��Á
� J¦¢ � éÃÆÈÇµÉïÙ³Ê�ØµÒîË � WôÖÚÐ�áñÛVYÚÉ³èZU�É�ÍÂÒ�ÛñÊ�Ø�Ê�Ô � ÇÚÐ�Ò ÉIPµÐçÙ�ËÂáñìëË�ÇÚÉïÒ�Ð�ÞßÉ U�Ð�áÜÖµÉ ÍäÐ�Øµå�É¹Ð�Øµè¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì
Ð�Ò � é Æ¹ÇµÉÀÊ�ØµáñìÝèµÛ	��É�ÍÂÉ³ØµÙ³ÉßÛÜÒãËÂÇÚÐçË Ð�Ø ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø Ê�Ô¹Ù³Ê�ØµÒîË��»Ë ìôÎ ÉßÛÜÒâØÚÊÌËàÐ�áÜáÜÊ¦æ¹É³èÝËÂÊ ÙäÇÚÐ�Øµå�É
ÛñËÂÒ UÌÐçáÜÖµÉ ^�ÛÜØ ÊÌË�ÇÚÉÄÍâæ¹ÊÌÍÂèµÒ³í Û²ËëÛÜÒãÙ³Ê�ØµÒîËäÐ�Ø¯ËG` � ËÂÇµÛÜÒãÛÜÒâÊ�Ö«ÍâÎµÍÂÊ�ÞßÛñÒ�ÉÌí ÐçØÚèÝË�ÇÚÉ�Ù³Ê�ÞÀÎÚÛÜáÜÉ�ÍÏÙäÇµÉ³Ù ]¥Ò
æ ÇµÉ�Ë�ÇÚÉÄÍòæ¹É
]�É³É�Î ËÂÇÚÐçË¹ÎµÍÂÊ�ÞßÛÜÒîÉÌé

ê�Ô æ¹ÉÓæ·ÍÂÛñË�ÉÏÔ×ÊÌÍ·ÉIPµÐçÞÀÎ áñÉ
const int n = 5;

n = 6;ËÂÇµÉ Ù�Ê�ÞÀÎ ÛñáÜÉ�Í æ ÛñáÜá ÛÜÒ�Ò�ÖµÉ�Ð�Ø É�Í�Í�ÊÌÍëÞßÉ³Ò�Ò�Ð�å�É�Ù�Ê�ØÚÙ�É�ÍÂØµÛÜØµå ËÂÇµÉ�Ð�Ò�Ò�Ûñå�ØÚÞßÉ�Ø Ë
n = 6

í¡ÒîÛÜØµÙ³É
n
ÇÚÐ�Ò

ËÂÇµÉÏÙ³Ê�ØµÒîË���Ë ì Î É
const int

é
�ÕÐ�áÜÖµÉ³Ò¹Ê�Ô Ù³Ê�ØµÒîË��»Ë ìôÎ ÉÏÞ�ÖµÒîËòÐ�á²æÈÐ¬ìôÒR_ ÉâÛÜØµÛñË�Û×Ð�áÜÛ
��É³è¤é"S Í�ÛñËÂÛÜØµå

const int n; // error: uninitialized constantÛÜÒÈÛÜáÜáÜÉ�å�Ð�á�^ºÐ�Øµè Þ®Ð ]�É³ÒÈØÚÊ¿Ò�É³ØµÒ�É�í Ò�ÛñØÚÙ�Éãæ¹ÉÏÙ¬Ð�ØóØµÉ U�É�Í Ð�Ò�Ò�Ûñå�ØóÐ UÌÐ�áñÖÚÉÓËÂÊ
n
á×ÐçË�É�ÍG`Äé

4.2.6 What exactly is constant?
� É�ËÈÖÚÒ¹Ù³Ê�ØµÒ�ÛñèÚÉÄÍ¹Ò�Ê�ÞßÉ áVU�Ð�áÜÖµÉ Ê�Ô¾Ë ì Î É

const
� éµê�Ô¤ËÂÇµÉÓÖÚØµèµÉ�ÍÂá²ì¥ÛÜØµåëË ìôÎ É � ÛÜÒïØµÊÌËòÐâÍÂÉ³Ô×É�Í�É³ØµÙ³É

Ë ìôÎ É�íôËÂÇµÉ³Ø®ËÂÇµÉ áVU�Ð�áÜÖµÉ ÛÜÒ¹Ð�ÒîÒ�ÊôÙ³ÛÜÐçËÂÉ³èßæ Û²ËÂÇ®ÐâÙ³Ê�ØµÒîËäÐçØ Ë �¥  � ��±¬� é � [ ÊÌÍ¹ÉIPµÐçÞÀÎ áñÉÌí¯Ë�ÇÚÉ èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø
� � * / �	��/4, 	 � ���2�4� ���#6��%��"@" ��� � � DU� �M/ � �7����	�� ��/ 	.* 
7� � �%�+� � �-	�� �(�7
�	���� ��� 	 � 
 	 �%< � � � ���
	�� � ��<���� �A= � 	����	� �


 ���0G:$�������/ � ����� �A	�
&
7�O
�� � 	�
A��	���� � ����
 ��� ��� 
��O� ������� ��� �O" �����
�2*�	 �-" J
� �&* � �2�2��� �A���0
7� �A
 BI� �5D �2�9�����2*SB@
 BI� �#,�� �2�&
7�
�(
Q"K�(
�
 �%��G%,S�
� �&����* �-
��2*�
 �����.� �8��*SB�$&��B>J



\ ��� ����������� � � � ����� ��������� ��	�� � �

const int n = 5
ÎÚÍ�Ê�ÞßÛÜÒ�É³ÒÓËÂÇÚÐçËÏËÂÇµÉ UÌÐçáÜÖµÉ Ê�Ô�ËÂÇµÉ�Ê _ � É³Ù�Ë _ É³ÇµÛÜØµè ËÂÇµÉ U�ÐçÍÂÛÜÐ _ÚáÜÉ

n
æ ÛÜáÜá ØµÊÌË

_ ÉàÞßÊ èÚÛ Y É�è¾éRS ÉàÞ®Ð¬ì ^ºÐ�Ù³Ù�ÛÜèµÉ³Ø ËäÐçáÜáñìa` Ë�Í�ì�ËÂÊßÙäÇÚÉ³ÐçËÏÐçÍÂÊ�ÖµØµè ËÂÇµÛÜÒ·ÎµÍÂÊ�ÞßÛÜÒ�É _ôì ÖµÒ�ÛñØÚå®ÐçØÚÊÌË�ÇÚÉÄÍ
ØÚÐ�ÞßÉÓÔ×ÊÌÍòË�ÇÚÉÏÊ _ ��É�Ù�Ë¬í _ÚÖµË¹ËÂÇµÉãÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í æ·ÛÜáÜá Ù¬ÐÑËÂÙäÇóÖµÒ �
const int n = 5;

int i& = n; // error: const -qualification is discarded

i = 6;SÝÉ·Ù¬Ð�ØµØµÊÌËïÖµÒ�É Ð�Ø®ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø®Ê�Ô Ë ìôÎ É
const

� ËÂÊàÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É�^�ÊÌÍ¹Ð�ÒîÒ�ÛÜå�ØÀËÂÊ `�ÐçØ ÉGP¥ÎµÍÂÉ³Ò�ÒîÛÜÊ�Ø®Ê�Ô
Ë ìôÎ É ��� í�Ò�ÛÜØµÙ³ÉâË�Ç ÐÑË·æ¹Ê�ÖµáÜè Ù�ÍÂÉ³ÐçËÂÉ Ð ÞßÊ èÚÛ Y�Ð _ áñÉÓÐ�áÜÛ×Ð�ÒÈÔ×ÊÌÍÏÐ�Ø Ê _ ��É�Ù�Ë ËÂÇÚÐçËòæÈÐ�Ò·ÎµÍÂÊ�ÞßÛÜÒ�É�è�ËÂÊ
_ ÉÏÙ³Ê�ØµÒîËäÐ�Ø¯Ë¬é

� ØßËÂÇµÉ ÊÌË�ÇÚÉÄÍïÇÚÐ�Øµè¾í Ð�ØßáVU�Ð�áÜÖµÉ ^ºÐ�Ù�ËÂÖÚÐ�áñáñì�í�Ð�Ø ì ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø `ÕÊ�Ô�Ë ìôÎ�É
const

��� ÛñÒÕËÂÇµÉ Ð�áñÛ×Ð�Ò
Ê�Ô ÐçØ Ê _ ��É�Ù�Ë¬í _ÚÖµËÏËÂÇÚÐçËÓÊ _ � É³Ù�ËãÛÜÒ � ��� ØµÉ³Ù³É³ÒîÒÂÐçÍÂÛÜá²ì Ù³Ê�ØµÒîËäÐ�Ø¯ËâÛñË�Ò�É³áÜÔºéàÆ¹ÇµÉ�Ù�Ê�ØÚÒ�Ë�� W Ö ÐçáÜÛVYÚÙ¬ÐçËÂÛñÊ�Ø
ÛÜØßËÂÇµÛÜÒ Ù³Ð�Ò�ÉÓÛÜÒ ÞßÉ�Í�É³áñìßÐâÎµÍÂÊ�ÞßÛñÒ�ÉòËÂÇÚÐçË�ËÂÇµÉ Ê _ � É³Ù�Ë � Ò U�Ð�áÜÖµÉ æ ÛñáÜá ØµÊÌË _�É ÞßÊôèµÛVYÚÉ³è �º�¥£³���ÚÁ�� ËÂÇµÉ
Ð�áÜÛÜÐ�ÒïÛÜØ W ÖÚÉ�ÒîËÂÛÜÊ�Ø¤é��·É�ÍÂÉÏÛÜÒòÐ�ØóÉIP«Ð�ÞÀÎÚáÜÉ ËÂÇÚÐçËòÛÜáÜáÜÖµÒîËîÍäÐçËÂÉ³ÒÕËÂÇµÛÜÒÈÎ�Ê�ÛÜØ Ë¬é
int n = 5;

const int& i = n; // i becomes a non -modifiable alias of n

int& j = n; // j becomes a modifiable alias of n

i = 6; // error: n is modified through const -reference

j = 6; // ok: n receives value 6
�·É�Í�ÉÌíïæ¹ÉóèµÊ ØÚÊÌË ÇÚÐKU�É Ð Ù³Ê�ØµÒîËäÐ�Ø¯Ë �¥  � ��±¬� í _ÚÖµËÀÐ Ù³Ê�ØµÒîËäÐçØ Ë ���¬¢¤£³�¬�³������� ^�ØÚÐ�ÞßÉ³áñì

i
`´é � Ø

ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø�Ê�Ô Ë ìôÎ É
const

��� ÛÜÒÈÐ�áÜÒ�Ê�Ù¬Ð�áÜáñÉ³è�Ð ±����¤���
��£³��¶ç�³£³�³� ±Ä� é

4.2.7 Const-references
[ ÛñÍ�ÒîËÃÊ�Ô�Ð�áñá�í�ËÂÇµÉ Ë ìôÎ É�Ø ÐçÞßÉ

const
��� ÛÜÒ Î ÐçÍ�É³Ø ËÂÇµÉ³ÒîÛ
�³É³è Ð�Ò

const
^ ��� `Äí�Û�é ÉÌé æ¹É¹å�É�Ë Ù³Ê�ØµÒîËäÐçØ Ë

U�Ð�áÜÖµÉ³ÒëÊ�Ô ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉßË ìôÎ É�é �ïÊ�ØµÒîË���Í�É³Ô×É�ÍÂÉ³ØµÙ³É�Ò�ÐÑÍÂÉ U�É�Í�ìÝÖÚÒîÉ³Ô×ÖµáïÐ�Øµè Ê�ÔÜËÂÉ³Ø ÐçÎµÎ É¬ÐçÍâÛÜØÝÍÂÉ¬Ðçá �ºáÜÛñÔ×É
Ù³Ê èÚÉ�é � ÉÄË�ÖµÒ Ù³Ê�ÞßÉL_ Ð�Ù ] ËÂÊ Ê�Ö«Í�ÔªÐçÒîËÂÉ�ÍbU�É�ÍÂÒ�ÛñÊ�Ø�Ê�Ô

operator+
Ô×ÊÌÍ�ÍÂÐçËÂÛÜÊ�ØÚÐ�áÕØôÖµÞb_�É�ÍÂÒ³é ê»ËÂÒ

�îÒÂÐ�Ô×É 	 U�É�ÍÂÒ�ÛñÊ�ØóÛÜÒïËÂÇµÛÜÒ �
// POST: return value is the sum of a and b

rational operator + (const rational & a, const rational & b) {

rational result;

result.n = a.n * b.d + a.d * b.n;

result.d = a.d * b.d;

return result;

}Æ¹ÇÚÉàÔªÐçÙ�ËÓËÂÇÚÐçË ËÂÇµÛÜÒ Ù³Ê�ÞÀÎÚÛÜáñÉ³Ò·Ù³Ê�Ø YµÍÂÞßÒ·Ë�Ç ÐÑË æ¹É ÐçÍÂÉ ØµÊÌËÓÙäÇ ÐçØÚå�ÛñØÚåÀË�ÇÚÉZU�Ð�áÜÖµÉ³Ò Ê�Ô ËÂÇµÉàÔ×ÊÌÍÂÞ®Ð�á
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ

a
ÊÌÍ

b
æ·ÛñËÂÇµÛÜØ Ë�ÇÚÉ�_ Êôè«ìÀÊ�Ô ËÂÇµÛÜÒÕÔ×ÖµØÚÙÄËÂÛÜÊ�Ø¤é ��Ö«Ë ËÂÇµÉ�ÍÂÉ æÈÐ�Ò Ð�ØµÊÌËÂÇµÉ�Í ÎµÍÂÊ _ÚáÜÉ³Þ ËÂÇÚÐçË

æ¹É ÐçÎµÎ ÐçÍÂÉ³Ø¯ËÂáñì�èÚÛñèÚØ�� Ë Ò�Ê�áVU�Éëì�ÉÄË��òÎ Ð�Ò�ÒîÛÜØµåÀÎ�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍÂÒ�_ôì�ÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É¿ÍÂÉ WôÖµÛñÍÂÉ³Ò á UÌÐ�áñÖÚÉ�ÒÓÐ�Ò Ù¬Ð�áÜá
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³í�ÐçØÚè ËÂÇµÛÜÒ Ò�ÉIU�É�ÍÂÉ³áñì ÍÂÉ�ÒîË�ÍÂÛÜÙÄËÂÒ ËÂÇµÉòÐÑÎÚÎÚáÜÛñÙ¬Ð _ÚÛÜáÜÛñË ìÏÊ�ÔµËÂÇµÉòÊÌÎ ÉÄÍäÐçËÂÊÌÍ¬é [ ÊÌÍ�ËÂÖµØÚÐçËÂÉ³áñì�íÌË�ÇÚÛñÒ
ÛÜÒÃÐ ØµÊ�Ø ��ÛÜÒ�Ò�ÖµÉ � Ù³Ê�ØµÒîË���Í�É³Ô×É�ÍÂÉ³ØµÙ³É�Ò�^�ÛÜØ¿Î�ÐÑÍ�ËÂÛÜÙ³Öµá×ÐÑÍ¬íÌÔ×ÊÌÍÂÞ®Ð�á Î�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍÂÒ Ê�Ô�Ù³Ê�ØµÒîË ��ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É �»Ë ì Î É�`
Ù¬Ð�Ø _ ÉãÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É³è®ÔÜÍÂÊ�Þ Í UÌÐçáÜÖµÉ³Ò·ÐçÒÈæ¹É³áñá�é ÆÈÇµÛÜÒÈÞßÉ¬Ð�ØµÒïËÂÇÚÐçË¹æ¹ÉâÙ³Ð�Ø�æ·Í�ÛñËÂÉ
const int& i = 3;
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��É³ÇµÛÜØµèãË�ÇÚÉÃÒ�Ù³É�ØÚÉ�Ò³íçËÂÇµÉÃÙ³Ê�ÞÀÎÚÛÜáÜÉ�Í�Ù�ÍÂÉ¬ÐçË�É³Ò ÐïËÂÉ³ÞÀÎ�ÊÌÍäÐçÍ�ì Ê _ � É³Ù�Ë¤ËÂÇÚÐçË¾ÇµÊ�áÜèµÒ�ËÂÇµÉ�U�Ð�áÜÖµÉ

3
íçÐ�ØµèãËÂÇµÉ

Ð�èµè«ÍÂÉ³Ò�Ò�Ê�Ô�ËÂÇµÛÜÒÕËÂÉ�ÞÀÎ ÊÌÍäÐçÍ�ì¿Ê _ � É³Ù�Ë ÛñÒ ÖµÒ�É³èßËÂÊëÛÜØµÛñË�Û×Ð�áÜÛ
��É ËÂÇµÉ Ù³Ê�ØµÒîË��»ÍÂÉ³Ô×É�ÍÂÉ�ØÚÙ�É
i
éÃÆ¹ÇµÉ Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í

Þ®Ð ]�É³ÒàÒîÖµÍ�É®Ë�Ç ÐÑËàËÂÇµÉÀËÂÉ³ÞÀÎ ÊÌÍäÐÑÍ�ìÝÊ _ � É³Ù�Ë èµÊôÉ³ÒàØµÊÌË ÉIPôÎÚÛñÍÂÉ _ É³Ô×ÊÌÍÂÉßËÂÇµÉßÙ³Ê�ØµÒîË ��ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É Ë�Ç ÐÑË
ÍÂÉ³Ô×ÉÄÍÂÒ·ËÂÊ¿ÛñË ^�Ò�É³ÉÏËÂÇµÉ � É³Ô×É�ÍÂÉ�ØÚÙ�É � ÖµÛÜèµÉ³áÜÛñØÚÉ Ê�Ø � Ð�å�É \ ��� `´é

ÆÈÇµÉ¿ÒÂÐ�ÞßÉëÇÚÐçÎµÎ É�ØÚÒ æ·ÇÚÉ�ØÝÐßÔ×ÊÌÍÂÞ®Ð�á Ô×ÖµØµÙ�ËÂÛñÊ�Ø Î ÐçÍäÐçÞßÉ�ËÂÉ�Í Ê�ÔÃÙ³Ê�ØµÒîË��»ÍÂÉ³Ô×É�Í�É³ØµÙ³É ��Ë ì Î ÉÀÛÜÒ ÛÜØµÛ �
ËÂÛ×ÐçáÜÛ
�³É³è ÔÜÍÂÊ�ÞðÐ�Ø�Í U�Ð�áÜÖµÉÌé

� Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍãÊ�Ô¹Ë ì Î É
const

��� ÛñÒâËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍ�ÉÀËÂÇµÉßÐ�áÜá ��ÛÜØ��ºÊ�ØµÉ¿èÚÉIU¥ÛÜÙ³É Ò�ÖµÛñËäÐ _ÚáÜÉ�Ô×ÊÌÍàÉ U�É�Í�ì
ÎÚÖ«Í�Î Ê�Ò�É � � ¶ ËÂÇµÉ�Ù¬Ð�áÜá Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍâÛñÒëÐ�Ø áVU�Ð�áÜÖµÉÌí¾ËÂÇµÉ ÛÜØµÛñË�Û×Ð�áÜÛ
�³ÐçËÂÛÜÊ�Ø ÛÜÒ U�É�Í�ì É � Ù³ÛÜÉ�Ø ËL^»Ê�ØÚá²ì ÛñË�Ò
Ð�èµè«ÍÂÉ³Ò�Ò ØµÉ³É³èµÒ�ËÂÊ _�É Ù³ÊÌÎÚÛÜÉ³è `ÄíÓÐçØÚè ÊÌËÂÇµÉ�Í�æ ÛñÒ�ÉÌí æ¹É É�Ò�Ò�É³Ø¯ËÂÛ×Ð�áÜá²ì ÔªÐçáÜá�_�ÐçÙ ] ËÂÊ�Ù³Ð�áÜá � _ôì � UÌÐçáÜÖµÉ
Ò�É³Þ®ÐçØ ËÂÛÜÙ�Ò³é

� É³ÒîÎÚÛñËÂÉ ËÂÇµÛÜÒ³í¹ËÂÇµÉ�ÍÂÉ ÐçÍ�É Ò�ËÂÛÜáÜá ÒîÛñËÂÖÚÐçËÂÛÜÊ�ØµÒ æ·ÇµÉ�ÍÂÉ � ÛÜÒÀÎµÍÂÉ³Ô×É�ÍäÐ _ áñÉ Ê�U�É�Í
const

��� ÐçÒ Ð
Î ÐçÍäÐ�ÞßÉÄËÂÉ�Í Ë ìôÎ É�é ê�Ô � ÛñÒÕÐÓÔ×ÖµØµè ÐçÞßÉ³Ø ËäÐçáôË ìôÎ ÉÈÊÌÍ ÐÓÒîË�Í�ÖÚÙÄËÕæ·ÛñËÂÇ¿Ò�Þ®Ð�áÜá¥ÞßÉ�ÞßÊÌÍ�ìâÍÂÉ WôÖµÛñÍÂÉ³ÞßÉ�Ø ËÂÒ³í
ÛñËïèµÊ É³Ò¹ØÚÊÌËïÎ Ð³ìßÊ �óË�Ê¿ÞßÊ�U�É ËÂÊ

const
��� í¥ÒîÛÜØµÙ³É ËÂÇµÉ ÒÂÐXU¥ÛÜØµå ÛÜØ®ÇÚÐ�ØµèÚáñÛÜØµåëáVU�Ð�áÜÖµÉ·Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ

ÛÜÒ¹Ò�Ê�Ò�Þ®Ð�áÜá"^�ÊÌÍÈÉ U�É³ØóØµÊ�ØµÉIP«ÛñÒîËÂÉ³Ø¯ËG`�ËÂÇÚÐçËÈÛñËïæ¹Ê�Ø�� Ë¹Ù³Ê�ÞÀÎ É�ØÚÒ�ÐçËÂÉ Ô×ÊÌÍÈËÂÇµÉ ^�ÒîáÜÛÜå�Ç Ë�áñìa` ÞßÊÌÍÂÉÓÙ³Ê�ÒîËÂáñì
Ð�Ù³Ù�É³Ò�Ò ËÂÊÀËÂÇµÉëÔ×ÊÌÍ�Þ®Ð�á¡Ô×ÖµØµÙ�ËÂÛñÊ�Ø Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍòÛÜØ ËÂÇµÉëÔ×ÖµØµÙ�ËÂÛÜÊ�Ø _�Êôè«ì�é·ê�ØµèµÉ³É³è¤í�Ù³Ð�áÜá"_ ì�ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É
Ð�èµèµÒïÊ�ØµÉ ÛÜØµèÚÛ²ÍÂÉ³Ù�ËÂÛñÊ�Ø �¾ËÂÊ áÜÊôÊ ] Ö«Î ËÂÇµÉ�U�Ð�áÜÖµÉ Ê�Ô¾ÐëÔ×ÊÌÍÂÞ®Ð�á Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØßÎ�ÐÑÍäÐ�ÞßÉ�ËÂÉÄÍïÖµØÚèµÉ�Í¹Ù³Ð�áÜá � _ôì �
ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉïÒ�É³Þ®ÐçØ ËÂÛÜÙ�Ò³íçæ¹É � £¦��� ÇÚÐKU�ÉÕËÂÊ áÜÊôÊ ]ÏÖ«Î ÛñËÂÒ Ð�èµè«ÍÂÉ³Ò�Ò ÐçØÚèëË�ÇÚÉ�Ø¿áñÊôÊ ]ÏÖ«Î¿Ë�ÇÚÉ�Ð�Ù�ËÂÖÚÐ�á�U�Ð�áÜÖµÉÐçËòËÂÇÚÐçË Ð�èµè«ÍÂÉ³ÒîÒ³é �òØÚèµÉ�Í·Ù¬Ð�áÜá � _ôì � U�Ð�áÜÖµÉâÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò³í«ËÂÇµÉàÐ�èµè«ÍÂÉ³ÒîÒ Ê�Ô ËÂÇµÉ U�Ð�áÜÖµÉëÛÜÒ �îÇÚÐçÍÂè«æ ÛñÍ�É³è
	
^ºÐ�Øµè ÍÂÉ³Ô×É�ÍÂÒòËÂÊ Ò�Ê�ÞßÉÓÊ _ � É³Ù�ËòÊ�Ø�ËÂÇµÉãÙ³Ð�áÜá ÒîËäÐçÙ ]�í ÒîÉ³É " É³ÙÄËÂÛÜÊ�Ø � é \ é \ `Äé

� áÜÒ�Ê«í�Û²ËÕÛñÒÃÊ�ÔÜË�É³Ø Ù³Ê�Ø U�É³ØµÛÜÉ³Ø¯ËÕËÂÊÏÖµÒ�ÉïËÂÇµÉòÔ×ÊÌÍ�Þ®Ð�áôÎ ÐçÍäÐ�ÞßÉÄËÂÉ�Í Ð�ÒÕÐ áÜÊôÙ³Ð�á U�ÐçÍÂÛ×Ð _ÚáÜÉ¹ÐçØÚè�ÞßÊôèµÛÜÔÜì
ÛñËÂÒRU�Ð�áÜÖµÉb^�Ò�É³É

operator-
Ð _ Ê�U�É�` �µÔ×ÊÌÍòË�Ç ÐÑË¬í«ÛñËÂÒïË ìôÎ ÉãÞ�ÖµÒîËÈØµÊÌË _ ÉãÐ¿Ù³Ê�ØµÒîË ��Ë ìôÎ É�é

4.2.8 Const-types as return types.
�ïÊ�ØÚÒ�Ë���Ë ìôÎ�É³Ò Þ®Ð³ìóÐ�áñÒ�Ê®ÐçÎµÎ É¬ÐçÍ Ð�Ò ÍÂÉ�Ë�ÖµÍ�Ø Ë ì Î É³Ò Ê�Ô Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒ³í � ÖµÒîËÓáÜÛ ]�ÉëÐ�Ø¯ì ÊÌËÂÇµÉ�Í Ë ìôÎ�É³Ò³é ê�Ø
ËÂÇÚÐçËÈÙ¬Ð�ÒîÉÌíÚË�ÇÚÉ

const
ÎµÍÂÊ�ÞßÛÜÒ�É³ÒïËÂÇÚÐçË¹ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�ØóÙ¬ÐçáÜá¤ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�ØóÛñË�Ò�É³áÜÔ¾ÛÜÒÈÙ³Ê�ØµÒîËäÐ�Ø¯Ë¬é

ê�Ô�ËÂÇµÉ¹ÍÂÉ�ËÂÖ«ÍÂØ Ë ì Î ÉòÛñÒÃØµÊÌË�ÐÓÍ�É³Ô×É�ÍÂÉ³ØµÙ³ÉòË ì Î ÉÌí�ËÂÇµÉÈÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØÀÙ¬Ð�áñá«ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�ØÀÛÜÒÕÐ�Ø Í UÌÐ�áñÖÚÉÈÐ�Øµè
ÇµÉ³ØµÙ³ÉÏØÚÊÌËÈÞßÊ èÚÛ Y�Ð _ áñÉ Ð�Ø¯ìôæÈÐ³ì�éÃê�Ø�ËÂÇµÛÜÒïÙ¬Ð�ÒîÉÌí«ËÂÇµÉ

const
]�É�ì æ¹ÊÌÍÂèóÛÜÒ¹áÜÉ³å�Ðçá _ Ö«ËÈÇÚÐ�Ò¹ØµÊ É ��É³Ù�Ë¬é

�ïÊ�ØÚÒ�Ë���Ë ìôÎ�É³ÒÈË�ÇÚÉÄÍÂÉ³Ô×ÊÌÍÂÉãÊ�ØÚá²ì Þ®Ð ]�ÉãÐ èµÛ	��ÉÄÍÂÉ³ØµÙ³ÉÏÛÜÔ¡ËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�Ø�ÍÂÉÄËÂÖ«ÍÂØµÒ·ÐàÍÂÉ³Ô×É�Í�É³ØµÙ³ÉÌé
O ÊÌËÂÉ�Ë�Ç ÐÑËÀÛñË ÛÜÒ � ��� å�É³ØµÉ�ÍäÐ�áñáñì UÌÐ�áñÛÜè ËÂÊÝÍÂÉ�ÎÚá×ÐçÙ³É�ÍÂÉ�Ë�ÖµÍ�Ø Ë ì Î É � _ ì

const
��� �·æ·ÇµÛÜáÜÉ

ËÂÇµÛÜÒ¿ÒÂÐ�Ô×É³á²ì æ¹ÊÌÍ ]ôÒ Ô×ÊÌÍ�ËÂÇµÉ�Ô×ÊÌÍÂÞ®Ð�á Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í Ë ìôÎ�É³Ò³íïÛñË¿Ù¬Ð�Ø Ô×ÊÌÍ�ËÂÇµÉ ÍÂÉÄËÂÖ«ÍÂØ Ë ìôÎ É ÍÂÉ³Ò�ÖµáñË�ÛÜØ
ÒîìôØ ËäÐ�ÙÄËÂÛÜÙ¬Ð�áñáñìßÙ³ÊÌÍ�Í�É³Ù�Ë�_ÚÖ«ËÈÒ�É³Þ®Ð�Ø¯ËÂÛÜÙ¬ÐçáÜáñì æòÍÂÊ�Øµå�Ù�ÊôèµÉÌé

� ÒßÐ�Ø ÉGPµÐ�ÞÀÎÚáÜÉÌíÃáÜÉ�Ë � Ò�Í�É�ÎÚá×Ð�Ù³É
rational

_ ì
const rational&

ÐçÒ ËÂÇµÉ ÍÂÉÄËÂÖ«ÍÂØ Ë ìôÎ ÉóÊ�Ô
operator+

�

const rational & operator + ( const rational & a, const rational & b) {

rational result;

result.n = a.n * b.d + a.d * b.n;

result.d = a.d * b.d;

return result;

}

ê�ØÝÉIP¥É³Ù³Ö«ËÂÛÜØµå®ËÂÇµÉ
return

ÒîËäÐçË�É³ÞßÉ³Ø Ë³í�ËÂÇµÉ¿ÍÂÉÄËÂÖ«ÍÂØ U�Ð�áÜÖµÉ ^»ÛÜØ Ë�ÇÚÛñÒÏÙ³Ð�Ò�ÉÀÐ®Ù³Ê�ØµÒîË��»ÍÂÉ³Ô×É�Í�É³ØµÙ³É�`ÓË�Ê
_ É Î Ð�ÒîÒ�É³è ËÂÊóËÂÇµÉßÙ¬Ð�áÜáñÉ�ÍëÊ�Ô ËÂÇµÉßÔ×ÖµØµÙ�ËÂÛÜÊ�Ø ÛñÒëÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³è æ ÛñË�ÇÝËÂÇµÉÀÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø

result
é O Ê¦æ



\ ��� ����������� � � � ����� ��������� ��	�� � �
ÍÂÉ³Ù³Ð�áÜá¹ËÂÇÚÐçË ËÂÇµÉóÛñØÚÛ²ËÂÛ×Ð�áÜÛ��¬ÐçËÂÛÜÊ�Ø Ê�ÔÓÐ ^�Ù³Ê�ØµÒîË���` ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³É ÔÜÍÂÊ�Þ ÐçØ áVUÌÐçáÜÖµÉ�Ò�ÛÜÞÀÎÚáñì Þ®Ð ]�É³Ò ÛñË Ð�Ø
Ð�áÜÛÜÐ�ÒïÊ�Ô¡ËÂÇµÉÏáVU�Ð�áÜÖµÉÌé ��Ö«ËòËÂÇµÉÏáVU�Ð�áÜÖµÉÓÛÜØ W ÖÚÉ�ÒîËÂÛÜÊ�Ø ^�ØÚÐ�ÞßÉ³áñì

result
`¹ÛÜÒòÐàáÜÊôÙ³Ð�á UÌÐçÍ�Û×Ð _ÚáÜÉ æ ÇµÊ�Ò�É

ÞßÉ³ÞßÊÌÍ�ì�ÛÜÒÏÔÜÍÂÉ³É³è ÐçØÚè½æ ÇµÊ�Ò�É¿Ð�èµè«ÍÂÉ³Ò�Ò _ É³Ù³Ê�ÞßÉ³ÒÓÛÜØ UÌÐçáÜÛÜè æ ÇµÉ³Ø½Ë�ÇÚÉ¿Ô×ÖµØµÙ�ËÂÛÜÊ�Ø½Ù¬Ð�áÜá ËÂÉÄÍÂÞßÛÜØÚÐçËÂÉ³Ò
^�Ò�É�É " É³Ù�Ë�ÛÜÊ�Ø \ é � é � Ð�Øµè " É³Ù�ËÂÛñÊ�Ø � é \ é � `Äé Æ¹ÇÚÉÈÙ³Ê�ØµÒ�ÉXW ÖµÉ³ØµÙ³É ÛÜÒ ËÂÇÚÐçËÃËÂÇµÉÈÍ�É�ËÂÖ«ÍÂØµÉ³è ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É·æ·ÛÜáÜá
_ ÉÏËÂÇµÉàÐ�áÜÛ×ÐçÒÈÊ�Ô ÐçØ ÉIP¥ÎÚÛñÍÂÉ�è Ê _ � É³Ù�Ë³í�Ð�Øµè ÖµÒ�ÛÜØµå¿ËÂÇµÛÜÒòÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉëÍÂÉ�Ò�ÖµáñËÂÒ·ÛñØ ÖÚØµèµÉ YÚØµÉ³è _ É³ÇÚÐXU¥ÛñÊÌÍ
Ê�Ô¡Ë�ÇÚÉÏÎµÍÂÊ�åÌÍäÐ�Þ é

� ÍîÍÂÊÌÍÂÒ áÜÛV]�É ËÂÇµÛÜÒ®ÐçÍÂÉ U�É�Í�ì¼ÇÚÐçÍÂè¼ËÂÊ Y Øµè ^ºÐ�Øµè æ¹É Ù¬Ð�ØµØµÊÌË®ÍÂÉ³áÜÛÜÐ _Úáñì Ù³Ê�ÖµØ¯Ë�Ê�Ø Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í
æÈÐçÍÂØµÛÜØµå�ÒëÇµÉ�Í�É�`Äí Ò�ÛÜØµÙ³ÉÀË�ÇÚÉÀÎµÍÂÊ�åÌÍÂÐ�Þ ¨½©�J æ¹ÊÌÍ ]ÝÐ�ÒàÛÜØ Ë�É³ØµèÚÉ�è¾í Ô×ÊÌÍ ÉGPµÐ�ÞÀÎÚáÜÉ�ÛÜÔïËÂÇµÉßÞßÉ³ÞßÊÌÍ�ì
ËÂÇÚÐçËàæÈÐ�Ò ÐçÒ�Ò�ÊôÙ�Û×ÐçËÂÉ³è ËÂÊ ËÂÇµÉ®ÉIP¥ÎÚÛñÍ�É³è Ê _ � É³Ù�Ë ÛÜÒàØµÊÌË ÛÜÞßÞßÉ�èÚÛÜÐçËÂÉ³áñì Í�É³ÖµÒ�É³è¤é ��Ö«Ë Ê�Ø ÐçØÚÊÌË�ÇÚÉÄÍ
ÎÚá×ÐçËÂÔ×ÊÌÍ�Þ í ËÂÇµÉÓÎÚÍ�Ê�åÌÍäÐ�Þ Þ®Ð¬ì _ É³ÇÚÐXU�ÉâèµÛ	��ÉÄÍÂÉ³Ø Ë�áñì®ÊÌÍ·ÉIU�É³Ø Ù�ÍäÐ�ÒîÇ¾é

4.2.9 When to use const?
S¼ÇµÉ³ØµÉ U�É�Í·ì�Ê�Ö ËÂÇµÛÜØ ]®Ð _ Ê�Ö«ËïËÂÇµÉãÐçÎµÎµÍÂÊÌÎµÍÂÛ×ÐçËÂÉòË ì Î ÉÏÊ�Ô ÐZU�ÐçÍÂÛ×Ð _ÚáÜÉ�í«ÐàÔ×ÊÌÍÂÞ®Ð�á�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Î ÐçÍäÐ�Þ��
É�ËÂÉÄÍ¬í¤ÊÌÍâÐßÔ×ÖµØµÙ�ËÂÛÜÊ�Ø�� Ò ÍÂÉ�ËÂÖ«ÍÂØ UÌÐ�áñÖÚÉ�í ÛñËÏÛÜÒ å�ÊôÊ è ÎµÍäÐ�ÙÄËÂÛÜÙ³ÉàËÂÊßËÂÇµÛÜØ ] Ð _�Ê�ÖµËÓÙ�Ê�ØÚÒ�Ë�� W Ö ÐçáÜÛVYÚÙ¬ÐçËÂÛñÊ�Ø
ÐçËãËÂÇµÉ ÒÂÐ�ÞßÉ ËÂÛÜÞßÉ�é � ÔÜËÂÉÄÍàÐ�áÜá»í¾ì�Ê�Ö Ò�ÇµÊ�ÖµáÜè ]ôØµÊÑæ æ ÇÚÐçËÏì�Ê�Ö æÈÐ�Ø ËÏËÂÊóèµÊ�æ·ÛñËÂÇ½Ë�ÇÚÉ UÌÐçÍ�Û×Ð _ÚáÜÉÌí
Î ÐçÍäÐ�ÞßÉÄËÂÉ�Í¬í¯ÊÌÍ ÍÂÉ�Ë�ÖµÍ�Ø
U�Ð�áÜÖµÉZ^»ÛÜÔ�ì�Ê�Ö®èÚÊ�Ø�� Ë¬í ËÂÇµÛÜÒÃÎ ÐçÍäÐ�åÌÍäÐÑÎ ÇßÛñÒ É U�É³Ø ÞßÊÌÍÂÉ·ÛÜÞÀÎ�ÊÌÍ�ËäÐ�Ø¯ËG`ÄíÌÒ�Êàì�Ê�Ö
Ð�áÜÒîÊb]ôØÚÊ¦æ æ ÇµÉ�ËÂÇµÉ�ÍÈËÂÇµÉÓÎÚÍ�Ê�åÌÍäÐ�Þ ØµÉ³É³èµÒòËÂÊ�ÙäÇ ÐçØÚå�ÉÏÛñËÂÒ U�Ð�áÜÖµÉÏÐçË·ÒîÊ�ÞßÉÓÎ�Ê�ÛÜØ Ë¬é

ÆÈÇµÉ _�ÐçÒ�ÛÜÙ ÍÂÖµáÜÉÓËÂÊ Ô×Ê�áÜáñÊÑæ ÛñÒÈËÂÇµÛÜÒ �

Const Guideline:
�·ÒîÉâÙ³Ê�ØµÒîË

−
Ë ì Î É³Òòæ·ÇµÉ³ØµÉ U�É�ÍÈËÂÇµÛÜÒòÛñÒ¹Î�Ê�Ò�Ò�ÛV_ÚáÜÉÏÐ�ØµèóÞ®Ð ]�É�ÒòÐ èµÛ	��ÉÄÍÂÉ³ØµÙ³É�éÚê»Ë

Ð�áñæÈÐ³ìôÒÈÞ®Ð ]�É³Ò·Ð èµÛ	��ÉÄÍÂÉ³ØµÙ³ÉÏÛÜØ�Ù³Ê�ØµØµÉ³Ù�Ë�ÛÜÊ�Ø�æ Û²ËÂÇ Í�É³Ô×É�ÍÂÉ³ØµÙ³ÉãË ì Î É³Ò¬é

ê�ØµèÚÉ�É³è¤íÈÛ²ËÀÛÜÒ�ÞßÊÌÍÂÉ Ë�Ç ÐçØ ËÂÇµÉ�ÎµÍÂÊ�ÞßÛÜÒ�É Ê�Ô Ù³Ê�ØµÒîËäÐ�Ø¯Ë U�Ð�áÜÖµÉ�ËÂÇÚÐçË�èµÛÜÒîËÂÛñØÚå�ÖµÛÜÒîÇÚÉ�Ò¿ËÂÇµÉ�Ë ì Î É
const

��� ÔÜÍÂÊ�Þ ��� ��æ·ÇµÛÜáÜÉ æ¹ÉßØµÉ³É³è áVU�Ð�áÜÖµÉ³ÒâËÂÊ ÛÜØµÛñË�Û×Ð�áÜÛ
��É Ð�Øµè Ð�Ò�Ò�Ûñå�Ø Ë�Ê Ê _ � É³Ù�ËÂÒàÊ�Ô¹Ë ìôÎ É
��� í�Í U�Ð�áÜÖµÉ³Ò·Ò�Ö � Ù³É Ô×ÊÌÍ

const
��� é�S ÉàÇÚÐKU�É ÐçáÜÒ�Ê®ÐçÍÂå�ÖµÉ³è ËÂÇÚÐçË

const
��� ÛñÒ·ÎµÍÂÉ³Ô×É�ÍÂÐ _ÚáÜÉâËÂÊ

� ÛñØ�Þ®Ð�Ø¯ì®Ò�ÛñËÂÖÚÐçËÂÛñÊ�ØÚÒ�í¥Ò�ÛÜÞÀÎÚáñìßÔ×ÊÌÍòÉ � Ù³ÛÜÉ³ØµÙ�ì ÍÂÉ¬Ð�ÒîÊ�ØÚÒ�é � Ê�ÖóÙ¬Ð�ØµØµÊÌËÈÛÜå�ØµÊÌÍÂÉÓËÂÇµÉ³Ò�ÉâÔªÐçÙ�ËÂÒ³íµÉ U�É³Ø
ÛÜÔ¾ì�Ê�ÖóèµÊ�Ø � ËÈÙ¬ÐçÍÂÉâÐ _ Ê�Ö«Ë¹ËÂÇµÉÏÎµÍÂÊ�ÞßÛÜÒîÉ ÞßÉ³ÙäÇ ÐçØÚÛñÒ�Þ ÊÌËÂÇµÉ�Í�æ ÛñÒ�ÉÌé

ê�Ô � ÛÜÒÓØµÊÌËÏÐÀÍÂÉ³Ô×É�Í�É³ØµÙ³É¿Ë ì Î ÉÌí ËÂÇµÉ³Ø½Ë�ÇÚÉ W ÖµÉ³ÒîËÂÛÜÊ�Ø æ ÇµÉ�Ë�ÇÚÉÄÍ
const

� Þ®Ð ]�É�ÒÓÐ®èµÛ	��É�ÍÂÉ³ØµÙ³É
ÔÜÍÂÊ�Þ � ÇÚÐ�ÒßÖµÒ�ÖÚÐ�áÜá²ì ØµÊÌËßÒ�ÖµÙäÇ ÐÝÙ³áñÉ¬ÐçÍ®Ð�ØµÒîæ¹ÉÄÍ¬íÈæ·ÛñËÂÇ Ê�ØµÉ ÉIP«Ù�É�ÎµËÂÛÜÊ�Ø �½ÛñØ Í�É�ËÂÖ«ÍÂØ Ë ì Î É³Ò®Ê�Ô
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒâËÂÇÚÐçËâèµÊ ØÚÊÌËãÍÂÉ�ËÂÖ«ÍÂØ ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É³Ò�íÃËÂÇµÉ

const
]�É�ìôæ¹ÊÌÍ�è ÍÂÉ³Ð�áÜáñì½Þ®Ð ]�É³ÒãØÚÊ èµÛ	��É�ÍÂÉ³ØµÙ³É

Ð�ØµèóÒ�ÇµÊ�ÖµáÜè ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ _ ÉÏÊ�ÞßÛñË�ËÂÉ³è¤é
ê�Ø Ë�ÇÚÉ®ÒÂÐçÞßÉÀÒîÎÚÛñÍÂÛñË³í ËÂÇµÉ

const
]�É�ìôæ¹ÊÌÍ�è�ÛÜÒëË ìôÎÚÛÜÙ³Ð�áÜáñì½Ê�ÞßÛñË�ËÂÉ�è Ô×ÊÌÍ Ô×ÊÌÍÂÞ®Ð�á Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Î Ð �

ÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ ËÂÇÚÐçËãÐçÍ�É¿ØµÊÌË ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É³Ò�é ê�Ø ËÂÇµÛÜÒ Ò�ÛñËÂÖÚÐçË�ÛÜÊ�Ø¤í
const

ÛÜÒ � ��� ÍÂÉ�èÚÖµØµèÚÐ�Ø Ë³í�ËÂÇµÊ�ÖÚå�Ç � ÛñÔÐ�Ô×ÊÌÍÂÞ®Ðçá Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�ÍâÛÜÒâÊ�ÔïÙ�Ê�ØÚÒ�Ë���Ë ìôÎ�ÉÌí æ¹É ÎµÍÂÊ�ÞßÛÜÒ�É¿ØµÊÌËâËÂÊ ÖµÒ�É�ËÂÇµÉÀÔ×ÊÌÍÂÞ®Ð�á Î ÐçÍäÐ�ÞßÉ�Ë�É�ÍëÐçÒàÐ
ÞßÊôèµÛVY Ð _ÚáÜÉ�áÜÊôÙ³Ð�á UÌÐÑÍÂÛ×Ð _ÚáÜÉÌé ��Ö«Ë¿ËÂÇµÛÜÒàÎµÍÂÊ�ÞßÛÜÒ�ÉßÛÜÒ¿ØµÉ³ÛñËÂÇµÉ�Í¿ØµÉ³Ù³É�Ò�ÒÂÐçÍ�ì ËÂÊ ÎÚÍ�É U�É³Ø ËÀÐ�Ù³Ù³ÛñèÚÉ�Ø ËäÐ�á
ÞßÊôèµÛVYÚÙ¬ÐÑËÂÛÜÊ�Ø Ê�Ô ËÂÇµÉëÙ¬Ð�áÜá¤Î ÐçÍäÐ�ÞßÉÄËÂÉ�Í ^�Ù¬Ð�áÜá _ôì UÌÐ�áñÖÚÉâÐ�áñÍÂÉ³Ð�è«ì ËäÐ ]�É³Ò Ù¬ÐçÍÂÉâÊ�Ô ËÂÇµÛÜÒ `ÄíÚØµÊÌÍ èµÊôÉ³Ò Û²Ë
ÛÜØ QÚÖµÉ³ØµÙ³É ËÂÇµÉÓÊ�ÖµË�Ò�ÛÜèµÉ�_ É³ÇÚÐXU¥ÛÜÊÌÍïÊ�Ô¾ËÂÇµÉÓÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø ÛñØ�Ð�Ø¯ìßæÈÐ³ì�éÕê�Ø ÔªÐ�Ù�Ë¬í«ÛñÔ¾ì�Ê�Ö æ·ÍÂÛñË�É Ô×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
Ô×ÊÌÍ®Ð áñÛV_µÍäÐçÍ�ì ^�Ò�É�É " É³Ù�ËÂÛÜÊ�Ø � é � é � `ÄíÕì�Ê�Ö _�É�Ë�ËÂÉ�Í ÍÂÉ³ÔÜÍäÐ�ÛñØ¼ÔÜÍ�Ê�Þ Ò�ÖµÙäÇ¼Ù�Ê�ØÚÒ�Ë���Ë ìôÎ�ÉóÖµÒÂÐ�å�ÉÌíÈÐ�ÒÀÛ²Ë
ÖµØµØÚÉ�Ù³É³Ò�ÒÂÐÑÍÂÛÜáñì�ÍÂÉ³ÒîË�Í�ÛÜÙ�ËÂÒ ì�Ê�Ö � ÛÜÔ ì�Ê�Ö áÜÐçËÂÉ�ÍïèµÉ³Ù�ÛÜèµÉ ËÂÊ Ù´ÇÚÐ�Øµå�É ËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�Ø®èµÉ YÚØµÛñËÂÛÜÊ�Ø¤í�ì�Ê�Ö�ÐÑÍÂÉ
Ù³Ê�ÞßÞßÛñËîËÂÉ³è�Ë�ÊëËÂÇµÉ Ù³Ê�ØµÒîË��»Ë ì Î É Î ÐçÍäÐ�ÞßÉÄËÂÉ�Í�^»É U�É³Ø ÛÜÔ ËÂÇµÛÜÒÕËÂÖ«ÍÂØµÒïÊ�Ö«Ë ËÂÊZ_�É ÛÜÞÀÎµÍäÐ�Ù�ËÂÛñÙ¬Ð�á `Äí�ÖÚØµáÜÉ�Ò�Ò
ì�Ê�Ö Ð�áñÒ�Ê ÙäÇÚÐ�Øµå�ÉÏË�ÇÚÉÏÇµÉ¬Ð�èµÉ�Í�YÚáÜÉÏË�Ç ÐÑËòÙ�Ê�Ø ËäÐ�ÛñØÚÒïËÂÇµÉÏÔ×ÖµØÚÙÄËÂÛÜÊ�ØóèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø¾é



� ����� ��	������������ �
��� � \ � �
� áÜÒ�Ê«íÚØµÊÌË Ð�áñá U�ÐçÍÂÛÜÐ _ÚáÜÉ³Ò¹ËÂÇÚÐçË Ù³Ê�ÖµáÜè _ ÉëèµÉ³Ù³á×ÐÑÍÂÉ³è

const
ÛñØ Ð¿ÎµÍÂÊ�åÌÍäÐçÞ ÐçÍ�ÉâË ìôÎÚÛÜÙ¬Ð�áñáñì®èµÊ�ØÚÉ

Ò�Ê«íÕÒ�ÛÜÞÀÎÚáñì _ É�Ù¬Ð�ÖµÒ�É�Û²Ë�Þ®Ð ]�É³Ò
^�ÊÌÍÀÐÑÎÚÎ�É¬ÐçÍÂÒ ËÂÊ Þ®Ð ]�É�`âØµÊ èµÛ	��ÉÄÍÂÉ³ØµÙ³É�ÛñØ ËÂÇµÉ Ù³Ê�Ø ËÂÉGP¥ËÀÊ�ÔÈËÂÇµÉ
èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø¤é �·ÒïÐ�Ø®ÉIPµÐçÞÀÎ áñÉÌí Ù�Ê�ØÚÒîÛÜèµÉ�ÍïáÜÛÜØµÉ � � ÛÜØ � ÍÂÊ�åÌÍÂÐ�Þ ��\ � ÛñË ��� Î�Ê�Ò�Ò�ÛV_ÚáÜÉÈËÂÊàèµÉ³Ù³á×ÐçÍ�É·ËÂÇµÉU�ÐçÍÂÛ×Ð _ÚáÜÉ

t
Ð�Ò�_�É³ÛÜØµåãÊ�Ô�Ù³Ê�ØµÒîË���Ë ì Î É

const rational
í�_ÚÖµËÃÛñËÕèµÊôÉ³ÒîØ � ËÃÞ®Ð ]�ÉÈÐÏèµÛ	��É�ÍÂÉ³ØµÙ³ÉÌí¯Ò�ÛÜØµÙ³É

ËÂÇµÛÜÒRU�ÐçÍÂÛ×Ð _ÚáÜÉÓÊ Ù³Ù³Ö«ÍÂÒ·Ê�ØµÙ³ÉÏÊ�Øµáñì Ð�ÔÜËÂÉ�ÍîæÈÐçÍÂèµÒ³íµÐ�Øµè�ËÂÇµÛÜÒ¹Ê Ù³Ù³Ö«Í�ÍÂÉ³ØµÙ³ÉãÛÜÒ���ÖµÒîËÈËÂÇ«ÍÂÉ³ÉãáÜÛÜØµÉ³ÒR_ É³áñÊÑæâé
[ ÊÌÍïÙ³Ê�ØµÙ�ÍÂÉ�Ë�É³ØµÉ³Ò�Ò³í¥áñÉ�Ë ÖµÒ ÒîË�ÛñÎÚÖÚáÜÐçËÂÉïËÂÇÚÐçËïÐ
UÌÐÑÍÂÛ×Ð _ÚáÜÉ¹ËÂÇÚÐçË ÛñÒ�ÞßÉ¬Ð�Ø¯ËÕË�ÊëÇÚÐKU�É·Ù³Ê�ØµÒîËäÐ�Ø¯Ë U�Ð�áÜÖµÉ

Ò�ÇµÊ�ÖµáÜè�èµÉ YÚØµÛñËÂÉ�áñì®å�É�ËòÙ³Ê�ØµÒîË���Ë ì Î ÉãÛñÔ ÛñËÂÒÈÒ�Ù³ÊÌÎ�ÉãÒîÎ Ð�ØµÒòÞßÊÌÍÂÉ ËÂÇÚÐ�Ø � � áÜÛÜØµÉ³Ò¹Ê�Ô Ù³Ê èµÉÌé

4.2.10 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè�ËÂÇµÉãÐ�áÜÛ×ÐçÒïÙ³Ê�ØµÙ³É�ÎµË�_ É�ÇÚÛñØÚè ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉâË ìôÎ É�Ò·Ð�Øµè�Ë�ÇÚÉ � É�Ô×É�ÍÂÉ³ØµÙ³É � ÖµÛÜèµÉ³áÜÛÜØµÉ �
\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè ËÂÇµÉÈèµÛ	��É�Í�É³ØµÙ³É�_�É�Ë æ¹É³É³Ø ±´©¯�»�  KJ
Dô©¯��� � Ð�Øµè ±´©¯�»�  KJß£���¶��³£��³� ±�� ÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ³Ò Ô×ÊÌÍÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø�Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ��
� `ßÖµØÚèµÉ�Í�ÒîËäÐ�ØµèóÙ³Ê�ØµÒîË ��Ë ìôÎ É�Ò Ð�Øµè Ë�ÇÚÉ �¹Ê�ØµÒîË � ÖÚÛñèÚÉ�áÜÛÜØµÉÌé

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � `®Ò�ËäÐçËÂÉ¹ÉIP«Ð�Ù�ËÃÎÚÍ�É � Ð�Øµè Î�Ê�ÒîËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ Ô×ÊÌÍÕÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒÃÛÜØ U�Ê�áVUôÛÜØµå Ô×ÊÌÍÂÞ®Ð�á¥Î ÐçÍäÐçÞßÉ�ËÂÉ�Í Ë ìôÎ�É³Ò
ÊÌÍÈÍÂÉ�ËÂÖ«ÍÂØ Ë ì Î É³ÒòÊ�Ô¡ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉàÐ�Øµè � ÊÌÍÈÙ³Ê�ØµÒîË��»Ë ì Î É �

^ � \ `ßæòÍÂÛñËÂÉÓÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒïËÂÇÚÐçËòÞßÊôèµÛÜÔÜì ^»Ò�Ê�ÞßÉÓÊ�Ô ` ËÂÇµÉ³ÛñÍÈÙ¬Ð�áñá¤Î ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�Ò��
^ � � ` YÚØµè Òîì¥Ø¯ËäÐ�Ù�ËÂÛñÙ¬Ð�á Ð�Øµè Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ðçá�É�Í�Í�ÊÌÍÂÒòÛñØ®ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ�ËÂÇÚÐçËÈÐçÍ�ÉÏèµÖµÉ ËÂÊ ÛÜÞÀÎµÍÂÊÌÎ É�Í�ÇÚÐ�Ø��

èµáÜÛÜØµå Ê�Ô ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³ÉâË ì Î É³Ò��
^ � � ` YÚØµè Òîì¥Ø¯ËäÐ�Ù�ËÂÛñÙ¬Ð�á Ð�Øµè Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ðçá�É�Í�Í�ÊÌÍÂÒòÛñØ®ÎµÍÂÊ�åÌÍÂÐ�ÞßÒ�ËÂÇÚÐçËÈÐçÍ�ÉÏèµÖµÉ ËÂÊ ÛÜÞÀÎµÍÂÊÌÎ É�Í�ÇÚÐ�Ø��

èµáÜÛÜØµå Ê�Ô Ù³Ê�ØµÒîË ��Ë ìôÎ É�Ò��
^ � � ` YÚØµè ËÂÇµÉ�èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØÚÒ·ÛÜØ Ðßå�ÛVU�É�Ø½ÎµÍÂÊ�åÌÍäÐ�Þ æ·ÇµÊ�Ò�ÉàË ì Î É³ÒÓÒ�ÇµÊ�ÖµáÜè _�É¿Ù�Ê�ØÚÒ�Ë�� Ð�Ù�Ù³ÊÌÍÂèµÛÜØµå

ËÂÊ¿ËÂÇµÉ �ïÊ�ØµÒîË � ÖµÛÜèµÉ³áÜÛÜØµÉÌé

4.2.11 Exercises

Exercise 115 �Ó���¤��� Fµ�³£À�º���ò¶����°�§��¸¹�»��ÁÏ¶Ñ©�¨���� J �Â¶¹¶�� � ±¬���î���¤� 

T foo (S i)

{

return ++i;

}

¸¹���º� �  ³�³�°��ÁÝ��� �®�Â¶ �º��� � J¦¢ �¬� int � int& ©���F const int& �Ó©���F �  ³�³�°��ÁÝ��� � �Â¶ �º���
� J¦¢ �¬� int � const int � int& ©���F const int& ÅLHç���¥�»� Fµ� � � �¬� 
 � F�� � �³£��³�¤� ¶�� � ±¬���î���¤�NMôÅ
©KM � �°��F �º���ó±���¨  ¬�»� ©¯�������¤���Â¶ � ©���F � ¶ç��£À¸È�¥�î±¬�Ý�º���ß£��¬�����­���»��Áë¶���� ±³���î��� Fµ� � � �»���î���

�»�¿�IJ �¤�î©µ±¬����±Ä©¯�°�EJ Dô©¯���NF � ©���FÝ� �¦¢¾�ª©��°� JÚ����£®©��¤��¸Ó�³£ÌÅ



\ ��\ ����������� � � � ����� ��������� ��	�� � �

  M � ¨ ����ÁÝ�º���Ý±���¨  ¬�»� ©¯�������¤�â¶���� ��FÝ�°� ©KM � � ��F �º���Ý±���¨  ¬�»� ©¯�������¤� �Â¶ � ©���F � ¶���£
¸È�¥�î±³�ß�º���Ï£��¬�����­���»��Á¹¶Ä��� ±¬������� Fµ� � � ��������� �»�ã©¯�­��� ���³¨ ©��¤���î±Ä©¯�°�EJ Dô©¯���NF � ¨ �´©�� �»��Á��º��©¯�
¶Ä��� ±¬�������¼±´©¯�»�­�À©¯�­¸ ©�J �à��©�D¥�à¸Ó�¬�»� �GFµ� � � �GF Dô©¯��� �À©���F½� � �Ä±¬� � ���¦¢¾�×©��»� J ��� £®©��¤�Ä¸Ï��£ÌÅ

± M � ��£ ©¯�»�â±Ä��¨½ ¬�°� ©¯���î���¤� ¶�������F �»�   M � Á�� D¥� ¢¤£���±³�»��� ¢ ������±�����F����������¤�¿¶ç��£ �º��� ±Ä��£¬£³���
��¢�����F��»��Áã¶���� ±³���î��� foo Å

^ � � `I^ � � `I^ � � `

Exercise 116 �Ý£¬�»��� ©â¶���� ±³���î��� �º��©¯�·��¸ ©¬¢¾�¿�º��� Dô©¯��� �¬�®�Â¶¿��¸Ï� int � Dô©�£¬��©« ¦�ª�¬�çÅ ^ � \ `
[ ÊÌÍ·ÉGPµÐ�ÞÀÎÚáÜÉÌí
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 � � ¸ ©��¤����� ��©�D¥�¼©½¶�� � ±¬���î��� �º��©¯� ØµÊÌÍÂÞ®ÐçáÜÛ
�³É³Ò © £�©¯������� ©¯�ë� ��¨  ³�³£�� � Å���Å
��£�©��¤�»¶ç��£¬¨ó�à���¹�»�¤��� �º���¿��� � � � �à£³�î¢¤£��¬���³�¤�î©¯������� �»� ¸È�¥�î±¬� � ��¨½�³£�©¯����£ ©���F Fµ�³� ��¨ �»� ©¯����£
©�£³��£³�¬�×©¯��� D¥�¬� J®¢¤£¬�»¨ � � ©���F �º��� Fµ��� ��¨��»� ©¯����£���� ¢ �����»��� D¥��Å � ��£����«©�¨�¢¾�ª���

21

−14

��� � ��£¬¨½©¯��� 
 �IF ���
−3

2
.

�Õ���³£³� ©�£��À��¸Ó�ó� ©¯����£Ä©¯��D¥�³£¦�������¤� �Â¶¿�º�¥���¹¶�� � ±¬���î��� 

// POST: r is normalized

void normalize ( rational & r);

// POST: return value is the normalization of r

rational normalize (const rational & r);

�Â¨�¢¾�ª�³¨½�³�¤�â��� ���Â¶ �º����¨ �Ó©���F ©�£îÁ��¡� ¸È��J JÚ��� ��©�Dô� ±¬�����ç�³���»�ã� D¥�³£À�º�������º���³£ ��� ��Å
Hint: JÚ��� ¨½©�J ¸ ©��¤�Ó���ó����� �º��� ¶�� � ±¬���î��� gcd ¶Ä£³��¨ � ��±¬������� � Å � �¹¨ � F�� � �IF ¶���£Ï¢�©�£�©�¨ �
�¬���³£¦� �Â¶¿� JÑ¢ � int H�����¸ Fµ�Ì�³���º�¥�»�¿¨½� F�� � ±´©¯���î��� �ª�Ì� 
 �­� 
ô� � M¥Å ^ � \ `I^ � \ `

Exercise 118 �È£³� D��NFµ� © Fµ� � � ��������� �Â¶¿�º���È¶����»�ª��¸¹�»��Áã¶�� � ±¬���î��� Å
// 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);



� ����� ��	������������ �
��� � \ � �

� �¬����JÚ����£·¶Ä��� ±¬���������°� © ¢¤£���Á�£�©�¨ð¶���£®©¯� �§�´©¯�³� �º���Ï¢�©��»£¦� (a, b) ¶Ä£³��¨ �º��� ���³�
{(2, 1), (0, 2), (0, 0), (3,−4)}.

^ � \ `

Exercise 119
� �Ä±����¤��� Fµ�³£ �º���¾¶����»�ª��¸¹�»��Á¹¢¤£³��ÁÌ£�©�¨ó�Ó©���Fâ� Fµ�³�¤��� ¶IJ �º��� Fµ�Ä±¬�ª©�£Ä©¯���î���¤� H��Â¶RDô©�£¬���

©« ¦�ª�¬�ë��£ ¶���£¬¨ ©¯��¢�©�£Ä©�¨ �¬���³£¦� M��°� ¸ò�¥��±¬�LJÚ���Ý±������ F £³��¢¾�ª©µ±Ä�¿©¿� J¦¢ � �  KJ����º�ë±Ä���¤�³�
�ND¥��£¦���î���
const

� Å
©KM �¹£³��Á�£Ä©�¨ 
 H �Ó©�Á«� ��� M
  M �¹£³��Á�£Ä©�¨ � H �Ó©�Á«� � � M
± M �¹£³��Á�£Ä©�¨ ��� H �Ó©�Á«� 
 � �KM
FKM �¹£³��Á�£Ä©�¨ � � H �Ó©�Á«� � 
 � M
� M �¹£³��Á�£Ä©�¨ � � H �Ó©�Á«� � � � M

^ � � `

Exercise 120
� �»��F ©¯�»�Ã¨������î©�
ô�¬� Hî� ¶ ©�� J M �°� �º���Ó¶����°�§��¸¹�°��Áß¢¤£³��Á�£�©�¨�� �à©���F�� �¦¢¾�ª©��°� ¸È��J

�º���¬��� ©�£³�ß¨ ���³�î©�
 �¬�çÅ � �»�¾¢¤£���Á�£�©�¨�� ����©�£³�®�º���Ó¶����»�ª��¸¹�»��Á ��¸Ó�¿¶�� � ±¬���î��� Fµ� � � �»���î���¤��©���F
���¤� J F�� � �³£À�°� �º���³�°£ main ¶�� � ±¬���î���¤�çÅ
int foo (int& i) {

return i += 2;

}

const int& bar (int &i) {

return i += 2;

}

©KM int main()

{

const int i = 5;

int& j = foo (i);

}

  M int main()

{

int i = 5;

const int& j = foo (i);

}
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± M int main()

{

int i = 5;

const int& j = bar (foo (i));

}

FKM int main()

{

int i = 5;

const int& j = foo( bar (i));

}

� M int main()

{

int i = 5;

const int j = bar (++i);

}

4.2.12 Challenges

Exercise 121 ����� ����� �³�î©���F«©�£ F����� ¬£Ä©�£KJ ©¯�­���ß±����¤�î©��°�¤�â©¿� JÑ¢�� ¶���£à±���¨¿¢¤�����°��Áà¸¹���º� Ù³Ê�Þ��
ÎÚáÜÉIP½ØôÖµÞ�_ É�ÍÂÒ Å � ±���¨�¢¾�ª��� � � ¨½ ��³£ó¸È���³£³�  ����º� �º����£³�´©¯�Ó©���F �º�����»¨ ©�Á��»� ©�£KJó¢�©�£¦��©�£³�
double �¿��©¯��� J¦¢ � std::complex<double> H J ��� � �Ä�IF ��� #include <complex> �»� ��£IFµ�³£
���ÀÁ«�¬�ï�º�¥�»�â� J¦¢ ��Å �Â� ��£ Fµ�³£ ���ÀÁ«�³�·©ó© ±���¨¿¢¾�§���®� ��¨½ ��³£ ¸¹���º��£³�´©¯�Ú¢�©�£¦� r ©���Fß�»¨ ©�Á��»� ©�£KJ
¢�©�£¦� i �RJÚ��� ±Ä©�� ����� �º��� ���¦¢¤£³�³�³���î���
std::complex <double >(r,i); // r and i are of type double

�Ï�º����£¬¸È�»����� ±Ä��¨�¢¾�ª���ë� ��¨½ ��³£¦�ò¸Ó��£ 
à©¯� ���¦¢ �Ä±¬���IF«Å � �»�¥�º���ò�³�î©���F«©�£ F �³¢ �³£�©¯����£¦� HÄ©�£¬�»�º� �
¨ �³���î±��¹£³�¬�×©¯���î��� ©¯� M ©���F�¨ ©¯�º���³¨½©¯����±Ä©¯�¥¶Ä��� ±¬�������¤� H std::sqrt � std::abs � std::pow Å�ÅÌÅ M
©�£³��©�D ©����×©« ¦�§�çÅ �Õ���ó�³¢ �³£Ä©¯����£¦� ©¯�²�ç�ó¸Ó��£ 
��»� ¨ � �Ú�GF ���¦¢¤£³�¬�����î���¤� ¸È���³£�� ��� �ó�³¢ �³£�©���F �»�
�Â¶ � J¦¢ � std::complex<double> ©���F��º��� ���º���³£ ��� � �Â¶ � J¦¢ � double Å � ¶ ±���� £¦�����bJ ���
±Ä©�� ©¯�²��� �»�¥¢¤���Ï©���FÝ�����ñ¢¤���Ó±���¨¿¢¾�§��� � ��¨½ ��³£¦�çÅ
� �³£³�à�»�â�º���À©µ±¬���¾©¯�Ã±³��©¯�»�ª�³��Á«� 
 �»¨¿¢¾�§��¨ �³�¤�ï�º���ï¶ç���»�ª��¸È�°��Á ¶Ä��� ±¬�������ß¶���£ ����� DÌ�»��Áó±³�¡ ¬��±

� � �¡©¯���î���¤�®� D¥�³£À�º����±���¨¿¢¾�§� � � ��¨  ³�³£¦� 

// 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,



� ����� ��	������������ �
��� � \ ���

std::complex <double >& s1,

std::complex <double >& s2,

std::complex <double >& s3);

� £¬����� ©¿¢¤£³��ÁÌ£�©�¨ �º��©¯�ò���¬�³�º��J ��� £ò¶Ä��� ±¬������� Å � ��£ ���µ©�¨¿¢¾�§��� JÚ��� ¨½©�J �Ä�¡ ¦�³���»���������º���
���������������¤� £³�¬��� £¬� �IF  KJ �º��� ©« ³� Dô�ß¶���� ±³���î��� �»�¤��� ax3 + bx2 + cx + d = 0 ©���F ±¬����±�

¸È���¬�º���³£ß�º��� ���¦¢¤£³�³�³���î��� �»��Fµ�Ä�IF �XDô©¯���¡©¯���³����� HÄ©¬¢«¢¤£³� �¯�°¨½©¯���¬� J M 
 �³£��¥Å

Hint: 
 ��� � ��Fó�º����� �Ä±��¬���ç©�£KJ �º���Ä��£KJ ����Fµ�³£ �º��� 
ô�XJ¯¸Ó��£ F �¹ÐçÍÂèÚÐ�ØµÊ � Ò¹Ô×ÊÌÍÂÞ¿Öµá×Ð Å
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4.3 Classes

� �¬�ò¨ �����¬�»� JÚ��� �º�¥�»�à�»� ±³�§�����°��Á
� 
�� ��¸ ¸Ó� ¨ �°Á��«�ò�����³¨ �»¨¿¢ �����°��Á
� ���·��£¬���³�ò¨½� � ¶à¸Ó� �XD¥�³£ß������¸ �»��J ��� £À���Ä±¬���î���
�ë�³�­���XD¥� ¨½���»�º�È¶ç��£ JÚ����£ ��¸È� ¢¤£³������±³���î���

� �»�»� � ¨��»�º� � � �³� �»� � �ª©µ±�
 H 
 � � � M

�Õ�¥��� ���Ä±¬���î��� �°�¤��£³� F�� ±Ä�¬���º��� ±���� ±Ä�î¢¾�Ý�Â¶ ±¬�ª©¯�����¬� ©¯� ©��ð��� ���³�¤������� �Â¶ �º���
�³��£¬�¡±¬�·±Ä��� ±��î¢¾��¶Ä£³��¨ � �Ä±¬���î��� � Å 
¥Å 
 ��� ¸È�»�»� �ª�Ä©�£¬� ©« �������F«©¯�î©��³� ±Ä©¬¢¾�����ª©¯�������
©¯� © F��»�³���»��Á�� ���³�¥�°��Á�¶ç�Ä©¯��� £³���Â¶ ±¬�×©¯�³���¬�ÑÅ �Õ�¥���à¶��´©¯����£³�Ý¨ ©�
ô�¬�½� JÑ¢ �½�»¨¿¢¾�§���
¨½�³�¤�î©¯���î���¤� ¨ ��£³�½�ç©ä¶ç� ©���F � � �¯�� ¦�ª��Å 
 ��� ¸¹�»�»� � £¦�³�¿�§�´©�£¬� ±¬�×©¯�³���³� ¶ç�Ä©¯��� £³�
 KJ ¶ç�Ä©¯����£�� ¶���£½£�©¯���î��� ©¯� � � ¨½ ³��£¦� ��©���F �º���³� ����� ��¸Ï� ±���¨�¢¾�ª�¬��� ±³�ª©¯�³�ç�¬� �°�
±Ä��� � ��±¬������� ¸È�»�º� £�©���Fµ��¨ � ��¨  ³�³£ÀÁ¥�³� �³£�©¯������� Å

4.3.1 Encapsulation
ê�Ø½Ë�ÇÚÉàÎµÍÂÉ UôÛÜÊ�ÖµÒ Ë æ¹Ê Ò�É�Ù�ËÂÛÜÊ�ØµÒ³í�æ¹É ÇÚÐXU�É¿èµÉ YÚØµÉ³è Ð®ØµÉ�æ Ò�Ë�ÍÂÖµÙ�Ë Ë ìôÎ É

rational
æ·ÇµÊ�Ò�ÉZUÌÐçáÜÖµÉ

ÍäÐ�Øµå�É¹ÞßÊôèµÉ³áñÒ ËÂÇµÉÈÞ®ÐÑËÂÇµÉ³Þ®ÐçËÂÛÜÙ³Ð�á¯Ë ì Î É�� ^»ËÂÇµÉ¹Ò�É�ËÕÊ�Ô ÍäÐÑËÂÛÜÊ�ØÚÐ�á¥Ø ÖÚÞ�_ É�Í�Ò `Äí�Ð�Øµè æ¹É¹ÇÚÐXU�ÉòÒ�ÇµÊ¦æ Ø
ÇµÊÑæ ÛñË¹Ù¬Ð�Ø _ ÉÓÉXWôÖµÛñÎµÎ É³è®æ Û²ËÂÇ®Ò�Ê�ÞßÉ ÖµÒ�É³Ô×Öµá¤Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì ^ºÐçÍÂÛñË�ÇÚÞßÉÄËÂÛÜÙòÐ�Øµè ÍÂÉ³áÜÐçËÂÛÜÊ�ØÚÐ�áÚÊÌÎ É�ÍäÐ �
ËÂÊÌÍÂÒ�íÚÛñØµÎÚÖ«ËòÐ�Øµè�Ê�Ö«Ë�ÎÚÖ«ËG`Äé

Æ Ê�ÞßÊÌË�ÛVUÌÐÑËÂÉëËÂÇµÉ¿ËîÍäÐ�ØµÒ�ÛñËÂÛñÊ�Ø½ÔÜÍÂÊ�Þ ÒîË�Í�ÖÚÙÄËÂÒÏË�Ê�Ù³á×ÐçÒ�Ò�É³ÒãÛÜØ½ËÂÇµÛÜÒÏÒ�É³ÙÄËÂÛÜÊ�Ø ^�Ð�ØµèÝÛÜØ½Î ÐçÍîËÂÛÜÙ³Öµá×ÐçÍ
ËÂÇµÉÀÐçÒîÎ É³Ù�ËëÊ�Ô É³ØµÙ¬ÐçÎÚÒ�Öµá×ÐçË�ÛÜÊ�Ø `Äí¤áÜÉ�ËëÖµÒãÒîËäÐçÍ�ËâÊ ��æ·ÛñËÂÇÝÐ®ËÂÇµÊ�Öµå�Ç ËëÉGP¥Î É�Í�ÛÜÞßÉ³Ø Ë³é " Ö«ÎµÎ Ê�Ò�É ì�Ê�Ö
ÇÚÐXU�ÉÀÎ Ö«ËàËÂÇµÉßÒîËîÍÂÖµÙ�Ë

rational
Ð�Øµè�Ð�áñáÕËÂÇµÉÀÔ×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áñÛñË ì½ËÂÇÚÐçËâæ¹ÉßÇ ÐXU�ÉßèµÉ U�É³áñÊÌÎ É³è ÛÜØ ËÂÊóÐ

ØµÛÜÙ³É®áÜÛV_µÍäÐÑÍ�ì�é ê�Ø ��P«É�Í�Ù³ÛÜÒ�É
??

ì�Ê�Ö�ÇÚÐXU�É Ð�Ù�ËÂÖÚÐ�áÜá²ìÝèµÊ�ØµÉÀËÂÇµÛÜÒ³í Ô×ÊÌÍ ËÂÇµÉ
U�ÉÄÍ�ì _�ÐçÒ�ÛÜÙLU�É�ÍÂÒîÛÜÊ�Ø�Ê�Ô
ËÂÇµÉ Ë ìôÎ�É

rational
ÔÜÍ�Ê�Þ � Í�Ê�åÌÍäÐ�Þ � � ÐçØÚè � ÍÂÊ�åÌÍäÐ�Þ ��� é O Ê¦æ ì�Ê�Ö ÇÚÐXU�ÉßÒ�Ê�áÜè ËÂÇµÉÀáÜÛ _ÚÍÂÐçÍ�ì

ËÂÊ Ð¿Ù³ÖµÒîË�Ê�ÞßÉ�Í �«áÜÉ�Ë � Ò¹Ù¬Ð�áÜá¤ÛñË � �ÕÆ ^ � ©¯������� ©¯� ���¥�°� 
��»��Á �Â� ±�Å `´é � �ÕÆ ÛñÒòÛÜØµÛñË�Û×Ð�áÜáñì�ÇÚÐçÎµÎôì®æ Û²ËÂÇ
ËÂÇµÉ¿Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì�Ë�Ç ÐÑËÏË�ÇÚÉ¿áÜÛV_µÍäÐÑÍ�ìóÎµÍÂÊ�U¥ÛÜèµÉ³Ò³í¾Ð�Øµè½ÒîËäÐçÍ�Ë�ÒÏæ¹ÊÌÍ ]ôÛÜØµåßæ ÛñËÂÇ ÛñË¬é ��Ö«ËÓËÂÇµÉ³ØÝÒîÊ�ÞßÉ
ÖµØ«Î áñÉ¬Ð�ÒÂÐ�Ø¯ËÈÛÜÒ�Ò�ÖµÉ³ÒòÙ³Ê�ÞßÉÓÖµÎ¾é

Issue 1: Initialization is cumbersome.
" Ê�ÞßÉ Ù³Ê èµÉßèÚÉIU�É³áÜÊÌÎ É³è ÐÑË � �ÃÆ ØµÉ³É³èµÒëËÂÊ ÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É Ð

ØµÉ�æ U�ÐçÍÂÛ×Ð _ÚáÜÉ
r
æ Û²ËÂÇ ËÂÇµÉ ÍÂÐçËÂÛÜÊ�ØÚÐ�á¡ØôÖµÞb_�É�Í

1/2
�¤Ô×ÊÌÍÓËÂÇµÛÜÒ³í�ËÂÇµÉàÎµÍÂÊ�åÌÍäÐ�ÞßÞßÉ�Í·ÛÜØ Ù´ÇÚÐçÍ�å�É¿Þ¿ÖµÒîË

æ·Í�ÛñËÂÉ
rational r; // default -initialization of r

r.n = 1; // assignment to data member

r.d = 2; // assignment to data memberÆ¹ÇÚÉÏèµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø
rational r

èµÉ³ÔªÐ�ÖµáñË���ÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É³Ò
r
í�_ Ö«Ë¹ËÂÇµÉãÐ�Ù�ËÂÖÚÐ�á U�Ð�áÜÖµÉÏÊ�Ô

r
Þ¿ÖµÒîËR_ ÉÓÎµÍÂÊ �

U¥ÛñèÚÉ�èÀËÂÇ«ÍÂÊ�Öµå�Ç ��¸Ó� ÐçÒ�Ò�ÛÜå�ØµÞßÉ³Ø¯ËÂÒ á×ÐçËÂÉ�Í³é � �ÃÆ�ËÂÉ³áÜáµì�Ê�ÖÀËÂÇÚÐçËÃËÂÇµÉ�ì æ¹Ê�ÖµáÜè¿ÎµÍÂÉ³Ô×É�ÍïËÂÊãÛÜØµÛñËÂÛ×ÐçáÜÛ
�³É
rÔÜÍÂÊ�Þ ËÂÇµÉëØôÖµÞßÉ�ÍäÐÑËÂÊÌÍòÐ�Øµè èÚÉ�ØÚÊ�ÞßÛñØ ÐÑËÂÊÌÍÈÛÜØóÊ�ØµÉëå�Ê«í Ð�Øµèóì�Ê�Ö Í�É¬Ð�áÜÛ
��ÉÏËÂÇÚÐçËòËÂÇµÉ�ì Ç ÐXU�ÉàÐ Î Ê�ÛÜØ¯Ë



� ��� � � � �
� ��� � \ � �
ÇµÉ�ÍÂÉÌé ê�ØµèÚÉ�É³è¤íÕÛÜÔ¹ËÂÇµÉÀÎµÍÂÊ�åÌÍäÐ�ÞßÞßÉÄÍàÐçË � �ÕÆ Ô×ÊÌÍÂå�É�ËÂÒ Ê�ØµÉ®Ê�ÔÈË�ÇÚÉ Ð�ÒîÒ�ÛÜå�ØµÞßÉ³Ø Ë�Ò³í

r
ÇÚÐ�Ò ÖµØµèµÉ �

YÚØµÉ³è U�Ð�áÜÖµÉb^ºÐ�Øµè ì�Ê�Öóå�ÉÄËòËÂÊ¿ÇÚÐ�ØµèµáÜÉ ËÂÇµÉ
_ÚÖµå�Í�É�Î ÊÌÍ�ËÂÒ `ÄéÃê�Ô¡ËÂÇµÉÏÒîË�ÍÂÖµÙ�ËòÛÜÒ¹á×ÐçÍÂå�ÉÄÍ ^»Ù³Ê�ØµÒ�ÛÜèµÉ�Í¹ËÂÇµÉ
ÉIP«Ð�ÞÀÎÚáÜÉ Ê�Ô

rational_vector_3
Ê�Ø Î Ð�å�É \ ��� `Äí¥ËÂÇµÉãÎµÍÂÊ _ÚáÜÉ�Þ ÛÜÒ·ÐçÞÀÎ áñÛVYÚÉ³è¤é

Issue 2: Invariants cannot be guaranteed.
� Ø ì®áÜÉ�å�Ð�á UÌÐçáÜÖµÉÏÊ�Ô¤ËÂÇµÉÓË ì Î É

rational
Þ¿ÖµÒîËÈÇ ÐXU�É

Ð ØµÊ�Ø���É�ÍÂÊ èÚÉ�ØÚÊ�ÞßÛñØ ÐÑËÂÊÌÍ¬é � Ê�Ö ÇÚÐXU�É®ÒîËÂÛñÎÚÖµá×ÐçËÂÉ�è Ë�ÇÚÛñÒ�ÐçÒ�ÐçØ�ÛÜØ UÌÐçÍ�Û×Ð�Ø ËëÛÜØ � ÍÂÊ�åÌÍäÐçÞ � � í _ÚÖ«Ë
ËÂÇµÉ�ÍÂÉÏÛÜÒÈØµÊ�æÈÐ³ì Ê�Ô É³ØµÔ×ÊÌÍÂÙ³ÛÜØµå ËÂÇµÛÜÒÈÛÜØ U�ÐçÍÂÛ×ÐçØ Ë¬é ê»ËòÛÜÒ¹Î Ê�Ò�Ò�ÛV_ÚáÜÉÓÔ×ÊÌÍ·Ð�Ø ì�Ê�ØµÉÏËÂÊ¿æòÍÂÛñËÂÉ
rational r;

r.n = 1;

r.d = 0;Ð�ØµèßËÂÇôÖµÒ UôÛÜÊ�á×ÐçË�ÉÈËÂÇµÉ �°�¤����Á�£¬�»� J Ê�Ô ËÂÇµÉ·Ë ìôÎ�ÉÌí ËÂÇµÉ Ù³ÊÌÍîÍÂÉ³Ù�ËÂØµÉ³ÒîÒïÊ�Ô�ËÂÇµÉ ÛÜØ ËÂÉÄÍÂØÚÐ�áÚÍ�É�ÎµÍÂÉ³Ò�É³Ø¯ËäÐçËÂÛñÊ�Ø¾é
� Ê�Ö ÞßÛñå�Ç Ë ÐÑÍÂå�ÖµÉëËÂÇÚÐçË ÛñË æ¹Ê�ÖµáÜè _�É WôÖµÛñËÂÉëÒ�ËÂÖ«Î Ûñè Ë�Ê®æòÍÂÛñËÂÉ

r.d = 0
í¤Ð�Øµè ÉIU�É³Ø½ËÂÇµÉëÎµÍÂÊ �

åÌÍäÐ�ÞßÞßÉÄÍ¹ÐçË � �ÃÆ Ù¬Ð�Ø�� Ë�_ ÉÓËÂÇÚÐçËòÒîËÂÖ«ÎÚÛÜè¤é ��Ö«ËòÛÜØ � �ÃÆ � ÒÈÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�Ø¤í ËÂÇµÉ
UÌÐçáÜÖµÉ³Ò·Ê�Ô ÍÂÐçËÂÛÜÊ�ØÚÐ�á
ØôÖµÞ�_ É�ÍÂÒ®ÐÑÍÂÛÜÒ�É ÔÜÍÂÊ�Þ Ù�Ê�ÞÀÎ áñÛÜÙ¬ÐçËÂÉ�è Ù³Ê�ÞÀÎÚÖµËÂÐçËÂÛÜÊ�ØµÒ¿Ò�Ê�ÞßÉ�æ ÇµÉ�Í�É É³áÜÒ�É ÛÜØ ËÂÇµÉ ÎµÍÂÊ�åÌÍäÐ�Þ �·Ë�ÇÚÉ�Ò�É
Ù³Ê�ÞÀÎÚÖ«ËäÐçËÂÛñÊ�ØÚÒ Þ®Ð¬ìâÍÂÉ³Ò�ÖµáñËÕÛÜØÀÐ �³É�Í�ÊâèµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍ ÒîÛÜÞÀÎÚáñì _ ì�ÞßÛñÒîËäÐ ]�ÉÌí�ÐçØÚè ÛÜØÀÐ�áñáÜÊÑæ·ÛÜØµå�U�Ð�áÜÖµÉ
0
Ë�Ê _ É ÐçÒ�Ò�ÛÜå�ØµÉ³èÀËÂÊ

r.d
í�ËÂÇµÉ ÞßÛÜÒîËäÐ ]�ÉÈÔ×Ö«Í�Ë�ÇÚÉÄÍ ÎµÍÂÊÌÎ Ð�å�ÐçËÂÉ³ÒÃÛÜØµÒîËÂÉ³Ð�èÀÊ�Ô _ É³ÛñØÚåÏæ ÛñË�ÇÚè«ÍäÐ³æ·Ø ÔÜÍÂÊ�Þ

Ù³ÛñÍ�Ù³Öµá×ÐçËÂÛÜÊ�Ø ^ºÐ�å�ÐçÛÜØ¤íôì�Ê�Öóå�É�ËÈËÂÊ ÇÚÐ�ØµèµáÜÉ ËÂÇµÉ
_ Öµå¿ÍÂÉ�Î ÊÌÍ�Ë�Ò `Äé
� Ê�Ö Ë�ÇÚÛñØa]âÐ _ Ê�Ö«Ë ÇÚÊ¦æ _�ÊÌËÂÇàÛÜÒ�Ò�ÖµÉ³Ò Ù�Ê�ÖÚáñèZ_ É¹Ð�èµè«ÍÂÉ³Ò�Ò�É�è¿ÛñØ Ë�ÇÚÉ�ØÚÉGP¥Ë ÍÂÉ�áÜÉ¬Ð�Ò�ÉïÊ�Ô¥Ë�ÇÚÉ ÍÂÐçËÂÛÜÊ�ØÚÐ�á

ØôÖµÞ�_ É�ÍÂÒ®áÜÛ _ÚÍÂÐçÍ�ì�íòÐ�Øµè ì�Ê�Ö Ù³Ê�ÞßÉ Ö«Î æ·ÛñËÂÇ ËÂÇµÉ½Ô×Ê�áÜáñÊÑæ·ÛÜØµå Ò�Ê�áÜÖ«ËÂÛÜÊ�Ø � � Ò Ð�ØµÊÌËÂÇµÉ�Í®ÎÚÛÜÉ³Ù³É Ê�Ô
Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ì Ê�ØÝË�ÇÚÉ¿Ë ìôÎ É

rational
í¡ì�Ê�Ö èÚÉIY ØµÉ Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ë�Ç ÐÑËëÙ�ÍÂÉ³ÐçËÂÉ³ÒàÐ
UÌÐçáÜÖµÉ�Ê�Ô Ë ìôÎ�É

rational
ÔÜÍÂÊ�Þ Ë æ¹Ê U�Ð�áÜÖµÉ³ÒÈÊ�Ô Ë ìôÎ É

int
é

// PRE: d != 0

// POST: return value is n/d

rational create_rational (int n, int d) {

// somehow check here that d != 0

rational result;

result.n = n;

result.d = d;

return result;

}
� Ê�ÖóËÂÇµÉ³Ø Ð�è U¥ÛñÒ�É � �ÃÆ ËÂÊßÖµÒ�ÉãËÂÇµÛÜÒ·Ô×ÖµØµÙ�ËÂÛÜÊ�Øóæ·ÇµÉ³ØµÉ U�É�Í ËÂÇµÉ�ì æÈÐ�Ø ËòËÂÊÀÛÜØµÛñË�Û×Ð�áÜÛ
��É ÊÌÍ Ð�Ò�ÒîÛÜå�ØóËÂÊ
ÐàÍäÐçËÂÛÜÊ�ØÚÐ�á�ØôÖµÞb_�É�Í¬é [ ÊÌÍ·ÉIP«Ð�ÞÀÎÚáÜÉÌí
rational r = create_rational (1, 2);æ¹Ê�ÖµáÜè�ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É

r
æ ÛñËÂÇ

1/2
ÛÜØ�Ê�ØµÉÏå�Ê«íµÐ�ØµèóÐçËÈËÂÇµÉÓÒÂÐ�ÞßÉ ËÂÛÜÞßÉ Þ®Ð ]�ÉÓÒ�Ö«ÍÂÉÓËÂÇÚÐçË¹ËÂÇµÉÏèÚÉ�ØÚÊ�ÞßÛ �

ØÚÐçËÂÊÌÍÈÛÜÒÈØµÊ�Ø���É�ÍÂÊ«é
" ÖµÙ´ÇëÐ¹ÙÄÍÂÉ¬ÐçËÂÛñÊ�ØâÔ×ÖµØµÙ�ËÂÛÜÊ�ØÏÙ³É�Í�ËÂÐ�ÛÜØµáñì Þ®Ð ]�É�Ò¾ÒîÉ³ØµÒ�ÉÕÔ×ÊÌÍ¡ÒîË�Í�ÖÚÙÄËÂÒ¡ÛñØãå�É³ØµÉ�ÍÂÐ�á�í�_ Ö«Ë ËÂÇµÉ Ë æ¹ÊòÛÜÒîÒ�ÖµÉ³Ò

Ð _ Ê�U�É èµÊ�Ø�� ËÏÍÂÉ¬ÐçáÜáñì å�ÊóÐ³æÈÐ³ì�éßÆ¹ÇÚÉ¿ÍÂÉ¬Ð�ÒîÊ�Ø ÛÜÒãËÂÇÚÐçËÏËÂÇµÛÜÒÏÒÂÐ�Ô×ÉÀÙÄÍÂÉ¬ÐçËÂÛñÊ�ØÝÙ¬Ð�Ø _ É�Ù³ÛñÍÂÙ�ÖÚÞ�U�É³Ø¯ËÂÉ³è
_ôì ØµÊÌËÓÖµÒ�ÛÜØµå ÛñË¬éëê�Ø½ÔªÐ�Ù�Ë¬í ì�Ê�Ö«ÍãÐ�è U¥ÛÜÙ�É¿ÞßÛñå�Ç Ë ØµÊÌËÏÇÚÐKU�ÉàÍÂÉ³Ð�ÙäÇÚÉ�è ËÂÇµÉ¿ÎµÍÂÊ�åÌÍÂÐ�ÞßÞßÉ�Í ÐÑË � �ÃÆÏí
Ð�ØµèßÉ U�É³Ø ÛÜÔ ÛñËÕèµÛÜè¤í ËÂÇµÉÈÎÚÍ�Ê�åÌÍäÐ�ÞßÞßÉ�ÍÃÞßÛÜå�Ç¯Ë�_�É·ËÂÊôÊâá×Ð ��ì ^�ÊÌÍ ËÂÊ ÊëÒîËÂÖ _a_ ÊÌÍÂØ ` ËÂÊëÔ×Ê�áÜáÜÊ¦æ¼ÛñË¬é ê»Ë�ÛÜÒ
ËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉÓÒîËÂÛÜáÜáÚÎ Ê�Ò�Ò�Û _ áñÉòËÂÊàæ·Í�ÛñËÂÉ

rational r;
Ð�Øµè®Ô×ÊÌÍÂå�É�ËòÐ _�Ê�Ö«ËïèÚÐçËäÐâÞßÉ³Þ�_ É�Í�Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë¬í



\ � � ����������� � � � ����� ��������� ��	�� � �
Ð�Øµè ÛñËïÛÜÒïÒîË�ÛÜáÜá�Î Ê�ÒîÒ�ÛV_ÚáÜÉ·ËÂÊ¿Ð�ÒîÒ�ÛÜå�Ø

0
ËÂÊ

r.d
é ��É³ÇµÛÜØµè Ë�ÇÚÛñÒ áÜÛÜÉ³ÒïÛñØ ÔªÐ�ÙÄËÈÐëÞ�ÖµÙäÇ áÜÐçÍÂå�É�ÍïÎµÍÂÊ _ÚáÜÉ³Þ í

Ð�Ò¹ì�Ê�Ö èµÛÜÒ�Ù³Ê�U�É�ÍòØÚÉGP¥Ë¬é

Issue 3: The internal representation cannot be changed.
� ÔÜËÂÉ�ÍóÇ ÐXUôÛÜØµå ÖµÒ�É³è ËÂÇµÉ ÍäÐçË�ÛÜÊ�ØÚÐ�á

ØôÖµÞ�_ É�ÍÂÒïáñÛV_µÍäÐçÍ�ì Ô×ÊÌÍ·Ò�Ê�ÞßÉ Ë�ÛÜÞßÉÌí � �ÃÆ ÐçÎµÎµÍÂÊ�Ð�ÙäÇµÉ³Òïì�Ê�Ö æ·ÛñËÂÇ ÐâÍÂÉXW ÖÚÉ�ÒîË·Ô×ÊÌÍòÐZU�É�ÍÂÒîÛÜÊ�Ø æ·ÛñËÂÇ Ð
á×ÐçÍ�å�É�ÍTU�Ð�áÜÖµÉ�ÍäÐçØÚå�É�íÌÒ�ÛÜØµÙ³É�Ë�ÇÚÉÄìàÇÚÐKU�É�Ê _ ÒîÉ�Í U�É³è ËÂÇÚÐçË ÛÜØ¯ËÂÉ�ÍÂÞßÉ�èÚÛÜÐçËÂÉ UÌÐçáÜÖµÉ³Ò Ò�Ê�ÞßÉ�Ë�ÛÜÞßÉ³Ò¤Ê U�ÉÄÍ QÚÊÑæâé

� Ê�Ö�ÍÂÉ³Ù³Ð�áÜáôËÂÇµÉ¹Ë ìôÎ É
extended_int

ÔÜÍÂÊ�Þ � Ð�å�É \ ��� Ð�Øµè�ÍÂÉ³Ð�áÜÛ
�³É Ë�Ç ÐÑËÕÊ�ØµÉïËÂÇµÛÜØµå ì�Ê�Ö Ù³Ê�ÖµáÜè
É¬Ð�ÒîÛÜáñì èµÊãÛñÒÃËÂÊÏÙäÇÚÐ�Øµå�ÉÈËÂÇµÉ¹Ë ìôÎ ÉÈÊ�Ô�Ø ÖÚÞßÉÄÍäÐçËÂÊÌÍÕÐ�Øµè èµÉ³ØµÊ�ÞßÛÜØÚÐçË�ÊÌÍ ÔÜÍÂÊ�Þ

int
ËÂÊ

unsigned intÐ�Øµè ÒîËÂÊÌÍÂÉ ËÂÇµÉ Ò�Ûñå�Ø Ê�Ô ËÂÇµÉ ÍäÐÑËÂÛÜÊ�ØÚÐ�áÚØôÖµÞb_�É�ÍïÒ�É�Î ÐçÍÂÐçËÂÉ³áñìßÐ�Ò¹ÐâèÚÐçËäÐâÞßÉ�Þb_ ÉÄÍ Ê�Ô Ë ìôÎ É
bool

é Ô×ÊÌÍ
ÉIP«Ð�ÞÀÎÚáÜÉ áÜÛV]�ÉÓËÂÇµÛÜÒ �
struct rational {

unsigned int n; // absolute value of numerator

unsigned int d; // absolute value of denominator

bool is_negative; // sign of the rational number

};ê»ËòÛÜÒ·ÐçáÜÒ�Ê¿ØÚÊÌËÈËÂÊ Ê�ÇÚÐçÍÂè ËÂÊ�ÍÂÉÄæ·ÍÂÛñË�ÉÓË�ÇÚÉÏáÜÛV_µÍäÐÑÍ�ì YÚáÜÉ³Ò
rational.h

Ð�Øµè
rational.C

ËÂÊ�Í�É QÚÉ³Ù�Ë
ËÂÇµÛÜÒ¹ÙäÇÚÐ�Øµå�ÉâÛÜØ ÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËäÐçË�ÛÜÊ�Ø¤é
��Ö«Ë Ò�ÇµÊÌÍ�ËÂá²ìÀÐ�ÔÜË�É�Í ì�Ê�ÖßÇÚÐXU�É Ò�ÇµÛñÎµÎ É³èÀËÂÇµÉòØÚÉÄæ U�É�Í�Ò�ÛÜÊ�Ø®Ê�Ô�ì�Ê�Ö«ÍïáÜÛV_µÍäÐÑÍ�ì ËÂÊ � �ÃÆ ^»ì�Ê�Ö®ÇÚÐXU�É

É U�É³Ø�ÛÜØµÙ³áÜÖµèµÉ³è ËÂÇµÉ®ÒÂÐ�Ô×É Ù�ÍÂÉ³ÐçËÂÛÜÊ�Ø Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø
create_rational

ÔÜÍÂÊ�Þ Ð _ Ê�U�É ÛÜØ ËÂÇµÉ®ÇÚÊÌÎ�É®Ë�Ê
ÍÂÉ³ÒîÊ�áVU�ÉëÛÜÒ�ÒîÖÚÉ�Ò � Ð�Øµè \ Ð _ Ê�U�É�`Äíµì�Ê�Ö ÍÂÉ³Ù³É³Û U�É Ð�Ø Ð�ØµåÌÍ�ì Î ÇµÊ�ØµÉëÙ¬ÐçáÜá¡ÔÜÍ�Ê�Þ ËÂÇµÉâÞ®Ð�ØÚÐ�å�É�ÞßÉ³Ø ËÈÊ�Ô
� �ÃÆ ��ËÂÇµÉòÎµÍÂÊ�åÌÍäÐ�ÞßÞßÉÄÍ ÍÂÉ�Î ÊÌÍ�Ë�Ò�ËÂÇÚÐçË�Ð�áñËÂÇµÊ�Öµå�Ç ËÂÇµÉ ÐÑÎÚÎÚáÜÛñÙ¬ÐçËÂÛÜÊ�Ø¿Ù³Ê èÚÉòÒîËÂÛÜáñáÚÙ�Ê�ÞÀÎ ÛñáÜÉ³Ò æ ÛñË�Ç ËÂÇµÉ
ØµÉ�æ U�É�ÍÂÒ�ÛñÊ�ØóÊ�Ô¡ËÂÇµÉãáÜÛV_µÍäÐçÍ�ì�í � ���º�¥�»��Á æ¹ÊÌÍ ]¥Ò·Ð�Ø ìôÞßÊÌÍÂÉ �� ÔÜËÂÉ�Í®ËäÐ ]¥ÛÜØµå Ð W ÖÚÛñÙ ] áÜÊôÊ ] ÐçËßËÂÇµÉ ÐçÎµÎÚáÜÛÜÙ¬ÐçË�ÛÜÊ�Ø Ù³Ê èÚÉ�íÈì�Ê�Ö¼Ò�ÖµèµèÚÉ�ØÚá²ì ÍÂÉ¬Ð�áñÛ
�³É�æ·Ç ÐÑËÀËÂÇµÉ
ÎµÍÂÊ _ÚáÜÉ³Þ ÛñÒ � ËÂÇµÉÓÙ³ÊôèµÉ ÛÜÒïÙ³áñÖµËîËÂÉ�ÍÂÉ³è®Ö«Î æ ÛñËÂÇ®ÉIPôÎµÍÂÉ³Ò�Ò�ÛñÊ�ØÚÒ¹Ê�Ô ËÂÇµÉÓÔ×ÊÌÍÂÞ ������	

.n
Ð�Øµè �����
	

.d
í«Ð�Ò

ÛÜØ
rational r;

r.n = 1;

r.d = 2;
� áñÍ�É¬Ð�è«ì®ËÂÇµÛÜÒÈÎ ÐçÍîËÂÛÜÙ³Öµá×ÐçÍ¹ÎÚÛÜÉ³Ù�ÉâÊ�Ô Ù³Ê èÚÉãèµÊôÉ³ÒòØÚÊÌËòæ¹ÊÌÍ ]�Ð�Ø ìôÞßÊÌÍÂÉ �ÕÐ¿ÍäÐçË�ÛÜÊ�ØÚÐ�á¤ØôÖµÞb_�É�Í·ÛñÒ·ØµÊÑæ
ÍÂÉ�ÎµÍÂÉ�Ò�É³Ø Ë�É³è _ôì �º�¥£³�Ä� èÚÐçËäÐÀÞßÉ�Þb_ ÉÄÍÂÒ³í _ÚÖ«ËãË�ÇÚÉ
^�Ê�áñè ` ÐÑÎÚÎÚáÜÛñÙ¬ÐçËÂÛÜÊ�Ø Ù�ÊôèµÉ�Ê _ U¥ÛÜÊ�ÖµÒ�á²ì èµÊôÉ³ÒÏØµÊÌË
ÛÜØµÛñËÂÛÜÐ�áÜÛ
�³ÉÀË�ÇÚÉ ^�ØµÉ�æ
`àÞßÉ³Þ�_ É�Í¿Ê�Ô Ë ìôÎ É

bool
é O Ê¦æðì�Ê�Ö Í�É³åÌÍÂÉ�ËßØµÊÌË¿ËÂÊÝÇÚÐXU�É�ÎµÍÂÊ�U¥ÛÜèµÉ³è ËÂÇµÉ

create_rational
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�ÛÜØ ËÂÇµÉ
YµÍÂÒîËÈÎ áÜÐ�Ù³É �«ÛÜØµèµÉ³É³è¤í«ËÂÇµÉÏÒîËäÐçËÂÉ�ÞßÉ³Ø Ë

rational r = create_rational (1, 2);æ¹Ê�ÖµáÜè Ò�ËÂÛÜáÜá¥æ¹ÊÌÍ ]�íôÐçÒ�Ò�ÖµÞßÛÜØµå ËÂÇÚÐçË ì�Ê�ÖÀÇÚÐKU�ÉòÙ³ÊÌÍ�ÍÂÉ�Ù�ËÂáñì�Ð�èÚÐçÎµËÂÉ³è�ËÂÇµÉòèµÉ YÚØµÛñËÂÛÜÊ�Ø¿Ê�Ô�ËÂÇµÉÈÔ×ÖµØÚÙÄËÂÛÜÊ�Ø
create_rational

Ë�Ê èµÉ¬Ðçá æ ÛñËÂÇ ËÂÇµÉàØµÉ�æ ÍÂÉÄÎÚÍ�É³Ò�É³Ø¯ËäÐçËÂÛÜÊ�Ø¤é ��Ö«Ë ËÂÇµÉàÎÚÍ�Ê _ áñÉ³Þ ÛÜÒÓÞ¿ÖÚÙäÇ ÞßÊÌÍÂÉ
ÔªÐçÍ��»ÍÂÉ¬Ð�ÙäÇµÛÜØµåàÐ�ØµèÀÞ®ÐçØÚÛñÔ×É³ÒîËÂÒÃÛñËÂÒ�É�áÜÔ�ÛÜØ É¬Ð�ÙäÇ®Ð�ØµèÀÉ U�É�ÍîìÀÊôÙ�Ù³Ö«Í�ÍÂÉ³ØµÙ³É Ê�Ô �����
	

.n
ÊÌÍ �����
	

.d
ÛÜØ ËÂÇµÉ

ÐçÎµÎÚáÜÛÜÙ¬ÐÑËÂÛÜÊ�ØßÙ³Ê èÚÉ�í«Ò�ÛÜØµÙ³É ËÂÇµÉÓè ÐÑËäÐëÞßÉ³Þ�_ É�ÍÂÒ ÇÚÐXU�ÉÓÙäÇ ÐçØÚå�É�è ËÂÇµÉ³ÛñÍ¹ÞßÉ³Ð�ØµÛÜØµå ^»ËÂÇµÉ�ì®ÞßÛÜå�Ç¯Ë É U�É³Ø
ÇÚÐXU�ÉëÙäÇ ÐçØÚå�É�èóËÂÇµÉ³ÛñÍòØ ÐçÞßÉ³Ò ` �ÃÛÜØóáÜÉÄË�ËÂÛÜØµå � �ÃÆ Ð�Ù³Ù³É�Ò�Ò ØôÖµÞßÉ�ÍÂÐçËÂÊÌÍòÐ�Øµè èµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍïËÂÇ«ÍÂÊ�Öµå�Ç
èÚÐçËäÐïÞßÉ³Þ�_ É�ÍÂÒ ËÂÇÚÐçË¡ÐçÍ�É�ÒîÎ É�Ù³ÛVYÚÙÃË�Ê Ð¹Ù³É�Í�ËäÐçÛÜØãÍÂÉÄÎÚÍ�É³Ò�É³Ø¯ËäÐçËÂÛÜÊ�Ø¤íÑì�Ê�ÖàÐçÍÂÉÕØÚÊ¦æ Ù³Ê�ÞßÞßÛñËîËÂÉ³è ËÂÊòË�Ç ÐÑË
ÍÂÉ�ÎµÍÂÉ�Ò�É³Ø ËÂÐçËÂÛÜÊ�Ø¤í Ð�Øµè ì�Ê�Ö Ù¬Ð�Ø�� ËëÙ´ÇÚÐ�Øµå�ÉÀÛ²Ëâæ Û²ËÂÇµÊ�ÖµËâÐ�Ò ]ôÛÜØµå � �ÃÆ ËÂÊ ÙäÇÚÐ�Øµå�ÉÀÛñËÂÒâÐçÎµÎ áñÛÜÙ¬ÐçËÂÛñÊ�Ø
Ù³Ê èÚÉãÐ�Ò¹æ¹É³áÜá�^»æ·ÇÚÛñÙ´Ç ËÂÇµÉ�ì®æ ÛÜáñá�ÍÂÉ³Ô×ÖµÒ�ÉÌíÚÊ�Ô Ù³Ê�Ö«ÍÂÒîÉ�`Äé
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S¼ÇÚÉ�Ø ËÂÇµÉ � �ÃÆ Þ®Ð�ØÚÐ�å�É³ÞßÉ³Ø¯Ë·ÍÂÉ³Ð�áÜÛ
�³É�ÒÏËÂÇÚÐçË Ë�ÇÚÉ¿ØµÉ�æ ÍäÐçËÂÛñÊ�Ø Ðçá ØôÖµÞ�_ É�ÍÂÒ æ·ÛñËÂÇ ÉGP¥ËÂÉ³ØµèµÉ³è

U�Ð�áÜÖµÉ ÍäÐ�Øµå�ÉÓÐçÍÂÉ ÖµÒ�É�áÜÉ³Ò�Ò¹Ô×ÊÌÍïËÂÇµÉ³Þ í¯ËÂÇµÉ�ìÀËÂÉ�Í�ÞßÛÜØÚÐçËÂÉòË�ÇÚÉ Ù�Ê�Ø Ë�ÍäÐçÙ�Ëïæ ÛñË�ÇÀì�Ê�Ö¾é � ÛÜÒÂÐÑÎÚÎ�Ê�ÛÜØ ËÂÉ�è®Ð�Ò
ì�Ê�Ö�ÐçÍÂÉÌíÌì�Ê�Ö¿ÒîËÂÛÜáñá¯ÍÂÉ³Ð�áÜÛ
�³ÉÕËÂÇÚÐçË æ ÇÚÐçË ì�Ê�Ö�ØµÉ³É³è ËÂÊÓÐXU�Ê�ÛÜè Ò�ÖµÙäÇ�Ë�Í�Ê�Öa_ÚáÜÉ�Ò ÛÜØàËÂÇµÉ Ô×Ö«ËÂÖ«ÍÂÉ¹ÛÜÒ �³� ±´©¬¢ �
�����ª©¯������� � Ð¿ÞßÉ³ÙäÇ ÐçØÚÛñÒ�Þ ËÂÇÚÐçË �¥� Fµ�¬� ËÂÇµÉâÐçÙ�ËÂÖÚÐ�á¤ÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËäÐçË�ÛÜÊ�ØóÊ�Ô ËÂÇµÉÏË ì Î É

rational
ÔÜÍ�Ê�Þ

ËÂÇµÉ�Ù�ÖÚÒ�ËÂÊ�ÞßÉ�Í¬íïÐçØÚè¼ÐçË�ËÂÇµÉ�ÒÂÐçÞßÉ ËÂÛñÞßÉ Ê ��É�ÍÂÒ ËÂÇµÉ Ù³ÖµÒîËÂÊ�ÞßÉ�Í £³�î¢¤£³�¬�ç�³�¤�î©¯���î��� � �»��Fµ�î¢ ����Fµ�³�¤�æÈÐ³ì¥ÒÈÊ�Ô æ¹ÊÌÍ ]ôÛÜØµå¿æ·ÛñËÂÇ®ÍäÐçËÂÛÜÊ�ØÚÐ�á Ø ÖµÞb_ ÉÄÍÂÒ³é
ê�Ø ����� í É³ØµÙ¬ÐÑÎ ÒîÖÚáÜÐçËÂÛÜÊ�ØÝÛñÒëÐXUÌÐçÛÜá×Ð _ÚáÜÉ ËÂÇ«ÍÂÊ�Öµå�Ç ËÂÇµÉÀÖµÒ�ÉÀÊ�Ô¹Ù³á×Ð�ÒîÒ�É³Ò³í Ð�ØµèÝæ¹ÉÀÒ�ËäÐçÍ�ËZ_ ìÝÉIP �

ÎÚá×Ð�ÛÜØµÛÜØµåàÇµÊ¦æ Ë�Ê ÇµÛÜèµÉ ËÂÇµÉÏÍÂÉÄÎÚÍ�É³Ò�É³Ø¯ËäÐçËÂÛÜÊ�Ø�Ê�Ô ÐàË ì Î ÉÏÔÜÍÂÊ�Þ Ë�ÇÚÉãÙ³ÖµÒîËÂÊ�ÞßÉ�Í³é �

4.3.2 Public and private
�·É�Í�ÉãÛÜÒòÐàÎÚÍ�É³áÜÛÜÞßÛÜØÚÐçÍîì

class
U�É�ÍÂÒ�ÛñÊ�ØóÊ�Ô

struct rational
ËÂÇÚÐçË¹ËäÐ ]�É�Ò·Ù¬ÐçÍ�ÉãÊ�Ô èÚÐçËÂÐ ÇµÛÜèµÛÜØµå«é

class rational {

private:

int n;

int d; // INV: d!= 0

};

ê�Ø ËÂÇµÉ ÒÂÐçÞßÉÝæÈÐ¬ì ÐçÒ Ð
struct

íàÐ
class

Ð�å�åÌÍÂÉ³å�ÐçË�É³Ò Ò�É U�É�ÍÂÐ�á èÚÛ ��É�ÍÂÉ�Ø Ë Ë ìôÎ É³Ò ÛÜØ¯ËÂÊ Ð
ØµÉ�æ Ë ì Î ÉÌíR_ÚÖµË�ËÂÇµÉ

class
]�É�ì æ¹ÊÌÍÂè ÛÜØµèµÛÜÙ¬ÐçËÂÉ�Ò�ËÂÇÚÐçË ©µ±�±��³�³�Ý£³�¬�³��£¬��±¬���î��� Þ®Ð³ì ÊôÙ³Ù³Ö«Í¬íïÍÂÉ³Ð�á �

Û
�³É�è�ËÂÇ«ÍÂÊ�Öµå�Ç ËÂÇµÉ
]�É�ìôæ¹ÊÌÍ�èÚÒ
public

Ð�Øµè
private

é
�ðèÚÐçËÂÐ ÞßÉ³Þ�_ É�Í ÛñÒ ¢¤�¾ ¦�­��± ÛÜÔ·Ð�Øµè Ê�Øµáñì ÛÜÔòÛñËÂÒ¿èÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�Ø ÐçÎµÎ É¬ÐçÍÂÒ¿Ò�Ê�ÞßÉ�æ·ÇµÉ�ÍÂÉ Ð�ÔÜËÂÉ�Í Ð

public:
Ò�Î É³Ù³ÛVYÚÉ�Í³í Ð�Øµè æ·ÛñËÂÇ½ØÚÊ

private:
ÒîÎ É³Ù�ÛVYÚÉ�ÍâÛñØ _ É�Ë æ¹É³É�Ø¾é ê»ËâÛñÒ ¢¤£¬� Dô©¯��� ÊÌËÂÇµÉ�Í�æ ÛñÒ�ÉÌéê�Ø Î ÐçÍ�Ë�ÛÜÙ³Öµá×ÐçÍ¬í�ÛÜÔÕËÂÇµÉ Ù³á×ÐçÒ�ÒãèµÉ YÚØµÛñËÂÛñÊ�Ø ^»Ò�É³É " É�Ù�ËÂÛÜÊ�Ø � é � é � _ É³áñÊÑæ Ô×ÊÌÍãËÂÇµÉàÎÚÍ�É³Ù³ÛÜÒ�É¿ÞßÉ¬Ð�ØµÛÜØµå®Ê�Ô

ËÂÇµÛÜÒâË�É�ÍÂÞ `ãÙ³Ê�Ø¯ËäÐ�ÛÜØµÒëØµÊ
public:

ÒîÎ É³Ù³Û Y ÉÄÍ¬í Ð�áÜá èÚÐçËÂÐ�ÞßÉ³Þ�_ É�ÍÂÒâÐçÍÂÉßÎµÍÂÛVU�ÐçËÂÉ _ ì èÚÉ�ÔªÐ�ÖµáñË¬é ê�Ø
Ù³Ê�Ø¯Ë�ÍäÐ�ÒîË³í Ð ÒîË�Í�ÖÚÙÄË·ÛÜÒÈÐ Ù³á×Ð�ÒîÒÈæ·ÇÚÉÄÍÂÉëÐ�áñá è ÐÑËäÐàÞßÉ³Þb_�É�ÍÂÒ¹ÐçÍÂÉÏÎÚÖa_ÚáÜÛñÙ�_ôì èÚÉ�ÔªÐ�ÖµáñË¬é �

ê�Ô¾ÐâèÚÐçËäÐãÞßÉ�Þb_ ÉÄÍ�ÛÜÒÕÎÚÍ�ÛVUÌÐÑËÂÉÌíôÛ²ËïÙ¬Ð�ØµØµÊÌË _ ÉÓÐçÙ³Ù³É³Ò�ÒîÉ³è _ ìßÙ³ÖµÒîËÂÊ�ÞßÉÄÍÂÒ�ËÂÇ«ÍÂÊ�Öµå�ÇÀËÂÇµÉ ÞßÉ³Þ�_ É�Í
Ð�Ù³Ù�É³Ò�ÒâÊÌÎ�É�ÍäÐçËÂÊÌÍ³é ê�Ô ÐßèÚÐçËäÐßÞßÉ³Þ�_ É�Í ÛÜÒÓÎÚÖ _ áñÛÜÙÌí�ËÂÇµÉ�ÍÂÉ�ÐçÍÂÉ ØµÊ�ÒîÖÚÙäÇ Í�É³ÒîË�ÍÂÛñÙ�ËÂÛÜÊ�ØµÒ³é �·ØµèµÉ�ÍÏÊ�Ö«Í
Ð _ Ê�U�ÉÏèÚÉIY ØµÛñË�ÛÜÊ�Ø Ê�Ô

class rational
íµË�ÇÚÉÏÔ×Ê�áÜáÜÊ¦æ ÛñØÚåàæ·ÛÜáÜá�ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉâØµÊÌËòÙ³Ê�ÞÀÎÚÛÜáÜÉ �

rational r;

r.n = 1; // error: n is private

r.d = 2; // error: d is private

int i = r.n; // error: n is private

ê�Ø Î�ÐÑÍ�ËÂÛÜÙ³Öµá×ÐÑÍ¬íÑË�ÇÚÉ¹ÐçÒ�Ò�ÛÜå�ØµÞßÉ³Ø¯Ë
r.d = 0

_ É³Ù³Ê�ÞßÉ�Ò ÛÜÞÀÎ Ê�Ò�ÒîÛV_ÚáÜÉ�^°æ ÇµÛÜÙäÇàÛÜÒ å�ÊôÊ è `Äí _ÚÖ«ËÃÐçË Ð ^°ËÂÊôÊ `
ÇµÛÜå�Ç ÎµÍÂÛÜÙ³É �¿ØµÊÑæ ì�Ê�Ö«Í Ù³ÖµÒîËÂÊ�ÞßÉ�ÍàÙ³Ð�ØµØÚÊÌËëèÚÊ ÐçØ ìôË�ÇÚÛñØÚåóæ·ÛñËÂÇ Ð ÍÂÐçËÂÛÜÊ�ØÚÐ�áÕØôÖµÞb_�É�Í¬í Ð�Øµè É U�É³Ø
ì�Ê�Ö®Ù¬Ð�ØµØµÊÌË ÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø Ë

operator+
íôÒ�Ð¬ì�íôÐ�ÒÕì�Ê�Ö®ÖµÒ�É³èßËÂÊâèÚÊàÛ²Ë�ÛÜØ � ÍÂÊ�åÌÍäÐçÞ ��� é�S¼ÇÚÐçË�æ¹É ÐÑÍÂÉ

ÒîËÂÛñáÜáµá×Ð�Ù ]¥ÛÜØµåãÛÜÒÕÒîÊ�ÞßÉÈæÈÐ³ì�Ê�Ô¤Ð�Ù³Ù³É³ÒîÒ�ÛÜØµåâËÂÇµÉ·É�ØÚÙ³ÐçÎÚÒ�Öµá×ÐçËÂÉ³è�ÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËäÐçË�ÛÜÊ�Ø¤é ÆÈÇµÛÜÒÕÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì
ÛÜÒ¹ÎµÍÂÊ UôÛÜèµÉ³è _ ìóÐ Ò�É³Ù�Ê�ØÚè�Ù¬ÐçËÂÉ³å�ÊÌÍîì Ê�Ô Ù³á×Ð�Ò�ÒÈÞßÉ³Þ�_ É�ÍÂÒ�í¥ØÚÐ�ÞßÉ³áñì ¨½�³¨½ ��³£ ¶Ä��� ±¬�������¤� é
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4.3.3 Member functions
� É�ËÃÖÚÒÃØµÊÑæ¼ÐçèÚè�ËÂÇµÉÈÞßÛñÒ�Ò�ÛÜØµå Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ìãËÂÊ

class rational
ËÂÇ«ÍÂÊ�Öµå�Ç ÞßÉ³Þ�_ É�Í Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ³é

ê»Ëâæ¹Ê�ÖµáÜè Ò�É³É³Þ ØÚÐçË�ÖµÍÂÐ�áÃË�ÊóÒîËäÐçÍîËâæ Û²ËÂÇÝÒÂÐ�Ô×É Ù�ÍÂÉ¬ÐçË�ÛÜÊ�Ø¤í"_ÚÖ«ËëÒ�ÛÜØµÙ³É�ËÂÇµÉ�ÍÂÉßÐçÍ�É ÒîÎ É�Ù³ÛVYÚÙ ÞßÉ³Þ�_ É�Í
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒàÍÂÉ³Ò�ÉÄÍ U�É³è Ô×ÊÌÍ ËÂÇµÛÜÒàÎÚÖµÍîÎ Ê�Ò�ÉÌíÃáÜÉ�Ë ÖµÒ�YÚÍ�ÒîË¿Ò�ÇµÊÑæ Ë æ¹Ê��îå�É³ØµÉ�ÍäÐ�á�	½ÞßÉ³Þ�_ É�ÍâÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
ËÂÇÚÐçË�åÌÍäÐ�Ø¯Ë ÒÂÐçÔ×ÉóÐ�Ù³Ù�É³Ò�Ò�Ë�Ê½ËÂÇµÉ�Ø ÖµÞßÉ�ÍäÐçËÂÊÌÍ�Ð�Øµè èµÉ³ØµÊ�ÞßÛÜØÚÐçË�ÊÌÍàÊ�Ô Ð ÍäÐçËÂÛÜÊ�ØÚÐ�áïØ ÖµÞb_ ÉÄÍ ^°æ¹É�� áÜá
èµÛÜÒ�Ù³ÖµÒ�Òb_ É³áÜÊ¦æ æ ÇÚÐçË

*this
Ð�Øµè

const
ÞßÉ¬Ð�Ø ÇµÉ�ÍÂÉ�� Ð�Øµè ÛÜÔòì�Ê�Ö æ¹Ê�ØÚèµÉ�Í�æ Ç¯ì æ¹É Ù¬Ð�Ø ÖµÒ�É

n
Ð�Øµè

d
_ É�Ô×ÊÌÍÂÉÀËÂÇµÉ�ì ÐÑÍÂÉßèµÉ³Ù³á×ÐçÍ�É³è � Ë�ÇÚÛñÒëÛÜÒàÐ�Ò�Î É³Ù³Û×Ðçá�Ô×É¬ÐçË�ÖµÍ�ÉßÊ�ÔÈÙ�á×Ð�Ò�ÒëÒîÙ³ÊÌÎ ÉÌí ÉIPôÎ áÜÐ�ÛÜØµÉ³è ÛÜØ

" É³Ù�Ë�ÛÜÊ�Ø � é � é � `Äé
class rational {

public:

// POST: return value is the numerator of *this

int numerator () const

{

return n;

}

// POST: return value is the denominator of *this

int denominator () const

{

return d;

}

private:

int n;

int d; // INV: d!= 0

};

ê�Ô
r
ÛñÒ·Ð UÌÐÑÍÂÛ×Ð _ÚáÜÉÓÊ�Ô¡Ë ì Î É

rational
íµÔ×ÊÌÍ·ÉGPµÐ�ÞÀÎÚáÜÉÌí ËÂÇµÉãÙ³ÖµÒîË�Ê�ÞßÉ�ÍÈÙ¬Ð�Ø�ËÂÇµÉ³Ø æ·ÍÂÛñË�É

int n = r.numerator(); // get numerator of r

int d = r.denominator(); // get denominator of r

ÖµÒ�ÛÜØµåãË�ÇÚÉòÞßÉ³Þ�_ É�ÍÃÐ�Ù³Ù�É³Ò�Ò ÊÌÎ ÉÄÍäÐçËÂÊÌÍ�Ð�Ò�Ô×ÊÌÍ�èÚÐçËäÐÓÞßÉ³Þb_�É�ÍÂÒ³é ÆÈÇµÉ·Ù�ÖÚÒ�ËÂÊ�ÞßÉ�ÍÕÙ¬Ð�ØßÙ¬Ð�áñáµË�ÇÚÉ�Ò�ÉòË æ¹Ê
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í�ÒîÛÜØµÙ³ÉëËÂÇµÉ�ì ÐçÍÂÉàèµÉ³Ù�á×ÐçÍÂÉ³è

public
é � Ù³Ù�É³Ò�ÒÓÒîÎ É³Ù�ÛVYÚÉ�ÍÂÒ ÇÚÐXU�É Ë�ÇÚÉàÒ�Ð�ÞßÉëÞßÉ¬Ð�ØµÛÜØµåÀÔ×ÊÌÍ

ÞßÉ³Þ�_ É�Í¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒòÐ�ÒÈÔ×ÊÌÍ èÚÐçËäÐ ÞßÉ³Þ�_ É�ÍÂÒ � ÐàÎµÍÂÛVU�ÐçËÂÉÏÞßÉ³Þ�_ É�Í¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØóÙ³Ð�ØµØÚÊÌË _ ÉãÙ¬Ð�áÜáñÉ³è _ ì
ËÂÇµÉÃÙ³ÖµÒîËÂÊ�ÞßÉ�Í¬é ÆÈÇµÛÜÒ ]ôÛÜØµèëÊ�Ô¥Ð�Ù�Ù³É³Ò�Ò Ë�ÊÈËÂÇµÉÃÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËäÐçË�ÛÜÊ�ØâÛÜÒ QÚÉIP«Û _ áñÉÌíçÒîÛÜØµÙ³ÉÃË�ÇÚÉÃÙ³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµå
ÞßÉ³Þ�_ É�Í Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ Ù¬ÐçØ É¬Ð�ÒîÛÜáñìZ_ ÉÈÐ�èÚÐçÎµËÂÉ�è�ËÂÊÏÐ ØµÉ�æ ÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËäÐÑËÂÛÜÊ�Ø � Û²Ë ÛÜÒÃÐ�áÜÒ�ÊÓÒÂÐ�Ô×É�í Ò�ÛñØÚÙ�ÉÈÛ²Ë ÛÜÒ
ØµÊÌËïÎ Ê�Ò�Ò�Û _ áñÉòËÂÊ ÙäÇÚÐ�Øµå�É ËÂÇµÉ�UÌÐ�áñÖÚÉ�ÒïÊ�Ô¾ËÂÇµÉ èÚÐçËäÐãÞßÉ³Þb_�É�ÍÂÒÕË�ÇµÍ�Ê�ÖÚå�ÇßËÂÇµÉ Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ

numeratorÐ�Øµè
denominator

é �·Ò Ð�å�É³ØµÉ�ÍäÐ�áÕÍÂÖµáÜÉÀÊ�ÔïËÂÇôÖµÞ�_¾í Ð�áÜáÃèÚÐçËäÐ�ÞßÉ³Þ�_ É�Í�ÒâÊ�ÔÈÐ�Ù³á×ÐçÒ�ÒëÒ�ÇµÊ�ÖµáÜè _ É
ÎµÍÂÛVU�ÐçËÂÉ ^»ÊÌËÂÇµÉ�Í�æ ÛñÒ�ÉÌí ì�Ê�Ö É³ØµÙ³Ê�Ö«ÍäÐ�å�É Ë�ÇÚÉßÙ�ÖÚÒ�ËÂÊ�ÞßÉ�ÍâË�Ê Ð�Ù³Ù³É³ÒîÒ Ë�ÇÚÉ è ÐÑËäÐ�ÞßÉ³Þ�_ É�ÍÂÒ�í¡æ Û²ËÂÇÝËÂÇµÉ
Öµå�áñì®Ù³Ê�ØµÒ�ÉXW ÖµÉ³ØµÙ³É³Ò ÞßÉ³Ø¯ËÂÛÜÊ�ØµÉ³è ÛÜØ ê�Ò�ÒîÖÚÉ � Ð _ Ê U�ÉK`Äé

The implicit call argument and *this.
ê�ØëÊÌÍÂèµÉ�Í¡ËÂÊ·Ù¬ÐçáÜáôÐ¹ÞßÉ³Þ�_ É�Í¾Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤í¦æ¹É�ØµÉ³É³è Ð�ØàÉGP¥ÎµÍÂÉ³Ò �

Ò�ÛÜÊ�Ø Ê�Ô ËÂÇµÉëÙ³áÜÐ�Ò�Ò Ë ìôÎ ÉàÔ×ÊÌÍ æ·ÇµÛÜÙäÇóæ¹É ©µ±�±��³�³� ËÂÇµÉàÔ×ÖµØµÙ�ËÂÛÜÊ�Ø¤í�ÐçØÚè ËÂÇµÛÜÒ·ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø ^ºÐçÎµÎ É¬ÐçÍ�ÛÜØµå
_ É³Ô×ÊÌÍ�ÉÏËÂÇµÉ

.
` ÛÜÒÈÐ�Ø �»¨¿¢¾�­��±³���Ó±Ä©¯�°��©�£îÁ�� ¨ �³�¤� æ·ÇµÊ�Ò�É�UÌÐ�áñÖÚÉÓÞ®Ð³ì®ÊÌÍÈÞ®Ð³ìßØµÊÌË�_�ÉãÞßÊ èÚÛ Y É�è
_ ì

ËÂÇµÉÏÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØóÙ¬Ð�áñá�é



� ��� � � � �
� ��� � \ ���
S¼ÛñËÂÇµÛÜØóÉ¬ÐçÙ´Ç ÞßÉ�Þb_ ÉÄÍòÔ×ÖµØµÙ�ËÂÛñÊ�Ø¾í«ËÂÇµÉãáVUÌÐçáÜÖµÉ

*this
ÍÂÉ³Ô×É�ÍÂÒòËÂÊ ËÂÇµÛÜÒÈÛÜÞÀÎÚáÜÛÜÙ³Û²Ë Ù¬Ð�áñá ÐçÍ�å�ÖÚÞßÉ�Ø Ë

Ð�ØµèÀÉIPôÎÚá×Ð�ÛÜØµÒ ËÂÇµÉ·ÐÑÎÚÎ�É¬ÐçÍäÐ�ØµÙ³ÉÈÊ�Ô
*this

ÛÜØ¿ËÂÇµÉÈÎ Ê�Ò�ËÂÙ³Ê�ØµèµÛñËÂÛÜÊ�ØµÒ Ê�Ô�ËÂÇµÉ¹Ë æ¹ÊâÞßÉ³Þ�_ É�Í Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒ
Ð _ Ê�U�ÉÌé ê»Ë�èµÊ É³Ò ØÚÊÌË ÉGP¥ÎÚá×Ð�ÛÜØ æ·Ç ì Ð�Ø�Ð�ÒîËÂÉ�Í�ÛÜÒ ] ÐçÎµÎ É³ÐçÍÂÒ ÛÜØ

*this
í�_ Ö«Ëàæ¹Éßæ ÛñáÜá å�É�ËàËÂÊ ËÂÇµÛÜÒ

á×ÐçË�É�Í¬é

Const member functions.
�

const
]�É�ìôæ¹ÊÌÍÂè ÐçÔÜËÂÉ�ÍâË�ÇÚÉ¿Ô×ÊÌÍÂÞ®Ð�áÃÐçÍ�å�ÖÚÞßÉ�Ø ËÓáÜÛÜÒ�ËãÊ�Ô Ð ÞßÉ³Þ�_ É�Í

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�Í�É³Ô×É�ÍÂÒÈËÂÊ�ËÂÇµÉÏÛÜÞÀÎÚáÜÛÜÙ³Û²ËïÐçÍÂå�ÖµÞßÉ³Ø¯Ë
*this

ÐçØÚè ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉÏÎµÍÂÊ�ÞßÛÜÒ�É³ÒïËÂÇÚÐçË¹ËÂÇµÉÏÞßÉ³Þ�_ É�Í
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø®Ù¬Ð�áñá�èµÊôÉ³ÒïØµÊÌËïÙäÇÚÐ�Øµå�É ËÂÇµÉ�UÌÐçáÜÖµÉ ^»ÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËÂÉ�è _ôì ËÂÇµÉ�UÌÐ�áñÖÚÉ�ÒïÊ�Ô¤Ë�ÇÚÉ èÚÐçËÂÐâÞßÉ³Þ�_ É�ÍÂÒ `
Ê�Ô

*this
é�S ÉãÙ¬ÐçáÜá¤Ò�ÖµÙ´Ç Ð ÞßÉ³Þ�_ É�ÍïÔ×ÖµØµÙ�ËÂÛñÊ�Ø Ð ±Ä���¤�³�·¨½�³¨½ ��³£ ¶�� � ±¬���î��� é

Member function call.
Æ¹ÇÚÉÏå�É³ØµÉ�ÍäÐçá¡ÒîìôØ ËäÐ�P�Ê�Ô Ð¿ÞßÉ�Þb_ ÉÄÍ¹Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØóÙ¬Ð�áñá ÛÜÒ

������	������������ é � � ��
 � ^ ������	������������ � í¤éñé²éñí �����
	������������ � `
�·É�Í�ÉÌí ������	������������ ÛñÒ Ð�ØàÉGP¥ÎµÍÂÉ³Ò�ÒîÛÜÊ�ØàÊ�Ô«Ð¹Ù³á×Ð�Ò�Ò¾Ë ìôÎ ÉÕÔ×ÊÌÍ æ ÇµÛÜÙäÇàÐÈÞßÉ³Þ�_ É�Í¤Ô×ÖµØµÙ�ËÂÛÜÊ�ØàÙ¬ÐçáÜáÜÉ³è � � ��
 �
ÛÜÒãèÚÉ�Ù³á×ÐçÍÂÉ�è¾í �����
	������������ � íñé³é�é³í ������	������������ � ÐçÍÂÉ�Ë�ÇÚÉ Ù¬Ð�áÜáÕÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ³í ÐçØÚè

.
ÛñÒãËÂÇµÉ ÞßÉ�Þb_ ÉÄÍ

Ð�Ù³Ù�É³Ò�Ò®ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬é ê�Ø¼ÞßÊ�ÒîËÀÙ³Ð�Ò�É³Ò³í �����
	�� ��������� ÛÜÒ®Ð�Ø áVU�Ð�áÜÖµÉóÊ�Ô ËÂÇµÉ Ù³á×ÐçÒ�ÒÀË ìôÎ ÉÌí¹Ë ìôÎÚÛÜÙ¬ÐçáÜáñì Ð
U�ÐçÍÂÛ×Ð _ÚáÜÉ�é

Access to members within member functions.
S Û²ËÂÇµÛÜØ ËÂÇµÉ�_ Ê è«ì Ê�Ô¤ÐâÞßÉ�Þb_ ÉÄÍÕÔ×ÖµØµÙ�ËÂÛñÊ�Ø

f
Ê�Ô¤Ð

Ù³á×ÐçÒ�Ò³í«Ð�Ø¯ìßÞßÉ³Þ�_ É�Í�^�èÚÐçËäÐãÞßÉ�Þb_ ÉÄÍ Ê�Ô¤ÞßÉ³Þ�_ É�Í Ô×ÖµØµÙ�ËÂÛñÊ�Ø `ÃÊ�Ô¤Ë�ÇÚÉ Ò�Ð�ÞßÉ Ù³á×ÐçÒ�ÒïÙ¬Ð�Ø
_ ÉÓÐ�Ù³Ù�É³Ò�Ò�É³è
æ Û²ËÂÇµÊ�ÖµË ÐßÎµÍÂÉIYaP �����
	

.
�¤ÛÜØ ËÂÇµÛÜÒÓÙ¬Ð�ÒîÉÌí æ¹É¿ÛñÞÀÎ áñÛÜÙ³ÛñËÂá²ì Ð�Ù³Ù³É³ÒîÒãÛñËÓÔ×ÊÌÍ

*this
éëê�Ø½Ê�Ö«ÍÏÉIPµÐçÞÀÎ áñÉÌí

ËÂÇµÉ®ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø
n
ÛÜØ ËÂÇµÉßÍÂÉ�ËÂÖ«ÍÂØ ÒîËäÐçË�É³ÞßÉ³Ø ËëÊ�ÔÈËÂÇµÉ®ÞßÉ³Þ�_ É�ÍàÔ×ÖµØµÙ�ËÂÛñÊ�Ø

numerator
ÍÂÉ³Ô×É�ÍÂÒ ËÂÊ

ËÂÇµÉ èÚÐçËäÐÏÞßÉ³Þb_�É�Í
n
Ê�Ô

*this
éÃÆÈÇµÉ Ù¬ÐçáÜá

r.numerator()
ËÂÇµÉ�Í�É³Ô×ÊÌÍÂÉ èµÊôÉ³Ò æ·ÇÚÐçË�æ¹É ÉIPôÎ É³Ù�Ë �ÃÛ²Ë

ÍÂÉ�Ë�ÖµÍ�ØÚÒ¹ËÂÇµÉâØ ÖµÞßÉ�ÍäÐçËÂÊÌÍ¹Ê�Ô¾ËÂÇµÉãÍäÐÑËÂÛÜÊ�ØÚÐ�á�Ø ÖÚÞ�_ É�Í
r
é

S¼ÛñËÂÇµÛÜØ ÞßÉ�Þb_ ÉÄÍÓÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ³í æ¹É Ù¬Ð�ØÝÐ�áÜÒ�Ê Ð�Ù³Ù³É�Ò�ÒâÞßÉ³Þ�_ É�Í�Ò Ô×ÊÌÍëÊÌËÂÇµÉ�ÍãÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�ØµÒâÊ�ÔÃËÂÇµÉ
ÒÂÐ�ÞßÉÏÙ³á×ÐçÒ�ÒòË ìôÎ�ÉãËÂÇ«ÍÂÊ�Öµå�ÇóËÂÇµÉâÞßÉ�Þb_ ÉÄÍ·ÐçÙ³Ù³É³Ò�Ò·ÊÌÎ É�ÍäÐçË�ÊÌÍ ^�áñÛV]�ÉâÐ¿Ù³ÖµÒîËÂÊ�ÞßÉ�ÍÈæ¹Ê�ÖµáÜèóèµÊÀÛñË `Äé � áÜá
Ð�Ù³Ù�É³Ò�Ò�É³ÒÓËÂÊßÙ³áÜÐ�Ò�Ò ÞßÉ³Þ�_ É�ÍÂÒÈæ ÛñË�ÇÚÛñØ ÞßÉ³Þb_�É�Í Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ Ê�Ô ËÂÇµÉàÒÂÐ�ÞßÉâÙ³á×Ð�Ò�Ò ÐçÍÂÉ ��� £��¬�³��£¬�î±³���IF íÍÂÉ³å�ÐÑÍÂèµáÜÉ³Ò�Ò Ê�Ôòæ·ÇµÉ�ËÂÇµÉ�Í ËÂÇµÉ®ÞßÉ³Þb_�É�ÍàÛÜØ�WôÖµÉ³ÒîËÂÛñÊ�Ø�ÛÜÒàÎÚÖ _ áñÛÜÙÀÊÌÍ¿ÎÚÍ�ÛVUÌÐÑËÂÉÌé Æ¹ÇµÉ

public:
Ð�Øµè

private:
ÒîÎ É�Ù³ÛVYÚÉ�ÍÂÒòÐçÍÂÉÏÊ�Øµáñì®ÍÂÉ³áÜÉ U�Ð�Ø¯Ë·Ô×ÊÌÍòËÂÇµÉãÙ³ÖµÒîË�Ê�ÞßÉ�Í¬í�_ÚÖ«Ë·ØµÊÌËòÔ×ÊÌÍ ÞßÉ³Þ�_ É�Í¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒÈÊ�Ô

ËÂÇµÉÏÙ³á×Ð�Ò�ÒÈÛñËÂÒîÉ³áÜÔºé
)�É³Þ�_ É�ÍòÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ·ÐçÍ�ÉãÒ�Ê�ÞßÉÄËÂÛÜÞßÉ³ÒïÐçáÜÒ�Ê ÍÂÉ³Ô×É�Í�Í�É³è ËÂÊ ÐçÒ ¨ �³�º��� F¯� Ê�Ô¡ËÂÇµÉÏÙ³á×Ð�Ò�Ò�é

Member functions and modularization.
ê�ØóËÂÇµÉâÒîÎÚÛñÍ�ÛñËÈÊ�Ô " É³Ù�ËÂÛÜÊ�Ø � é � é � íµÛñËÈæ¹Ê�ÖµáÜè _�ÉâÖµÒ�É³Ô×Öµá¡Ë�Ê

Ò�Ê�Ö«ÍÂÙ³ÉòÊ�Ö«Ë�ËÂÇµÉÈÞßÉ³Þb_�É�ÍÃÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØÀèµÉ YÚØµÛñËÂÛÜÊ�ØµÒ³í�ÛÜØ ÊÌÍÂèµÉ�Í�ËÂÊâÐ�áÜáÜÊ¦æ Ò�É�Î ÐçÍÂÐçËÂÉ·Ù�Ê�ÞÀÎ Ûñá×ÐçËÂÛÜÊ�Ø¤é¾Æ¹ÇÚÛñÒ
æ¹ÊÌÍ ]ôÒëáÜÛV]�É¿Ô×ÊÌÍàÊÌÍÂèµÛÜØÚÐçÍ�ì½Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í¡ÉIP«Ù³ÉÄÎÚËâËÂÇÚÐçËëÛÜØ Ð ÞßÉ³Þ�_ É�ÍãÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø èµÉ YÚØÚÛ²ËÂÛÜÊ�Ø Ê�Ö«ËÂÒîÛÜèµÉ
Ê�Ô ËÂÇµÉóÙ³áÜÐ�Ò�Ò èµÉ YÚØµÛñËÂÛñÊ�Ø¾íÃËÂÇµÉ�Ô×ÖµØµÙ�ËÂÛÜÊ�Ø ØÚÐ�ÞßÉ Þ�ÖµÒîËb_ É W ÖÚÐ�áÜÛVYÚÉ³è æ ÛñËÂÇ ËÂÇµÉóÙ³á×Ð�ÒîÒ ØÚÐ�ÞßÉÌé ê�Ø
ËÂÇµÉ ÇµÉ¬Ð�èµÉ�Í Y áñÉ

rational.h
æ¹É æ¹Ê�ÖµáÜè ËÂÇµÉ³Ø æ·ÍÂÛñË�ÉàÊ�ØÚá²ì ËÂÇµÉ¿èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØµÒZ^ºÐ�ÒÓÖµÒ�ÖÚÐ�á æ·ÛñËÂÇµÛÜØ

ØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�É
ifm

` �
class rational {

public:

// POST: return value is the numerator of *this
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int numerator () const;

// POST: return value is the denominator of *this

int denominator () const;

private:

int n;

int d; // INV: d!= 0

};Æ¹ÇÚÉ Þ®ÐçË�Ù´ÇµÛÜØµåßèµÉ YÚØµÛñËÂÛÜÊ�ØµÒ·æ¹Ê�ÖµáÜè ËÂÇµÉ³Ø ÐçÎµÎ É¬ÐçÍÏÛÜØ ËÂÇµÉ Ò�Ê�Ö«ÍÂÙ³É¿Ù³ÊôèµÉ YÚáÜÉ
rational.C

^ºÐçå�Ð�ÛÜØ
æ Û²ËÂÇµÛÜØ ØÚÐ�ÞßÉ�ÒîÎ Ð�Ù³É

ifm
í�Ð�Øµè�Ð�ÔÜËÂÉ�Í·ÛÜØµÙ³áÜÖµèµÛÜØµå

rational.h
`¹Ð�ÒòÔ×Ê�áñáÜÊÑæ·Ò³é

int rational ::numerator () const

{

return n;

}

int rational :: denominator () const

{

return d;

}

4.3.4 Constructors
� Ù³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ ÛÜÒ¡ÐòÒîÎ É�Ù³Û×Ð�á�ÞßÉ³Þ�_ É�Í¾Ô×ÖµØµÙ�ËÂÛÜÊ�ØâË�Ç ÐÑË¡ÎµÍÂÊ�U¥ÛÜèµÉ³Ò¾ÒÂÐ�Ô×É�ÛÜØµÛñËÂÛ×Ð�áñÛ
�¬ÐçËÂÛñÊ�Ø Ê�Ô¥Ù³á×ÐçÒ�Ò U�Ð�áÜÖµÉ³Ò�é
Æ¹ÇÚÉÓØÚÐ�ÞßÉ Ê�Ô¡ÐëÙ³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍÈÙ³Ê�ÛÜØµÙ³ÛÜèµÉ³Ò�æ·ÛñËÂÇßËÂÇµÉÓØÚÐ�ÞßÉ Ê�Ô¤ËÂÇµÉÏÙ�á×Ð�Ò�Ò³í¥Ð�Øµè�#¼Ë�ÇÚÛñÒ èµÛÜÒîËÂÛÜØµå�ÖµÛÜÒ�ÇµÉ³Ò
Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍÂÒÈÔÜÍÂÊ�ÞðÊÌË�ÇÚÉÄÍòÔ×ÖµØµÙ�ËÂÛñÊ�ØÚÒ # ÛñË¹èµÊôÉ³ÒÈØµÊÌË·ÇÚÐXU�ÉâÐàÍÂÉ�Ë�ÖµÍ�Ø Ë ìôÎ É�í ÐçØÚè Ù³Ê�ØµÒ�ÉXW ÖÚÉ�Ø ËÂáñì ØµÊ
ÍÂÉ�Ë�ÖµÍ�ØbU�Ð�áÜÖµÉÌé � Ù³áÜÐ�Ò�Ò ÖµÒ�ÖÚÐ�áÜáñìâÇÚÐ�Ò Ò�É U�É�ÍäÐçá«Ù³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ�Ò³í¯Ð�Øµè¿ËÂÇµÉ¹Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍ"YÚå�Ö«ÍÂÉ³Ò Ê�Ö«Ë æ ÇµÛÜÙäÇ
Ê�ØµÉ·ÛÜÒÕÞßÉ¬Ð�Ø¯ËÕÛñØ®ÐÏå�ÛVU�É�ØßÙ³Ê�Ø ËÂÉGP¥Ë�^»ÖÚÒîÛÜØµåãËÂÇµÉòÍ�ÖÚáñÉ³Ò�Ê�Ô Ê�U�É�ÍÂáÜÊ�ÐçèÚÛñØÚåÓÍÂÉ³ÒîÊ�áÜÖ«ËÂÛÜÊ�Ø¤í�Ò�É³É·ËÂÇµÉ �ÓÉÄËäÐ�ÛÜáÜÒ
Ê�Ô " É�Ù�ËÂÛÜÊ�Ø � é � `Äé

ÆÈÇµÉãÒîì¥Ø¯ËäÐ P Ê�Ô Ð Ù³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ·èµÉ YÚØµÛñËÂÛÜÊ�Ø Ô×ÊÌÍ Ð Ù³á×ÐçÒ�Ò � ÛÜÒòÐ�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é
� ^ � � ����� 
 � � í � � ����� 
 � � í¤éñéñé²í ��� ����� 
 �I� `

� ��� 
 � � ^ �����
	������������ � `´í¾é²éñé²í � ��
 � � ^ �����
	������������ � `
� � � � �

�·É�Í�ÉÌí � ��� 
 � � íñé´é¬é³í � ��� 
 �G� ÐçÍÂÉÓËÂÇµÉâÔ×ÊÌÍÂÞ®Ðçá¤ÐçÍÂå�ÖµÞßÉ³Ø Ë�ÒïÊ�Ô ËÂÇµÉãÙ�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍ¬éÕê�Ø�ËÂÇµÉ �»� �»����©¯� �
� 
 �³£
� ��� 
 � � ^ ������	������������ � `Äí¤é²éñéñí ��� 
 � � ^ �����
	������������ � `
��� 
 � � í²éÄé¬é³í ��� 
 � � ÐÑÍÂÉãèÚÐçËÂÐ¿ÞßÉ³Þ�_ É�Í�Ò³í¥Ð�Øµè �����
	������������ � íñé³é³é�í ������	������������ � ÐçÍÂÉÏÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�ØµÒ
Ê�Ô·Ë ìôÎ�É³Ò�æ·ÇÚÊ�ÒîÉ U�Ð�áÜÖµÉ³Ò�Ù¬Ð�Ø _ É Ù³Ê�Ø U�ÉÄÍ�ËÂÉ³è ËÂÊ ËÂÇµÉ ÍÂÉ³Ò�Î É³Ù�ËÂÛ U�É�èÚÐçËäÐ ÞßÉ³Þ�_ É�Í Ë ìôÎ É�Ò³é Æ¹ÇµÉ³Ò�É
U�Ð�áÜÖµÉ³Ò ÐÑÍÂÉòÖµÒ�É�èÀËÂÊâÛÜØµÛñË�Û×Ð�áÜÛ
��É�ËÂÇµÉ·èÚÐçËäÐÓÞßÉ³Þ�_ É�ÍÂÒ�í _ É³Ô×ÊÌÍÂÉ � � � � � ÛñÒÕÉIP¥É³Ù³Ö«ËÂÉ³è¤í«ÐçØÚè ÛÜØ�ËÂÇµÉòÊÌÍÂèµÉ�Í
ÛÜØëæ·ÇÚÛñÙ´ÇãËÂÇµÉ ÞßÉ³Þ�_ É�ÍÂÒ¡ÐçÍÂÉÕèÚÉ�Ù³á×ÐçÍÂÉ�èàÛÜØëËÂÇµÉ Ù³á×ÐçÒ�Ò³é ê�ØàÊÌËÂÇµÉ�Í¡æ¹ÊÌÍÂèµÒ³í�ËÂÇµÉ ÊÌÍ�èÚÉÄÍ ÛÜØëËÂÇµÉ ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É�Í
ÛÜÒëÛñå�ØÚÊÌÍ�É³è¤íT_ÚÖµËëÛñËëÛÜÒâå�ÊôÊôè ÎµÍäÐ�ÙÄËÂÛÜÙ³É¿ËÂÊ ÖµÒ�ÉÀËÂÇµÉßèµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØÝÊÌÍ�èÚÉÄÍ ÇÚÉÄÍÂÉßÐ�Òëæ¹É³áñá�é�ê�ÔÈÐ�èÚÐçËÂÐ



� ��� � � � �
� ��� � \ � �
ÞßÉ³Þ�_ É�Í·ÛÜÒ ØµÊÌËÓáÜÛÜÒîËÂÉ�è ÛñØ ËÂÇµÉàÛÜØµÛñË�Û×Ð�áÜÛ
��É�Í¬íÚÛñË ÛÜÒ èµÉ³ÔªÐ�ÖµáñË �ºÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É�è¾é·ê�Ø Ë�ÇÚÉàÙ�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍ
_ Ê èµì
� � � � � í¥æ¹ÉãÙ¬ÐçØ ÒîËÂÛÜáÜá�Ò�É�Ë ÊÌÍòÙäÇÚÐ�Øµå�ÉÏËÂÇµÉ UÌÐ�áñÖÚÉ�ÒòÊ�Ô¡Ò�Ê�ÞßÉÓÊ�Ô ËÂÇµÉãèÚÐçËÂÐ ÞßÉ�Þb_ ÉÄÍÂÒ³é

[ ÊÌÍ ËÂÇµÉâË ìôÎ É
rational

í ÇµÉ�ÍÂÉàÛÜÒ·Ð Ù³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ ËÂÇÚÐçË ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³É³Ò¹Ð�ÍäÐÑËÂÛÜÊ�ØÚÐ�á¤ØôÖµÞ�_ É�Í ÔÜÍ�Ê�Þ
Ë æ¹Ê ÛÜØ¯ËÂÉ³å�É�Í�Ò³é
// PRE: d != 0

// POST: *this is initialized with numerator / denominator

rational (int numerator , int denominator)

: n ( numerator), d ( denominator)

{

// somehow check that d != 0

}

Æ Ê�ÖÚÒîÉÏËÂÇµÛÜÒÈÙ³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍ·ÛñØóÐ UÌÐçÍ�Û×Ð _ÚáÜÉÓèµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�Ø¤íôæ¹ÉÓæ¹Ê�ÖµáÜè�Ô×ÊÌÍòÉIPµÐçÞÀÎ áñÉ æ·ÍÂÛñË�É
rational r (1,2); // initializes r with value 1/2

ê�Øóå�É³ØµÉ�ÍäÐçá�í¥ËÂÇµÉâèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø
��� ^ �����
	������������ � í¾é²éñé²í �����
	������������ � `

èµÉ YÚØµÉ³Ò Ð�U�ÐçÍÂÛÜÐ _ÚáÜÉ � Ê�ÔôË ì Î É � Ð�Øµè ÐçË¡ËÂÇµÉ ÒÂÐ�ÞßÉ ËÂÛÜÞßÉÃÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É�Ò ÛñË"_ ìëÙ¬ÐçáÜáÜÛÜØµå¹ËÂÇµÉïÐçÎµÎµÍÂÊÌÎµÍÂÛ×ÐçËÂÉ
Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍòæ·ÛñËÂÇ Ù¬Ð�áÜá¤ÐçÍ�å�ÖÚÞßÉ�Ø ËÂÒ ������	������������ � í²é³é³é³í ������	������������ � é

ÆÈÇµÉãÙ³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍòÙ¬Ð�ØóÐ�áÜÒ�Ê�_ ÉÏÙ¬Ð�áÜáÜÉ�è�ÉIPôÎ áñÛÜÙ³ÛñËÂá²ì®Ð�ÒÈÛÜØ
rational r = rational (1, 2);

Æ¹ÇÚÛñÒ ÛÜØµÛñËÂÛ×Ð�áñÛ
�³É³Ò
r
ØµÊÌË èµÛñÍÂÉ³ÙÄËÂáñìàÔÜÍÂÊ�Þ Ë æ¹ÊÏÛÜØ Ë�É³å�É�ÍÂÒ³í _ÚÖ«ËÃÔÜÍÂÊ�Þ Ð�Ø�ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø Ê�ÔµË ìôÎ É

rationalËÂÇÚÐçË®ÛÜÒßÙ�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÉ³è _ôì ËÂÇµÉ ÉIPôÎÚáÜÛÜÙ³ÛñËÀÙ³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ®Ù³Ð�áÜá
rational(1,2)

^»æ·ÇÚÛñÙ´Ç¼ÛÜÒßÊ�ÔÓË ìôÎ É
rational

`Äé

4.3.5 Default constructor
ê�Ø " É³ÙÄËÂÛÜÊ�Ø � é � é � íòæ¹É ÇÚÐXU�É ÛÜØ¯Ë�ÍÂÊôèµÖµÙ³É³è¼ËÂÇµÉ Ë�É�ÍÂÞ Fµ��¶ç©����²�
� �»� ����� ©¯�­� 
 ©¯���î��� Ô×ÊÌÍ ËÂÇµÉ ]ôÛÜØµè Ê�Ô
ÛÜØµÛñËÂÛÜÐ�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø ËÂÇÚÐçË¹ËäÐ ]�É³ÒÈÎÚá×ÐçÙ³ÉãÛñØ�èµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�ØµÒ¹áÜÛV]�É
rational r;

[ ÊÌÍÈÔ×ÖÚØµèÚÐ�ÞßÉ³Ø¯ËäÐ�á�Ë ì Î É³Ò³íµèµÉ³ÔªÐ�ÖµáñË���ÛÜØµÛñËÂÛ×ÐçáÜÛ
�¬ÐçË�ÛÜÊ�Ø�áñÉ¬ÐXU�É³ÒÈË�ÇÚÉ�U�Ð�áÜÖµÉÓÛÜØ W ÖµÉ³ÒîËÂÛÜÊ�Ø ÖµØÚèµÉ YÚØµÉ³è¤í _ÚÖ«Ë
Ô×ÊÌÍÈÙ³á×Ð�ÒîÒ Ë ì Î É³Ò³í¥Ë�ÇÚÉ Fµ��¶Ñ©����­� ±����¤�³��£¬�¡±¬����£ ÛÜÒ¹Ð�Ö«ËÂÊ�Þ®ÐçË�ÛÜÙ¬Ð�áÜá²ì Ù¬Ð�áÜáÜÉ�è®Ë�Ê¿ÛñØÚÛ²ËÂÛ×Ð�áÜÛ��³ÉÈË�ÇÚÉ�U�Ð�áÜÖµÉÌéÃê�Ô
ÎµÍÂÉ³Ò�É�Ø Ë¬í�Ë�ÇÚÉÕèµÉ³ÔªÐ�ÖµáñË¾Ù³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ ÛÜÒ¤ËÂÇµÉ�ÖµØµÛ WôÖµÉÃÙ³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ¡æ·ÛñËÂÇëÐçØàÉ³ÞÀÎµË ìÓÔ×ÊÌÍ�Þ®Ð�á¯ÐçÍÂå�ÖµÞßÉ³Ø Ë
áÜÛÜÒ�Ë¬é
�Õì�ÎµÍÂÊ�U¥ÛÜèµÛÜØµå½Ð½èµÉ³ÔªÐ�ÖµáñË�Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍ¬í�æ¹É Ù¬Ð�Ø ËÂÇ ÖÚÒ�Þ®Ð ]�É Ò�Ö«ÍÂÉ�ËÂÇÚÐçË�Ù³á×Ð�ÒîÒ�Ë ìôÎ É UÌÐçáÜÖµÉ³Ò

ÐçÍÂÉ ©¯�­¸ ©�J � ÎµÍÂÊÌÎ ÉÄÍÂáñì ÛÜØµÛñËÂÛ×Ð�áñÛ
�³É³è¤éïê�Ø Ù¬ÐçÒ�ÉàÊ�Ô ËÂÇµÉëÙ³á×ÐçÒ�Ò
rational

^�ÊÌÍ ÐçØ ì ÐÑÍÂÛñËÂÇµÞßÉ�ËÂÛñÙÓË ì Î É�`Äí
èµÉ³ÔªÐ�ÖµáñË���ÛÜØµÛñËÂÛ×ÐçáÜÛ
�¬ÐçË�ÛÜÊ�Ø�æ Û²ËÂÇ U�Ð�áÜÖµÉ

0
Ò�É³É³ÞßÒ ËÂÊ�_�É½ËÂÇµÉ Ù³Ð�ØµÊ�ØÚÛñÙ¬Ð�áÏÙ´ÇµÊ�ÛÜÙ�ÉÌíÓÐ�Øµè ÇµÉ�ÍÂÉ ÛñÒ ËÂÇµÉ

Ù³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµå�èµÉ³ÔªÐçÖÚá²Ë·Ù³Ê�ØµÒîËîÍÂÖµÙ�ËÂÊÌÍ¬é



\ ��� ����������� � � � ����� ��������� ��	�� � �

// POST: *this is initialized with 0

rational ()

: n (0), d (1)

{} ê�Ø�ÔªÐ�ÙÄË¬í¥æ¹É ¨������ ÎµÍÂÊ�U¥ÛÜèµÉÏÐàèµÉ³ÔªÐ�ÖµáñË¹Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍÈÛÜÔ æ¹ÉÓæÈÐçØ Ë¹ËÂÇµÉÓÙ³Ê�ÞÀÎÚÛÜáÜÉ�ÍÕËÂÊ ÐçÙ³Ù³É�ÎµË¹ËÂÇµÉèµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø
rational r

éëÆ¹ÇÚÛñÒÏÞ®Ð ]�É³Ò Ù³á×Ð�ÒîÒÓË ì Î É³ÒÓÒÂÐ�Ô×É�ÍÏËÂÇÚÐ�Ø Ô×ÖµØÚèÚÐ�ÞßÉ�Ø ËäÐ�á¡Ë ì Î É³Ò³í¤Ò�ÛñØÚÙ�É¿Û²Ë
ÛÜÒÈØµÊÌËÈÎ�Ê�Ò�Ò�ÛV_ÚáÜÉ ËÂÊ�Ù³ÛñÍÂÙ³ÖµÞ�U�É³Ø ËòÐ Ù³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ·Ù¬ÐçáÜá¤ÛÜØ�èµÉ³Ù³áÜÐçÍÂÛÜØµå�Ð�U�ÐçÍÂÛ×Ð _ áñÉÌé

ÆÈÇµÉÕÙ¬ÐçÍÂÉ³Ô×Öµá�ÍÂÉ¬ÐçèÚÉÄÍ æ ÛñáÜáÌØµÊÌËÂÛÜÙ³É ËÂÇÚÐçË¤ËÂÇµÉ�Í�É�Þ¿ÖÚÒ�Ë _�É�Ð�ØãÉIP«Ù�É�ÎµËÂÛÜÊ�ØâËÂÊÈËÂÇµÛÜÒ ÍÂÖµáÜÉ � � ÍÂÊ�åÌÍäÐ�Þ ��\
ÛÜØ " É³Ù�Ë�ÛÜÊ�Ø � é � Ù³Ê�Ø¯ËäÐ�ÛÜØµÒ ËÂÇµÉ èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�ØàÒîËäÐçË�É³ÞßÉ³Ø Ë

rational r;
Ð�á²ËÂÇµÊ�ÖÚå�ÇàÛñØ Ë�Ç ÐÑË ÎµÍÂÊ�åÌÍäÐ�Þ í

ËÂÇµÉÕË ì Î É
rational

ÛÜÒ ÐÈÒ�Ë�ÍÂÖµÙ�Ë æ·ÛñËÂÇµÊ�Ö«Ë¾Ð�Ø ìãÙ³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍÂÒ³é Æ¹ÇµÛÜÒ ÛÜÒ¾ÛÜØàÔªÐ�ÙÄË ËÂÇµÉ�Ê�ØµáñìÏÉIP¥Ù³É�ÎµËÂÛÜÊ�Ø �
Ô×ÊÌÍ¿ÐóÙ³á×ÐçÒ�Òëæ ÛñË�ÇÚÊ�Ö«ËëÐ�Ø ì Ù�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍÂÒ�í Ë�ÇÚÉßèµÉ³ÔªÐçÖÚá²ËàÙ³Ê�ØµÒîË�ÍÂÖµÙ�Ë�ÊÌÍ ÛÜÒëÛÜÞÀÎÚáÜÛÜÙ�ÛñËÂáñìóÎµÍÂÊ�U¥ÛñèÚÉ�è _ ì
ËÂÇµÉ®Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í³í Ð�Øµè ÛñË ÒîÛÜÞÀÎÚáñìÝèµÉ³ÔªÐ�ÖµáñË �ºÛÜØµÛñËÂÛÜÐ�áÜÛ
�³É�ÒÏËÂÇµÉ®èÚÐçËäÐóÞßÉ³Þ�_ É�Í�Ò���ÛÜÔòÐóèÚÐçËäÐ ÞßÉ³Þ�_ É�ÍâÛÜÒ
Ê�Ô Ù³á×Ð�ÒîÒ·Ë ìôÎ ÉÌí ËÂÇµÛÜÒ·ÛÜØ ËÂÖ«ÍÂØ Ù¬ÐçáÜáÜÒòË�ÇÚÉàèµÉ³ÔªÐçÖÚá²Ë Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍÓÊ�Ô ËÂÇµÉàÙ³ÊÌÍ�ÍÂÉ�ÒîÎ Ê�ØµèµÛÜØµåÀÙ³á×Ð�ÒîÒ³é Æ¹ÇÚÛñÒ
ÉIP¥Ù³É�ÎµËÂÛÜÊ�ØÝÇÚÐ�Ò
_ É³É�ØÝÞ®Ð�èµÉàÒ�Ê Ë�Ç ÐÑËâÒîËîÍÂÖµÙ�ËÂÒb^»æ ÇµÛÜÙäÇ ����� ÇÚÐ�ÒÏÛÜØµÇµÉ�ÍÂÛñË�É³è½ÔÜÍ�Ê�Þ ÛñË�ÒÓÎµÍÂÉ�Ù³Ö«ÍÂÒ�ÊÌÍ
��`RYµËÈÛÜØ Ë�Ê�ËÂÇµÉÏÙ³á×Ð�Ò�ÒÈÙ³Ê�ØµÙ³É�ÎµËòÊ�Ô������àé

4.3.6 User-defined conversions
�ïÊ�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍÂÒÕæ ÛñËÂÇ Ê�ØÚÉ ÐçÍÂå�ÖµÞßÉ³Ø ËÃÎÚá×Ð³ìÀÐÏÒîÎ É³Ù�Û×Ð�á Í�Ê�áÜÉ � ËÂÇµÉ�ìÀÐçÍÂÉ �����³£ � Fµ� � � �IF ±���� Dô�³£¦���î���¤� é[ ÊÌÍòË�ÇÚÉÏÙ³á×ÐçÒ�Ò

rational
í«ËÂÇµÉâÙ�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍ

// POST: *this is initialized with value i

rational (int i)

: n (i), d (1)

{}ÛÜÒïÐãÖÚÒîÉ�Í��ºèµÉ YÚØµÉ³è Ù³Ê�Ø U�ÉÄÍÂÒ�ÛÜÊ�Ø®ÔÜÍÂÊ�Þ
int

ËÂÊ
rational

é��·ØµèµÉ�Í ËÂÇµÛÜÒÕÙ³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ³í
int

_�É³Ù³Ê�ÞßÉ³Ò
Ð ��Ë ìôÎ Éóæ·ÇµÊ�Ò�É U�Ð�áÜÖµÉ³ÒßÙ¬Ð�Ø _ É Ù³Ê�Ø U�É�Í�ËÂÉ�è ËÂÊ

rational
	«é ÆÈÇµÛÜÒ Ô×ÊÌÍ®ÉIPµÐ�ÞÀÎÚáÜÉ ÞßÉ¬Ð�ØµÒ ËÂÇÚÐçË

æ¹É�Ù³Ð�Ø ÎµÍÂÊ UôÛÜèµÉ�Ð Ù¬Ð�áñá·ÐçÍ�å�ÖÚÞßÉ�Ø Ë¿Ê�Ô·Ë ìôÎ É
int

æ ÇµÉ³ØµÉ U�É�ÍßÐ Ô×ÊÌÍÂÞ®ÐçáÈÔ×ÖµØµÙ�ËÂÛñÊ�Ø ÐçÍÂå�ÖµÞßÉ³Ø¯Ë�Ê�Ô
Ë ìôÎ É

rational
ÛñÒëÉIP¥Î�É³Ù�ËÂÉ³è �ÃÛÜØÝËÂÇµÉÀÛÜÞÀÎÚáÜÛñÙ³ÛñËÓÙ³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�Ø ËÂÇÚÐçËãËäÐ ]�É³ÒëÎÚá×ÐçÙ³ÉÌí¡Ë�ÇÚÉ Ù³Ê�Ø U�É�ÍîËÂÛÜØµå

Ù³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍÓÛÜÒ Ù¬ÐçáÜáÜÉ³è¤é�S¼ÛñËÂÇ ÖµÒ�É�Í �ºèµÉ YÚØµÉ³è½Ù�Ê�Ø U�É�ÍÂÒîÛÜÊ�ØµÒ³í�æ¹Éàå�Ê _ É�ì�Ê�Øµè Ë�ÇÚÉâÒ�É�ËÏÊ�Ô �³�î©���F«©�£ F
±���� Dô�³£¦���î���¤� ËÂÇÚÐçË ÐçÍ�É _ÚÖÚÛñáñË��ºÛñØ ^�áÜÛV]�ÉÏËÂÇµÉëÊ�ØµÉëÔÜÍÂÊ�Þ

int
ËÂÊ

double
`´í _ÚÖ«Ë ÛÜØ Ù³Ê�Ø¯Ë�ÍäÐ�ÒîË·ËÂÊÀËÂÇµÉ

^�Ò�Ê�ÞßÉÄËÂÛÜÞßÉ³Ò¹ÛÜØµÙ³Ê�ÞÀÎÚáÜÉ�Ë�É�` ÒîËäÐ�ØµèÚÐçÍÂè Ù³Ê�Ø U�É�ÍÂÒ�ÛñÊ�Ø Í�ÖÚáñÉ³Ò ÒîËÂÛ²Î Öµá×ÐÑËÂÉ³è _ ì�ËÂÇµÉ ����� ÒîËäÐ�ØµèÚÐçÍÂè¤íµæ¹É
Þ®Ð ]�É ËÂÇµÉÓÍÂÖµáÜÉ³ÒÈÊ�ÖµÍ�Ò�É³áVU�É³Ò�é

ÆÈÇµÉ�Í�É ÐçÍÂÉóÞßÉ¬ÐçØÚÛñØÚå�Ô×ÖµáÈÖµÒ�É�Í���èÚÉIY ØµÉ³è¼Ù³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�ØµÒ Ë�Ç ÐÑËßÙ¬Ð�Ø�� Ë _ ÉóÍÂÉ¬ÐçáÜÛ
�³É³è _ ì Ù³Ê�ØµÒîË�Í�ÖÚÙ �
ËÂÊÌÍÂÒ�é [ ÊÌÍ ÉIPµÐ�ÞÀÎÚáÜÉ�í ÛÜÔ æ¹ÉÀæÈÐ�Ø¯Ë Ð�Ù³Ê�Ø U�É�ÍÂÒ�ÛñÊ�Ø ÔÜÍÂÊ�Þ

rational
ËÂÊ

double
í æ¹ÉÀÙ¬Ð�Ø�� ËàÐ�èµè Ð

Ù³ÊÌÍ�Í�É³ÒîÎ Ê�ØµèµÛÜØµåóÙ³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍëËÂÊóËÂÇµÉ Ë ì Î É
double

í Ò�ÛñØÚÙ�É
double

ÛÜÒãØÚÊÌËàÐ�Ù³á×Ð�ÒîÒâË ìôÎ ÉÌé � U�É³Ø
Ù³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�ØµÒÏËÂÊ�Ò�Ê�ÞßÉ¿Ù³á×ÐçÒ�ÒÏË ì Î É � ÞßÛÜå�Ç ËÓØµÊÌË _ É�Î Ê�ÒîÒ�ÛV_ÚáÜÉ ÛÜØ ËÂÇµÛÜÒÓæÈÐ³ì �ÏÛÜÔ � ÛÜÒâØµÊÌË �îÊ�Ö«Í 	
Ë ìôÎ É ^ _ÚÖ«Ë·Ù³Ê�ÞßÉ�ÒòÔÜÍÂÊ�Þ Ð�áÜÛ _ÚÍÂÐçÍ�ì�í¥ÒÂÐ³ì `ÄíÚæ¹ÉãÙ¬Ð�ØµØµÊÌË Ò�ÛñÞÀÎ á²ì®Ð�èµè Ð�Ù�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËÂÊÌÍòËÂÊ � é�ê�Ø�Ò�ÖµÙ´Ç
Ò�ÛñË�Ö ÐÑËÂÛÜÊ�ØµÒ³í�æ¹É¹Ò�ÛÜÞÀÎÚáñìãËÂÉ³áÜá ��� £ Ë ìôÎ�ÉòÇµÊ¦æ ÛñËÂÒ U�Ð�áÜÖµÉ³Ò Ò�ÇµÊ�ÖµáÜè _ É¹Ù³Ê�Ø U�É�Í�ËÂÉ�è ËÂÊÓËÂÇµÉÈËäÐÑÍÂå�É�Ë Ë ìôÎ É�é
Æ¹ÇÚÉÈÙ³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�ØßÔÜÍ�Ê�Þ

rational
Ë�Ê

double
í¯Ô×ÊÌÍ�ÉGPµÐ�ÞÀÎÚáÜÉÌí�Ù�Ê�ÖÚáñè _ ÉÈèÚÊ�ØµÉ¹ËÂÇ«ÍÂÊ�Öµå�ÇÀÐÓÞßÉ³Þ�_ É�Í

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ø ÐçÞßÉ³è
operator double

áñÛV]�É ËÂÇµÛÜÒ³é
// POST: return value is double -approximation of *this

operator double ()



� ��� � � � �
� ��� � \ � �

{

return double(n)/d;

}

ê�Ø å�É³ØµÉ�ÍäÐ�á»í�ËÂÇµÉóÞßÉ³Þ�_ É�Í�Ô×ÖµØÚÙÄËÂÛÜÊ�Ø
operator

� Ç ÐçÒÀÛÜÞÀÎÚáÜÛÜÙ³Û²ËëÍÂÉ�ËÂÖ«ÍÂØ Ë ìôÎ�É � Ð�Øµè ÛÜØµèÚÖµÙ³É�Ò
Ð ÖµÒ�ÉÄÍ��ºèµÉ YÚØµÉ³è Ù³Ê�Ø U�É�ÍÂÒ�ÛÜÊ�ØÝË�Ê ËÂÇµÉ�Ë ì Î É � ËÂÇÚÐçËãÛÜÒãÐ�Ö«ËÂÊ�Þ®ÐçËÂÛñÙ¬Ð�áÜáñì ÛÜØ U�Ê ]�É³èÝæ ÇµÉ³ØµÉ U�É�ÍãËÂÇµÛÜÒÏÛÜÒ
ØµÉ³Ù³É³ÒîÒÂÐçÍ�ì�é

4.3.7 Member operators
� áÜáÚÔ×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ì Ê�Ô�ÍÂÐçËÂÛÜÊ�ØÚÐ�áÚØôÖµÞ�_ É�ÍÂÒÃËÂÇÚÐçËÕæ¹É·Ç ÐXU�É ÎµÍÂÉ UôÛÜÊ�ÖµÒ�áñì ÎµÍÂÊ�U¥ÛÜèµÉ³èßËÂÇ«ÍÂÊ�Öµå�Ç �îå�áÜÊ _ Ð�á
	
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ�^

operator+
í
operator+=

íñé³é�é ` Þ¿ÖµÒîË ØµÊ¦æ _ É Í�É³Ù³Ê�ØµÒ�ÛÜèµÉ�ÍÂÉ�è¾íôÒ�ÛÜØµÙ³É èµÛñÍÂÉ�Ù�ËÂáñìÀÐ�Ù³Ù³É³ÒîÒ �
ÛÜØµåÀËÂÇµÉëèÚÐçËäÐ�ÞßÉ³Þb_�É�ÍÂÒÈÛÜÒ ØµÊ®áÜÊ�Øµå�É�Í·Î Ê�ÒîÒ�ÛV_ÚáÜÉÌé·ê�ØÚÒ�ËÂÉ¬Ð�è¤í æ¹Éëæ·ÛÜáÜá¾ÖµÒ�ÉëËÂÇµÉëÞßÉ³Þ�_ É�ÍòÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
numerator

Ð�Øµè
denominator

Ô×ÊÌÍòØµÊ�Ø��ºÞßÊôèµÛÜÔÜìôÛÜØµåàÐ�Ù³Ù�É³Ò�ÒòË�Ê�ËÂÇµÉ ÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËäÐÑËÂÛÜÊ�Ø¤íµÐ�ØµèóÐ Ù³Ê�Ø��
ÒîË�Í�ÖÚÙÄËÂÊÌÍ·Ô×ÊÌÍòÍÂÉ�ËÂÖ«ÍÂØµÛÜØµå�Ð Í�É³Ò�ÖµáñË¬é�� èµèµÛñËÂÛÜÊ�Ø Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ ËÂÇµÉ³Øóæ¹ÊÌÍ ]ôÒòáñÛV]�ÉÏË�ÇÚÛñÒ ^�Ð�Øµè _ É³Ù³Ê�ÞßÉ�Ò
Ð _ Û²ËòáñÉ³ØµåÌËÂÇ ì ` �
// POST: return value is the sum of a and b

rational operator + ( rational a, rational b)

{

int rn = a.numerator() * b.denominator() +

a.denominator() * b.numerator();

int rd = a.denominator() * b.denominator();

return rational (rn , rd);

}

��Ö«ËóÖµØµèÚÉÄÍóÐ�Ù�Ù³É³Ò�Ò�Í�É³ÒîË�ÍÂÛñÙ�ËÂÛÜÊ�ØµÒ³í·Ë�ÇÚÉÄÍÂÉÝÐçÍ�É Ò�Ê�ÞßÉ ËÂÇµÛÜØµå�Ò®ËÂÇÚÐçË æ¹É½Ù¬Ð�ØµØµÊÌË�èµÊ ÎÚÍ�ÊÌÎ É�ÍÂáñì
ËÂÇ«ÍÂÊ�Öµå�Çóå�áÜÊ _ Ð�á¤Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é � Ò Ð�Ø ÉGPµÐ�ÞÀÎÚáÜÉÌí«Ù�Ê�ØÚÒîÛÜèµÉ�Í

operator+=
é¹ÆÈÇµÛÜÒòÊÌÎ É�ÍÂÐçËÂÊÌÍòØÚÉ�É³èµÒòËÂÊ

ÙäÇÚÐ�Øµå�É®Ë�ÇÚÉ U�Ð�áÜÖµÉßÊ�ÔòÐ ÍÂÐçËÂÛÜÊ�ØÚÐ�áÕØôÖµÞb_�É�Í¬í�_ÚÖ«ËàËÂÇµÉ�ÍÂÉ®ÛÜÒ ØµÊ Ò�Î É³Ù³ÛVYÚÙ®ÞßÉ³Þ�_ É�ÍâÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø Ë�Ç ÐÑË
Ð�áÜáñÊÑæ·Ò¿ÖµÒ Ë�ÊÝèµÊ ËÂÇµÛÜÒ³é S ÉóÙ¬Ð�Ø Ê�Øµáñì Ò�ÛÜÞ¿Öµá×ÐçËÂÉÀË�ÇÚÉ�Ù´ÇÚÐ�Øµå�É ËÂÇ«ÍÂÊ�Öµå�Ç�ËÂÇµÉ Ð�èµèµÛñËÂÛÜÊ�Ø�Ð�Øµè Ð�Ø
Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë¬íôáÜÛV]�É ËÂÇµÛÜÒ³é
// POST: b has been added to a; return value is the new value of a

rational & operator += ( rational & a, rational b)

{

return a = a + b;

}

Æ¹ÇÚÛñÒÓæ¹ÊÌÍ ]¥Ò�_ÚÖµËÏÛÜÒÓÛÜØµÉ � Ù³ÛÜÉ³Ø¯Ëb^�Ù³Ê�ØµÒ�ÛÜèµÉ�ÍÏá×ÐçÍ�å�É�ÍÏÒîË�ÍÂÖµÙ�ËÂÒ `Äí¤Ò�ÛÜØµÙ³Éàæ¹ÉbYµÍÂÒ�ËãÙ�Ê�ØÚÒ�Ë�ÍÂÖµÙ�ËãÐ�Ø ÛñØ ËÂÉ�Í �
ÞßÉ³èµÛ×ÐçË�ÉòÍÂÉ³ÒîÖÚá²Ë

a + b
æ ÇµÛÜÙäÇ ÛñÒ Ò�Ö _ÚÒ�ÉXWôÖµÉ³Ø¯ËÂáñì®Ù³ÊÌÎÚÛÜÉ�è _ Ð�Ù ]ßÛÜØ¯ËÂÊ

a
éÕê�Ø ÔªÐ�Ù�Ë³í

operator+=
æÈÐ�Ò

èµÉ³Ò�ÛÜå�ØµÉ³è ËÂÊÀÐXU�Ê�ÛÜè ÉIPµÐ�ÙÄËÂáñì®ËÂÇµÛÜÒ¹èµÉ�ËÂÊ�Ö«ÍòË�Ç ÐÑËÈæ¹ÉãØµÉ³É³è�ËÂÊ¿ËäÐ ]�ÉÏØµÊÑæâé
��_ É�ËîËÂÉ�Í æÈÐ³ì ËÂÊßå�ÊÀÛÜÒ·Ë�Ê ÍÂÉ¬Ð�áñÛ
�³É

operator+
Ð�Ò Ð ÎÚÖa_ÚáÜÛñÙâÞßÉ³Þ�_ É�ÍÈÔ×ÖµØµÙ�ËÂÛÜÊ�Ø ^ºÐ ¨ �³¨  ³�³£

�³¢ �³£Ä©¯����£ `´í ÇÚÐXU¥ÛÜØµåÓÊ�ØµáñìàÊ�ØµÉ¹Ô×ÊÌÍÂÞ®Ð�á«ÐÑÍÂå�ÖµÞßÉ³Ø ËR^»Ô×ÊÌÍ b `Äí�ÐçØÚè *this
ËäÐ ]¥ÛñØÚå ËÂÇµÉïÍÂÊ�áÜÉïÊ�Ô

a
é ÆÈÇµÛÜÒ

áÜÊ Ê ]¥ÒÈÐ�ÒÈÔ×Ê�áÜáÜÊ¦æ Ò³é
// POST: b has been added to *this; return value is

// the new value of *this
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rational & operator += ( rational b)

{

n = n * b.d + d * b.n;

d *= b.d;

return *this;

}

S¼ÛñËÂÇµÛÜØÏËÂÇµÛÜÒ ÞßÉ³Þ�_ É�Í¤Ô×ÖµØµÙ�ËÂÛñÊ�Ø¾íÑËÂÇµÉ�ÍÂÉÕÛÜÒ ØµÊ·ÎµÍÂÊ _ÚáÜÉ³Þ ÛÜØ ÐçÙ³Ù³É³Ò�ÒîÛÜØµå·ËÂÇµÉ�èÚÐçËäÐ¹ÞßÉ³Þ�_ É�ÍÂÒ¤èµÛñÍÂÉ�Ù�ËÂáñì�í
Ò�ÛÜØµÙ³ÉÃËÂÇµÉ Ð�Ù�Ù³É³Ò�Ò Í�É³ÒîË�ÍÂÛñÙ�ËÂÛÜÊ�ØµÒ¤èµÊ ØµÊÌË ÐçÎµÎÚáñìÓËÂÊ ÞßÉ�Þb_ ÉÄÍ¤Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ³é Æ¹ÇµÛÜÒ"U�É�Í�Ò�ÛÜÊ�ØëÊ�Ô

operator+ÛÜÒÓÐ�ÒÓÉ � Ù³ÛÜÉ³Ø¯ËãÐ�Ò ËÂÇµÉ¿Ê�ØµÉàÎµÍÂÉ UôÛÜÊ�ÖµÒ�áñìóÖµÒ�É�èÝÔ×ÊÌÍ
struct rational

í¤ÐçØÚè ÛñËÓÙ¬ÐçØ ÛÜØ ËÂÖ«ÍÂØ É U�É³Ø
Ò�É�Í U�ÉëÐ�Ò·Ð�_ Ð�Ò�ÛñÒÈÔ×ÊÌÍ Ð¿ÞßÊÌÍ�ÉÏÒîÖÚÙ�Ù³ÛÜØµÙ�ËòÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËäÐçËÂÛÜÊ�Ø�Ê�Ô

operator+
�

// POST: return value is the sum of a and b

rational operator + ( rational a, rational b)

{

return a += b;

}

Prefer nonmember operators over member operators.
� Ê�Ö�ÞßÛÜå�Ç ËÃÐÑÍÂå�ÖµÉòËÂÇÚÐçËÃÉ U�É³Ø

operator+Ò�ÇµÊ�ÖµáÜè
_ É³Ù³Ê�ÞßÉ ÐàÞßÉ³Þ�_ É�Í�Ô×ÖµØÚÙÄËÂÛÜÊ�Ø Ê�Ô
class rational

íµÐ�Øµè ÛÜØµèÚÉ�É³è¤íôËÂÇµÛÜÒ æ¹Ê�ÖµáÜèßÎµÍÂÊ _ Ð _Úáñì
Ð�áÜáñÊÑæ Ð�ÒîáÜÛÜå�Ç Ë�áñì ÞßÊÌÍÂÉ¿É � Ù³ÛñÉ³Ø ËàÛñÞÀÎ áñÉ³ÞßÉ³Ø ËÂÐçËÂÛÜÊ�Ø¤é¿ÆÈÇµÉ�Í�ÉÀÛÜÒâÊ�ØµÉ�ÛÜÞÀÎ ÊÌÍ�ËäÐçØ Ë ÍÂÉ¬ÐçÒ�Ê�Ø ËÂÊ ]�É³É�Î
ËÂÇµÛÜÒ¹ÊÌÎ É�ÍÂÐçËÂÊÌÍòå�áÜÊ _ Ð�á�í Ë�ÇÚÊ�Öµå�Ç¤íµÐ�Øµè�ËÂÇµÛÜÒ¹ÇÚÐ�Ò¹ËÂÊ èµÊ¿æ ÛñËÂÇ ÖµÒ�É�Í���èÚÉIY ØµÉ³è�Ù³Ê�Ø U�É�Í�Ò�ÛÜÊ�ØµÒ³é

� ÐXU¥ÛÜØµå ËÂÇµÉãÙ�Ê�Ø U�É�ÍÂÒîÛÜÊ�Ø ÔÜÍÂÊ�Þ
int

ËÂÊ
rational

Ë�Ç ÐÑËÈæ¹ÉÏå�É�ËÈËÂÇ«ÍÂÊ�Öµå�Ç�ËÂÇµÉÏÙ³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ
// POST: *this is initialized with value i

rational (int i);

æ¹ÉâÙ³Ð�Ø Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ æ·ÍÂÛ²ËÂÉÓÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�ØµÒ áÜÛV]�É
r + 2

ÊÌÍ
2 + r

íÚæ·ÇµÉ�ÍÂÉ
r
ÛÜÒòÊ�Ô¡Ë ì Î É

rational
é

ê�ØßÙ³Ê�ÞÀÎÚÛÜáÜÛñØÚå Ë�ÇÚÛñÒ³í�ËÂÇµÉ·Ù³Ê�ÞÀÎÚÛÜáÜÉÄÍ�ÐçÖµË�Ê�Þ®ÐçËÂÛÜÙ¬ÐçáÜáñìÏÛÜØµÒ�É�Í�Ë�Ò ÐãÙ�Ê�Ø U�É�Í�Ë�ÛÜØµåâÙ³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍ Ù¬ÐçáÜá�é O Ê¦æëí
ÇÚÐXU¥ÛÜØµå

operator+
ÐçÒàÐ ÞßÉ�Þb_ ÉÄÍÏæ¹Ê�ÖµáÜè½ÍÂÉ³ÞßÊ�U�É¿ËÂÇµÉ�Ò�É³Ù³Ê�Øµè Î Ê�Ò�Ò�Û _ ÛñáÜÛñË ì Ê�Ô�æòÍÂÛñËÂÛÜØµå

2 + r
é

S¼Ç ì � � É�Ë!� Ò�YµÍÂÒîË Ò�É�Éëæ ÇÚÐçË ÇÚÐçÎµÎ É�ØÚÒÈæ ÇµÉ³Ø
r + 2

ÛÜÒ·Ù³Ê�ÞÀÎÚÛÜáÜÉ³è¤éïê�Ô
operator+

ÛÜÒ Ð¿ÞßÉ³Þb_�É�Í
Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤í¥ËÂÇµÉ³Ø

r + 2
�îÞßÉ¬Ð�ØµÒ 	

r.operator + (2)

ê�Ø Ù�Ê�ÞÀÎ ÛñáÜÛÜØµå¿Ë�ÇÚÛñÒ³í�ËÂÇµÉ Ù³Ê�ÞÀÎÚÛÜáÜÉ�Í·ÛÜØµÒ�É�Í�ËÂÒ ËÂÇµÉàÙ³Ê�Ø U�É�ÍÂÒ�ÛñÊ�Ø ÔÜÍÂÊ�Þ ËÂÇµÉ Ù¬Ð�áÜá ÐçÍÂå�ÖµÞßÉ³Ø Ë·Ë ì Î É
intËÂÊëËÂÇµÉ Ô×ÊÌÍ�Þ®Ð�á�ÐÑÍÂå�ÖµÞßÉ³Ø ËÃË ìôÎ É

rational
Ê�Ô

operator+
í«Ð�Øµè®É U�É�Í�ì ËÂÇµÛÜØµåâæ¹ÊÌÍ ]ôÒ¹Ð�Ò ÉIPôÎ É³Ù�ËÂÉ�è¾é

2 + r
íµÇµÊÑæ¹ÉIU�É�Í¬íµæ¹Ê�ÖÚáñè�ÞßÉ¬Ð�Ø

2. operator + (r)

æ ÇµÛÜÙäÇóÞ®Ð ]�É³ÒòØµÊÀÒîÉ³ØµÒ�Éâæ ÇÚÐçË�Ò�ÊôÉ U�ÉÄÍ¬éïê�Ô æ¹ÉÏæ·ÍÂÛñË�ÉâÐ�_ ÛñØ ÐÑÍ�ì ÊÌÎ É�ÍäÐçË�ÊÌÍ Ð�Ò·Ð¿ÞßÉ�Þb_ ÉÄÍòÔ×ÖµØµÙ�ËÂÛñÊ�Ø¾í
ËÂÇµÉ³Ø Ë�ÇÚÉ YµÍÂÒîËãÙ¬Ð�áñá ÐçÍÂå�ÖµÞßÉ³Ø Ë ¨ ���³� _ É¿Ê�ÔÕËÂÇµÉ ÍÂÉ³ÒîÎ É�Ù�ËÂÛVU�É¿Ù³á×Ð�ÒîÒÏË ìôÎ�ÉÌé¿ê�ÞÀÎ áñÛÜÙ³ÛñË·Ù³Ê�Ø U�É�Í�Ò�ÛÜÊ�ØµÒ
èµÊ�ØµÊÌËÈæ¹ÊÌÍ ]®ÇµÉ�ÍÂÉ � ËÂÇµÉ�ì Ê�Øµáñì Ð�èÚÐçÎµË¹Ù¬Ð�áñá¡ÐÑÍÂå�ÖµÞßÉ³Ø ËÂÒ Ë�Ê�Ô×ÊÌÍÂÞ®Ðçá ÐçÍÂå�ÖµÞßÉ³Ø¯ËïË ì Î É³ÒÈÊ�Ô Ù³Ê�ØµÙ�Í�É�ËÂÉ
Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³í _ÚÖ«Ë ËÂÇµÉ�ì Ù¬Ð�ØµØµÊÌË�_ É�ÉGP¥Î É³ÙÄËÂÉ³è ËÂÊ �NYÚØµè
	 ËÂÇµÉ Ù³á×ÐçÒ�Ò æ ÇµÊ�Ò�É

operator+
ÇÚÐ�Ò ËÂÊ
_ É

ÐçÎµÎÚáÜÛÜÉ³è¤é
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4.3.8 Nested types

Æ¹ÇÚÉÄÍÂÉ®ÛÜÒ Ð�ËÂÇµÛñÍÂè Ù¬ÐçËÂÉ�å�ÊÌÍ�ì Ê�ÔÈÙ³á×Ð�Ò�ÒàÞßÉ�Þb_ ÉÄÍÂÒ³í Ð�Øµè ËÂÇµÉ³Ò�É ÐçÍÂÉ � �¬�³���GF � J¦¢ �¬� éÝÆ Ê ÞßÊÌËÂÛVU�ÐçËÂÉ
ËÂÇµÉ³Ò�É�í áÜÉÄËòÖµÒòÙ³Ê�ÞßÉ�_�ÐçÙ ] ËÂÊ ê�Ò�Ò�ÖµÉ � Ð _ Ê�U�ÉÌí«ËÂÇµÉâÊ�ØµÉãÙ�Ê�ØÚÙ�É�ÍÂØµÛÜØµå�ËÂÇµÉÏÛÜØ Ë�É�ÍÂØÚÐ�á ÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËäÐÑËÂÛÜÊ�Ø
Ê�Ô ÍäÐçËÂÛñÊ�Ø ÐçáòØ ÖÚÞ�_ É�Í�Ò³é ê�Ô ì�Ê�Ö ËÂÇµÛÜØ ] Ð _�Ê�ÖµË Ù³Ê�ØµÒ�ÉXW ÖÚÉ�Ø ËÂáñì ÇÚÛñèÚÛñØÚå ËÂÇµÉóÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËäÐÑËÂÛÜÊ�Ø Ê�ÔÓÐ
ÍäÐçË�ÛÜÊ�ØÚÐ�á�Ø ÖÚÞ�_ É�Í¹ÔÜÍ�Ê�Þ ËÂÇµÉÏÙ�ÖÚÒ�ËÂÊ�ÞßÉ�Í¬íôË�ÇÚÉ�Ø ì�Ê�Ö ÎÚÍ�Ê _�Ð _ á²ì®Ð�áÜÒ�ÊàæÈÐ�Ø¯ËïËÂÊ ÇµÛÜèµÉ ËÂÇµÉÏØ ÖµÞßÉ�ÍäÐçËÂÊÌÍ
Ð�Øµè èµÉ³ØµÊ�ÞßÛÜØÚÐçËÂÊÌÍ¤Ë ìôÎ ÉÌé �·Ò ÛÜØµèµÛÜÙ¬ÐçËÂÉ�èàÛÜØàËÂÇµÉ ÉIPµÐçÞÀÎ áñÉÌíçËÂÇµÉ³ÒîÉ Ë ì Î É³Ò ÞßÛÜå�Ç¯Ë ÛñØ ËÂÉ�Í�Ø ÐçáÜáñìÏÙäÇ ÐçØÚå�É�í
_ÚÖ«ËâÛÜØÝË�ÇÚÉ¿ÞßÉ³Þ�_ É�ÍÏÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ

numerator
ÐçØÚè

denominator
í¡ì�Ê�Ö Ò�ËÂÛÜáÜá ÎµÍÂÊ�ÞßÛÜÒ�ÉàËÂÊ ÍÂÉ�ËÂÖ«ÍÂØ

int
� U�Ð�áÜÖµÉ³Ò³é
� _ É�Ë�Ë�É�Í¹Ò�Ê�áÜÖ«ËÂÛÜÊ�ØÀæ¹Ê�ÖµáÜè _ É ËÂÊëÎµÍÂÊ�ÞßÛñÒ�É Ê�ØµáñìßÐâË ì Î É æ ÛñË�Ç Ù�É�Í�ËäÐ�ÛñØ ÎµÍÂÊÌÎ ÉÄÍ�ËÂÛÜÉ³Ò�í _ôì®Ò�Ð¬ìôÛÜØµå

Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ ËÂÇÚÐçË ËÂÇµÉÝÔ×ÖµØÚÙÄËÂÛÜÊ�ØµÒ
numerator

Ð�Øµè
denominator

ÍÂÉ�ËÂÖ«ÍÂØ Ð�Ø ÛÜØ ËÂÉ�åÌÍäÐ�áÓË ì Î É
^ " É³ÙÄËÂÛÜÊ�Ø \ é \ é � `Äé Æ¹ÇµÉ³Øßì�Ê�ÖßÙ¬Ð�Ø®ÛÜØ Ë�É�ÍÂØÚÐ�áÜáñì ÙäÇÚÐ�Øµå�É ÔÜÍÂÊ�Þ Ê�ØµÉ ÛÜØ Ë�É³åÌÍäÐ�áµË ìôÎ ÉÈËÂÊàÐâèµÛ	��É�ÍÂÉ³Ø¯Ë Ê�ØµÉ
æ Û²ËÂÇµÊ�ÖµËÈÐçØÚØµÊ¦ì¥ÛÜØµå ËÂÇµÉãÙ�ÖÚÒ�ËÂÊ�ÞßÉ�Í¬éÃÆ É³ÙäÇµØµÛÜÙ¬Ð�áñáñì�íôËÂÇµÛÜÒ¹Ù¬Ð�Ø _ ÉãèµÊ�ØµÉãÐ�ÒòÔ×Ê�áñáÜÊÑæ·Ò³é
class rational {

public:

// nested type for numerator and denominator

typedef int rat_int;

...

// realize all functionality in terms of rat_int

// instead of int , e.g.

rational ( rat_int numerator , rat_int denominator); // constructor

rat_int numerator() const; // numerator

...

private:

rat_int n;

rat_int d; // INV: d!= 0

};

ê�ØóÙ³ÖµÒîË�Ê�ÞßÉ�ÍÈÙ³ÊôèµÉÌí«ËÂÇµÛÜÒ¹Ù¬Ð�Ø _ ÉâÖµÒ�É³è�Ô×ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉ áÜÛV]�É ËÂÇµÛÜÒ³é
typedef rational ::rat_int rat_int;

rational r (1 ,2);

rat_int numerator = r.numerator(); // 1

rat_int denominator = r.denominator(); // 2

SÝÉòÐ�áñÍ�É¬Ð�è«ì Ò�É³ÉÈÊ�ØµÉòÊ�ÔÚËÂÇµÉÈÎµÍÂÊÌÎ ÉÄÍ�ËÂÛÜÉ³Ò ËÂÇÚÐçË ËÂÇµÉÈØµÉ³ÒîËÂÉ³è�Ë ì Î É
rational::rat_int

Þ�ÖµÒîËÃÇÚÐXU�É
ÛÜØ ÊÌÍÂèµÉ�ÍÓÔ×ÊÌÍ ËÂÇµÛÜÒÈËÂÊßæ¹ÊÌÍ ]�é [ ÊÌÍÓÉGPµÐ�ÞÀÎÚáÜÉÌíaU�Ð�áÜÖµÉ³Ò Ê�Ô Ë ìôÎ É

int
Þ�ÖµÒîË�_ ÉàÙ³Ê�Ø U�É�Í�ËÂÛV_ÚáÜÉãËÂÊßÛñË¬é ê�Ô

ì�Ê�ÖóÇÚÐXU�ÉâÒ�ÉÄË Ö«Î É U�É�ÍîìôËÂÇµÛÜØµå¿Ù³áÜÉ¬Ð�Øµáñì�í¥ì�Ê�Ö�Ù¬Ð�ØóØµÊ¦æ Ô×ÊÌÍòÉIP«Ð�ÞÀÎÚáÜÉ ÍÂÉ�ÎÚá×Ð�Ù³É ËÂÇµÉãáÜÛÜØµÉ
typedef int rat_int;

_ôì®ËÂÇµÉãáÜÛÜØµÉ³Ò
typedef ifm:: integer rat_int;

Ð�Øµè�ËÂÇ ÖµÒòÛÜÞßÞßÉ�èÚÛÜÐçËÂÉ³áñì¿å�É�ËòÉIP«Ð�Ù�ËÈÍäÐçËÂÛÜÊ�ØÚÐ�á Ø ÖµÞb_ ÉÄÍÂÒïæ ÛñËÂÇµÊ�Ö«ËÈÐ�Ø¯ì�Ê�U�É�Í QÚÊ¦æ ÛñÒ�Ò�ÖµÉ³Ò³é
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Typedef declarations.
� � J¦¢ �GFµ��¶ Fµ��±¬�×©�£�©¯���î��� ÛÜØ¯Ë�ÍÂÊôèµÖµÙ³É³ÒÈÐëØµÉ�æ ØÚÐ�ÞßÉ Ô×ÊÌÍòÐ�Ø ÉIP«ÛñÒîËÂÛÜØµåàË ìôÎ É

ÛÜØ¯ËÂÊóÛñËÂÒãÒ�Ù³ÊÌÎ É�éóê»ËàèµÊôÉ�Ò � ��� ÛÜØ Ë�Í�ÊôèµÖµÙ³ÉÀÐ�ØµÉ�æ Ë ìôÎ ÉÌé�ê�Ø ÔªÐ�Ù�Ë¬í Ë�ÇÚÉ ØÚÉÄæ ØÚÐ�ÞßÉ Ù³Ð�Ø _ ÉÀÖµÒ�É³è
ÒîìôØÚÊ�Ø¯ì¥ÞßÊ�ÖµÒ�áñì æ ÛñË�Ç Ë�ÇÚÉ Ê�áÜè ØÚÐ�ÞßÉëÛÜØ½Ð�áÜá Ù³Ê�Ø ËÂÉGP¥ËÂÒ³éâê�Ø½ËÂÇµÉ Ð _�Ê U�É Ù³Ê èÚÉ�í¤æ¹ÉàÒîÉ³É¿Ë�ÇÚÛñÒ Ë æ·ÛÜÙ³É �
æ Û²ËÂÇµÛÜØ ËÂÇµÉëÙ�á×Ð�Ò�Ò

rational
íÚËÂÇµÉâË ìôÎ É³èµÉ³Ô èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�Ø�ÛÜØ¯Ë�ÍÂÊôèµÖµÙ³É³Ò Ð�ØµÉ³ÒîËÂÉ�è Ë ì Î É

rat_int
í�Ð

ØµÉ�æ ØÚÐ�ÞßÉãÔ×ÊÌÍ ËÂÇµÉëË ì Î É
int

éÓê�Ø Ë�ÇÚÉâÙ³ÖµÒîËÂÊ�ÞßÉ�Í Ù�ÊôèµÉÌí�ËÂÇµÉàÙ³áÜÐ�Ò�Ò � Ò ØÚÉ�ÒîËÂÉ³è Ë ìôÎ É ^»Ë�Ç ÐÑË Ù¬Ð�Ø _ É
Ð�Ù³Ù�É³Ò�Ò�É³èßÖµÒ�ÛñØÚå ËÂÇµÉÈÒ�Ù³ÊÌÎ É¹ÊÌÎ ÉÄÍäÐçËÂÊÌÍ¬í�ÛÜÔµËÂÇµÉ¹ØµÉ³ÒîËÂÉ³è�Ë ì Î É¹èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�Ø ÛÜÒ ÎÚÖ _ áñÛÜÙ�`¡ÍÂÉ³Ù�É³ÛVU�É³ÒÕÐ ØÚÉÄæ
^�Ò�ÇµÊÌÍ�Ë�É�ÍG`ïØ ÐçÞßÉÌé

ê�ØßÍÂÉ¬Ð�á ��áÜÛÜÔ×É ����� Ù�ÊôèµÉÌí Ë�ÇÚÉÄÍÂÉ ÐçÍÂÉ·ØÚÉ�ÒîËÂÉ³èßË ìôÎ É�ÒïÊ�Ô ØÚÉ�ÒîËÂÉ³èßË ìôÎ É�Ò Ê�Ô ØµÉ³ÒîËÂÉ³èßË ìôÎ�É³Ò³íñé¬é�é³í¥Ð�Øµè
Ë ìôÎ É�Ø ÐçÞßÉ³ÒÈË�É³ØµèóËÂÊ å�É�Ë�U�É�Í�ì�áÜÊ�Øµå�èµÖµÉãËÂÊ�ËÂÇµÛÜÒ³é Æ¹ÇµÉãË ìôÎ�É³èµÉ³Ô ÞßÉ³ÙäÇÚÐ�ØµÛÜÒ�Þ Ð�áÜáÜÊ¦æ Ò¹ÖµÒòË�Ê ]�É³É�Î
Ê�Ö«Í·Ù�ÊôèµÉÏÍ�É¬Ð�èÚÐ _ÚáÜÉÌé

4.3.9 Class definitions

SÝÉàØµÊ¦æ ÇÚÐXU�ÉàÒ�É³É³Ø ËÂÇµÉëÞ®Ð�� ÊÌÍ ÛÜØµåÌÍÂÉ�èÚÛñÉ³Ø ËÂÒòÊ�ÔÃÐÀÙ³á×Ð�Ò�Ò�é [ ÊÌÍÂÞ®Ð�áÜáñì�íµÐÀÙ�á×Ð�Ò�Ò èµÉ YÚØµÛñËÂÛñÊ�ØóÇÚÐ�Ò ËÂÇµÉ
Ô×ÊÌÍÂÞ

class
� �

� � � ��� − � � ��
 ����� é²éñé � � � ��� − � � ��
 �����
� �

æ ÇµÉ�Í�É � ÛÜÒ¿Ð�Ø ÛÜèµÉ³Ø Ë�ÛVYÚÉ�Í¬é½ÆÈÇµÉ®Ò�ÉXW ÖÚÉ�ØÚÙ�É�Ê�Ô � � � ��� � � � ��
 ����� � ÒëÞ®Ð³ì _�É É�ÞÀÎÚË ì�é&�ÕÐçÙ´Ç � � � ��� �
� � ��
 ����� ÛñÒÀÐ�Ø ©µ±Ä±��¬�³� � ¢ ��±³� � �³£ ^

public:
ÊÌÍ

private:
`´íïÊÌÍßÐ ¨½�³¨½ ��³£ Fµ��±¬�×©�£�©¯������� é �

ÞßÉ³Þ�_ É�Í¡èµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØëÛñÒ Ð·èµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØëÒîËäÐçË�É³ÞßÉ³Ø Ë¡ËÂÇÚÐçË Ë ì Î ÛñÙ¬Ð�áÜáñìÏèµÉ³Ù³áÜÐçÍÂÉ³Ò ÐòÞßÉ³Þb_�É�Í Ô×ÖµØµÙ�ËÂÛñÊ�Ø¾í
Ð èÚÐçËÂÐ ÞßÉ³Þ�_ É�Í³í¾ÊÌÍëÐ ØµÉ³ÒîË�É³è Ë ì Î ÉÌé �ïÊ�áÜáÜÉ³ÙÄËÂÛVU�É³áñì�í�Ë�ÇÚÉ�Ò�ÉßÐçÍÂÉ�Ù¬Ð�áÜáñÉ³è ¨ ��¨½ ³��£¦� Ê�Ô�ËÂÇµÉÀÙ�á×Ð�Ò�Ò³í
Ð�Øµè ËÂÇµÉ³ÛñÍ ØÚÐ�ÞßÉ�Ò·Þ¿ÖÚÒ�Ë�_ ÉàÛÜèµÉ³Ø¯ËÂÛVYÚÉ�ÍÂÒ�é � Ù�á×Ð�Ò�Ò èµÉ YÚØµÛñËÂÛÜÊ�Ø�ÛÜØ Ë�Í�ÊôèµÖµÙ³É³Ò Ð ØµÉ�æ Ë ìôÎ ÉÌí�Ð�Øµè Ë�ÇÚÛñÒ
Ë ìôÎ ÉÏÛÜÒÈÙ¬Ð�áÜáñÉ³èóÐ ±¬�×©¯�³��� J¦¢ � íÚÐ�ÒòÊÌÎµÎ Ê�Ò�É³è�Ë�Ê Ð Ô×ÖµØÚèÚÐ�ÞßÉ�Ø ËäÐ�á�Ë ì Î ÉÌé

� ÞßÉ³Þb_�É�Í Ô×ÖµØµÙ�ËÂÛÜÊ�Ø èµÉ YÚØµÛñËÂÛÜÊ�Ø®ÛÜÒ¹ÐàèµÉ³Ù³á×ÐÑÍäÐçËÂÛÜÊ�Ø®ÐçÒ¹æ¹É�áÜá�í _ÚÖ«ËÈÛÜÔ ËÂÇµÉÓÙ³á×Ð�Ò�ÒïèµÉ YÚØµÛñËÂÛñÊ�Ø èµÊ É³Ò
ØµÊÌË¿Ù³Ê�Ø ËäÐçÛÜØ ËÂÇµÉ èµÉ YÚØÚÛ²ËÂÛÜÊ�Ø Ê�Ô Ð ÞßÉ³Þ�_ É�Í Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¤í ËÂÇµÛÜÒ Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø�Þ¿ÖµÒîË¿Ç ÐXU�É Ð Þ®ÐÑËÂÙäÇÚÛñØÚå
èµÉ YÚØµÛñËÂÛÜÊ�Ø Ò�Ê�ÞßÉÄæ ÇµÉ�ÍÂÉëÉ�áÜÒ�É ^�Ò�É�É " É³Ù�ËÂÛÜÊ�Ø � é � é � `Äé � áñá ÞßÉ³Þ�_ É�ÍòÔ×ÖµØÚÙÄËÂÛÜÊ�Ø èÚÉIY ØµÛñË�ÛÜÊ�ØµÒÈËÂÊ�å�ÉÄËÂÇµÉ�Í
Ô×ÊÌÍÂÞ ËÂÇµÉ ±³�ª©¯�³� �»¨¿¢¾�§��¨ �³�¤�î©¯������� é

Class Scope.
� Ø ì�ÞßÉ³Þ�_ É�ÍÈèµÉ³Ù³á×ÐçÍÂÐçËÂÛÜÊ�ØóÊ�Ô Ð¿Ù³á×Ð�ÒîÒ ÛÜÒ·Ò�Ð�ÛÜèóËÂÊÀÇÚÐXU�É ±¬�×©¯�³�À�ç±��³¢ � éòê»ËÂÒòèÚÉ�Ù³á×ÐçÍ��ÐçËÂÛ U�É�ÍÂÉ³å�ÛñÊ�ØÝÛÜÒÓËÂÇµÉÀÙ³á×Ð�ÒîÒâèµÉ YÚØµÛñËÂÛÜÊ�Ø¤é��¹á×ÐçÒ�ÒâÒ�Ù�ÊÌÎ É èµÛ	��É�ÍÂÒâÔÜÍ�Ê�Þ áÜÊ Ù¬Ð�á Ò�Ù³ÊÌÎ É ^ " É³Ù�ËÂÛñÊ�Ø \ é � é � `

ÛÜØ Ê�ØµÉ Ð�ÒîÎ É�Ù�Ë¬éÓÆ¹ÇÚÉëÎ�ÊÌËÂÉ³Ø Ë�Û×Ð�á ÒîÙ³ÊÌÎ ÉàÊ�ÔÃÐÀÞßÉ³Þ�_ É�ÍòèÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�Ø ÛÜÒ ØµÊÌËÓÊ�Øµáñì ËÂÇµÉëÎ�ÐÑÍ�Ë Ê�Ô ËÂÇµÉ
Ù³á×ÐçÒ�Ò èµÉ YÚØµÛñËÂÛÜÊ�Ø �N_�É³áÜÊ¦æ 	ãË�ÇÚÉ·èÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�Ø¤í _ÚÖ«Ë Û²ËïÒîÎ Ð�ØµÒ�ËÂÇµÉ ¸È�����ª� Ù³á×ÐçÒ�Ò èµÉ YÚØµÛñËÂÛÜÊ�Ø¤í ©���F ËÂÇµÉ
Ô×ÊÌÍÂÞ®Ð�áÕÐçÍÂå�ÖµÞßÉ³Ø¯ËëáÜÛñÒîËÂÒëÐçØÚè _ Ê èµÛÜÉ³ÒëÊ�ÔÈÐ�áÜáÃÞßÉ³Þ�_ É�ÍãÔ×ÖµØÚÙÄËÂÛÜÊ�Ø èµÉ YÚØÚÛ²ËÂÛÜÊ�ØµÒ³é ê�Ø ÒîÇÚÊÌÍîË¬í Ð�Ù³á×ÐçÒ�Ò
ÞßÉ³Þ�_ É�Í¹Ù¬ÐçØ _ ÉÏÖÚÒîÉ³è��îÉ U�É�Í�ì æ ÇµÉ�ÍÂÉ 	ÀÛÜØ Ë�ÇÚÉÏÙ³á×ÐçÒ�Ò³é

ê�Ô¾Ë æ¹Ê Ù³á×ÐçÒ�ÒïèµÉ YÚØÚÛ²ËÂÛÜÊ�ØµÒ Ô×ÊÌÍÂÞ èµÛÜÒ � Ê�ÛÜØ¯ËïèµÉ³Ù³á×ÐÑÍäÐçËÂÛVU�ÉòÍÂÉ³å�ÛÜÊ�ØµÒ³í¯ËÂÇµÉ�ÍÂÉÓÛÜÒïØµÊàÎÚÍ�Ê _ áñÉ³Þ ÛÜØ ÖµÒ�ÛÜØµå
ËÂÇµÉÏÒÂÐ�ÞßÉÓØÚÐ�ÞßÉÓÔ×ÊÌÍ·ÞßÉ³Þ�_ É�Í�ÒïÊ�ÔT_ ÊÌËÂÇ Ù³á×Ð�Ò�ÒîÉ³Ò³é



� ��� � � � �
� ��� � \ ���

4.3.10 Random numbers
SÝÉ·ØÚÊ¦æ Ç ÐXU�ÉÓÐ�áñáÚËÂÇµÉòÞßÉ¬Ð�ØµÒÕËÂÊãÎ Ö«Ë Ë�Ê�å�É�ËÂÇµÉ�ÍïÐãÙ³Ê�ÞÀÎÚáÜÉ�ËÂÉòÐ�ØµèßÖµÒ�É³Ô×Öµá�ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø ËäÐçË�ÛÜÊ�ØàÊ�Ô�ËÂÇµÉ
Ë ìôÎ É

rational
Ð�ÒòÐ¿Ù�á×Ð�Ò�ÒòÛÜØ ����� �a_ Ö«ËòÒ�ÛÜØµÙ³ÉÓæ¹ÉâÇÚÐXU�ÉëÐ�á²ÍÂÉ¬Ð�è«ì®Ò�É³É�Ø ÞßÊ�ÒîËÈÊ�Ô ËÂÇµÉãØµÉ³Ù�É³Ò�ÒÂÐçÍîì

Ù³Ê èÚÉ�ÛÜØ " É³Ù�ËÂÛÜÊ�Ø � é � Ð�Øµè ÛÜØëËÂÇµÛÜÒ Ò�É�Ù�ËÂÛÜÊ�Ø¤í�æ¹É áñÉ¬ÐXU�É�ËÂÇµÉïÔ×ÖµáÜáôÙ³áÜÐ�Ò�Ò Ð�Ò � P¥É�ÍÂÙ³ÛÜÒîÉ ��\ \ Ð�ØµèàÙ³Ê�Ø ËÂÛñØôÖµÉ
ÇµÉ�ÍÂÉÏæ ÛñËÂÇ Ð ÔÜÍÂÉ³Ò�Ç Ù³áÜÐ�Ò�Ò¹ËÂÇÚÐçË·ÇÚÐ�ÒòÐ áÜÛñË�ËÂáñÉ ÞßÊÌÍÂÉÓÉ³Ø Ë�É�Í�ËäÐ�ÛñØÚÞßÉ�Ø Ë¹ÛÜØóÒ�ËÂÊÌÍÂÉÌé

�ÃáÜÐ¬ìôÛÜØµåàå�Ð�ÞßÉ³ÒïÊ�Ø®ËÂÇµÉÓÙ³Ê�ÞÀÎÚÖµË�É�Í æ¹Ê�ÖµáÜè _ É ÎµÍÂÉ�Ë�Ë ìL_ ÊÌÍ�ÛÜØµåëæ ÛñËÂÇµÊ�Ö«ËïÒ�Ê�ÞßÉ ÖµØ«ÎµÍÂÉ³èµÛÜÙ�ËÂÐ _ÚÛÜá �
ÛñË ì �ÃÐàÙäÇµÉ³Ò�Ò¹ÎÚÍ�Ê�åÌÍäÐ�Þ Ò�ÇµÊ�ÖµáÜè ØÚÊÌËòÐ�á²æÈÐ¬ìôÒïÙ³Ê�ÞßÉ Ö«Î�æ·ÛñËÂÇ®ËÂÇµÉÏÒ�Ð�ÞßÉ Ê�áÜè ÞßÊ U�É³Ò¹ÛÜØ®ÍÂÉ¬ÐçÙ�ËÂÛÜÊ�Ø®ËÂÊ
ì�Ê�Ö«Í ÒÂÐ�ÞßÉãÊ�áÜè ÞßÊ�U�É³Ò³í�ÐçØÚè ÛñØ½ÐçØ Ð�Ù�ËÂÛÜÊ�Ø å�ÐçÞßÉÌíÚË�ÇÚÉâÉ³ØµÉ³ÞßÛÜÉ³ÒÈÒ�ÇµÊ�ÖµáÜè ØÚÊÌË Ð�áñæÈÐ³ì¥ÒÈÎ ÊÌÎ Ö«Î ÐÑË
ËÂÇµÉâÒ�Ð�ÞßÉÏË�ÛÜÞßÉÏÐ�Øµè áÜÊôÙ¬ÐÑËÂÛÜÊ�Ø¤é�ê�Ø ÊÌÍ�èÚÉÄÍ·ËÂÊßÐçÙ´ÇµÛÜÉIU�ÉëÖµØµÎµÍÂÉ�èÚÛñÙ�ËäÐ _ÚÛÜáÜÛ²Ë ì�í¯ËÂÇµÉãÎµÍÂÊ�åÌÍäÐçÞ Ë ìôÎÚÛÜÙ³Ð�áÜáñì
ÖµÒ�É³Ò·Ð £�©���Fµ��¨ � ��¨  ³�³£�Á«�³� �³£�©¯����£ é ÆÈÇµÛÜÒ¹ËÂÉ�ÍÂÞ ÛÜÒÈÞßÛÜÒ�áÜÉ³Ð�èµÛÜØµå«í¯ËÂÇµÊ�Öµå�Ç¤í«Ò�ÛÜØµÙ³ÉÏËÂÇµÉãØ ÖÚÞ�_ É�Í�Ò
ÐçÍÂÉÓÛÜØ®ÍÂÉ¬ÐçáÜÛñË ìßå�É³ØµÉ�ÍäÐÑËÂÉ³èóÐçÙ³Ù³ÊÌÍÂèµÛÜØµåàËÂÊ¿Ò�Ê�ÞßÉ�Y P«É³è ÍÂÖµáÜÉÌí¥ÛÜØ Ò�ÖµÙäÇóÐëæÈÐ³ìßËÂÇÚÐçËïËÂÇµÉ�ì ©¬¢«¢ �´©�£ ËÂÊ_ ÉÓÍäÐ�ØµèµÊ�Þ é ��Ö«Ë·Ô×ÊÌÍòÞ®Ð�Ø ìßÎÚÖ«Í�Î Ê�ÒîÉ³Ò ^»ÛÜØµÙ³áÜÖµèµÛÜØµåàå�Ð�ÞßÉ³Ò `Äí ËÂÇµÛÜÒ¹ÛÜÒòÙ�Ê�ÞÀÎ áñÉ�ËÂÉ³áñìÀÒ�Ö � Ù³ÛÜÉ�Ø Ë¬íµÐ�Øµè
æ¹ÉÏÙ¬Ð�áÜá¤Ò�ÖµÙäÇ ØôÖµÞ�_ É�ÍÂÒ ¢¾���³� Fµ��£�©���Fµ��¨ é

Linear congruential generators.
� ÒîÛÜÞÀÎÚáÜÉ Ð�Øµè æ ÛÜèµÉ³áñì �ºÖµÒ�É³èßËÂÉ�Ù´ÇµØµÛ W ÖÚÉ Ê�Ô¾å�É�Ë�Ë�ÛÜØµå Ð ÒîÉXWôÖµÉ³ØµÙ³É

Ê�Ô ÎÚÒ�É�ÖÚèµÊÌÍäÐçØÚèµÊ�Þ ØôÖµÞ�_ É�ÍÂÒ¾ÛÜÒ ËÂÇµÉ �­�°� �Ä©�£ë±Ä����Á�£¬� �³�¤��� ©¯�Ú¨½�¬�º��� F é � ÛVU�É³ØàÐ ¨ ���­���²¢¾���î�³£ a � � íÐ�Ø � � ���¬� c � � í Ð ¨½� F�������� m � � ÐçØÚè Ð ���Ä�IF x0 � � í áÜÉ�ËëÖÚÒâÙ³Ê�ØµÒ�ÛÜèµÉ�ÍëËÂÇµÉßÒ�É WôÖµÉ³ØµÙ³É
x1, x2, . . .

Ê�Ô¡ØÚÐçËÂÖ«ÍäÐ�á¤ØôÖµÞ�_ É�ÍÂÒ¹èµÉ YÚØµÉ³è _ ì ËÂÇµÉÓÍÂÖµáÜÉ

xi = (axi−1 + c)
ÞßÊôè

m, i > 0.

� Ò�Þ®ÐçáÜá�ÉIPµÐ�ÞÀÎÚáÜÉÃÛÜÒ¾ËÂÇµÉ�ÎÚÒ�É³ÖµèµÊÌÍäÐ�ØµèµÊ�Þ ØôÖµÞ�_ É�Í å�É³ØµÉ�ÍäÐçËÂÊÌÍ
knuth8

íÌèµÉ YÚØµÉ³è _ôìâË�ÇÚÉ�Ô×Ê�áÜáÜÊ¦æ ÛÜØµå
Î ÐçÍäÐ�ÞßÉÄËÂÉ�ÍÂÒ³é

a = 137, c = 187, m = 28 = 256, x0 = 0.

Æ¹ÇÚÉÏÒ�ÉXW ÖµÉ³ØµÙ³É
x1, x2, . . .

Ê�Ô¡ØôÖµÞ�_ É�ÍÂÒïËÂÇÚÐçËÈæ¹Éãå�ÉÄË·ÔÜÍÂÊ�Þ ËÂÇµÛÜÒ¹ÛÜÒ

187
í
206

í
249

í
252

í
151

í
138

í
149

í
120

í
243

í
198

í
177

í
116

í
207

í
130

í
77
í

240
í
43
í
190

í
105

í
236

í
7
í
122

í
5
í
104

í
99
í
182

í
33
í
100

í
63
í
114

í
189

í
224

í
155

í
174

í
217

í
220

í
119

í
106

í
117

í
88
í
211

í
166

í
145

í
84
í
175

í
98
í
45
í
208

í
11
í
158

í
73
í
204

í
231

í
90
í
229

í
72
í
67
í
150

í
1
í
68
í
31
í
82
í
157

í
192

í
123

í
142

í
185

í
188

í
87
í
74
í
85
í
56
í
179

í
134

í
113

í
52
í
143

í
66
í
13
í
176

í
235

í
126

í
41
í
172

í
199

í
58
í

197
í
40
í
35
í
118

í
225

í
36
í
255

í
50
í
125

í
160

í
91
í
110

í
153

í
156

í
55
í
42
í
53
í
24
í

147
í
102

í
81
í
20
í
111

í
34
í
237

í
144

í
203

í
94
í
9
í
140

í
167

í
26
í
165

í
8
í
3
í
86
í
193

í
4
í
223

í
18
í
93
í
128

í
59
í
78
í
121

í
124

í
23
í
10
í
21
í
248

í
115

í
70
í
49
í
244

í
79
í
2
í

205
í
112

í
171

í
62
í
233

í
108

í
135

í
250

í
133

í
232

í
227

í
54
í
161

í
228

í
191

í
242

í
61
í

96
í
27
í
46
í
89
í
92
í
247

í
234

í
245

í
216

í
83
í
38
í
17
í
212

í
47
í
226

í
173

í
80
í
139

í
30
í
201

í
76
í
103

í
218

í
101

í
200

í
195

í
22
í
129

í
196

í
159

í
210

í
29
í
64
í
251

í
14
í

57
í
60
í
215

í
202

í
213

í
184

í
51
í
6
í
241

í
180

í
15
í
194

í
141

í
48
í
107

í
254

í
169

í
44
í

71
í
186

í
69
í
168

í
163

í
246

í
97
í
164

í
127

í
178

í
253

í
32
í
219

í
238

í
25
í
28
í
183

í
170

í
181

í
152

í
19
í
230

í
209

í
148

í
239

í
162

í
109

í
16
í
75
í
222

í
137

í
12
í
39
í
154

í
37
í
136

í
131

í
214

í
65
í
132

í
95
í
146

í
221

í
0
í
187

í é¬é³é
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[ ÍÂÊ�ÞðÇµÉ�Í�ÉãÊ�Ø¤í¥ËÂÇµÉÏÒ�ÉXWôÖµÉ³ØµÙ³ÉÏÍÂÉ�Î É³ÐçËÂÒÈÛñËÂÒ�É³áñÔ ^�ÛñØ�å�É³ØµÉ�ÍäÐçá�í¥ËÂÇµÉ Î É�ÍÂÛÜÊ è�Ù¬ÐçØóØµÉ U�É�Í�_ ÉãáñÊ�ØÚå�ÉÄÍ

ËÂÇÚÐ�Ø
m
`´é ��Ö«ËÏÖµØ ËÂÛñá ËÂÇµÛÜÒ Î Ê�ÛÜØ Ë³í¾Û²ËÏÐçÎµÎ É¬ÐçÍÂÒÓËÂÊ
_ É ÎÚÍ�É�Ë�Ë ì ÍäÐ�ØµèµÊ�Þ ^ºÐ�áñËÂÇµÊ�Öµå�Ç½Ð Ù³áñÊ�Ò�É�ÍÏáÜÊôÊ ]

ÍÂÉ U�É³Ð�áÜÒïËÂÇÚÐçËÈÛñË¹ÛÜÒ¹ØµÊÌË¹ÍäÐ�ØµèµÊ�Þ ÐçËòÐ�áÜá � èÚÊ ì�Ê�ÖóèµÛÜÒ�Ù�Ê U�É�ÍòÐàÒîË�Í�ÛV]¥ÛÜØµå Ò�ÛÜå�Ø Ê�Ô¡ØµÊ�Ø«ÍäÐ�ØµèµÊ�ÞßØµÉ³Ò�Ò � `Äé
ê�Ø�ÊÌÍÂèµÉ�ÍÈËÂÊ Þ®Ð ]�É ËÂÇµÉÓÞ®Ð�å�ØµÛñËÂÖµèµÉ·Ê�Ô¤ËÂÇµÉÏÍÂÐ�ØµèÚÊ�Þ Ø ÖµÞb_ ÉÄÍÂÒïÛÜØµèµÉ�Î É³ØµèµÉ³Ø ËÈÔÜÍÂÊ�Þ ËÂÇµÉÓÞßÊôè��

ÖµáÜÖµÒ³í«ÛñËòÛÜÒ¹Ù³Ê�ÞßÞßÊ�Ø®ÎÚÍÂÐ�Ù�ËÂÛÜÙ�ÉÓË�Ê � ��£¬¨½©¯��� 
 � Ë�ÇÚÉÏØôÖµÞ�_ É�ÍÂÒÈÒ�Ê¿ËÂÇÚÐçË¹ËÂÇµÉ�ìóÐÑÍÂÉÏÍ�É¬Ð�á¤ØôÖµÞ�_ É�ÍÂÒÈÛÜØ
ËÂÇµÉÏÛÜØ ËÂÉÄÍ UÌÐçá

[0, 1)
é

� Í�Ê�åÌÍäÐ�Þ � � _ É³áñÊÑæ¼Ù³Ê�Ø¯ËäÐ�ÛÜØµÒ ËÂÇµÉ·èµÉ YÚØµÛñËÂÛÜÊ�Ø¿Ê�Ô ÐÓÙ³á×Ð�ÒîÒ
random

ÛÜØÀØÚÐ�ÞßÉ³ÒîÎ Ð�Ù�É
ifm

Ô×ÊÌÍ�å�É³Ø��
É�ÍäÐÑËÂÛÜØµåãØµÊÌÍÂÞ®ÐçáÜÛ
�³É³èàÎÚÒ�É³ÖµèµÊÌÍäÐ�ØµèµÊ�Þ ØôÖµÞb_�É�ÍÂÒÃÐ�Ù³Ù³ÊÌÍ�èÚÛñØÚåÓËÂÊÏËÂÇµÉòáÜÛñØÚÉ³ÐçÍÃÙ³Ê�ØµåÌÍÂÖµÉ³Ø ËÂÛÜÐ�á«ÞßÉ�ËÂÇµÊôè¤é
Æ¹ÇÚÉÄÍÂÉßÛÜÒ ÐóÙ³Ê�ØµÒîË�Í�ÖÚÙÄËÂÊÌÍàËÂÇÚÐçË Ð�áñáÜÊÑæ·ÒãËÂÇµÉßÙ³ÖµÒîË�Ê�ÞßÉ�ÍëËÂÊ ÎµÍÂÊ�U¥ÛÜèµÉ ËÂÇµÉÀÎ ÐçÍäÐçÞßÉ�ËÂÉ�ÍÂÒ

a, c, m, x0

í
Ð�Øµè½Ð ÞßÉ³Þ�_ É�Í Ô×ÖµØµÙ�ËÂÛñÊ�Ø

operator()
ËÂÊ®å�É�Ë ËÂÇµÉëÍÂÉ³Ò�Î É³Ù�ËÂÛ U�É¿ØµÉIPôËÓÉ³áÜÉ³ÞßÉ�Ø Ë ÛñØ Ë�ÇÚÉàÒîÉXWôÖµÉ³ØµÙ³É

Ê�Ô¡Ë�ÇÚÉ
xi

é
�

// Prog: random.h�
// define a class for pseudorandom numbers.

�

�
namespace ifm {

�
// class random: definition

	
class random {



public:

�
// POST: * this is initialized with the linear congruential

�
// random number generator

���
// x_i = ( a * x_{i -1} + c) mod m

�
�
// with seed x0.

� �
random(unsigned int a, unsigned int c,

���
unsigned int m, unsigned int x0);

���

���
// POST: return value is the next pseudorandom number

��	
// in the sequence of the x_i , divided by m

� 

double operator ()();

���

���
private:���

const unsigned int a_; // multiplier� �
const unsigned int c_; // offset���
const unsigned int m_; // modulus�
�
unsigned int xi_; // current sequence element� �

};���
} // end namespace ifm

Program 36: ¢¤£³�ÄÁ�� � £�©���Fµ��¨ Å×�
ÆÈÇµÉÓÔ×ÖµØµÙ�ËÂÛÜÊ�Ø

operator()
ÇÚÐ�ÒïØµÊ¿ÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ�ÛÜØ Ê�Ö«ÍïÙ¬Ð�ÒîÉb^°ËÂÇÚÐçË!� ÒÕæ Ç ìÀÛñËÂÒïèµÉ³Ù³áÜÐçÍäÐçËÂÛñÊ�ØÀÛÜÒ

operator()()
í æ ÇµÛÜÙäÇ Ð�èµÞßÛñË�ËÂÉ³èµáñì®áñÊôÊ ]¥Ò·Ð _ÚÛñË Ô×ÖµØµØ ì `Äí Ð�Øµè ÛñË Ê�U�É�ÍÂáñÊ�Ð�èµÒ ËÂÇµÉ ¶�� � ±¬���î��� ±Ä©¯�°�

�³¢ �³£Ä©¯����£ í«Ò�É³ÉãÆ Ð _ÚáÜÉ � ÛÜØßËÂÇµÉ �·ÎµÎ É³ØµèµÛ P�é ê�Ø å�É³ØµÉ�ÍÂÐ�á�í¥ÛÜÔ �����
	 ÛÜÒ¹Ð�Ø ÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø Ê�Ô¾Ò�Ê�ÞßÉ Ù³á×ÐçÒ�ÒË ìôÎ ÉÓæ ÇµÛÜÙäÇóÇÚÐ�Ò¹ËÂÇµÉÏÞßÉ³Þb_�É�Í¹Ô×ÖµØÚÙÄËÂÛÜÊ�Ø



� ��� � � � �
� ��� � \�� �

operator
^�`I^ � � � ��
 � � íñé²éñé²í ��� ��� 
 �I� `

ËÂÇµÉ³Ø �����
	 Ù¬Ð�Ø _�ÉãÖµÒ�É³è áñÛV]�ÉÏÐ¿Ô×ÖµØµÙ�ËÂÛÜÊ�Ø � ËÂÇµÉâÉGP¥ÎµÍÂÉ³Ò�ÒîÛÜÊ�Ø
������	 ^ �����
	 � íñé²éñéñí �����
	G� `
ÛÜÒ¤ÉXW ÖÚÛ UÌÐ�áñÉ³Ø Ë ËÂÊòÐïÙ¬Ð�áÜá�Ê�Ô ËÂÇµÉ ÞßÉ³Þ�_ É�Í�Ô×ÖµØµÙ�ËÂÛñÊ�Ø

operator()
æ Û²ËÂÇÏÐçÍÂå�ÖµÞßÉ³Ø¯ËÂÒ �����
	 � í²é³é³é³í �����
	G�

Ô×ÊÌÍÈËÂÇµÉâÉIPôÎÚÍ�É³Ò�Ò�ÛÜÊ�Ø �����
	 é�SÝÉÏæ ÛÜáÜá�Ò�É³ÉâÒîÖÚÙäÇ Ù¬ÐçáÜáÜÒ¹ÛÜØ � ÍÂÊ�åÌÍäÐçÞ � � Ð�Øµè � ÍÂÊ�åÌÍäÐ�Þ � � _�É³áÜÊ¦æëé
�·É�ÍÂÉ ÛñÒÀËÂÇµÉóÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯ËäÐçËÂÛñÊ�Ø Ê�Ô ËÂÇµÉ Ù³áÜÐ�Ò�Ò

random
ÛÜØ æ ÇµÛÜÙäÇ æ¹ÉóÒ�É�É ÇµÊ¦æ

operator()Ö«Î èÚÐçËÂÉ³ÒÀË�ÇÚÉ U�Ð�áÜÖµÉóÊ�ÔÓËÂÇµÉ èÚÐçËäÐ ÞßÉ�Þb_ ÉÄÍ
x_i

ËÂÊ _ ÉóËÂÇµÉóÍÂÉ³ÒîÎ�É³Ù�ËÂÛVU�É ØµÉIPôË®É³áÜÉ³ÞßÉ�Ø ËßÛÜØ ËÂÇµÉ
Ò�ÉXW ÖµÉ³ØµÙ³ÉëÊ�Ô¡Ë�ÇÚÉ

xi

é
�

// Prog: random.C�
// implement a class for pseudorandom numbers.

�

�
#include <IFM/random.h>

�

	
namespace ifm {



// class random: implementation

�
random::random(unsigned int a, unsigned int c,

�
unsigned int m, unsigned int x0)

���
: a_(a), c_(c), m_(m), xi_(x0)

�
�
{}

� �
���

double random::operator ()()
���

{
���

// update xi acording to formula ,...
��	

xi_ = (a_ * xi_ + c_) % m_;
� 


// ... normalize it to [0,1), and return it
���

return double(xi_ ) / m_;
���

}���
} // end namespace ifm

Program 37: ¢¤£���Á�� � £�©���Fµ��¨ Å �
)óÐ�Ø ì½Ù³Ê�ÞßÞßÊ�Øµáñì�ÖÚÒîÉ³è ÍäÐ�ØµèµÊ�Þ ØôÖµÞ�_ É�Íãå�É³ØµÉ�ÍäÐçËÂÊÌÍ�ÒâÐçÍ�É�Ê _µËäÐ�ÛñØÚÉ�è ÛÜØ½ÉIPµÐ�ÙÄËÂáñì ËÂÇµÛÜÒÓæÈÐ¬ì�é

[ ÊÌÍ ÉIP«Ð�ÞÀÎÚáÜÉÌíÌËÂÇµÉ¹æ¹É³áÜá � ]¥ØµÊ¦æ Ø å�É�ØÚÉÄÍäÐçËÂÊÌÍ
drand48

ÍÂÉ�Ë�ÖµÍ�ØÚÒÃÎÚÒ�É³ÖµèµÊÌÍäÐ�ØµèµÊ�Þ Ø ÖµÞb_ ÉÄÍÂÒÕÛñØ
[0, 1)Ð�Ù³Ù�ÊÌÍÂèµÛÜØµå¿ËÂÊ¿ËÂÇµÉÏÎ ÐçÍÂÐ�ÞßÉ�ËÂÉ�Í�Ò

a = 25214903917, c = 11, m = 248,

Ð�Øµè Ð�ÒîÉ³É³è ÙäÇÚÊ�ÒîÉ³Ø _ ì Ë�ÇÚÉâÙ³ÖµÒîËÂÊ�ÞßÉ�Í¬é � ê»Ë ÛÜÒòÙ³áÜÉ¬ÐçÍòËÂÇÚÐçË·æ¹ÉãØµÉ³É³è Ð�á×ÐÑÍÂå�ÉâÞßÊ èÚÖµáÜÖµÒïËÂÊÀÊ _µËäÐçÛÜØ
Ð ÖÚÒîÉ³Ô×Öµá¡å�É³ØµÉ�ÍÂÐçËÂÊÌÍ¬í«Ò�ÛñØÚÙ�É

m
ÛñÒ·Ð�Ø Ö«ÎÚÎ�É�Í�_�Ê�ÖÚØµè Ô×ÊÌÍòËÂÇµÉÏØôÖµÞ�_ É�ÍÈÊ�Ô èµÛ	��É�ÍÂÉ³Ø¯Ë·Ø ÖÚÞ�_ É�Í�Ò¹Ë�Ç ÐÑË

� � � �-� "@	�* 6Q
7�
�(
�
�� � �2�2��� �H�%��* 6 � ���
unsigned int

	 �
{0, . . . , 232 −1}

,�$ ������* � 
!���(���.	 �	��
7��	 ��6 ��* �%���(
��2�!� ��	�* 6
�����A�%�+� � �

random
J��Q�#	�* 6L���.�1
�� � ���#"5� ��
��(
7	.�#* ��� � �%�Q
�� �8
 BI� �

double
��*
/ �-	." ���+�(
7	�* 6 
7� �8"L��/�� ��� ��� ���%�(
7���

	.* � ����	�
���� � �Q$&��BK	 �:
�� �A$&��BL
��O6I� � ��� ��J
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æ¹ÉÏÙ¬Ð�Ø�Î Ê�ÒîÒ�ÛV_Úáñì®å�É�ËòÔÜÍÂÊ�Þ ËÂÇµÉãå�É�ØÚÉÄÍäÐçËÂÊÌÍ¬éÕÆ¹ÇÚÛñÒÈÞßÉ³Ð�ØµÒ¹Ë�Ç ÐÑË

knuth8
ÔÜÍÂÊ�ÞðÐ _ Ê�U�ÉãÛÜÒ¹ÍäÐçË�ÇÚÉÄÍ·Ð

ËÂÊ¦ì å�É³ØµÉ�ÍäÐçËÂÊÌÍ³é

The game of choosing numbers.
�·ÉÄÍÂÉòÛñÒÕÐÓå�Ð�ÞßÉ�Ë�Ç ÐÑËÃì�Ê�Ö Ù³Ê�ÖµáÜè¿ÎÚá×Ð³ìàæ·ÛñËÂÇ ì�Ê�ÖµÍÕÔÜÍÂÛÜÉ�ØÚè¿æ ÇµÛÜáÜÉ

æÈÐ�ÛñË�ÛÜØµå�Ô×ÊÌÍ Ð�èµÉ³á×Ð³ì�É³è Ë�ÍäÐçÛÜØ¤é��ÃÐ�ÙäÇ Ê�Ô ì�Ê�Ö ÛñØÚèµÉ�Î�É³ØµèÚÉ�Ø ËÂáñì®æòÍÂÛñËÂÉ³ÒÈèµÊÑæ·Ø Ð�Ø ÛÜØ¯ËÂÉ³å�É�Í�_ É�Ë æ¹É³É³Ø
1
ÐçØÚè

6
é Æ¹ÇÚÉ�ØóËÂÇµÉâØôÖµÞ�_ É�ÍÂÒÈÐçÍ�ÉâÙ³Ê�ÞÀÎ ÐçÍÂÉ�è¾éÕê�Ô ËÂÇµÉ�ì�ÐçÍÂÉãÉXWôÖÚÐ�á»íµË�ÇÚÉÏå�Ð�ÞßÉÓÛÜÒ·Ð¿è«ÍäÐ³æëé�ê�Ô ËÂÇµÉ

ØôÖµÞ�_ É�ÍÂÒ èµÛ	��É�Í�_ôì¿Ê�ØµÉÌí¯Ë�ÇÚÉïÎÚá×Ð³ì�É�ÍÃæ ÛñË�Ç¿ËÂÇµÉÈÒ�Þ®Ð�áÜáñÉ�Í ØôÖµÞ�_ É�Í å�É�Ë�Ò�� � [ \ ÔÜÍÂÊ�Þ ËÂÇµÉÈÊ�ØÚÉ¹æ Û²ËÂÇ
ËÂÇµÉÏá×ÐçÍÂå�É�ÍÈØ ÖÚÞ�_ É�Í³éÕê�Ô¾ËÂÇµÉÏË æ¹Ê�ØôÖµÞb_�É�ÍÂÒ¹èµÛ	��É�Í�_ôì®Ë æ¹Ê¿ÊÌÍ·ÞßÊÌÍÂÉ�í¥ËÂÇµÉÏÎÚá×Ð³ì�É�ÍÈæ ÛñË�Ç ËÂÇµÉÏá×ÐçÍÂå�ÉÄÍ
ØôÖµÞ�_ É�Íãå�É�ËÂÒ ��� [ � ÔÜÍÂÊ�Þ ËÂÇµÉ�Ê�ØµÉ¿æ ÛñËÂÇ ËÂÇµÉ Ò�Þ®ÐçáÜáÜÉ�ÍÓØ ÖÚÞ�_ É�Í³é � Ê�ÖÝÙ¬Ð�Ø½ÍÂÉ�Î É¬ÐÑËâËÂÇµÛÜÒÏÖµØ ËÂÛÜá
ËÂÇµÉÓË�ÍäÐ�ÛÜØ�ÐçÍ�ÍÂÛ U�É³Ò ^»ÊÌÍ·ÖµØ Ë�ÛÜá Ê�ØµÉãÊ�Ô ì�Ê�Ö ÍÂÖµØÚÒòÊ�Ö«ËòÊ�Ô Ù¬Ð�Ò�Ç¤íÚÐ�Øµè�ÇµÊÌÎ É³Ô×ÖµáÜá²ì®ÛñË!� Òïì�Ê�Ö«Í ÔÜÍ�ÛÜÉ³Øµè `Äé

ê�Ô ì�Ê�Ö ËÂÇµÛÜØ ] Ð _ Ê�Ö«ËëÇµÊÑæ ËÂÊ�ÎÚá×Ð³ì ËÂÇµÛÜÒÏå�Ð�ÞßÉÌí Û²Ë!� ÒÏØµÊÌËëÊ _ UôÛÜÊ�ÖµÒãæ·Ç ÐÑËãËÂÊ�èÚÊ«é � ØµÉ ËÂÇµÛÜØµå
��� Ê _ UôÛÜÊ�ÖµÒ³í ËÂÇµÊ�Öµå�Ç � ì�Ê�Ö½ÒîÇÚÊ�ÖµáÜè ØµÊÌË æòÍÂÛñËÂÉâèÚÊ¦æ ØóË�ÇÚÉàÒ�Ð�ÞßÉâØ ÖÚÞ�_ É�Í ÛÜØ É U�É�Í�ì Í�Ê�ÖÚØµè¤í�ÒîÛÜØµÙ³É
ËÂÇµÉ³Ø ì�Ê�Ö«Í�ÔÜÍÂÛÜÉ³ØµèLW ÖÚÛñÙ ]ôáñì¿áÜÉ¬ÐçÍ�ØÚÒ ËÂÊãÉIP¥ÎÚáÜÊ�Û²ËÃË�ÇÚÛñÒ�_ ì¿æòÍÂÛñËÂÛñØÚåÓèµÊ¦æ ØßÐÓØôÖµÞ�_ É�Í ËÂÇÚÐçË�_ É¬ÐçËÂÒ ì�Ê�Ö«Í
ØôÖµÞ�_ É�Í ^ _ ì èµÉ³ÒîÛÜå�ØóÊ�Ô¡Ë�ÇÚÉÏå�Ð�ÞßÉÌí¥Ë�ÇÚÛñÒÈÛñÒ·Ð�á²æÈÐ¬ìôÒïÎ Ê�Ò�Ò�ÛV_ÚáÜÉK`Äé

� Ê�Ö Ò�ÇµÊ�ÖÚáñè ËÂÇµÉ�ÍÂÉ³Ô×ÊÌÍÂÉ ÐçèÚè ÒîÊ�ÞßÉ ÖµØ«ÎÚÍ�É³èµÛÜÙ�ËäÐ _ÚÛÜáñÛñË ì ËÂÊ�ì�Ê�Ö«Í ÙäÇµÊ�ÛÜÙ³É³Ò�é � Ê�Ö Ù³Ê�ÖµáÜè¤íÓÔ×ÊÌÍ
ÉIP«Ð�ÞÀÎÚáÜÉÌí�Ò�É�Ù�ÍÂÉ�ËÂá²ì ÍÂÊ�áÜá ÐÀèµÛÜÙ³É ÛÜØ É U�É�Íîì Í�Ê�ÖÚØµè½Ð�Øµè æòÍÂÛñËÂÉàèµÊ¦æ Ø ËÂÇµÉ ØôÖµÞb_�É�Í ËÂÇÚÐçË ÛñËÓÒîÇÚÊ¦æ Ò�é
��Ö«Ë ��P«ÉÄÍÂÙ³ÛÜÒ�É ��\ � Í�É U�É¬Ð�áÜÒÈËÂÇÚÐçË¹ì�Ê�Ö«Í·ÔÜÍÂÛñÉ³ØµèóÙ¬Ð�Ø ÉIPôÎÚáÜÊ�ÛñËïËÂÇµÛÜÒÈÐ�ÒÈæ¹É³áÜá�é

� Ê�Ö Þ�ÖµÒîËÈÒ�Ê�ÞßÉ³ÇµÊ¦æ Y ØµÉ�Ë�ÖÚØµÉÏì�Ê�ÖµÍòÍäÐ�ØµèµÊ�ÞðÙäÇµÊ�ÛÜÙ³É�Ò³í _ÚÖ«Ë ÇµÊ¦æ � ê�Ø ÊÌÍ�èÚÉÄÍ·ËÂÊÀÉGP¥Î É�Í�ÛÜÞßÉ³Ø Ë
æ Û²ËÂÇ�èµÛ	��É�ÍÂÉ³Ø¯Ë èµÛÜÒîËîÍÂÛV_ÚÖ«ËÂÛÜÊ�ØµÒ³í ì�Ê�Ö èµÉ³Ù³ÛÜèµÉ ËÂÊ èµÉ YÚØµÉ�ÐçØÚè�ÛÜÞÀÎÚáÜÉ³ÞßÉ³Ø¯Ë Ð Ù�á×Ð�Ò�Ò

loaded_diceËÂÇÚÐçË Í�Ê�áÜáÜÒòË�ÇÚÉàèµÛÜÙ�ÉàÛÜØ Ò�ÖµÙ´Ç½Ð æÈÐ³ì�ËÂÇÚÐçË·ËÂÇµÉëÎÚÍ�Ê _�Ð _ ÛñáÜÛñË ì Ô×ÊÌÍÓØôÖµÞb_�É�Í
i
ËÂÊßÙ³Ê�ÞßÉëÖ«Î ÛÜÒ ÉXW Ö Ðçá

ËÂÊ Ð ÎµÍÂÉ³ÒîÎ É�Ù³ÛVYÚÉ³è U�Ð�áÜÖµÉ
pi

^ºÐ½ÔªÐ�Û²ÍÀèµÛÜÙ³É Ç ÐçÒ
pi = 1/6

Ô×ÊÌÍßÐ�áÜá
i � {1, . . . , 6}

`Äé Æ¹ÇµÉ³Ø ì�Ê�Ö
Ù³Ê�ÖµáÜè áÜÉÄËàèµÛ	��É�Í�É³Ø ËàáñÊ�Ð�èµÉ³è èµÛÜÙ³É³ÒâÎÚá×Ð³ìÝÐ�å�Ð�ÛÜØµÒîËãÉ¬Ð�ÙäÇ ÊÌËÂÇµÉ�Í¬í Ð�Øµè ÛÜØÝËÂÇµÛÜÒãæÈÐ¬ì èµÛÜÒ�Ù³Ê�U�É�Í Ò�ÖµÛñË��
Ð _ÚáÜÉÏÎÚÍ�Ê _�Ð _ ÛñáÜÛñËÂÛÜÉ�Ò¹Ë�ÊÀÖµÒ�É Ð�å�Ð�ÛÜØµÒîËÈì�Ê�Ö«Í ÔÜÍÂÛÜÉ�ØÚè ^»æ·ÇµÊÀÛÜÒ�_ ì�ËÂÇµÉâæÈÐ³ì�ØÚÊÌË ÒîËÂÖµè«ì¥ÛÜØµå Ù�Ê�ÞÀÎ Ö«ËÂÉÄÍ
Ò�Ù³ÛñÉ³ØµÙ³É�`Äé

� Í�Ê�åÌÍäÐ�Þ � � Ò�ÇµÊÑæ·Ò Ð Ò�ÖµÛñËäÐ _ÚáÜÉÏÙ³á×Ð�ÒîÒ·èµÉ YÚØµÛñËÂÛÜÊ�Ø ^»ËÂÇÚÐçËòÛÜØóËÂÖ«ÍÂØ�Í�É³áÜÛÜÉ³ÒòÊ�Ø�ËÂÇµÉâÙ�á×Ð�Ò�Ò
randomÔÜÍÂÊ�Þ Ð _ Ê�U�ÉÌí æ ÛñË�Ç¼ËÂÇµÉ½ØÚÊÌÍ�Þ®Ð�áÜÛ
�¬ÐÑËÂÛÜÊ�Ø ËÂÊ ËÂÇµÉ½ÛÜØ¯ËÂÉ�Í U�Ð�á

[0, 1)
`Äé SÝÉ½æ·ÛÜáÜá å�ÉÄË�ËÂÊ ËÂÇµÉ½Ù³áÜÐ�Ò�Ò

ÛÜÞÀÎÚáÜÉ³ÞßÉ�Ø ËäÐçË�ÛÜÊ�Ø ^ºÐ�Øµè ËÂÇµÉãÞßÉ¬ÐçØÚÛñØÚå Ê�Ô¾ËÂÇµÉãèÚÐçËäÐ ÞßÉ³Þ�_ É�ÍÂÒ `ÕÛÜØ � ÍÂÊ�åÌÍäÐ�Þ � � _ É³áÜÊ¦æëé
�

// 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,



� ��� � � � �
� ��� � \�� �
��	

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

Program 38: ¢¤£���Á�� � �ª��© Fµ�IF F���±���ÅÜ�
Æ Ê ÛÜØµÛñËÂÛ×ÐçáÜÛ
�³ÉàËÂÇµÉßáÜÊ�Ð�èµÉ³è èµÛÜÙ³É�í æ¹ÉßÇÚÐXU�ÉÀËÂÊ ÎµÍÂÊ�U¥ÛÜèµÉÀËÂÇµÉÀÎµÍÂÊ _ Ð _ÚÛÜáÜÛñË�ÛÜÉ³Ò

p1, . . . , p5

^
p6 =

1 −
∑5

i=1 pi

`´í¤Ð�Øµè½ËÂÇµÉàÍäÐ�ØµèµÊ�Þ ØôÖµÞ�_ É�ÍÓå�É³ØµÉ�ÍÂÐçËÂÊÌÍÓËÂÇÚÐçËÓÛÜÒ�_ É�ÛÜØµå ÖµÒ�É�è½ËÂÊ Ð�Ù�ËÂÖÚÐ�áñáñì�ÍÂÊ�áñá ËÂÇµÉ
èµÛÜÙ³ÉÌé �·å�Ð�ÛÜØ¤í¯æ¹ÉòÊ U�ÉÄÍÂáÜÊ�Ð�è

operator()
ËÂÊâÍÂÉ¬ÐçáÜÛ
�³ÉÈËÂÇµÉ·Ô×ÖµØµÙ�ËÂÛÜÊ�ØÚÐ�áÜÛ²Ë ì ÊÌÔ�ÍÂÊ�áÜáÜÛÜØµåÓËÂÇµÉ èµÛÜÙ³ÉòÊ�ØÚÙ�ÉÌé

�·Ê¦æ èÚÊÈæ¹ÉÕÛñÞÀÎ áñÉ³ÞßÉ³Ø Ë ËÂÇµÛÜÒ¾Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ì � S ÉÕÎ ÐçÍ�Ë�ÛñËÂÛÜÊ�ØÓËÂÇµÉÕÛñØ ËÂÉ�Í UÌÐ�á
[0, 1)

ÛÜØ ËÂÊ
6
ÍÂÛÜå�Ç Ë �ºÊÌÎ É³Ø

ÛÜØ¯ËÂÉ�Í U�Ð�áÜÒ³í¥æ·ÇµÉ�ÍÂÉÏÛÜØ ËÂÉÄÍ UÌÐçá
i
ÇÚÐ�ÒÈáÜÉ³ØµåÌËÂÇ

pi

�

0 1

p1 p2 p3 p4 p5 p6

p1 + p2 + p3p1 + p2 x

ÆÈÇµÉ³Ø æ¹É è«ÍäÐ³æ ÐëØôÖµÞ�_ É�Í
x
ÐçËïÍäÐ�ØµèµÊ�Þ ÔÜÍÂÊ�Þ

[0, 1)
í ÖÚÒîÛÜØµåàÊ�ÖµÍ¹å�É�ØÚÉÄÍäÐçËÂÊÌÍ¬éÃê�Ô¤ËÂÇµÉ ØôÖµÞ�_ É�Í

ËÂÇÚÐçË¡æ¹É å�É�Ë æ¹É�Í�É�Ë�ÍÂÖµáñìÏÍäÐ�ØµèµÊ�Þ íÑË�ÇÚÉ�Ø¿Û²Ë æ¹Ê�ÖµáÜèàÉ³Øµè Ö«Î ÛÜØàÛÜØ Ë�É�Í U�Ð�á
i
æ Û²ËÂÇëÎµÍÂÊ _ Ð _ÚÛÜáÜÛñË ì ÉIP«Ð�Ù�ËÂá²ì

pi

é �·ØµèµÉ�Í ËÂÇµÉòÐ�Ò�Ò�ÖµÞÀÎµËÂÛÜÊ�ØàËÂÇÚÐçËÃÊ�Ö«Í Î ÒîÉ³ÖµèÚÊÌÍÂÐ�ØµèÚÊ�Þ Ø ÖÚÞ�_ É�Í�Ò�_ É³ÇÚÐXU�É·áÜÛV]�É ÍÂÐ�ØµèÚÊ�Þ Ø ÖÚÞ�_ É�Í�Ò
ÛÜØ�Ð¿Ò�ÖµÛñËÂÐ _ÚáÜÉ æÈÐ³ì�íµæ¹ÉÓËÂÇµÉ�ÍÂÉ�Ô×ÊÌÍÂÉãèµÉ³Ù�á×ÐçÍÂÉ

i
Ð�Ò¹ËÂÇµÉãÊ�Ö«ËÂÙ�Ê�ÞßÉÏÊ�Ô¾ÍÂÊ�áÜáÜÛñØÚåëË�ÇÚÉÏèµÛÜÙ³ÉÏÛÜÔ ÐçØÚè Ê�Øµáñì®ÛÜÔ

x
É³ØµèµÒòÖ«Î ÛñØóÛÜØ Ë�É�Í U�Ð�á

i
éÕÆ¹ÇÚÛñÒÈÛñÒÈËÂÇµÉÏÙ¬Ð�Ò�ÉãÛÜÔ ÐçØÚè Ê�Øµáñì ÛÜÔ

p1 + . . . + pi−1

�
x < p1 + . . . + pi.

ÆÈÇµÛÜÒâÉIP¥ÎÚá×Ð�ÛñØÚÒãËÂÇµÉÀèÚÐçËäÐ�ÞßÉ³Þ�_ É�Í�Ò
p_upto_1

íñé³é�é³í
p_upto_5

^°æ¹ÉÀèµÊ�Ø � ËàØµÉ³É³è
p_upto_0^

= 0
`òÐ�Øµè

p_upto_6
^
= 1

` `ÄéÈÆ¹ÇÚÉâÙ³Ê�ØµÒîË�ÍÂÖµÙ�ËÂÊÌÍ ÛÜØ � Í�Ê�åÌÍäÐ�Þ � � Ò�ÛÜÞÀÎÚáñì®Ò�É�Ë�Ò ËÂÇµÉ³Ò�ÉëÞßÉ³Þ�_ É�Í�Ò
ÔÜÍÂÊ�Þ ËÂÇµÉòèÚÐçËäÐ ÎµÍÂÊ�U¥ÛÜèµÉ³è¤í Ð�Øµè ËÂÇµÉ·ÛÜÞÀÎÚáÜÉ�ÞßÉ³Ø ËäÐÑËÂÛÜÊ�ØëÊ�Ô

operator()
ÖµÒ�É³ÒÃËÂÇµÉ³Þ ÛñØÀÉIPµÐçÙ�ËÂáñì ËÂÇµÉ

æÈÐ³ì®ËÂÇÚÐçË¹æÈÐ�ÒòÉ�Ø U¥ÛñÒ�ÛÜÊ�ØµÉ³è _ ì Ë�ÇÚÉÓÎµÍÂÉ UôÛÜÊ�ÖµÒòÉXW ÖÚÐçËÂÛÜÊ�Ø¤é
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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

Program 39: ¢¤£³��Á�� � �§��© Fµ�GF F��î±��çÅ �
O Ê¦æ ì�Ê�ÖÀÙ¬Ð�ØÀÙ�Ê�ÞÀÎ�ÐÑÍÂÉ Ë æ¹ÊãèµÛ	��É�ÍÂÉ³Ø¯Ë�áÜÊ�ÐçèÚÉ�è�èµÛÜÙ³É�ÒÃËÂÊ
YÚØµèÀÊ�Ö«ËÃæ·ÇµÛÜÙäÇ Ê�ØµÉ¹ÛÜÒ�_�É�Ë�ËÂÉ�ÍÃÛÜØ¿ËÂÇµÉ

å�Ð�ÞßÉ Ê�Ô¾ÙäÇµÊôÊ�Ò�ÛÜØµå ØôÖµÞ�_ É�ÍÂÒ�é � ÍÂÊ�åÌÍÂÐ�Þ � � èµÊ É³Ò ËÂÇµÛÜÒ³í«ÐçÒ�Ò�ÖµÞßÛÜØµåëËÂÇÚÐçË ì�Ê�Ö�ÐçÍÂÉÓÖµÒ�ÛÜØµå¿ÐëáÜÊ�Ð�èµÉ³è
èµÛÜÙ³ÉëËÂÇÚÐçËòÎµÍÂÉ³Ô×É�ÍÂÒÏá×ÐçÍ�å�É�Í Ø ÖÚÞ�_ É�Í�Ò³í Ð�Øµè ì�Ê�Ö«ÍÓÔÜÍÂÛÜÉ³Øµè ÖÚÒîÉ³ÒÓÐÀáÜÊ�Ð�èµÉ³è èµÛÜÙ³ÉâË�Ç ÐÑË ÒîËäÐ³ì¥Ò ÞßÊÌÍ�ÉëÛÜØ
ËÂÇµÉâÞßÛñèÚèµáÜÉ�é�ê»ËòËÂÖ«ÍÂØµÒ Ê�Ö«ËòËÂÇÚÐçË·ÛÜØ�ËÂÇµÛÜÒòÒ�É�Ë�Ë�ÛÜØµå«íµì�Ê�Öóæ·ÛÜØóÛÜØ ËÂÇµÉëáÜÊ�Øµå�ÍÂÖµØ¤ía_ Ö«Ë·ØÚÊÌË�_ôì�Þ�ÖµÙäÇ
^ � � [

0.12
Ê�Ø ÐKU�ÉÄÍäÐ�å�É Î É�ÍÏÍÂÊ�ÖµØÚè `Äé � P¥É�ÍÂÙ³ÛÜÒîÉ ��\�� Ù´ÇÚÐ�áñáÜÉ³Øµå�É³Ò ì�Ê�Ö ËÂÊ
YÚØµè½ËÂÇµÉ�_ É³ÒîËÏáÜÊ�Ð�èµÉ³è

èµÛÜÙ³ÉÓËÂÇÚÐçË¹ì�Ê�ÖóÙ³Ê�ÖµáÜè�Î�Ê�Ò�Ò�ÛV_Úáñì®ÖµÒ�ÉÏÛÜØ�ËÂÇµÛÜÒ¹å�Ð�ÞßÉ�é
�

// 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>



� ��� � � � �
� ��� � \����



�
// 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: ¢¤£���Á�� � ±¬���������»��Á � � ¨½ ��³£¦�çÅ �
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4.3.11 Details

Friend functions.
" Ê�ÞßÉ�Ë�ÛÜÞßÉ³Ò³íÌæ¹É·æÈÐçØ Ë�Ë�ÊëåÌÍäÐ�Ø¯Ë ØµÊ�ØµÞßÉ³Þb_�É�ÍÃÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ Ð�Ù³Ù�É³Ò�Ò ËÂÊëËÂÇµÉòÛÜØ ËÂÉÄÍ��

ØÚÐ�á¥ÍÂÉ�ÎµÍÂÉ�Ò�É³Ø ËÂÐçËÂÛÜÊ�Ø¿Ê�Ô�Ð Ù�á×Ð�Ò�Ò³é ÆÃìôÎÚÛÜÙ¬Ð�áôÔ×ÖÚØµÙ�Ë�ÛÜÊ�ØµÒ Ô×ÊÌÍÃæ·ÇµÛÜÙäÇ¿ËÂÇµÛÜÒ Þ®Ð ]�É³Ò Ò�É³ØµÒ�ÉòÐçÍÂÉïËÂÇµÉïÛÜØ��¾Ð�Øµè
Ê�Ö«Ë�ÎÚÖ«Ë ÊÌÎ É�ÍäÐÑËÂÊÌÍÂÒ

operator<<
ÐçØÚè

operator>>
éÏê�ØÚèµÉ³É�è¾í æ·ÍÂÛñË�ÛÜØµåÀÊ�Ö«Ë ÊÌÍ ÍÂÉ¬Ð�èµÛÜØµåßÛÜØ¯ËÂÊÀËÂÇµÉ

ÛÜØ¯ËÂÉ�ÍÂØÚÐ�áÃÍÂÉ�ÎµÍÂÉ³Ò�É�Ø ËäÐçË�ÛÜÊ�Ø Ê�ÔÜËÂÉ³Ø Í�ÉXWôÖµÛñÍÂÉ�ÒàÒ�Ê�ÞßÉ ]ôØÚÊ¦æ áñÉ³èµå�ÉÀÊ�ÔÈË�ÇÚÛñÒâÍÂÉ�ÎµÍÂÉ³ÒîÉ³Ø ËäÐÑËÂÛÜÊ�Ø ËÂÇÚÐçËàå�Ê É³Ò
_ É�ì�Ê�Øµè�æ·ÇÚÐçËÈÊÌËÂÇµÉ�Í·Ô×ÖµØµÙ�ËÂÛñÊ�ØÚÒÈØµÉ³É³è¤é

SÝÉ Ù³Ð�ØµØÚÊÌË¡ÍÂÉ¬Ð�ÒîÊ�Ø Ð _ á²ìãæòÍÂÛñËÂÉ
operator<<

ÐçØÚè
operator>>

Ð�Ò ÞßÉ�Þb_ ÉÄÍÂÒ�^»æ Ç¯ìâØµÊÌË � `Äí _ÚÖ«Ë
æ¹É¹Ù¬Ð�Ø�Þ®Ð ]�É ËÂÇµÉ³Ò�É¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ ¶�£¬���³��F¯� Ê�ÔµËÂÇµÉÈÙ�á×Ð�Ò�Ò³é �·ÒÕÐ ÔÜÍÂÛñÉ³Øµè¾í¯Ð Ô×ÖµØµÙ�ËÂÛÜÊ�Ø¿ÇÚÐ�Ò ÖµØµÍ�É³ÒîË�ÍÂÛñÙ�ËÂÉ³èÐ�Ù³Ù�É³Ò�ÒïËÂÊàËÂÇµÉ·ÎµÍÂÛVU�ÐçËÂÉ Ù³áÜÐ�Ò�ÒïÞßÉ³Þ�_ É�ÍÂÒ�é ê»ËïÛÜÒïÙ³áñÉ¬ÐçÍ ËÂÇÚÐçË�ËÂÇµÉ ±¬�ª©¯��� Þ¿ÖÚÒ�ËïèµÉ³Ù³á×ÐçÍ�ÉÓÐâÔ×ÖµØÚÙÄËÂÛÜÊ�ØßËÂÊ_ É¿ÛñËÂÒÓÔÜÍÂÛÜÉ�ØÚè¤í¾Ð�Øµè ØµÊÌËÏËÂÇµÉ ÊÌËÂÇµÉ�ÍãæÈÐ³ì½ÐçÍÂÊ�ÖµØµè¤í Ò�ÛÜØµÙ³É¿ÛñË!� ÒÓË�ÇÚÉ¿Ù³á×ÐçÒ�Ò ËÂÇÚÐçËÏÇ ÐçÒÏËÂÊ®ÎµÍÂÊÌËÂÉ³ÙÄËâÛñË�Ò
ÎµÍÂÛVU�Ð�Ù�ì�í¤Ð�Øµè ØµÊÌË ËÂÇµÉàÔ×ÖÚØµÙ�Ë�ÛÜÊ�Ø¤é [ ÊÌÍÂÞ®ÐçáÜáñì�í Ð ¶�£¬�î����F Fµ�Ä±¬�×©�£�©¯���î��� ÛÜÒÓÐÀÞßÉ³Þ�_ É�Í èµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø
Ê�Ô¡Ë�ÇÚÉãÔ×ÊÌÍÂÞ

friend
�
�
��� � �����

−
� � � � � 	 ��� ����� �

Æ¹ÇÚÛñÒÈèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø®Þ®Ð ]�É³Ò ËÂÇµÉÓÍÂÉ³ÒîÎ É�Ù�ËÂÛVU�ÉÓÔ×ÖµØµÙ�ËÂÛÜÊ�Ø�Ð ÔÜÍ�ÛÜÉ³Øµè�Ê�Ô¾ËÂÇµÉÏÙ�á×Ð�Ò�ÒÈÐ�Øµè�åÌÍÂÐ�Ø ËÂÒÈÐ�Ù�Ù³É³Ò�Ò¹ËÂÊ
Ð�áÜá¤èÚÐçËäÐàÞßÉ³Þ�_ É�Í�Ò³íôæ ÇµÉ�Ë�ÇÚÉÄÍòËÂÇµÉ�ì ÐçÍ�ÉãÎÚÖ _ áñÛÜÙ ÊÌÍ·ÎµÍÂÛVU�ÐçËÂÉ�é [ ÊÌÍÈËÂÇµÉãÙ³áÜÐ�Ò�Ò

rational
íµæ¹ÉÏÙ³Ê�ÖµáÜè

ÍÂÉ�æòÍÂÛñËÂÉÓËÂÇµÉ
private

ÒîÉ³Ù�ËÂÛÜÊ�ØóÐ�Ò·Ô×Ê�áÜáñÊÑæ·ÒÈËÂÊ èÚÉ�Ù³á×ÐçÍÂÉãÛÜØ���Ð�Øµè Ê�ÖµËîÎ Ö«ËòÊÌÎ É�ÍäÐÑËÂÊÌÍÂÒòË�Ê _ ÉâÔÜÍ�ÛÜÉ³ØµèµÒ
Ê�Ô¡Ë�ÇÚÉãÙ³á×Ð�ÒîÒ³é
class rational {

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

};

ê�ØÀËÂÇµÉòèµÉ YÚØµÛñËÂÛñÊ�Ø Ê�Ô�ËÂÇµÉ³ÒîÉ·ÊÌÎ É�ÍÂÐçËÂÊÌÍÂÒ³í�æ¹ÉòÙ¬Ð�ØÀËÂÇµÉ³ØßÐçÙ³Ù³É³Ò�ÒÕËÂÇµÉòØ ÖÚÞßÉÄÍäÐçËÂÊÌÍÕÐ�ØµèÀèµÉ³ØµÊ�ÞßÛÜØÚÐ �
ËÂÊÌÍ ËÂÇ«ÍÂÊ�Öµå�Ç

.n
Ð�Øµè

.d
Ð�Ò æ¹ÉÈÖµÒ�É³è ËÂÊÏèµÊãÛ²Ë ÛÜØ " É³ÙÄËÂÛÜÊ�Ø � é \ é � é ê�ÔÚÎ Ê�Ò�Ò�Û _ áñÉÌí�ÔÜÍÂÛÜÉ³Øµè�èÚÉ�Ù³á×ÐçÍäÐÑËÂÛÜÊ�ØµÒ

Ò�ÇµÊ�ÖµáÜèL_ É·ÐKU�Ê�ÛñèÚÉ�è¾í Ò�ÛÜØµÙ³ÉÈËÂÇµÉ�ìÀÙ³Ê�ÞÀÎµÍÂÊ�ÞßÛñÒ�ÉïÉ³ØµÙ¬ÐçÎÚÒ�Öµá×ÐçË�ÛÜÊ�Ø � _ÚÖ«Ë Ò�Ê�ÞßÉÄËÂÛÜÞßÉ³Ò³íÌË�ÇÚÉÄìÀÐçÍ�É ÖµÒ�É³Ô×Öµá
ÛÜØ ÊÌÍÂèµÉ�Í·ËÂÊ¿ÒÂÐXU�ÉâÖµØµØµÉ³Ù³É³ÒîÒÂÐçÍ�ì�ÞßÉ³Þb_�É�ÍïÔ×ÖµØµÙ�ËÂÛÜÊ�ØµÒ³é

4.3.12 Goals

Dispositional.
�¹Ë¹ËÂÇµÛÜÒ¹Î Ê�ÛÜØ¯Ë¬íôì�Ê�ÖóÒîÇÚÊ�ÖµáÜè é³é³é

� `L_ ÉãÐ _ÚáÜÉÏË�Ê�ÉIPôÎÚá×Ð�ÛÜØ ËÂÇµÉÏÎÚÖ«Í�Î Ê�Ò�ÉÏÊ�Ô Ð Ù³á×Ð�ÒîÒòÛÜØ ����� �
\ `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè�ËÂÇµÉãØÚÉÄæ Ò�ì¥Ø ËÂÐ�Ù�ËÂÛÜÙ³Ð�á¾Ð�ØµèóÒ�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ðçá�ËÂÉ�ÍÂÞßÒòÐ�Ò�Ò�Ê Ù³Û×ÐçË�É³è æ·ÛñËÂÇ ����� Ù³áÜÐ�Ò�Ò�É³Ò�í
ÛÜØ�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ ©µ±�±Ä�¬�³����¢ ��±�� � �³£¦� í ¨½�³¨½ ��³£ ¶�� � ±¬���î���¤� íµÐçØÚè ±����¤�³��£¬�¡±¬����£¦� �

� `ßÖµØÚèµÉ�Í�ÒîËäÐ�Øµè�ËÂÇµÉÏÙ³á×Ð�ÒîÒ�É³Ò
ifm::random

Ð�Øµè
ifm::loaded_dice

ÛÜØ�èµÉ�ËäÐçÛÜá�é



� ��� � � � �
� ��� � \�� �

Operational.
ê�Ø�Î ÐçÍ�ËÂÛñÙ³Öµá×ÐçÍ¬í¯ì�Ê�Ö Ò�ÇµÊ�ÖÚáñè _ ÉãÐ _ÚáÜÉ ËÂÊ�é�é¬é

^ � � ` YÚØµè Òîì¥Ø¯ËäÐ�Ù�ËÂÛñÙ¬Ð�á�ÐçØÚè Ò�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á�É�ÍîÍÂÊÌÍÂÒ¹ÛÜØ Ðëå�ÛVU�É³Ø Ù³á×Ð�ÒîÒïèÚÉIY ØµÛñË�ÛÜÊ�Ø®Ð�Øµè ÛñÞÀÎ áñÉ³ÞßÉ³Ø ËÂÐ �
ËÂÛñÊ�Ø �

^ � \ `®èµÉ³ÒîÙ�ÍÂÛV_ É
U�Ð�áÜÖµÉÏÍÂÐ�Øµå�ÉâÐ�Øµè Ô×ÖÚØµÙ�Ë�ÛÜÊ�ØÚÐ�áÜÛñË ìßÊ�Ô ÐàË ìôÎ ÉÏå�ÛVU�É³Ø _ôì Ð¿Ù�á×Ð�Ò�ÒÈèµÉ YÚØÚÛ²ËÂÛÜÊ�Ø �
^ � � ` ÐçèÚè Ô×ÖµØÚÙÄËÂÛÜÊ�ØÚÐ�áÜÛñË ìÀË�ÊÀÐ å�ÛVU�É³ØóÙ³áÜÐ�Ò�Ò¹ËÂÇ«ÍÂÊ�Öµå�Ç�ÞßÉ³Þ�_ É�Í¹Ô×ÖµØµÙ�ËÂÛÜÊ�ØµÒ��
^ � � `ßæòÍÂÛñËÂÉÓÒ�ÛñÞÀÎ áñÉ Ù³á×Ð�ÒîÒ�É³Ò·Ê�Ø ì�Ê�ÖµÍòÊ¦æ Ø �
^ � � `ßæ¹ÊÌÍ ] æ·ÛñËÂÇ Ð�Øµè ÐçÍÂå�ÖµÉãÐ _ Ê�Ö«Ë¹ÎÚÒ�É³ÖµèµÊÌÍäÐ�ØµèµÊ�Þ Ø ÖµÞb_ ÉÄÍÂÒ³é

4.3.13 Exercises

Exercise 122 �È£³� D��NFµ�®©â¶Ä���»�¾�»¨¿¢¾�§�³¨½�³�¤�î©¯���î��� �Â¶ë£�©¯������� ©¯� � ��¨½ ��³£¦�ß©¯� © ±¬�×©¯�³� � J¦¢ ��� ©���F
���¬�³�Ã���îÅß�Õ���Ï� JÑ¢��â�³������� F®� � ��£�©¯�»�¤©�£¬���º�¥¨½�¬���î± �³¢ �³£Ä©¯����£¦� Hî�°� ±¬���"F��»��Á �°� �·©���F Fµ�Ä±³£³�³¨½�³�¤���
©���F¿�º���â©�£¬�»�º�¥¨ �¬����±â©¯�³���§Á�� ¨ �³�¤�º� M � £³�¬�×©¯���î��� ©¯�¾�³¢ �³£�©¯����£¦� � ©¯�ò¸Ó�¬�»�¤©¯�ò�°� �È©���F®�����ñ¢¤���Õ©���F
���ç�³£ �GFµ� � � �GF ±���� D¥��£¦���î���¤�LH²¶�£³��¨ int ©���F®��� double M¥Å � �à©�� �»� Dô©�£¬� ©��¤�����»� �³������� Fß����� F
�º��©¯�Ó�º���À�»�¤����£¬� ©¯��£³�î¢¤£³�³���³�¤�î©¯���î���¼����� ��£¬¨½©¯��� 
 �GF H������ ©¯�²��� � �Ú�³£�±³����� 
 
 � MôÅ � ��£ ©¯�»�Ã�º���
¶�� � ±¬���î��� ©¯����� J J ����¢¤£³� DÌ�NFµ� � Fµ��±³� Fµ�Ï¸È���¬�º����£ã�»�Õ�³������� Fß ��Ó£³�Ä©¯��� 
 �GF  XJÀ¨ �³¨  ³�³£Õ¶�� � ±¬���î���¤� �
��£  KJ � ��� ¨½�³¨½ ��³£à¶�� � ±¬���î���¤�çÅ �����½±¬�ª©¯��� �³������� F ©¯�²�ç�Ý��©�D¥� ©Ý� �¬�³���GF � ��¨½�³£�©¯����£Ý©���F
Fµ�³� ��¨ �»� ©¯����£ � J¦¢ � ��� ©µ±¬�¥���XD¥� ¨ ��£³� � ���¯�  ¬������� J�� ©���F �º���³£³� ��������� F  ³� © ±���� D¥��£¦���î���
¶�� � ±¬���î��� ¶�£³��¨ Dô©¯��� �³� �Â¶¿�º�¥���¿� J¦¢ ��Å ^ � � `I^ � � `

Exercise 123
� �³¸¹£¬�»���ë�º���Ï�³��£¬� ±³� Tribool �º��©¯��JÚ��� ��©�D¥� Fµ�XD¥�¬�ª�³¢ �GFÀ�»� � �Ú�³£³±³�»����
 � � �°�¤���

©Ý±³�ª©¯�³� �  KJ
©KM ¨ ©�
��»��Á��º��� F«©¯�î©�¨ �³¨  ³�³£¦�Ó¢¤£¬� Dô©¯�����
  M © F F��°��Á ±Ä��£¬£³�¬��¢ ����F��°��Á ©µ±Ä±��¬�³�ò¶���� ±³���î���¤� �
± M © F F��°��Á ©�� ©µ±�±��³�³�Ã¶Ä��� ±¬������� is_bool() const �º��©¯�Õ£³�¬����£¬�¤�ã��£¬� �Ï� ¶ë©���F����¤�EJß� ¶ã�º���

Dô©¯��� �¿��� � ���ò� � 
�� ��¸¹� �Ï©���F
FKM © F F��°��Á������³£ �GFµ� � � �IFÝ±Ä��� D¥�³£¦�������¤�ò¶Ä£³��¨ ©���Fó���ó�º��� � JÑ¢ � bool Å

^ � � `

Exercise 124

©KM � �°��F ©¯�»� �³£¬£³��£¦�ë�»� �º���ï¶ç���»�ª��¸¹�»��Áë¢¤£³�ÄÁ�£�©�¨½Å � � ���º���³¨ ©���F Fµ�¬��±³£¬�  ³� �º���ï¶Ä��� ±¬������� �
©¯����� J �Â¶ó�º��� � J¦¢ � Clock �À KJ ¢¤£³� DÌ�NF��°��Á ¢¤£³���ä©���F ¢����³��±�����F��»���î���¤�ë¶���£ �º��� ¨½�³¨½ ��³£
¶Ä��� ±¬�������¤�çÅ ^ � � `G^ � \ `



\�� � ����������� � � � ����� ��������� ��	�� � �

� #include <iostream >�
� class Clock {
� Clock(unsigned int h, unsigned int m, unsigned int s);
� void tick ();
� void time(unsigned int h, unsigned int m,� unsigned int s);
� private :
� unsigned int h_;
� � unsigned int m_;
� � unsigned int s_;
� � };
� �
� � Clock :: Clock(unsigned int & h,
� � unsigned int & m,
� � unsigned int & s)
� � : h_(h), m_(m), s_(s)
� � {}
� �
� � void Clock :: tick()� � {��� h_ += ( m_ += (s_ += 1) / 60) / 60;� � h_ %= 24; m_ %= 60; s_ %= 60;� � }� �
� � void Clock :: time(unsigned int & h,� � unsigned int & m,� � unsigned int & s)� � {
� � h = h_;
� � m = m_;
� � s = s_;
� � }
� �
� � int main () {
� � Clock c1 (23 , 59 , 58);
� � tick ();
� �
� � unsigned int h;
� � unsigned int m;
� � unsigned int s;
� � time(h, m, s);
� �
� � std ::cout << h << ":" << m << ":" << s << "\n";
� �
� � return 0;
� � }

_ ` ê�ÞÀÎÚáÜÉ³ÞßÉ�Ø Ë¹Ð�Ø Ê�Ö«Ë�ÎÚÖµËòÊÌÎ É�ÍÂÐçËÂÊÌÍÈÔ×ÊÌÍòË�ÇÚÉãÙ³á×Ð�ÒîÒ
Clock

é ^ � � `

Exercise 125 �Ý£¬�»��� ©ß¢¤£³��Á�£�©�¨ random_triangle.C ���½�Ä�»¨����ª©¯���®�º��� ¶ç���»�ª��¸¹�»��Á £�©���Fµ��¨
¢¤£³�Ì±Ä�¬�³�àÁ�£�©¬¢¾�¥��±Ä©¯�»� JµÅ � ���¤���NFµ��£ © � �Ú�IFó��£¬��©���Á��ª� t ©���FÝ±³���Ì�����ß©��¼©�£Ì ³����£�©�£KJ D¥��£¦����� �Â¶ t

©¯� © ���î©�£¦���»��ÁÀ¢ ���°�¤�îÅ �Â� �´©µ±¬� �³���î¢ �ã±¬���Ì����� ©¯� © � ��� � ¢ ���°�¤� �º���À¨�� F¬¢ ���»�¤�â ��¬��¸Ó���³� �º���
±³� £¬£³�³�¤��¢ ���°�¤�Ï©���F © Hî��� � ¶���£¬¨��EJ�M £�©���Fµ��¨ó� J ���¬�ª��±¬���GF D¥�³£¦����� �Â¶ t Å

�����ó���»¨ ���×©¯���î��� ©¯�À�´©µ±¬� �³���î¢�F�£�©�¸È�ó�º���Ý±³� £¬£³�³�¤�·¢ ���°�¤�ë�»�¤��� © � �»��Fµ��¸ Å � �����º���
¸¹�»��Fµ��¸ �¥  � ��±³� ifm::wio Fµ� � � �GF �»� <IFM/window> ¶ç��£ ÁÌ£�©¬¢¾�¥�î±´©¯�Ó�����ñ¢¤�����à©���F ±³���Ì�����
�º���½��£¬��©���Á��ª�½¸¹�»�º� D¥��£¦���î±��³� (0, 0) � (512, 0) � ©���F (256, 512) Å � ��� �º���½£�©���Fµ��¨ � � ¨½ ��³£
Á«�³� ��£�©¯����£ ansic ¶�£³��¨ �¹£³��Á�£�©�¨ � � Å � �Ï ³� Á��»� �·�º���Ï¢¤£���Á�£�©�¨ �³������� F £³�Ä© F��»� ©ó�����GFë¶ç��£



� ��� � � � �
� ��� � \�� �

�º��� £�©���Fµ��¨ � � ¨½ ³��£�Á«�³� ��£�©¯����£ ©���F �º��� � ��¨  ³�³£ �Â¶à���°¨����×©¯���î��� �³����¢¾�à��� ¢��³£º¶���£¬¨ Å � ��£
���¬�³���°��Á ¢¤� £�¢ �����¬� �¹�ª�¬� �º��� ���»¨ ���×©¯���î��� £¬��� ¶���£ ©« ������ 
 ��� � ����� �³���î¢¾�çÅ ^ � � `

Exercise 126 �Ó���¤��� Fµ�³£ �º��� Á«��� �³£�©¯����£ ansic ���ç�IF½�»� �È£³�ÄÁ�£�©�¨ � � Å�� �»� ±Ä���º��� ¨ � F��������
��� m = 231 �À�º���½�»�¤���³£¬� ©¯�à±���¨¿¢¤���î©¯�������¤� �Â¶ �º���½Á¥�³� �³£�©¯����£ ¸¹���°�ë±��³£¦�î©��°�¤�EJ � D¥��£ � ��¸ � ¶
� �  ¬���º� ©�£³� �����GF ��� £³�î¢¤£³�¬�ç�³�¤� unsigned int Dô©¯�­�¡�¬�çÅ � �¬� ¢¤����� �º�¥��� ���º���½��� � �¡�³� ±����Â¶
¢¾���³� Fµ��£�©���Fµ��¨ � ��¨  ³�³£¦� ±Ä��¨�¢¤�����IF  KJ �º���ãÁ¥�³� �³£�©¯����£ ��� ±���£¬£���±¬� ©���F ±����°� ±³�NFµ�³�ã¸¹���º���»�º�
¨½©¯�º����¨½©¯���î±´©¯� Fµ� � � ��������� Å � �¦¢¾�×©��»� �º�¥�»� � ^ � � `

Exercise 127
� �»��F © �ª��© Fµ�GF F��î±Ä� �º��©¯�  ³�´©¯�º� �º���ó¶ç©��°£ F���±�� �°� �º����Á¥©�¨½� �Â¶¼±¬���Ì�����°��Á

� ��¨  ³�³£¦�ÑÅ H��Õ�¥���à���À©ó�º������£KJ ���Ú�³£�±³�����çÅ M ^ � � `

4.3.14 Challenges

Exercise 128 � ��©¯� �»�ã�º���� ³�¬�³�ï�ª��© Fµ�GF F��î±���¶���£·¢¾�×©�J �°��Áß�º���âÁô©�¨ � �Â¶¿±¬���Ì���Ä�»��ÁÀ� � ¨½ ��³£¦� �� � D¥�Ý�»�º��F����³��£¬�  ¬��������� � 
 ��� ±������ F¼��£KJ ��� ©¬¢«¢¤£³� �¯�»¨ ©¯��� �º��� F�������£¬�� ¬�����î��� ���¬¢ �³£¬�»¨½�³� �
�î©¯�»� J��à��£ �ç��¨ �¬����¸ ±���¨¿¢¤�����®���îÅ H Hint: �»� ��£ Fµ�³£ ��� � ��F © �Ä�����î©« ¬�§�®�º���Ä��£³�¬���î±´©¯�ï¨ � Fµ�¬� �
���´©�£³±¬� ¶���£ �º��� ���³£¬¨ ��
 �³£³� �î�Ä��¨ Á¥©�¨½�¬� 
 �ß��£ F��°£³��±¬�º� J�Á«� ��� �º��� ±���£¬£��¬��¢ ����F��°��Á ±³��©¬¢ �
���³£ �°� http://www.inf.ethz.ch/personal/gaertner/cv/lecturenotes/ra.pdf Å � � ±��
JÚ��� ��©�D¥�ã¶���£¬¨ ���×©¯���IF �º����¢¤£��¥ ¦�§��¨ ©¯� © 
 �³£³� �î�Ä��¨ Á¥©�¨ ��� J ��� ±Ä©�� ����� D¥� ���ë���Ä�»��Á�¶���£
���µ©�¨¿¢¾�§� �º����¸Ó�� ����»�¤����£º¶ç©µ±�� http://banach.lse.ac.uk/form.html ^ � � `
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Appendix A

C++ Operators

Description Operator Arity Prec. Assoc.Ò�Ù�ÊÌÎ É
::

\ �!� ÍÂÛÜå�Ç¯Ë
Ò�Ö _ÚÒ�Ù�Í�ÛñÎµË

[]
\ ��� áÜÉ³ÔÜË

Ô×ÖµØµÙ�ËÂÛÜÊ�Ø�Ù¬Ð�áÜá
()

\ ��� áÜÉ³ÔÜË
Ù³Ê�ØµÒîËîÍÂÖµÙ�ËÂÛÜÊ�Ø �������

()
� ��� ÍÂÛÜå�Ç¯Ë

ÞßÉ³Þ�_ É�ÍÈÐçÙ³Ù³É³Ò�Ò
.

\ ��� áÜÉ³ÔÜË
ÞßÉ³Þ�_ É�ÍÈÐçÙ³Ù³É³Ò�Ò

->
\ ��� áÜÉ³ÔÜË

Î Ê�Ò�Ë��ºÛÜØµÙ�Í�É³ÞßÉ³Ø Ë
++

� ��� áÜÉ³ÔÜË
Î Ê�Ò�Ë��ºèµÉ³Ù�Í�É³ÞßÉ³Ø Ë

--
� ��� áÜÉ³ÔÜË

è«ì¥ØÚÐ�ÞßÛñÙ Ù¬Ð�ÒîË
dynamic_cast<>

� ��� ÍÂÛñå�Ç Ë
ÒîËÂÐçËÂÛÜÙÓÙ¬Ð�Ò�Ë

static_cast<>
� ��� ÍÂÛÜå�Ç¯Ë

ÍÂÉ�ÛÜØ ËÂÉÄÍ�ÎµÍÂÉ�ËòÙ¬Ð�ÒîË
reinterpret_cast<>

� ��� ÍÂÛÜå�Ç Ë
Ù³Ê�ØµÒîËòÙ¬Ð�Ò�Ë

const_cast<>
� ��� ÍÂÛÜå�Ç¯Ë

Ë ìôÎ�ÉãÛÜèµÉ³Ø¯ËÂÛVYÚÙ¬ÐçË�ÛÜÊ�Ø
typeid

� ��� ÍÂÛñå�Ç Ë
ÎµÍÂÉ ��ÛÜØµÙ�ÍÂÉ³ÞßÉ�Ø Ë

++
� ��� ÍÂÛÜå�Ç¯Ë

ÎµÍÂÉ ��èµÉ³Ù�ÍÂÉ³ÞßÉ�Ø Ë
--

� ��� ÍÂÛÜå�Ç¯Ë
èµÉ�ÍÂÉ�Ô×É�ÍÂÉ³ØµÙ³É

*
� ��� ÍÂÛÜå�Ç¯Ë

Ð�èµè«ÍÂÉ³ÒîÒ
&

� ��� ÍÂÛÜå�Ç¯Ë
_ÚÛñË æ ÛñÒ�ÉÓÙ³Ê�ÞÀÎÚáÜÉ³ÞßÉ³Ø¯Ë

~
� ��� ÍÂÛÜå�Ç¯Ë

áÜÊ�å�ÛñÙ¬Ð�á ØµÊÌË
!

� ��� ÍÂÛÜå�Ç¯Ë
Ò�Ûñå�Ø

+
� ��� ÍÂÛÜå�Ç¯Ë

Ò�Ûñå�Ø
-

� ��� ÍÂÛÜå�Ç¯Ë
Ò�Û��³É³Ê�Ô

sizeof
� ��� ÍÂÛñå�Ç Ë

ØµÉ�æ
new

� ��� ÍÂÛÜå�Ç¯Ë
èµÉ³áÜÉÄËÂÉ

delete
� ��� ÍÂÛñå�Ç Ë

Ù¬ÐçÒîË
(
�������

)
� ��� ÍÂÛÜå�Ç¯Ë

ÞßÉ³Þ�_ É�ÍïÎ�Ê�ÛÜØ ËÂÉÄÍ
->*

\ ��� áÜÉ³ÔÜË
ÞßÉ³Þ�_ É�ÍïÎ�Ê�ÛÜØ ËÂÉÄÍ

.*
\ ��� áÜÉ³ÔÜË

é³é¬é
\�� �



\���\ ��� ��� ��� � � � � � ��� ����� ����� � ���
é³é¬é

Þ¿ÖµáñËÂÛñÎÚáÜÛÜÙ³ÐçËÂÛÜÊ�Ø
*

\ ��� áÜÉ³ÔÜË
èµÛVUôÛÜÒ�ÛÜÊ�Ø ^�ÛÜØ¯ËÂÉ³å�É�ÍG`

/
\ ��� áÜÉ³ÔÜË

ÞßÊ èÚÖµáÜÖµÒ
%

\ ��� áÜÉ³ÔÜË
Ð�èµèµÛñËÂÛñÊ�Ø

+
\ �K� áÜÉ³ÔÜË

Ò�Ö _µË�ÍäÐçÙ�ËÂÛÜÊ�Ø
-

\ �K� áÜÉ³ÔÜË
Ê�Ö«Ë�ÎÚÖ«Ë � áÜÉ³ÔÜËÈÒ�ÇµÛÜÔÜË

<<
\ ��\ áÜÉ³ÔÜË

ÛÜØ«ÎÚÖ«Ë � ÍÂÛÜå�Ç¯Ë¹Ò�ÇµÛÜÔÜË
>>

\ ��\ áÜÉ³ÔÜË
áÜÉ�Ò�Ò

<
\ � � áÜÉ³ÔÜË

åÌÍÂÉ³ÐçËÂÉ�Í
>

\ � � áÜÉ³ÔÜË
áÜÉ�Ò�ÒòÉ WôÖÚÐ�á

<=
\ � � áÜÉ³ÔÜË

åÌÍÂÉ³ÐçËÂÉ�ÍòÉXWôÖÚÐ�á
>=

\ � � áÜÉ³ÔÜË
ÉXW ÖÚÐ�áÜÛñË ì

==
\ � � áÜÉ³ÔÜË

ÛÜØµÉXW ÖÚÐ�áÜÛñË ì
!=

\ � � áÜÉ³ÔÜË
_ÚÛñË æ ÛñÒ�ÉÏÐ�Øµè

&
\ � áÜÉ³ÔÜË

_ÚÛñË æ ÛñÒ�É�P«ÊÌÍ
^

\ � áÜÉ³ÔÜË
_ÚÛñË æ ÛñÒ�ÉÓÊÌÍ

|
\ � áÜÉ³ÔÜË

áÜÊ�å�ÛñÙ¬Ð�á¤Ð�Øµè
&&

\ � áÜÉ³ÔÜË
áÜÊ�å�ÛñÙ¬Ð�á ÊÌÍ

||
\ � áÜÉ³ÔÜË

Ð�ÒîÒ�ÛÜå�ØµÞßÉ³Ø Ë
=

\ � ÍÂÛÜå�Ç¯Ë
Þ¿ÖµáñËÈÐ�Ò�Ò�Ûñå�ØÚÞßÉ�Ø Ë

*=
\ � ÍÂÛÜå�Ç¯Ë

èµÛVU Ð�Ò�ÒîÛÜå�ØµÞßÉ³Ø Ë
/=

\ � ÍÂÛÜå�Ç¯Ë
ÞßÊ è�Ð�ÒîÒ�ÛÜå�ØµÞßÉ³Ø Ë

%=
\ � ÍÂÛÜå�Ç¯Ë
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ÞßÉ³Þ�_ É�Í¹ÒîÎ�É³Ù³ÛVYÚÙ¬ÐçË�ÛÜÊ�Ø¤í \ ���
ÖµØµèÚÉÄÍÂáñì¥ÛñØÚå Ë ìôÎ É�í \ ���
U�Ð�áÜÖµÉÏÍÂÐ�Øµå�ÉÌí \ ���
ÒîÉ³Þ®Ð�Ø Ë�ÛÜÙ¬Ð�á�í \ � �
Ò�ì¥Ø ËÂÐ�Ù�ËÂÛÜÙ³Ð�á�í \ � �

Ò�Ö _ÚÒ�Ù�Í�ÛñÎµË
Ê�Ô ÐçÍîÍäÐ³ì É�áÜÉ³ÞßÉ³Ø¯Ë¬í ��\��
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ÒîìôØ ËäÐçÙ�ËÂÛÜÙ¬Ðçá U�Ð�áÜÖµÉÓÍäÐ�Øµå�É

Ê�Ô ÐàÒîË�Í�ÖÚÙÄË¬í \ � �
ÒîìôØ ËäÐ�P í \ �
ÒîìôØ ËäÐ�P�ÉÄÍ�ÍÂÊÌÍ¬í \ �
ËäÐçÛÜá �ºÉ�ØÚè®ÍÂÉ³Ù�ÖµÍ�Ò�ÛÜÊ�Ø¤í \ � �
ËÂÉ�ÞÀÎ ÊÌÍäÐçÍ�ìÀÊ _ � É³Ù�Ë³í \ ���

ÍÂÉ³Ô×ÉÄÍÂÉ³ØµÙ³ÉâËÂÊ«í \ ���
ËÂÉÄÍÂØÚÐçÍ�ì ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬í � �
ËÂÊÌÎ�Ê�áÜÊ�å�ÛÜÙ¬Ð�á�Ò�ÊÌÍ�ËÂÛÜØµå«í � �
Æ Ê¦æ¹É�ÍÂÒÈÊ�Ô � ÐçØÚÊ�Û»í \ \��
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Ë ìôÎ�ÉÌí \ �
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QÚÊ�ÐçË¬í � ���
QÚÊ�ÐçËÂÛÜØµåàÎ Ê�ÛÜØ¯Ë¬í � � �
Ô×ÖµØÚÙÄËÂÛÜÊ�ØÚÐ�áÜÛñË ìßÊ�Ôºí \ �
Ô×ÖµØÚèÚÐ�ÞßÉ�Ø ËäÐ�á»í \ �
ÛÜØµÙ³Ê�ÞÀÎÚáÜÉ�ËÂÉ�í \ � �
ÛÜØµÙ³Ê�ÞÀÎÚáÜÉ�ËÂÉ ÐçÍ�ÍäÐ³ì�í ��\��
ÛÜØ Ë³í � �
ÛÜØ Ë�É³åÌÍäÐ�á�í � �
áÜÊ�Øµå�èµÊ�Ö _ÚáÜÉÌí ��\��
áÜÊ�Øµå�ÛñØ Ë¬í ���
ØÚÐ�ÞßÉÓÊ�Ôºí \ �
Ê�Ô ÐZUÌÐÑÍÂÛ×Ð _ÚáÜÉÌí \ �
Ê�Ô Ð�Ø ÉIP¥ÎµÍÂÉ³ÒîÒ�ÛÜÊ�Ø¤í \��
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ÍÂÉ³Ô×É�Í�É³ØµÙ³ÉÌí \�� �
Ò�ÇµÊÌÍ�ËòÛÜØ Ë¬í ���
Ò�ÛÜå�ØµÉ³èóÙäÇÚÐçÍ¬í ���
ÖµØÚèµÉ�Í�áñì¥ÛÜØµå�ÐàÒîË�ÍÂÖµÙ�Ë¬í \ ���
ÖµØÚèµÉ�Í�áñì¥ÛÜØµå�Ð�ØóÐÑÍ�ÍäÐ³ì�í ��\��
ÖµØÚÒîÛÜå�ØµÉ³è�ÙäÇÚÐçÍ¬í ���
ÖµØÚÒîÛÜå�ØµÉ³è�ÛÜØ¯Ë¬í � \
ÖµØÚÒîÛÜå�ØµÉ³è�áÜÊ�Øµå¿ÛÜØ Ë³í ���
ÖµØÚÒîÛÜå�ØµÉ³è�Ò�ÇµÊÌÍ�ËòÛÜØ¯Ë¬í ���
UÌÐçáÜÖµÉÏÍäÐçØÚå�ÉÏÊ�Ôºí \ �
U�Ê�ÛÜè¤í �����

Ë ìôÎ É�èÚÉ�Ôºí \ ���

ÖµØÚÐçÍ�ì ÞßÛÜØôÖµÒïÊÌÎ ÉÄÍäÐçËÂÊÌÍ¬í � �
ÖµØÚÐçÍ�ì ÊÌÎ É�ÍäÐÑËÂÊÌÍ¬í ���
ÖµØÚÐçÍ�ì®ÎÚáÜÖµÒÈÊÌÎ�É�ÍäÐçËÂÊÌÍ³í � �
ÖµØµèÚÉ�Ù³ÛÜèÚÐ _ÚáÜÉ ÎµÍÂÊ _ÚáÜÉ³Þ í � �
ÖµØµèÚÉIY ØµÉ³è _ É³ÇÚÐXU¥ÛÜÊÌÍ¬í \��
ÖµØµèÚÉÄÍ QÚÊÑæ
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ÖµØaWôÖÚÐ�áÜÛVYÚÉ³è Ô×ÖµØµÙ�ËÂÛÜÊ�Ø Ù¬Ð�áÜá�í \��a�

ÖµØaWôÖÚÐ�áÜÛ Y É�è ØÚÐ�ÞßÉÌí \ �
ÖµØµÒ�ÛÜå�ØµÉ³è Ù´ÇÚÐçÍ³í ���
ÖµØµÒ�ÛÜå�ØµÉ³è ÛÜØ Ë¬í � \
ÖµØµÒ�ÛÜå�ØµÉ³è áÜÊ�Øµå�ÛÜØ¯Ë¬í ���
ÖµØµÒ�ÛÜå�ØµÉ³è Ò�ÇµÊÌÍ�Ë·ÛñØ Ë¬í ���
ÖµØµÒîÎ É³Ù�ÛVYÚÉ³è _ É³ÇÚÐXU¥ÛñÊÌÍ¬í \��
ÖµÒ�É�Í �ºèµÉ YÚØµÉ³è Ù³Ê�Ø U�ÉÄÍÂÒ�ÛÜÊ�Ø¤í \ ���
ÖµÒ�ÛÜØµå¿èµÛñÍÂÉ³Ù�Ë�ÛVU�ÉÌí � �

U�Ð�áÜÛÜè ÎµÍÂÊ�åÌÍäÐ�Þ í \ �
U�Ð�áÜÖµÉ

Ê�Ô ÐZU�ÐçÍÂÛ×Ð _ÚáÜÉ�í \ �
Ê�Ô Ð�Ø ÉIP¥ÎµÍÂÉ�Ò�Ò�ÛÜÊ�Ø¤í \��

U�Ð�áÜÖµÉb^�Ò�É³Þ®Ð�Ø¯ËÂÛÜÙ¬Ðçá�ËÂÉ�ÍÂÞ `´í \ �
U�Ð�áÜÖµÉÓÍäÐ�Øµå�É

Ê�Ô ÐàÒîË�Í�ÖÚÙÄË¬í \ ���
Ê�Ô ÐëË ìôÎ É�í \ �
Ê�Ô Ë ìôÎ�É _ Ê Ê�á�í � �
Ê�Ô Ë ìôÎ�ÉãèµÊ�Ö _ÚáÜÉÌí � ���
Ê�Ô Ë ìôÎ�É QÚÊ�ÐçË¬í � ���
Ê�Ô Ë ìôÎ�ÉãÛÜØ¯Ë¬í ���
Ê�Ô Ë ìôÎ�ÉãÖµØµÒ�ÛÜå�ØµÉ³è ÛÜØ Ë¬í � �
Ê�U�É�Í QÚÊÑæâí � \
Ò�É³Þ®ÐçØ ËÂÛÜÙ³Ð�á�í \ � �
ÒîìôØ ËäÐ�ÙÄËÂÛÜÙ¬Ð�á»í \ � �
ÖµØµèÚÉÄÍ QÚÊÑæâí � \

U�ÐçÍÂÛ×Ð _ áñÉÌí \ �
Ð�èµè«ÍÂÉ³Ò�ÒòÊ�Ôºí \ �
Ù³Ê�Ø¯Ë�ÍÂÊ�á�í ���
å�áÜÊ _ Ð�á�í ��� �
ØÚÐ�ÞßÉÓÊ�Ôºí \ �
ÒîËäÐÑËÂÛÜÙÌí � � í � �
Ë ìôÎ ÉÏÊ�Ôºí \ �
U�Ð�áÜÖµÉãÊ�Ôºí \ �

U�ÐçÍÂÛ×Ð _ áñÉÏèµÉ³Ù�á×ÐçÍäÐçË�ÛÜÊ�Ø¤í \ �
U�ÐçÍÂÛ×Ð _ áñÉÏèµÉ YÚØµÛñËÂÛñÊ�Ø¾í \��
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Ê�Ô ØÚÐ�ÞßÉÌí � �
U�Ê�ÛÜè¤í �����
U�Ê�ÛÜè�Ô×ÖÚØµÙ�Ë�ÛÜÊ�Ø¤í �����
U�Ê�Ø O É³ÖµÞ®Ð�ØµØ Ù³Ê�ÞÀÎÚÖ«ËÂÉ�Í³í ���
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